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Abstract

Thesis Abstract

Polycrystalline transparent ceramics as one of the most important functional materials have extensive
applications in various areas. By properly doping with activator ions, transparent ceramic scintillators may
be attained by employing advanced powder processing and ceramic sintering techniques. Transparent
Y1.34G0ocEUp 0603 ceramic with the transparency of 72.8% at the wavelength of 610 nm was the first
commercialized polycrystalline scintillator used in medical x-ray detectors by General Electric Company.
Despite previous works on Y,0s-based ceramic scintillators in the past three decades, high transparency in
the visible-light region is still difficult to achieve. Vacuum sintering is a cost-effective technique for
fabricating transparent ceramics but requires sinterable powders, properties of which are significantly
affected by their precursors.

The main objective of this thesis is to highlight the applicability of powder processing technique for
fabricating highly transparent Y,0s-based ceramics via vacuum sintering and to reveal the underlying
mechanisms of particle formation, sintering behavior and optical performance. The readily sinterable oxide
powders with significantly reduced hard agglomoration made in this work are successfully densified into
highly transparent ceramics with fairly small grain size, which can be applied in various optical and
thermodynamic fields. The following is the accomplishment of this thesis —

Ammonium hydrogen carbonate precipitation route for yielding red (Gd,Ln),0;:Eu (Ln=Y, Lu) phosphors
and transparent Y,0;:Eu ceramics (Chapter II)

Synthesis of (Gdggs.Ln,EUgos)20s (Ln=Y and Lu, x=0-0.95) phosphor particles via ammonium
hydrogen carbonate (AHC) precipitation has been systematically studied. Different nucleation kinetics exists
in the Gd-Y-Eu and Gd-Lu-Eu ternary systems (Y** < Gd* < Eu** < Lu*"), which leads to various
morphologies and particle sizes of the precipitated precursors. The resultant oxide powders are ultrafine,
narrow in size distribution, well dispersed and rounded in particle shape. Lattice parameters of the two kinds
of oxide solid solutions linearly decrease at a higher Y** or Lu®** content. Their theoretical densities linearly
decrease with increasing Y** incorporation, but increase along with more Lu** addition. The two kinds of
phosphors exhibit typical red emissions at ~613 nm and their charge transfer bands blue shift at a higher Y**
or Lu®* concentration. PL/PLE intensities and external quantum efficiency are found to decrease with
increasing x value. Elevated calcination temperature enhances the PL intensity and the external quantum
efficiency but lowers the lifetime of the phosphors.

Transparent (Yo.9sEU0.05)203 ceramics with the transmittances of 22.8-60.9% at the wavelength of 613
nm Eu®* emission were fabricated by further optimized parameter for particle synthesis. However, low AHC
content induced a cationic component deviation for Y/Eu binary system albeit led to a higher ceramic
transparency.

Synthesis of layered rare-earth hydroxide nanosheets leading to highly transparent Y,O3:Eu ceramics
(Chapter Il

Layered rare-earth hydroxide (LRH, Ln,(OH)sNOj;-nH,O, Ln=YgsEuUq0s) nanosheets (up to 7 nm
thick) for the Y/Eu binary system, with the interlayer NO;™ exchangeable with SO,*, have been synthesized
via chemical precipitation at the freezing temperature of ~4 °C. Calcining the sulfate derivative at 1100 °C
for 4 h produces well dispersed and readily sinterable Ln,Os red phosphor powders (~14.8 m?/g) that can be
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densified into highly transparent ceramics via vacuum sintering at the relatively low temperature of 1700 °C
for 4 h (average grain size ~14 pm; in-line transmittance ~80% at the 613 nm Eu** emission). The extent of
S04* exchange and the interlayer distance of LRH are both affected by the SO,%/Ln** molar ratio (R), and an
almost complete exchange is achievable at R=0.25 as expected from the chemical formula (one SO,*
replaces two NOs for charge balance). The Ln** concentration for LRH synthesis substantially affects
properties of the resultant oxides, and hard agglomeration has been significantly reduced at the optimized
Ln®*" concentration of 0.05-0.075 mol/L.

Sulfate exchange significantly alters the thermal decomposition pathway of LRH, and was
demonstrated to be essential to produce well dispersed and highly sinterable oxide powders. Slower heating
in the ramp stage of vacuum sintering benefits optical quality of the final ceramic and the optimal sintering
temperature is 1700 °C. Both the oxide powders and transparent ceramics exhibit the typical red emission of
Eu** at ~613 nm under charge transfer (CT) excitation. Red-shifted CT band center, stronger
excitation/emission, and shorter fluorescence lifetime were, however, observed for the transparent ceramic
bodies.

Effects of Gd substitution on sintering and optical properties of highly transparent (Y,Gd),0;:Eu ceramics
(Chapter 1)

Highly transparent (Y¢.95..Gd.EUg05).03 (x=0.15-0.55) ceramics were fabricated by vacuum sintering
with the in-line transmittances of 73.6-79.5% at the Eu** emission wavelength of 613 nm (~91.9-99.3% of
the theoretical transmittance of Y;3,GdyeEU 0605 Single crystal), while the x=0.65 ceramic undergoes a
phase transformation at 1650 °C and has a transparency of 53.4% at the lower sintering temperature of
1625 °C. The effects of Gd*" substitution for Y** on the particle properties, sintering kinetics and optical
performances of the materials were systematically studied.

Wet chemical precipitation and sulfate-ion exchange yielded layered LRH nanosheets of the ternary Y-
Gd-Eu system and their interlayer distances were significantly affected by the combined factors of layer
charge density, hydrogen bonding and geometry of the interlayer anions. Calcining the layered LRH
precursors yielded rounded oxide particles with greatly reduced hard agglomeration and the
particle/crystallite size slightly decreases along with increasing Gd** incorporation. In the temperature range
of 1100-1480 °C, the sintering Kinetics of (Yo.¢5.Gd.EUpos).Oz is mainly controlled by grain boundary
diffusion with similar activation energies of ~230 kJ/mol. Gd** addition promotes grain growth and
densification in the temperature range of 1100-1400 °C. The bandgap energies of the (Yo.95..Gd,EUo05).03
ceramics generally decrease with increasing x; however, they are much lower than those of the oxide
powders. Both the oxide powders and the transparent ceramics exhibit the characteristic red emission of Eu**
at ~613 nm under charge transfer excitation. Gd** incorporation enhances the photoluminescence and
shortens the fluorescence lifetime of Eu®*.

Fabrication of transparent Y,03:Th, Eu ceramics with color-tunable emission (Chapter V)

Transparent  (Yogs..Tboo2EU,),03 (x=0-0.04) ceramics with color-tunable emission have been
successfully fabricated by vacuum sintering at the relatively low temperature of 1700 °C for 4 h. These
ceramics have the in-line transmittances of ~73-76% at 613 nm, the wavelength of Eu®** emission (the
*D, - 'F, transition). Thermodynamic calculation indicates that the Th** ions in the starting oxide powder can
essentially be reduced to Th** under ~10 Pa (the pressure for vacuum sintering) when the temperature is
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above ~394 °C. The photoluminescence excitation spectra of the transparent (Yo.gs. Thooz2EU,)203 ceramics
exhibit one spin-forbidden (high-spin, HS) band at ~323 nm and two spin-allowed (low-spin, LS) bands at
~303 and 281 nm. Improved emissions were observed for both Eu** and Th*" by varying the excitation
wavelength from 270 to 323 nm, without notably changing the color coordinates of the whole emission. The
transparent (Yo.98Thoo2)20s ceramic exhibits the typical green emission of 544 nm Th* (the °D,- 'Fs
transition). With increasing Eu* incorporation, the emission color of the (Yo.gs..Thoo2EU,)203 ceramics can
be precisely tuned from yellowish green to reddish orange via the effective energy transfer from Th** to Eu®".
At the maximum Eu®* emission intensity (x=0.02), the ceramic shows a high energy transfer efficiency of
~85.3%. The fluorescence lifetimes of both the 544 nm Tb** and 613 nm Eu** emissions were found to
decrease with increasing Eu** concentration.
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1.1 Phosphors

Luminescent materials, usually known as “phosphor materials” or “phosphors”, are the chemical
compounds that exhibit the optical phenomenon of luminescence upon stimulation or excitation by
electromagnetic radiation. Most inorganic phosphors are consisted of a host crystal material and one or more
intentionally introduced impurities, called activators. Activators doped into the host crystal are functional as
the luminescent centre. The concentration of activators can be as low as tens of ppm, such as for donor
acceptors, or can also be as high as 20% for rare-earth dopants. All of those elements employed as the host
lattice and/or as activator as well as the plasma elements are given in the periodic table of the “lighting”
elements as shown in Fig. 1.1.1

H O activator elements He
: O plasma elements

Li |Be O host lattice elements B/C| N |O[F|Ne
Na|Mg Al|Si|P|Ss|cCI|Ar

K|Ca|Se|Ti |V |Cr|(Mn Fe|Co|Ni|Cu|Zn|Ga|GelAs |Se|Br|Kr

Rb

x
<

Zr [Nb|Mo| Tc |[Ru|Rh|Pd|Ag|Cd| In |Sn Sb|Te| I | Xe

Cs|Balla| Hf [Ta| W |Re | Os| Ir | Pt |Au|Hg| Tl |Pb| Bi |Po| At |Rn

Fr |Ra | Ac

Ce | Pr [Nd (Pm|Sm|Eu |Gd| Tb |Dy Ho|Er |[Tm|Yb|Lu

Th{Pa| U [Np|Pu |af\m Cm| Bk | Cf | Es |[Fm|Md|No| Lr

Fig. 1.1 Periodic table of the "lighting" elements.

The lanthanide series includes elements from atomic number 57 (La) to 71 (Lu), which is 15 elements.
However, Y element is generally regarded as one more member of the lanthanide family, because the ionic
radius of Y** (0.0900 nm) is close to that of Ho®** (0.0901 nm),? leading to similar chemical properties. With
the exception of La**, Y** and Lu*, all of Ln®* ions are luminescent and their emission lines cover the entire
spectrum, from UV (Gd*") to visible (e.g. Eu**, Pr¥*, Sm**, Tb*, Dy**, Tm*") and near-infrared (e.g. Pr*,
Nd**, Ho*, Er*, Yb**) ranges. Ln** benefits from their characteristic incompletely filled 4/ shell and exhibit
unique optic, electric and magnetic properties. In the rare earth elements, the 4f electrons are shielded from
the surroundings by the 55 and 5p° electrons. Therefore, the optical transitions within the 47 configuration
are hardly influenced by the environmental or crystal electric field except Ce**. The energy level diagram of
4f electrons of the trivalent rare earth ions was given out by Dieke et al.® (Appendix Fig. 1), in which the
energy states were experimentally determined by considering the optical spectra of individual ions
incorporated in LaCl; crystals. Light-emitting levels are indicated by semicircles below the bars. The width
of the energy state bars gives the order of magnitude of the crystal field splitting, which is very small. The
diagram is applicable to ions in almost all of the host lattices, because the 41 electrons hardly interact with
the environmental electric field. The maximum variation of the energy states is very confined and is at most
of the order of several hundred cm™.
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Eu®* as one of the key rare-earth activators has the red emission band of the trivalent oxidation state
located at ~613 nm with a relatively highly photopic response of ~44%. Eu** has been incorporated into
many host crystals for developing red light emitting phosphors, such as Ln,0s,** LnVO,,""*? Ln,0,S,**
Ln,0,S0,,"**" etc. Eu**-activated red sesquioxide phosphors have in particular attracted considerable interest
due to their high chemical durability and thermal stability, and are being extensively applied in various
lighting and display systems, such as fluorescent lamp, white LED, high-resolution x-ray imaging detector,
field emission display, flat-panel display, plasma display panel, and cathode-ray tube, and also in the
fabrication of ceramic scintillator.*” The phosphors display characteristic Eu** red emissions upon UV
excitation into the charge transfer (CT) band arising from 2p orbital of O% to the 4f orbital of Eu®**. Improved
property of displays requires high-quality phosphors for high brightness and resolution with long-term
stability. Phosphor particles of spherical shape, ultrafine size, good dispersion and narrow size distribution
are desired owing to three reasons: (1) spherical powder can form a denser phosphor layer by close packing,
but also minimizes the light scattering on particle surface to enhance the efficiency of photoluminescence
(PL) and brightness;'® (2) ultrafine powders provide small pixel sizes for improved resolution;"*?* (3) well-
dispersed and narrow size-distributed particles produce uniform luminescence over the whole phosphor

screen.?>%

1.2 Luminescence
1.2.1 Classification

Luminescence can be distinguished by the various excitation sources, such as PL, CL, XL, EL and so
forth (Tab. 1.1). %

Table 1.1. Different types of luminescence.

Luminescence type Excitayion scource Applications
photoluminescence (PL) (UV) photons fluorescent  lamps,
plasma displays
cathodoluminescence (CL) electron beams TV sets, monitors
x-ray luminescence (XL) X-rays scintillators
electroluminescence (EL) electric current LEDs, EL displays
chemoluminescence chemical reaction energy analytical chemistry
bioluminescence biochemical reaction energy analytical chemistry
sonoluminescence ultrasound -
triboluminescence mechanical energy -
fractoluminescence fracture in certain crystals -
piezoluminescence pressure on certain solids -

Luminescence can also be divided into phosphorescence and fluorescence by the difference in decay
times®* Fluorescence denotes an emission with a short decay time from ~10° to 10” ms, while
phosphorescence is used to stand for the emission of a much longer decay time from a few minutes up to
several hours.> According to quantum theory, in a fluorescence process, transitions arise from the singlet
excited state where the electron does not change its spin direction. Whereas, sometimes under the appropriate
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conditions a spin-flip could happen and a lower triplet excited state is created, which is the case in a
phosphorescence process. Transitions from a triplet excited state are forbidden by the selection rules and
have to wait for a long time until the electron spin flips back. Therefore, compared with fluorescence,
phosphorescence is frequently of low intensity and could last for a while after the removal of the excitation
source.

1.2.2 Luminescence process

4 excited state
i
ground State\
2
0
—> AR - T

Fig. 1.2 Configurational coordinate diagram.

The configurational coordinate diagram frequently was utilized for explanation of the luminescence
process as shown in Fig. 1.2, from which the potential energy £ is plotted as a function of the configurational
coordinate R, where R represents the distance between the luminescence centre and its coordinate neighbour.
Optical transitions are represented vertically in the configurational coordinate diagram, because they are
electronic and occur rapidly compared to nuclear motions. The ground state and excited state are shown in
the form of parabolic potential wells. The luminescence centre is prompted from its ground state to an
excited state after absorbing energy E.,. The luminescence centres tend to stay in the minimum energy points
of the excited state before a possible optical transition can occur. The difference between E, and the
emission energy E.,, is called the Stokes shift, denoted AE;. It’s also shown in Fig. 1.2, where there is a shift
of AR between the minimum energy point of the ground state and excited state, since the chemical bond in
the excited state is different from that in the ground state.

1.2.3 Concentration quenching

Quenching is a phenomenon of the reduction in radiative emission for the luminescent materials and
can be caused by external factors such as an increase in temperature, or stoichiometric factors such as an
increased amount of activator or sensitiser in the lattice (i.e. concentration quenching).

For the concentration quenching, the quenching tends to occur with the increasing concentration of an
activator, as a result that there is a significant reduction in the average distance between these luminescent
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centres. Concentration quenching can be attributed to pairing or aggregation of the activator ions, resulting in
an increase in the non-radiative losses. This non-radiative decay may be induced by many possible factors,
the most common of which include lattice defects. Lattice defects frequently act as sites where the energy is
lost by non-radiative/cross relaxation between the activators and impurities.

1.2.4 Cross-relaxation

Cross-relaxation (also called self-quenching) is an energy transfer process between identical ions. In
most case, the same kinds of ions are both a sensitizer and an activator. The rare earth ions frequently give
rise to this kind of energy transfer owing to their complicated energy level structure.

Cross-relaxation process may become a major problem for quenching at a higher activator
concentration. It may also occur between differing elements which have two pairs of energy levels separated
by the same amount. The two bandgap energies may be equal or can be matched by one or two phonons.
This process has been observed in many ions and it is a main factor in non-radiative relaxations especially at
high concentrations.?’

1.2.5 Energy transfer

S AAYA——

Energy Transfer =4
Excitation Emission
Sensitizer Activator

Fig. 1.3 Schematic diagram illustrating energy transfer between a sensitizer and activator.

Energy transfer is the radiative transition process by which the excitation center (host, activator or
sensitizer) transfers the energy to luminescent center. Therefore, the improved luminescence of the phosphor
can be achieved via energy transfer process between the donor and the acceptor. In a typical schematic
diagram as shown in Fig. 1.3,% a donor is firstly excited to an upper energy level by absorbing the incident
radiation (excitation source) on the phosphor. This excitation energy is then transferred (the electrons of
donor returns to its ground state) by exciting an adjacent acceptor whose electrons then back-jump to its
ground state with a phenomenon of luminescence emission. Such a transfer process is called non-radiative
energy transfer. The donor and acceptor have excited state levels of approximately equal energy above their
ground states, and the activator and sensitizer must be close enough in the host lattice for the transfer
probability to be appreciable. The energy transfer process can occur when the emission line of the donor
overlaps the absorption line of the acceptor. In the case of lack of spectral overlap, energy transfer may also
take place via resonance condition (equal energy difference between the energy levels of the acceptor and the
donor) and/or phonon mediated processes.
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The theory of energy transfer resonance derived by Dexter et al.” has revealed that two luminescence
centres, a donor and an acceptor (A and D) within a certain distance (R) with a certain interaction (i.e.
exchange or multipole-multipole interaction) may be in resonance and transfer excitation energy from donor
to acceptor. It depends on the average distance (R) between the donor and acceptor ions. Exchange
interaction generally requires an R value of less than 0.3-0.4 nm; otherwise, the electric multipole interaction
may dominate. The average separation R can be estimated from the following equation proposed by Blasse
as follows:*

13
R=2(——— 1.1
(47rXCN) 1)

where Xc is the total concentration of the donor and acceptor ions, N is the cation number in the unit cell,
is the cell volume.

1.3 Yttria (Y,05)
1.3.1 Crystal structure

Fig. 1.4 Crystal structure of Y,03. Along the [001] direction (a) and in a direction slightly deviated
from [001] (b). The large light (dark) ball is for Y1 (Y2), and the smaller one is for O.

The crystal structure for yttria (Y,O3) is shown in Fig. 1.4.*" The crystal structure of Y,0; used in
phosphors application is a body-centered cube of space group a3-(77,) (No. 206). The cubic Y,O3 crystal
belongs to C-type sesquioxide lattice, which has a total of 80 atoms per unit cell including 32 yttrium atoms
and 48 oxygen atoms. The unit cell contains two inequivalent cation sites, that is, Y1 at the 8a site and Y2 at
the 24d site, and one type of oxygen at the 48¢ site. The fluoritelike structure, named after the mineral
bixbyite, can best be viewed as consisting of 64 slightly distorted mini-cubes with yttrium atoms sitting at
the centers of 32 of the mini-cubes. The oxygen atoms are at six of the eight corners of the cube such that an
approximate octahedral coordination for the cation is maintained. The missing oxygen atoms are either at the
face diagonal (75%) or at the end of the body diagonal (25%) of the mini-cube. For mini-cubes having Y1 at
the center, three oxygen atoms are at one face of the cube, and the other three oxygen atoms are at the
opposite face. There are six equal Y1-O bonds of 0.2261 nm. For mini-cubes containing Y2, four oxygen
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atoms are at one face and the other two at the opposite face. There are three different pairs of Y2-O bonds of
0.2249, 0.2278, and 0.2336 nm in length. On average, the Y1-O bonds are slightly shorter than the Y2-O
bonds. Each oxygen atom is linked to one Y1 and three Y2 atoms in the form of a distorted tetrahedron. The
shortest O-O separations are 0.2865 and 0.2927 nm. Figure 1.5 exhibits the two Y*' sites in the lattice. Two
of the corners are vacant and can be along a body or face diagonal of the cube which results in two Y** site
symmetries called Ss and C, ,respectively it is believed that the activators substitute these Y3* sites. The ratio
of C, to Sg sites is 3 to 1.

o e
@
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Fig. 1.5 The two Y** crystallographic symmetry sites in cubic Y,Oj lattice.

1.3.2 Properties

(2)

R050421 i)

Fig. 1.6 Appearances of YPO, crystal (a) and Y,O3 powder (b).

Y,0; is mainly extracted from the mineral Xenotime (YPO4-2H,0) as shown in Fig. 1.6. It is a
refractory material with a high melting point of 2430 °C. It has less thermal expansion than alumina,
magnesia and zirconium.*? It is soluble in acids and slightly soluble in water. The availably commercial
products are in various purities between 99.9% and 99.999%.

Its properties include high thermal stability with a temperature of crystallographic stability up to 2325
°C and good transparency to infrared radiation. It has an affinity for oxygen and sulphur and is used as an
additive to stabilize zirconia and as a sintering aid in silicon nitride. As an optical ceramic, it transmits well
in the infrared range, from 1 to 8 pym wavelength. The high infrared transmission, together with good
resistance to erosion and thermal shock, makes it ideal for protection domes for infrared sensors. Y,0;3 also is
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an attractive host material used as a scintillator/ laser owing to its low cost, high dielectric constant (14-18),
large band gap (5.6 eV), high melting point, high thermal conductivity (13.6 W/mK), refractive index

(nz=1.93 at =613 nm), high thermal stability, low phonon energy (380 cm-1), and good resistance to erosion
and thermal shock.>**

1.4 Transparent ceramic scintillators
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Fig. 1.7 Schematic representation of a medical radiography system .

Polycrystalline transparent ceramics have extensive applications in various areas, such as infrared
windows/domes, lamp envelopes, transparent armors and laser and scintillator hosts.* By properly doping
with activator ions, transparent ceramic scintillators may be attained by employing advanced powder
processing and ceramic sintering techniques. Transparent ceramic scintillator is being widely developed to
replace the conventional single crystal one due to the advantages of low cost, high dopant concentration,
large-size and mass production and near-neat shaping. The materials can absorb and convert x-rays into
visible photons to be applied in radiation detectors for medical diagnostics, industrial inspection, dosimetry,
nuclear medicine and high-energy physics (Fig. 1.7).>"

1.4.1 Properties

In order to achieve high-quality imaging and reduce the need to subject patients’ bodies to x-ray
radiation, a high-efficiency scintillator should exhibit a high absorption coefficient for x-rays, high
transparency, high light output, a short decay time and low radiation damage.*’ The detailed descriptions are
list as follows:

(1) Absorption coefficient. If the x-ray photons are allowed to pass through the scintillator without
absorption and creation of excitons that excite luminescent centers, the efficiency of the x-ray detection is
diminished and also degrades the performance of the detection system. As the relation between the
absorption coefficient (7.ys), theoretical density (o), and effective atomic number (Zg) can be expressed as
770,,,S=ngff", a high theoretical density and atomic number are thus essential for a scintillator.

(2) Transparency. The transparency of the scintillator material is critical because the visible
scintillation photon must be transported efficiently to the photodetector. The isotropically visible photon
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emitted by scintillation must be transported to the photodetector by a combination of reflection and scattering
at surfaces, as well as scattering within the material. Minimization of the visible photon path length is critical
for scintillators that have intrinsic optical absorption at the emission wavelength because this results in
efficiency losses due to self-absorption. Residual pores in the microstructure of the ceramics, however, can
act as efficient scattering centers to weaken the effective photon transfer, and hence high transmittance for a
scintillator is critical.

(3) Light output. Light output depends on the absorption coefficient of the scintillator at the X-ray
excitation energy, the efficiency of exciton creation and capture at the luminescent centers, the intrinsic
emission quantum efficiency of these centers, the scintillator geometry (surface structure and reflectors) and
transparency, and the quantum efficiency of the diode at the emission wavelength.

(4) Decay time. Delayed emission from the scintillator after the incident X-ray beam is highly
attenuated by the object being imaged can degrade image quality and reduce image resolution. The
relationships between decay time and fluorescence lifetime can be expressed as /=Aexp(-t/r)+B, where [ is
the emission intensity, 7 is the fluorescence lifetime, ¢ is the decay time and 4 and B are constants. Therefore,
the decay time/lifetime reflects the response time of the scintillator and also plays an important role in its
system.

(5) Radiation damage. Stability and reproducibility of light output of a scintillator are critical to many
applications. Radiation damage refers to the change of scintillation efficiency due to defect creation by the
radiation dose. These defects are commonly color centers whose electronic structure imparts optical
absorption bands at the scintillator emission wavelengths. As in the case of afterglow, the binding energy of
the color center determines the longevity of the damage. In general, this energy is sufficiently large that
damage can last from seconds to days at room temperature. Although radiation damage typically decreases
the scintillation efficiency, there are exceptional cases where the efficiency increases. This is likely attributed
to the modification or neutralization of defect centers that otherwise reduce the scintillator’s quantum
efficiency.

1.4.2 Sintering techniques

Polycrystalline transparent ceramics (including ceramic scintillators) are frequently fabricated by hot
pressing (HP), hot isostatic pressing (HIP) and pressureless sintering (vacuum or atmosphere-controlled
sintering). Compared with HP and HIP, pressureless sintering is cost effective and time efficient but requires
sinterable powders.***? Podowitz et al.*® fabricated transparent Y,Os:Eu ceramics with a transmittance of
~71% at the wavelength of ~613 nm by HP plus HIP. Lu et al.* produced transparent Eu:Yglag,03
ceramics with the highest transmittance close to 80% over the wavelength range of 190-1400 nm and an
approximate grain size of 55 um via hydrogen sintering. Bagayev et al.** produced Y,Os-based ceramics
with a highest transparency of ~81% at 1079 nm and average grain sizes of 1-130 um by vacuum sintering at
1700-1950 °C for 10-20 h. Other sintering techniques also have been developed to produce transparent
ceramics and have their respective advantages, including spark plasma sintering,***’ microwave sintering,*
millimetre-wave sintering®® and laser sintering,” but may find difficulties in fabricating the thick bulk of
high transmittance in the visible region. Zhang et al.“® fabricated transparent Y,0s; ceramics with a
transmittance of 68% at the wavelength of 700 nm and a fine grain size of ~400 nm by spark plasma
sintering. Esposito et al.*® produced transparent YAG:Yb laser ceramics with a highest transparency of 65%
in the wavelength region of 200-1100 nm and a grain size of 5-20 um in a 24 GHz and 6 kW microwave
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furnace. Ji et al.”® made transparent Ta,Os dielectric ceramics with a transparency up to 35% at 270-3000 nm
using a CO; laser with a maximum power output of 2.5 kW.

1.4.3 Research progress

General Electric (GE) Company produced the first commercialized polycrystalline transparent ceramic
scintillators with the composition of Y;3,Gdg¢EUg 0603 that successfully were used in premium X-ray cT.®
This material possesses a transparency of ~72.8% and an average grain size of 30 um at the wavelength of
610 nm. Some other types of ceramic scintillators were sequentially developed by GE, such as
Gd3Gas96Cro04012, (Y,Gd).03:Eu,Pr, Gd,0,S:Pr,Ce,F, Gd;GasO1,:Cr,Ce, BaHfO;:Ce, etc. Recently, the
other institutes and researchers also carried out relative studies.®™® Kim et al.>* fabricated a
Gd154Y04EU0 0603 ceramic scintillator with a low transparency, however, to achieve about higher light output
than the CdWO; single crystal. Shen et al.>® produced a LUAG ceramic scintillator with a transparency close
to 80% in the visible range via vacuum sintering at 1800 °C for 10-20 h and addition of sintering aid of 0.01
wt% MgO and 0.2 wit% tetraethyl-ortho-silicate (TEOS). Li et al.>®® made a transparent Yo sGd; 34EUp 0603
ceramic scintillator with a transparency of 67.7% at the wavelength of 610 nm and a grain size of ~52 um by
vacuum sintering at 1670 °C. Apparently, the reports for high-quality Y,0s-based ceramic scintillator are
relatively few and it is necessary to find a better way for synthesis readily sinterable powders for fabricating
effective scintillators.

1.5 Layered rare-earth hydroxides
1.5.1 Feature and application

The layered double hydroxides (LDHs) with a generic formula of [M**1_,M**,(OH)2][A" Jw.-zH-O,
have been widely studied, where M** may include Mg?*, Zn** or Ni?*, M* may be selected from AI**, Ga*,
Fe** or Mn**, A" is a nonframework charge compensating inorganic or organic anion, e.g. COs*", Cl~, SO/,
RCO,", and x is normally between 0.2-0.4.°> A breakthrough came in 2006 when Gandara et al.®® found
interlayer-anion exchangeable layered rare-earth hydroxides (LRHs) two-dimensional (2D) nanosheet
morphology. Since then, LRHs have attracted considerable attention.®*® The LRHs not only have the similar
ion exchange, intercalation and delamination properties with LDHSs, but also have optical, electrical,
magnetic and catalytic of trivalent rare-earth cations. LRHs thus have extensive applications in interlayer
chemistry luminescence, catalysis and medical fields.®®

(1) Interlayer chemistry. Anion exchange, which is unusual for inorganic materials, has wide industrial
application. The anion selectivities have been given by Miyata et al.®® in the sequence I < NO; < Br < CI' <
F < OH < SO,” < NYS? (Naphthol Yellow S) < CO;%, and hence the interlayered monovalent anion is
readily ion-exchanged by divalent anion. It is known that layered materials tend to swell and exfoliate into
nanosheets in water or organic solvent under certain conditions. Similar to the procedures applicable for
LDHs, the LRHs can be delaminated into single/few-layer nanosheets in formamide after exchanging the
interlayer anions with larger organic ion.

(2) Photoluminescence Behavior. Much effort has been invested in the development of new materials
exhibiting emissions in the visible region. Lanthanide family involves varied activator ions. Pr¥*, Sm*, Eu®,
Tb*, Dy**, Ho**, Er*" and Tm*" exhibit deep red, orange, red, green, yellow, green, green and blue emissions,
respectively. The layered rare-earth hydroxides, with rare-earth centers in the host, represent a new class of
luminescent or up-conversion luminescent materials after selected doping or codoping activator ions. One
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problem is that water molecules and hydroxyls are directly coordinated to the lanthanide metal centers,
which imposes a drastic quenching effect on the emissions, and thus the emissions are far from industrial
requirements. One strategy to address this disadvantage involves post-treatment. Hu et al. demonstrated that
densely packed (GdygsEUggs),03 film from annealing treatment of (GdyesEUg.s)s(OH)20Cls-7.2H,0 exhibits
emission intensity 527 times that of precursor powder samples.”’ Interestingly, the conversion is quasi-
topotactic with a close metal arrangement between the (001) lattice plane of the precursor hydroxide and
(111) plane ofannealed oxide crystals. Zhu et al.”* prepared Highly [111] oriented, dense (Yo.esEUo.05)203
phosphor films (~60 nm thick) with excellent optical transparency (~86%) and a greatly enhanced
luminescence intensity (~4 times that of the powder form) have been constructed via self-assembly of ultra-
thin Y/Eu LRHs nanoplates (Fig.1.8).
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Fig. 1.8 Y/Eu LRH film (a) and the oxide film (b), its AFM image (c) and transmission spectra (d).

(3) Catalysis. Catalytic activity of lanthanide compounds is also a fascinating field.
Yhs(OH)20[C14H602(S03),]2-8H20 and Yg(OH)20[C1oHs(SO3).]2-8H.0 with a great number of active centers
and capability of varying the coordination number were reported to combine the catalytic properties of rare-
earth atoms with the advantages of a solid catalyst, serving as excellent heterogeneous catalysts in green
chemistry.®"2

(4) Medicine. The use of lanthanide complexes as a magnetic resonance imaging (MRI) contrast agent
has proven to be invaluable in the diagnosis of several internal abnormalities. Among the lanthanide series,
Gd** stands out because of its unique nature: high effective magnetic moment (seven unpaired electrons) and
slow electronic relaxation rate from its symmetric S-state.”*’* The potential application of the layered rare-
earth hydroxides as a new MRI contrast agent was studied using an aqueous nanosheet suspension of
Gdg(OH)20Cls-7.0H,0 by Lee et al.” The layered gadolinium hydroxide (LGdH) suspension exhibits a
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sufficient contrast effect for 7; weighted magnetic resonance imaging. This group subsequently developed a
novel method for modifying the surface of magnetic-resonance-contrasting LGdH with water- and bio-
compatibility and acid-resistance.”® Firstly, the nitrate ion of Gd,(OH)sNO3-nH,0 was first exchanged with
the oleate anion. And then, the delaminated layers were then modified with phospholipids with poly
(ethylene glycol) (PEG) tail groups, resulting in a stable aqueous suspension of completely exfoliated layers
having the ability for enhancing MRI contrast. Fluorescein (FS) anions were incorporated into the modified
layers using the ready exchange of anions attached to an exfoliated layer forming a fluorescent colloid of
LGdH, which allow the development of a multimodal probe combining optical and MR imaging. The

scheme of the novel route is shown in Fig. 1.9.
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Fig. 1.9. The surface modification approach for fabricating LGdH-FS-PEGP.

1.5.2 Structure

a)

Fig. 1.10 Lng(OH),,Cl4.nH,0 unit cell viewed down the (a) ¢ axis, (b) b axis, and (c) a axis.

LRHSs with the orthorhombic cells and the general composition of Lny(OH)sA-rnH,0 or Lng(OH)x(A™
Yam-nH,0 are composed of positively charged hydroxide layers of Ln** and exchangeable A anions located
in the interlayer for charge balance, where A" may include NO;, CI" and Br°®®" and Ln*" may be selected
from a wide range of the lanthanide family (including Y).®*""® The orthorhombic cell viewing along the ¢, b,
and a axes is shown in Fig. 1.10.”" It can be seen that there are three crystallographically distinct sites for Ln
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in the unit cell (shown as purple balls and labelled Ln1, Ln2, and Ln3), five distinct sites for hydroxyls, three
for water molecules, and one unique site for chloride ions. Each hydroxyl acts as a us-bridge connecting the
lanthanide centers. All phases have two types of lanthanide metal environments containing 9- and 8-fold
coordination corresponding local symmetries of C, and C,, respectively. Lnl is surrounded by seven
hydroxyls and one water molecule, [Ln(OH);(H,0)], forming a dodecahedron. The second lanthanide
environment for Ln2 and Ln3 has oxygen atoms bonded to eight hydroxyls and one water molecule,
[Ln(OH)g(H,0)], forming a monocapped square antiprism with the capping position occupied by the water
molecule. Each LnOg polyhedron is linked to two other LnOg polyhedra and four LnOg polyhedra via edges.
These linked polyhedron units form a two-dimensional host layer parallel to the ab plane. One
crystallographically unique A" anion is located in the interlayer space. This indicates that the A" ions are
accommodated in the gallery as counterions typical for anionic clays.

1.5.3 Synthesis route

The reported routes for LRH synthesis include hydrothermal®®®®"*#° and solvothermal®’ reactions and
homogenous’""®® and freezing-temperature precipitation.®?®

(1) Hydrothermal synthesis: It is a method to produce chemical compounds and materials using closed-
system physical and chemical processes flowing in aqueous solutions at a fixed temperature and a pressure
of above 1 atm. Géandara et al.®® firstly prepared Lng(OH)x(A™)am-nH,0 via hydrothermal synthesis. And
then Fogg et al.**® synthesized Ln,(OH)sNO5-xH,O (Ln=Y, Gd-Lu) and Lny(OH)sX-1.5H,0 (X = Cl, Br;
Ln=Y, Dy, Er, Yb) LRHs, and investigated the ion-exchange properties. Zhu et al.® made (Y.
+EU,)2(OH)sNO3-nH,0 (x=0-1) and studied the Eu** effects on the resultant particle morphology, phase
conversion to oxides and photoluminescence behaviors.

(2) Solvothermal reaction: Solvothermal reaction is very similar to the hydrothermal route, and the
only difference being that the precursor solution is usually not aqueous. Lee et al.®” obtained lager ion-radius
Ln,(OH)sNO3-xH,O (Ln=Nd and La) by the solvothermal reaction using ethanol containing alkali-metal
hydroxide (KOH, RbOH, or CsOH) as a solvothermal medium and demonstrated ion exchange reactions
between NO;™ and some organic anions such as decanoate, decanesulfonate and decylsulfate.

(3) Homogenous precipitation. Homogenous precipitation is a facile way for yielding various well-
crystallized samples.®*® Lanthanide salts with anion source and hexamethylenetetramine (HMT) firstly were
mixed and then the solution was heated at refluxing temperature with nitrogen gas protection for producing
LRHs, by which the HMT slowly hydrolyze in acidic solution with the release of ammonia water and
formaldehyde as follows:

(CH,)¢N, +10H,0 —> ANH4t +40H™ + 6HCHO

3+

50H  + A" +nH,0+2Ln"" +nH20 — Lny(OH)5A4-nH9O

Geng et al.”"""® systematically studied the products for all 15 cations (La-Lu as well as Y, except Pm)

using the homogeneous precipitation to determine the formation range for the chloride and nitrate series as
well as the crucial structural feature of LRHSs. They obtained three different structures, such as Ln(OH)s, the
desired LRH phase, and other unknown phases for larger (La-Pr), intermediate (Nd-Tm, Y), and smaller
lanthanides (Yb and Lu), respectively.

(4) Freezing temperature precipitation. The above mentioned three LRH synthesis routes frequently
lead to thick plate-like crystallites with good crystallinity. Thick plates, however, are difficult to collapse
upon calcination and the resultant oxides generally retain the plate-like morphology.?®" The crystal structure
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of the LRH compounds can be viewed as a repetitive stacking of the host layer and interlayer anions along
the c-axis (the [001] direction).®® As the host layer is a close-packed low-energy crystal plane, the crystal
preferentially grows up in a two-dimensional way, leading to the frequently observed plate-like
morphologies. Moreover, crystal growth along the c-axis needs much higher activation energy. Supressing
thickness growth along the [001] direction would thus be a feasible choice to produce nanosheets at low
temperature. Wu et al.?*® directly produce nitrate-type LRH nanosheets of down to ~3 nm in thickness for a
wide spectrum of Ln (Ln = Pr, Nd, Sm, Eu, Gd, Th, Dy, Y, Ho, and Er), in large batch quantity (0.025 mol of
Lny(OH)sNO3z.nH,0) and via chemical precipitation at the freezing temperature without using any
mineralizer. Based on this, we think freezing temperature synthesis may thus be a feasible way to acquire
well-dispersed oxide powders from the ultrathin nanosheets.

1.6 Motivation and methodology

Carbonate LRH
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Fig. 1.11 Brief flow chart of processing technology.

As discussed in 1.4.2, vacuum sintering is a cost-effective technique but requires the sinterable
powders, properties of which are, however, significantly affected by their precursors.

Therefore, the motivation for this thesis includes: (1) Synthesis and comparison of three type
precursors (carbonate and nitrite- and sufate-contained LRHSs) via advanced powder processing technique
and proof positive of freezing-temperature technique for LRH synthesis is a good way for further yielding
readily sinterable powders. (2) Fabrication of highly optical-quality transparent Y,0s-based ceramics via cost
effective and time efficient vacuum sintering technique. The brief processing flow chart for ceramic
processing is shown in Fig.1.11.

Based on this, furthermore, the following items and underlying mechanisms should be revealed and
deciphered. (1) Systematical studies in powder synthesis for producing sinterable oxide powder shoud be
carried out, including nucleation kinetics, photoluminescence behaviors and synthesis parameter effects (e.g.
aging time, molar ratio of pricipitation/cation, [Ln®*"] concentration, the amount of anion for ion exchange,
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particle-calcination temperature and so forth); (2) Detailed comparation between nitrite- and sufate-contained
LRHs for the final oxide powder and sintered bodies, such as particle mophology, particle size distribution,
linear shrinkage, linear shrinkage rate, evolution of ceramic microstructure, relative density, dihedral angle
and so forth; (3) In other to sinter highly transparent ceramics with fine grain size at relatively low
temperature and short holding time, effects of sintering temperature and heating rate were invesigated; (4)
Diffusion mechanism of YGO:Eu material as well as the role of Gd** substitution for Y** was revealed for
understanding the sintering kinetics using the combined techniques of constant-rate-of-heating sintering and
isothermal sintering; (5) The effective energy transfer from Tb*" to Eu** was demonstrated to achieve color-
tunable emission and enhanced emission intensity via co-doped Tbh** and Eu** and varied Eu®* concentration
in Y,05 ceramic host.
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Chapter I

2.1 Introduction

As described in Chapter T, Eu® activated Gd,03, Y03 and Lu,0; as three kinds of well-known red
phosphors are extensively applied in various lighting and display systems. The three phosphors display
characteristic Eu** emissions at the wavelength of ~613 nm upon UV excitation into the charge transfer (CT)
band (2p orbital of O% to the 4f orbital of Eu**)."® Improved property of displays requires high-quality
phosphors for high brightness and resolution with long-term stability. Phosphor particles of spherical
morphology, ultrafine size, good dispersion and narrow size distribution are desired owing to three reasons:
(1) spherical- shape powder can form a denser phosphor layer by close packing and minimizes the light
scattering on particle surface to enhance the efficiency of photoluminescence (PL) and brightness;® (2)
ultrafine powders provide small pixel sizes for improved resolution;**** (3) well-dispersed and narrow size-
distributed particles produce uniform luminescence over the whole phosphor screen.***

The (Gd,Ln),0z:Eu (Ln=Y, Lu) solid solutions were selected to investigate herein based on the
following three major reasons:

(1) Gd,0O3:Eu phosphor may exhibit much stronger PL intensity and CT band than Y,03:Eu and
Lu,O3:Eu ones due to its lower electronegativity for Gd**. Generally, the PL intensity of Ln,O:Eu phosphor
can be significantly enhanced at elevated synthesis temperature. However, Gd,Oz:Eu will undergo a
transformation from a cubic to a monoclinic (or hexagonal) phase upon heating (>1250 °C), by which its PL
intensity would be sharply lowered.

(2) The ionic radius of Y** (0.0900 nm) is close to that of Ho** (0.0901 nm),*® resulting in similar
chemical properties, and thus Y is generally regarded as a member of the lanthanide family. Y,O; is cost
effective, and hence its doping into Gd,O3:Eu red phosphor not only owns low-cost advantage but also
achieves enhanced PL intensity. Additionally, Y** addition can effectively suppress the phase transformation
of Gd,0O3 through formation of a continuous solid-solution formation. (Gd,Y),03:Eu is a promising material
to be utilized for fluorescent lamp, white LEDs, and can also be densified into transparent ceramic
scintillator by advanced sintering technique.*’”*®

(3) Lu®* has smaller ionic radius than Y**, and thus its doping may be more effective to stabilize the
cubic structure of Gd,Os. In addition, Lu** possesses high absorption of x-rays to reduce the multiple
scattering of light because of its high density and high effective atomic number. It has been demonstrated to
be advantageous as the x-ray stopping material in ceramic scintillator.***

The commercial Eu** doped sesquioxide phosphors are conventionally produced by high-temperature
solid-phase reaction and ball-milling treatment, which frequently induce large particle size, considerable
agglomeration and undesired contamination. Therefore, wet chemical routes are necessary in the synthesis of
fluorescent powders. Based on previous reports,'>*2*?2% yrea-based homogeneous precipitation (UBHP)
technique is found to be a good tool to acquire uniform and monodispersed particles. Compared with the
UBHP, ammonium hydrogen carbonate (AHC) precipitation is much more time-efficient, cost-effective,
operation-simple and high-yield. In this chapter, (Gd,Ln),Os:Eu (Ln=Y, Lu) red phosphor powders were
studied for their synthesis, formation mechanism, compositional impacts and luminescence properties.

2.2 Experimental procedures
2.2.1 Powder synthesis and characterization

The starting materials were Gd(NOs);-6H,0 (>99.95% pure, Kanto Chemical Co., Inc., Tokyo, Japan),
Y (NO3)3-6H,0 (>99.99% pure, Kanto Chemical) and Eu(NO3);-6H,0 (>99.95% pure, Kanto Chemical).
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Lu(NOgz); was prepared by dissolving a Lu,Os; powder (>99.95% pure, Kanto Chemical) in an excessive
amount of nitric acid at ~90 °C.

In a typical synthetic procedure, precipitated precursors (Gdpgs-<Ln,EUo0s).03 (Ln=Y and Lu, x=0-
0.95) were produced by dropwise addition of AHC (ultrahigh purity, Kanto Chemical) solution (1.5M) into a
mixed mother liquor (0.15 M for total cationic concentration) at selected AHC/ total cation molar ratio (R)
under magnetic stirring at room temperature. For typical synthesis, the x value was selected from 0 to 0.95
and the molar ratio of Eu*" to total cations was fixed at 5 at%, optimal Eu** concentrations were reported to
be 5 at% for Y,0s:Eu'?* and 5-7 at% for Gd,O3:Eu.*** The resultant suspension, after aging for different
times, was filtered and repeatedly washed with distilled water to remove byproduct. The precipitate cake was
then rinsed by anhydrous alcohol to remove water, followed by drying at 80 °C. The dried precursors were
lightly crushed with an alumina mortar and a pestle, and then calcined in a tube furnace under flowing
oxygen gas (250 mL/min) at 1100 °C for 4 h with a heating rate of 5 °C /min in the ramp stage.

Compositions of the precursor was determined for cation contents were detected by the inductively
coupled plasma (ICP) spectroscopic approach with an accuracy of 0.01 wt% (Model SPS3520, SlI
Nanotechnology Inc., Tokyo, Japan), for carbon on a carbon/sulfur determinator with a detection limit of
0.01 wt% (Model CS-444LS, LECO Co., Michigan, USA), and for NH," by the standard distillation-
titrimetric method with an experimental error of +0.1 wt%. The precursors and their oxides were
characterized using thermogravimetry (TG; Model 6200, SII Nanotechnology Inc.), Brunauer-Emmett—
Teller analysis (BET; Model Autosorb-iQ, Quantachrome Instruments, Florida, USA), x-ray diffractometry
(XRD; Model RINT2200, Rigaku Corporation, Japan), field-emission scanning electron microscopy (FE-
SEM; Model S-5000, Hitachi, Tokyo), laser diffraction particle size analysis (LDPSA, Model Horiba LA-
920, Kyoto, Japan), and fluorescence spectroscopy (Model FP-6500, JASCO, Tokyo).

Cubic C-type sesquioxide lattice has eighty atoms per unit cell and its x-ray density can be calculated
from equation 2.1.

_ 32X(l-m-n)My | [y +mMGq+nM g, +1.5M ]

d
th a3NA (2.1)

where M; stands for atomic weight of element i (i = Y/ Lu, Gd, Eu and O), N, is the Avogadro constant, a is
the lattice constant, while m and n denote the atomic percentages of Gd** and Eu*", respectively.

2.2.2 Compaction, sintering, and characterization of transparent ceramics

The oxide powders for sintering were cold isostatically pressed under ~400 MPa into green bodies.
Vacuum sintering was subsequently performed in a tungsten-heater furnace at 1700 temperatures for 4 h
under a pressure of less than 10 Pa. The obtained ceramics were finally double-side polished to a thickness
of ~1 mm to measure in-line transmittance on a UV/VIS/NIR spectrophotometer (Model SolidSpec-
3700DUV, Shimadzu, Kyoto) over the wavelength region of 200-2000 nm.

2.3 Results and discussion
2.3.1 Effects of R on (Gdy 75Yy:Eu.05) 05 precursors and their oxides

AHC/ total cation molar ratio (R) has significant effects on the nature of precipitated precursors, and
the impact of R on the morphologies of the (Gdg75Y02EUs05)203 precursors is shown in Fig. 2.1.
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Fig. 2.1. FE-SEM micrographs showing morphologies of the (Gdy.75Y 0.2EUq.05)203 precursors obtained under
typical synthetic conditions, with R=1 (a), R=2 (b), R=3 (c), R=4.5 (d), R=7.5 (e), and R=15 (f) and a fixed aging
time of 1 h.

Figure 2.1 shows the effects of R on morphologies of the (Gdy75Y02EU005),03 precipitated with an
aging time of 1 h. At R=1-4.5, the colloidal precursors appear spherical and are composed of ultrafine
primary particles (Figs. 2.1a-d), while those acquired at R=7.5-15 display nonuniform mixtures and consist
of very large and small platelike particles (Figs. 2.1e,f). Especially at low R (R=1-2), the precursor powders
strongly agglomerate, which is probably because the low pH is close to their isoelectric points.

In water solution, Ln®*" ions are hydrated to [Ln(H.0)s]** and then undergo hydrolysis to form
[Ln(OH),(H20).4]*" species (Egs. 2.2 and 2.3). However, the AHC solution contains lots of ionic species,
such as HCO5, COs*, OH", NH,"and H*. Compositions of the precursors formed from the reaction systems
depend on the competition of the ionic species that combine with the Ln** (Egs. 2.4-6).

1% 4 6HL0 > [Ln(HL0)61T  (2.2)

[Ln(H20)6]3+ +xtp0 = [Ln(OH), (H0) 6.) ]3"‘ + xH3O+ (2.3)
[Ln(OH)  (H20)(g.y) ]3"‘ +3HCOg + (x+n-T)HyO — Ln(OH)CO3 - nH50 +2COy +xOH  (2.4)
2Ln(OH)COg -nHoO + HCO3 — Lny(CO3)3 -nHy0 + OH + Ho0  (2.5)

an (C03)3 . nH20+ CO32- + 2NH4+ e 2NH4LIZ(CO3)2 ‘n H20 (26)

Figure 2.2 exhibits XRD patterns of the (Gdy75Y02EUg0s5)203 precursors obtained at R=1-15 and an
aging time of 1 h. At R=1-4.5, the precursor powders are amorphous, corresponding to their rounded particle
morphologies (Figs. 2.1a-d). As R increases above 7.5, the precursor powders significantly improve their
crystallinities and show the characteristic two-dimensional shapes of layered rare-earth carbonates (Figs.
2.1e,f).*
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Fig. 2.2 XRD peaks of the (Gdy 75Y02EU05)203 precursors obtained at R=1-15.

Table 2.1 Elemental content (wt%) of precursor powders prepared under typical synthesis conditions.

R Aging (h) Gd Y Eu C N Approx. formula

1 1 472 49 34 64 - (Gdo.67Y0.12EU0.05)2(CO3)252 - 2.4H,0
4.5 1 48 6.7 28 73 - (Gdo5Y 0.2EUg.05)2(CO3)s 4H,0
4.5 10 458 72 29 73 092

(N H4)0.36(Gd0.75Y0.2EUO.OS)Z(COS)S.IS ' 24H20

7.5 1 378 56 24 74 31
(NH,)1.4(Gdo 75 Y 0.2EU0.05)2(CO3)3 7 5.6H,0

Elemental analysis reveals that the precursors synthesized at R=1-4.5 have an approximate
composition of hydrated carbonate, but low R (e.g. R=1) would cause a cationic component deviation owing
to the incomplete precipitation (Table 2.1). At R=7.5, the platelike precursors are hydrated ammonium rare-
earth carbonate that has layered structure with lanthanum and carbonate ions forming planes which are
separated by planes of water molecules.®®

Figure 2.3 shows the TG curves of two (Gdy75Y02EUg05).03 precursors prepared at R=4.5 and R=7.5,
which have been determined to possess a chemical composition of (Gdy75Y02EUp05)2(CO3)s - 4H,0 and
(NH4)1.4(Gdo75Y02EU0 05)2(CO3)3.7-5.6H,0, respectively (Table 2.1).

The two precursors convert into oxide by four major steps. For the former, the initial decomposition
(below 300 °C) is mainly due to dehydration and leads to a weight loss (-13.3%), which is consistent with
theoretical value (-13.4%). And the weight losses of -29.8%, -33.7% and -37.8% for the other three steps
also agrees with the calculated weight loss of -29.7%, -33.8% and -37.9%, respectively, which are mainly
due to the removal of carbon dioxide.

The thermal decomposition processes of the latter is sililar to the former. The decomposition processes
of the two precursors may be deduced as follows.
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Fig. 2.3 TG traces for the (Gdy.75Y0.2EUo.05)203 precursors prepared at R=4.5 and R=7.5, respectively.

Fig. 2.4 FE-SEM micrographs of the (Gdy.75Y 0.2EUo.05)203 oxides calcined at 1100 °C for 4 h, obtained from the
precursors of R=1 (a), R=2 (b), R=3 (¢), R=4.5 (d), R=7.5 (e), and R=15 (f).

Figure 2.4 reveals that the calcined oxide powders generally retain the original morphologies of their
respective precursors. The inside grains of the oxides calcined from the precursors of high R (e.g. R=7.5-15)
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are apparently coarsening together and crystal boundaries appear (the insets in Figs. 2.4e,f), because the thick
plates are difficult to collapse via single calcination. At R=4.5, the particles exhibit excellent morphology

and the synthesis is mass production, and hence aging-time effect was subsequently studied under fixed
R=4.5.

2.3.2 Aging-time impact on (Gdy 75YoEuy.05)20;3 precursors and their oxides

Fig. 2.5 FE-SEM micrographs showing morphologies of the (Gdo.75Y0.2EU0.0s5)203 precursors and their oxides: the
precursors synthesized at an aging time of 3 h (a), 6 h (b) and 10 h (c); and (d)-(f) for their oxides, respectively.

Figure 2.5 exhibits the impact of aging time on properties of the (Gdo75Y02EUg05).03 precursors and
their oxides at R=4.5. At an aging time of 3 h, the precursor is also spherical (Fig. 2.5a) and its calcination
production is well dispersed (Fig. 2.5d). As the aging time increases to 6 h, both the precursor and its oxide
transform into a platelike morphology (Figs. 5b, €). At the aging time over 10 h, the precursor also retains the
layered structure, but may be composed of two phases (hydrated ammonium rare-earth carbonate and
hydrated carbonate), as shown by the combined results of element analysis (Table 2.1) and the XRD analysis

(Fig. 2.6).
n R=4.5, 10h

Intensity (a.u.)

20 (degree)

Fig 2.6 XRD patterns of the (Gdo 75Y0.2EU0.05)203 precursors obtained at R=4.5 and an aging time of 3-10 h.
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2.3.3 Synthesis and characterization of (Gd,Ln),0;: Eu compounds

Fig. 2.7 FE-SEM micrographs of (Gdygs..LN.Eug 05),03 precursor powders with Ln=Y, x=0 (a), x=0.6 (b), and
x=0.95 (c); Ln=Lu, x=0.1 (d), x=0.6 (e), and x=0.95 (f).

A series of (GdygsLn.Euges).0s (Ln=Y and Lu, x=0-0.95) powders were prepared under the
optimized R (4.5) and aging time (3 h).

Figures 2.7a-c are FE-SEM micrographs showing morphologies of (Gdy s, Y EUg05).03 (x=0, 0.6, and
0.95) precursors. These precursors exhibit spherical shapes and the particle sizes increase with more Y**
incorporation (~50, 68 and 78 nm for x=0, 0.6 and 0.95, respectively, as measured from the FE-SEM
micrographs). The composition-dependent particle size is closely related with the nucleation and particle
growth processes. That is, the occurrence of precipitation depends on supersaturation as the equation
S=aqap/K,,,* where a, and a; are the activities of partially hydrolyzed cation [Ln(OH),(H;0)s..]** and anion
(CO5%), and K, is the solubility product constant. Nucleation starts only when S reaches the critical
supersaturation S*. The solubility of a lanthanide basic carbonate increases with decreasing Ln** radius.™
According to the lanthanide contraction law, the K, value increases in the order Eu(OH)CO3; < Gd(OH)CO;
< Y(OH)COs;. Thus, Eu(OH)CO3 and Gd(OH)COs; are formed in priority to play the role of crystal nuclei. As
the Eu®* cation and AHC concentration are fixed, more Gd*" induces a higher nucleation density followed by
smaller particle size. The deviating chemical composition of the precursor prepared at R=1 for 1 h also
supports our interpretation (Table 2.1).

Figures 2.7d-f exhibit the morphologies of (Gdygs..LUEug05).03 (x=0.1, 0.6, 0.95) precursors. It can be
observed that a higher Lu®* content causes much larger particles of frequently empty interiors (~56, 78 and
101 nm for x=0.1, 0.6, and 0.95, respectively, as measured from the FE-SEM micrographs). It can be
interpreted from the nucleation kinetics among LU(OH)CO;, Eu(OH)CO; and Gd(OH)COs. Although the K|,
increases in the order Eu(OH)CO; < Gd(OH)CO; < Lu(OH)COs, the relatively high degree of hydrolysis for
Lu* may dominate here. As the higher hydrolysis degree of Lu®*" induces a higher activity of
[Lu(OH),(H20)6.]**, Lu(OH)COs is thus produced in priority in the ternary Gd-Lu-Eu system. Meanwhile,
high degree of hydrolysis also leads to a low pH value in the nitrate solution (Eq. 2.3). Therefore, when the
AHC was added, lots of small bubbles would be generated via chemical decomposition of AHC (Eq. 2.7),
which may provide crystal nuclei to form the hollow structures. Based on our previous reports,®”*® such a
phenomenon is also observed for Sc-containing compound with high degree of hydrolysis.
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Fig. 2.8 FE-SEM micrographs of (Gdpgs.,LN,Eug 5),03 0xide powders with Ln=Y, x=0 (a), x=0.6 (b), and x=0.95

(c); Ln=Lu, x=0.1 (d), x=0.6 (e), and x=0.95 ().

Figure 2.8 shows mOfphOlOgieS of the (Gdo_95_xYxEUo_o5)203 (x=0, 0.6, 095) and (Gdo_95_xLUxEUo_o5)203
(x=0.1, 0.6, 0.95) oxide powders calcined at 1100 °C for 4 h. All the particles are ultrafine, uniform in size,
well-dispersed and rounded in particle shape.

Table 2.2 Sger, crystallite size, SEM size and particle size of (Gd,Y),03:Eu oxides.

Y3 content (%) Sger (MP/g) XRD (nm) SEM(nm) LDPSA (nm)

0
10
20
40
60
80
95

6.8
12.3
12.7
14.5
19.4
21.7
15.4

46.3
46.3
41.6
46.3
38.0
41.7
41.7

187
165
156
153
120
115
116

288
303
216
218
182
145
142

Table 2.3 Sger crystallite size, SEM size and particle size of (Gd Lu),03:Eu oxides.

Lu** content (%) Sger (M°/g) XRD (hm) SEM(nm) LDPSA (nm)

10
20
40
60
80
95

15.4
18.3
19.2
19.7
16.8
15.4

46.3
38.0
38.0
34.8
34.8
34.8

126
106
105
87
78
80

199
173
216
154
224
328
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Tables 2.2 and 2.3 give out the Szzrvalue, the grain size calculated by XRD, the statistical FE-SEM
particle size using WinRoof image analysis software and LDPSA size of (Gd,Ln),O3:Eu oxides.

The grain sizes of the oxide powders generally decrease along with more Y**/Lu®" addition. The lattice
constants of (Yoo5EU005)203 (1.061 nm, Fig. 2.10) and (LUg.¢5EU005)203 (1.040 nm) are smaller than that of
(Gdo.95EU0 05)2.03 (1.080 nm). Mass diffusion in (Yo.gsEU005).03 and (LugesEUg05)203 may be slower than that
in (GdggsEUg05).03 during thermal decomposition, leading to smaller grain sizes at a higher Y¥ILu®
concentration. The SEM sizes of the oxides also generally decrease along with more Y*"/Lu®*" addition.
LDPSA is operative in detecting agglomerates.** Some relatively small particle sizes detected by LDPSA
imply less agglomeration and higher dispersion of the powders.
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Fig. 2.9 XRD patterns of (Gd,Ln),03:Eu oxide powders with the composition (Gdggs., Y EUg.05)203 (2) and (Gdg gs-
+LUEUg 05)203 (b).

The XRD patterns of the (Gd,Ln),0s:Eu oxide powders calcined at 1100 °C for 4 h are shown in Fig.
2.9. The XRD peaks of the two kinds of solid solutions shift toward the high angle side with increasing
Y3*/Lu** incorporation. Obviously, Y** and Lu®*" doping leads to a gradual contraction in the unit cell of the
cubic crystal because of the smaller ionic radius of Y** and Lu** than that of Gd** and Eu®*.
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Fig. 2.10 lattice constants and theoretical densities of the (Gd, Ln),O3:Eu solid solutions with the composition
(Gdo.95-Y xEUo.05)203 () and (Gdo g5.Lu,Elo 05)203 (d).
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Figure 2.10 shows the results of calculated lattice constants and theoretical densities of the (Gdy.gs.
+LnEUg 05),03 solid solutions. The cell parameters linearly decrease along with increasing x, which observes
the Vegard’s law, suggesting that homogeneous solid solutions have been formed. The theoretical densities
calculated with the lattice constants linearly decrease along with more Y** addition owing to its lower atomic
number than Gd**, while the theoretical densities increase at a higher Lu®*" content since it is much heavier
than Gd**.
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Fig. 2.11 Photoluminescence (PL) behaviors of the (Gdggs-YEUo.05)203 (a) and (Gdp gs-.LU,EUg 05)203 phosphors
(b). Photoluminescence excitation (PLE) spectra of the (Gd,Ln),O3:Eu phosphors with the composition (Gdp gs-
+ Y EU05)203 (a) and (Gdpgs-.LU,EUg 05)203 (b). The PL spectra were obtained under excitations with the peak
wavelengths of the CT bands and the PLE spectra were obtained by monitoring the 613 nm emissions of Eu®".

Figures 2.11a and b show PL spectra of (Gd,Ln),Os:Eu phosphors. Both the (Gd,Y),0s:Eu and
(Gd,Lu),05:Eu oxide powders exhibit the typical red emissions of Eu®** from °Dy - 'F, (J=0, 1, 2, 3, 4)
transitions. The strongest emission peak at 613 nm and that at 630 nm are assigned to the °Dy— 'F,
transitions of Eu®". The group of emission peaks at 587, 592 and 598 nm derives from °D, - 'F; of Eu*,
while those at 582, 652 and 708 nm are associated with the °Dy— 'Fo, °Dy— 'F5 and °Dy — 'F, transitions,
respectively.

The excitation spectra of (Gd,Ln),0s:Eu powders obtained by monitoring the 613 nm Eu** emission
are shown in Figs. 2.11c and d. The main bands at 248-258 nm are caused by the transition by charge
transfer (CT), that is, electronic transition from the 2p orbital of O to the 4f orbital of Eu**, the peaks at 217-
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235 nm as the left shoulder of the broad CT bands are ascribed to the absorption of host lattice of rare earth
oxide, and the right ones at 276 nm are owing to the ®S;;, - °l, internal /- transition of Gd*".° The overlapped
bands from 300 to 335 nm arise from the ®S;, - °P, of Gd** and "Fo1 — °Ha/°Hs transitions of Eu**. The two
types of bands can be distinguished by comparing with the non-Gd**-containing samples, whose peaks at 308
and 314 nm are only for the 8S;, - °P, transition of Gd**. The other weak peaks beyond 350 nm are ascribed
to the intra-47° electronic transition of Eu®".

The PL and PLE intensities of (Gd,Ln),Os:Eu particles mainly depend on the content of Gd**, since the
different electronegativities among Gd**, Y** and Lu®** result in diverse abilities to attract electrons and even
shifted peak locations of CT bands'*?* (6 nm for (Gd,Y),0s:Eu and 10 nm for (Gd,Lu),0s:Eu). The low
electronegativity for Gd®* (1.20) induces an easy electron transfer, and thus enhanced PL intensity is
observed, although the larger particle size also contributes to the relatively strong emission. Additionally, for
(Gd,Y),03:Eu and (Gd,Lu),0s:Eu powders containing the same Gd** concentration, the PL/PLE intensities
are in the order (Gd,Lu);Os:Eu < (Gd,Y),03:Eu. Such a phenomenon is also due to the lower
electronegativity of Y*" (1.22) than that of Lu®* (1.27). In this work, the PL intensity of (Gdo.gsEUo.05)203
powder at 613 nm is about 1.7 times that of the (Yo.95EU005).03 one and 2.9 times that of (Lug.gesEUo05)20s3,
which are similar to the relative CT band intensity ratios.
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Fig. 2.12 The effects of calcination temperature on PL intensity of the (Gdo.75Y 0.2EUo.05)203 phosphors (a) and
XRD patterns of the calcination products of the (Gdo 75Y0.2EUo 05)203 sample (b).The PL spectra were obtained via
excitation at 258 nm.

Calcination temperature also plays an important role in PL of the oxide phosphors and the results are
shown in Fig. 2.12a with the (Gdy75Y02EUy05).03 sample as an example. The PL intensity increases with
rising calcination temperature, by which in that the component distributions among Gd**, Y** and Eu®" are
more homogeneous and would alleviate localized concentration quenching of Eu**. Improved crystallinity
(Fig. 2.12b) and larger particle size are another two important reasons. The phosphor powder calcined at
500 °C shows low emission intensity probably owing to the combined effects of disordered coordination
between Ln®*" and O in the amorphous phase (Fig. 2.12b) and the presence of CO5* in the intermediate
calcination product (Fig. 2.3), which may raise the non-radiative relaxation rate. The PL intensity is greatly
improved as the temperature increases to 600 °C, due to the phase transformation from an amorphous to
cubic phase. As a result, a linear increase in PL intensity is observed at a higher calcinations temperature
between 600 °C and 1300 °C (the inset in Fig. 2.12a).
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Fig 2.13 Fluorescence decay behaviors of the (Gd,Ln),03:Eu phosphors for the 613 nm emission with the
composition (Gd0_95_xYxEUO_o5)203 (a), and (Gd0_95_xLUxEUO_05)203 (b)
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Fig. 2.14 Fluorescence lifetime of the (Gd,Ln),03:Eu phosphors (a) and calcination temperature effect on
fluorescence lifetime by taking the (Gdy.75Y0.2EUq05).03 sample as an example (b).

The fluorescence lifetimes of the (Gd,Ln),03:Eu phosphors can be obtained by fitting the decay curves
(Fig. 2.13) with a single exponential equation /=Aexp(-t/t)+B (Fig. 2.14a), where ¢ is the decay time, zis the
lifetime, ¢ is the emission intensity, and A and B are constants.

The fluorescence lifetimes of Eu®* doped Y,03, Gd,O5 and Lu,O3 phosphors vary in the range 1.1-2.6
ms.>*24% n this work, the fluorescence lifetimes are 1.48-2.23+0.01 ms for the (Gd,Y),05:Eu and 1.48-
2.52+0.01 ms for the (Gd,Lu),03:Eu phosphors, which are close to each other and are in general agreement
with the reported values. The lifetimes of (Gdy75Y02EU005).0s sample decrease at a higher calcination
temperature, which can be attributable to the smaller specific surface area (larger particle size) and improved
crystallinity (Fig. 2.14b).*>*

The external quantum efficiency (e.,, the total number of emitted photons divided by the total number
of excitation photons) of the phosphor can be deduced from Eq. 2.8.
[AP(2)dA
ex = W (2.8)

where P(2)/hv and E(4)/hv are the number of photons in the emission and excitation spectra of the samples,
respectively.
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The external quantum efficiency is found in this work to be 63-100% for (Gd,Y),0s:Eu and 46-100%
for (Gd,Lu),0s:Eu (Fig. 2.15a), and depends on the Gd** concentration, which may be attributed to the
sensitization effect of Gd**.*® The ¢, dramatically increases with raising calcination temperature for the
(Gdo75Y02EU005).03 sample (Fig. 2.15b). A 700 °C increase from 600 to 1300 °C improves the external
guantum efficiency by ~83.3%, mainly owing to the crystal perfection. The external quantum efficiency was
reported in the wide range of ~8-92% for Y,0s:Eu*"™, 5-24% for Gd,03:Eu”*" and 30-90% for Lu,Os:Eu

phosphors.***%** Such significant deviation can be ascribed to varied particle sizes, particle morphologies
and crystal defects, etc.
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Fig. 2.15 External quantum efficiency of the (Gd,Ln),Os:Eu phosphors and calcination temperature impact on
quantum efficiency of the (Gdg 75Y 0.2EUq 05)203 phosphor.

2.3.4 Fabrication of Y,03:Eu ceramics
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Fig. 2.14 Appearances and in-line transmittances of the vacuum sintered (Y.95sEUq 05),O3 transparent ceramics. All
the samples were vacuum sintered at 1700 °C for 4 h. The denotation keys in the lower part of the panel
correspond to the three ceramics (from left to right) exhibited in the upper panel. The three samples all have a
thickness of 1 mm.
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After compaction and vacuum sintering, the resultant oxide powders made from the carbonate
precursors at R=4.5 for 3 h have not been successfully densified into transparent ceramics. Therefore, further
optimized particle processing for fabricating transparent (Y ¢.9sEUo 05).03 ceramics has been studied.

Transparent (Yo.sEU005).03 ceramics can be fabricated via further optimized particle synthesis at a low
R of 2-3 and a long aging time of 1-2 d (Fig. 2.14). Under identical sintering, these ceramics have in-line
transmittances of 22.8%, 30.5% and 60.9% at the Eu®" emission wavelength of 613 nm for R=3 with 1 d,
R=2 with 1 d and R=2 with 2 d, respectively. Apparently, lower AHC content of R=2 and longer aging time
of 2 d have yield a binary Y/Eu ceramic with a higher transparency. However, the results of elemental
analysis (Table 2.4) reveals that cationic component deviation was induced at R<2, and hence AHC
precipitation may be not a good way for fabricating transparent ceramics with multi-system and we report a
new particle synthesis route for yielding highly transparent ceramics in the following chapters.

Table 2.4 Elemental content (wt%) of precursor powders prepared at R=2-3 with 1-2 d.

R Aging (d) Y Eu C N Approx. formula
3 1 40.0 3.7 821 - (Yo.95EU0.05)2(CO3)3- 3.2H,0
2 2 392 51 842 ) (Y0.66EU0.05)2(CO3)2.13- 2.2H,0

2.4 Conclusions

AHC precipitation has been demonstrated to be a good way for synthesis of phosphors, but not for
fabrication of transparent ceramics with multi-system. The main conclusions are summarized as follows:

Well-dispersed (Gdo.gs-.LNEUgs)2.05 (Ln=Y and Lu, x=0-0.95) powders have been synthesized via
AHC precipitation at R=4.5 and an aging time of 3 h. The nucleation kinetics between Gd-Y-Eu and Gd-Lu-
Eu systems are different. For Gd-Y-Eu ternary system, the nucleation order is found to be Y*" < Gd** < Eu®".
In Gd-Lu-Eu system, however, the nucleation density increases in the order of cationic proportion Gd** <
Eu®* < Lu*. The grain sizes of the resultant oxides generally decrease along at a higher Y**/Lu**
concentration. The lattice parameters of the two kinds of oxide solid solutions linearly shrink with more
Y**/Lu*" incorporation. The theoretical densities of the (Gd,Ln),Os:Eu linearly decrease with increasing Y**
addition, but increase at a higher Lu®" content. The (Gd,Ln),Os:Eu phosphor particles exhibit characteristic
red emissions at 613 nm upon UV excitation into the CT band at 248-258 nm. The center of the CT bands
red shifts increasing Y** or Lu®* addition. The PL/ PLE intensities and ¢., of (Gd,Ln),Os:Eu phosphors
improve with increasing x. Elevated calcination temperature enhances the PL intensity and the e,,, however,
lowers the lifetimes of (Gd,Ln),05:Eu phosphors.

Transparent (Yo.95sEUo.05)203 ceramics with the transmittances of 22.8-60.9% at the wavelength of 613
nm Eu®* emission were fabricated by further optimized particle-synthesis parameter. However, low AHC
content induced a cationic component deviation for Y/Eu binary system albeit achieved a higher
transparency.
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Synthesis of layered rare-earth hydroxide nanosheets leading

to highly transparent Y,0;:Eu ceramics

o Effects of SO,” exchange on LRHs, oxides and ceramics
e Significant reduction of hard agglomeration
e Advantages of the freezing-temperature technique
e Optimal particle processing and ceramic sintering

e Photoluminescence behaviors of the phosphors and ceramics
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3.1 Introduction

Eu®* activated Y,0; as a well-known red phosphor powder is extensively applied in areas such as
fluorescent lamp, white LED, high-resolution x-ray imaging detector, field emission display, flat-panel
display, plasma display panel and cathode-ray tube, and also in the fabrication of ceramic scintillator.”> A
scintillator may absorb and convert x-ray into visible photons to be applied in the medical systems of x-ray
computed tomography and stationary digital imaging.®’ In order to achieve high-quality imaging, the
scintillator should have some desired performances, that is, high transparency, high light output, short decay
time, high absorption coefficient and low radiation damage.® Compared with single crystals, ceramic
scintillators have the advantages of low cost, large size, high dopant concentration, mass production and
near-neat shaping. Therefore, polycrystalline ceramic scintillator is being widely developed to replace the
single crystal one.

Pressure-assisted sintering techniques are frequently utilized for producing transparent ceramics, such
as hot pressing (HP) and hot isostatic pressing (HIP). Compared with HP and HIP, pressureless sintering
techniques (vacuum and atmosphere-controlled sintering) are cost effective and time efficient but requires
starting powder with good sinterability.”*® Other sintering methods have been developed to fabricate
transparent ceramics and have their respective advantages,™ including spark plasma sintering,*”*® laser
sintering," microwave sintering?® and millimetre-wave sintering,* but may find difficulties in fabricating
thick bulk with high transparency in the visible region.

It is well known that hard aggregation is harmful for sintering and frequently creates serious defects in
the sintered body, such as crack-like voids, large pores, white dots, etc., but great reduction of hard
aggregation is still a challenge in powder synthesis. Ball-milling is a good tool for diminishing the volume of
hard agglomerates, but tends to give rise to undesired contamination.

Wet chemical synthesis is often used for processing sinterable powders for ceramic production, and
properties of the final powders mainly depend on their precursors.”** As described in Chapter 1, layered
rare-earth hydroxides (LRHSs), with the general composition of Lng(OH)20(A™)-nH20 or Lny(OH)sA-nH,0,
have attracted considerable attention? since its first finding in 2006.%° The compounds consist of positively
charged hydroxide layers of Ln*" and exchangeable A™ anions located in the interlayer for charge balance,
where A" may include NO; or halogen anion**® and Ln** may be selected from a wide range of the
lanthanide family (including Y).?"*° Its crystal structure can be viewed as an alternative stacking along the c-
axis of the hydroxide main layer and interlayer anions.?” The synthesis routes for LRHs are reported to
include hydrothermal synthesis,?*%4?*%32 solvothermal reaction” and homogenous precipitation,?’ %% by
which thick plate-like crystallites with good crystallinity can be obtained. Thick plates, however, are difficult
to collapse upon calcination and the resultant oxides generally retain the plate-like morphology.***® The host
layer of LRH is a close-packed low-energy plane and the thickness growth along the [001] direction needs
much higher activation energy.®”*® Lowering the synthesis temperature may thus be an effective method to
suppress the LRH thickness growth.*”*® In this work, we directly obtained ultrathin nanosheets (up to 7 nm
thick) of the nitrate-type LRH for the Y/Eu binary system (Ln,(OH)sNOz-nH,0, Lh=YgsEUgs) at freezing
temperature of ~4 °C and attained anion exchange of the interlayer nitrate with sulfate anions. Calcining the
sulfate derivative yielded well dispersed oxide powders that successfully densified into highly transparent
(Yo.95EU0.05)203 ceramics via optimized vacuum sintering. In the following, the powder processing with LRH
nanosheets as the precursor and fabrication of transparent ceramics were studied as well as optical properties
of both the oxide powders and transparent bodies.
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3.2 Experimental procedures
3.2.1 Powder synthesis and characterization

In our synthetic procedure, proper amounts of Y(NOs);:6H,0 (>99.99% pure, Kanto Chemical Co.,
Inc., Tokyo, Japan) and Eu(NOz)3-6H,0 (>99.95% pure, Kanto Chemical) were dissolved in distilled water
(~18 MQ) and well mixed under magnetic stirring, and the molar ratio of Eu** to total cations was fixed at 5
at%, since above which luminescence quenching would occur for Y203:Eu.3** A (YoesEUo0s).03 precursor
was produced at a freezing temperature of ~4 °C (also at room temperature for comparison) by the dropwise
addition of ammonia solution (1 M, ultrahigh purity, Kanto Chemical) at ~3 mL/min into the prepared nitrate
solution (0.01-0.20 M) under mild stirring till pH=8.7. After aging for 1.5 h, the resultant suspension was
filtered and repeatedly washed with distilled water to remove byproduct. The precipitate cake was then
dispersed in an ammonium sulfate solution under the selected synthesis temperature, and the SO, to total
cation molar ratio (R) was selected from 0 to 2. After reaction for 2 h, the product was rinsed with distilled
water and anhydrous alcohol, followed by drying at 80 °C. The dried precipitation precursor was lightly
crushed with an alumina mortar and pestle, and then converted to an oxide powder by thermal decomposition
in a tube furnace under flowing oxygen gas (300 mL/min) at 1000-1200 °C for 4 h with a heating rate of
5 °C/min in the ramp stage.

Composition of the precursor was determined for Y and Eu by the inductively coupled plasma (ICP)
spectroscopic approach with an accuracy of 0.01 wt% (Model SPS3520, SII Nanotechnology Inc., Tokyo,
Japan), for N on an oxygen/nitrogen analyser with a detection limit of 0.01 wt% (Model TC-436, LECO Co.,
St. Joseph, Michigan, USA), and for C/S on a carbon/sulfur determinator with a detection limit of 0.01 wt%
(Model CS-444LS, LECO Co.). The precursors and their oxides were characterized using Xx-ray
diffractometry (XRD; Model RINT2200, Rigaku), thermogravimetry (TG; Model 8120, Rigaku, Tokyo,
Japan), Fourier transform infrared spectroscopy (FTIR; Model FT/IR-4200, JASCO, Tokyo), Brunauer—
Emmett-Teller analysis (BET; Model Autosorb-iQ, Quantachrome Instruments, Boynton Beach, Florida,
USA), laser diffraction particle size analysis (LDPSA; Model Horiba LA-920, Kyoto, Japan), transmission
electron microscopy (TEM; Model JEM-2000FX, JEOL, Tokyo), field-emission scanning electron
microscopy (FE-SEM; Model S-5000, Hitachi, Tokyo) and fluorescence spectroscopy (Model FP-6500,
JASCO).

3.2.2 Compaction, sintering, and characterization of transparent ceramics

The oxide powders for sintering were cold isostatically pressed under a pressure of ~400 MPa.
Densification kinetics was studied by dilatometry (Model 402 E/7, Netzsch, Germany) under flowing argon
gas protection (250 mL/min) with constant heating and cooling rates of 10 and 20 °C/min, respectively.

Vacuum sintering was performed in a tungsten-heater furnace at various temperatures for 4 h under a
pressure of less than 10 Pa. The densities of the sintered bodies were detected by the Archimedes method.

The sintered ceramics were polished on both sides to a thickness of ~1 mm to measure in-line
transmittance on a UV/VIS/NIR spectrophotometer (Model SolidSpec-3700DUYV, Shimadzu, Kyoto) over
the wavelength region of 200-2000 nm.

The microstructures of the thermally etched specimens were observed by FE-SEM (Model JSM-6500F,
JEOL). Average grain sizes of the ceramics were obtained from ~100 grains using WinRoof image analysis
software.
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Field-emission transmission electron microscopy (FE-TEM, Model JEM 2100F, JEOL) was applied
for microstructure analysis of the sintered body, in both the FE-TEM and high angle annular dark field-
scanning TEM (HAADF-STEM) modes, and for elemental mapping in the STEM mode. Samples were first
polished to a thickness of ~100 pym, followed by Ar* thinning.

3.3 Results and discussion
3.3.1 Effects of SO, exchange on structure and thermal decomposition of LRHs

Table 3.1 Elemental contents (wt%) of the LRH precursor prepared at different R.

R Y Eu N C S Approx. formula

0 456 40 39 106 - (Yo0.05EUg 05)2(0H) 4 4(CO3)3NO3 - 1.8H,0
005 457 41 27 153 0.77 (Y 0.95EU0.05)2(0H)4.1(CO3) 5(NO3)0 7(SO4)01* 1.9H,0
025 448 39 0.05 136 3.98 (Y0.95EU0.05)2(0H)4.19(CO3)0.4(NO3)0.01(SOs)05 - 2.8H,0
0.5 449 39 006 109 4.07 (Yo.05EU0.05)2(OH)4.36(CO3)0.3(NO3)0.01(SO4) o5 - 2.8H,0
2 443 39 006 261 494 (Yo.95EU0.05)2(OH)3.16(CO3)0.8(NO3)0.01(SO4)os - 2.1H,0

Transmittance (%)

HO
0 NO,

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm'l)
Fig. 3.1 FTIR spectra of the original LRH (R=0) and those exchanged by sulfate anions (R=0.1-2).

The sulfate/total cation molar ratio (R) has significant effects on the extent of ion exchange and the
nature of the precipitated precursor. Elemental analysis (Table 3.1) reveals that the precursor obtained at R=0
has an approximate composition of (Yo.gs5Eug.05)2(OH)4.4(CO3)0sNOs-1.8H,0, where the tiny amount of CO5*
may be derived from atmospheric CO,. At R=0.25, almost a complete anion exchange is achievable to form
the sulfate derivative of (Y.95EU0.05)2(OH)4.19(CO3)0.4(NO3)0.01(SO4)05-2.8H20, as expected from the chemical
formula, namely one SO,* would replace two NO3 for charge balance. The trace nitrate may be caused by
surface adsorption of nitrate anion in the solution or atmospheric nitrogen.
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Figure 3.1 shows the FTIR spectra of the original LRH (R=0) and those exchanged by sulfate anions
(R=0.1-2). The absorption band at ~1640 cm™ is the characteristic bending mode (v2) of molecular water.
The broad band at ~3400 cm™ is arising from molecular water (symmetric vl and antisymmetric v3, ~3200-
3500 cm™) and free hydroxyl groups (~3000-3700 cm™). The presence of absorption doublets in the region
of ~1350-1600 cm™ is diagnostic of carbonate anion (u3, ~1400 and 1521 cm™). The absorption band at
~1378 cm™ is the vibration of nitrate anion and that in the ~1030-1220 cm™ range is characteristic of sulfate
anion. The result of FTIR is consistent with that of elemental analysis (Table 3.1).
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Fig. 3.2 XRD patterns (a) and c-constants (b) of the original (R=0) and sulfate-exchanged (R=0.05-2) LRHs.

Figure 3.2a exhibits XRD patterns of the original LRH and the sulfate-exchanged productions (R=0-2).
A series of 00/ and sharp 220 diffractions were observed to be characteristic of the LRH compounds,” and
the 002 and 004 reflections clearly shift towards the high angle side with increasing R, implying contracted
dimension of the unit cell in the c-direction. The interlayer distance (c¢/2) shrank from ~0.867 to 0.835 nm
with increasing sulfate substitution from R=0 to 2 (Fig. 3.2b), since the sulfate radicals not only exchange the
nitrate anions in the interlayer of LRH but also form hydrogen bonding with the water molecules and
hydroxyls in the hydroxide main layers,*”*® causing the gradually contracted interlayer distance.

TG analysis (Fig. 3.3) reveals that the nitrate- and sulfate-type LRHs decompose into oxides via two
different procedures as follows:

dehydration
Lnp(0H)4.4(CO3)0.3NO3 1.8H20 —= 22 <27 Lng (OH)4.4(C03)0.3NO3
dehydroxylization denitration,dehydroxylization
LnpOp(OH C Ni L
150-310°C 7202(0M)0.4(CO3N0.INO3 =01 o pomation, 310-570°C 273
dehydration
Lnp(OH)4.19(CO3)0.4(NO3)0.01(504)0.5 - 28H20 —=—2 C 2% Lnp(OH)4.19(C03)0.4(N03)0.01(504)0.5
dehydroxylization
LnpO(OH C N SO,
170-300°C n0(0H)2 19(C03)0.4(NO3)0.01(504)0.5
Lny02S04 desulfurat:on LmOg
dehydroxylization, denitration 970-1100°C
decarbonation, 300-970°C i
LnyOg particle growth LnyOg

>970°C

That is, the nitrate-type LRH converts to oxide up to ~600 °C by three major steps while the sulfate-
type (R=0.25) up to a much higher temperature of ~1100 °C by four steps, with an additional desulfuration
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stage for Ln,0,SO, decomposition.®**’ For the sulfate-type LRH, the weight losses of ~11.1, 18.5, and 27.6
and -37.8% for 1-4 steps are close to the values of 13.3, 18.1, 28.1 and 38.7% calculated from the chemical
reactions, respectively. The XRD analysis for phase evolution (Fig. 3.4) further supports our interpretation of
the TG results. Furthermore, dehydration and dehydroxylization of the sulfate-type LRH substantially lag
behind those of the nitrate-type, which can be attributed to the effects of hydrogen bonding between SO,
and water molecules/OH™ groups.
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Fig. 3.3 TG traces for the two kinds of LRHSs prepared at R=0 and R=0.25.
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Fig. 3.4 XRD patterns of the products calcined from the sulfate-type LRH (R=0.25) at various temperatures.
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Fig. 3.5 TEM (a) and FE-SEM (b-d) micrographs showing morphologies of the nitrate-type LRH (a), the sulfate-
type LRH (b), and the oxide powders calcined from the nitrate-type LRH (c) and sulfate-type LRH (d). The insets
in panel (a) are the SAED pattern (left) and FE-SEM image (right).

Figure 3.5 shows morphologies of the two kinds of LRHs and their oxides calcined at 1100 °C for 4 h.
The NO3™-LRH exhibits a typical 2D nanosheet shape with a relatively uniform thickness of up to 7 nm (Fig.
3.5a). Selected area electron diffraction (SAED) proves that the product is crystalline, in accordance with the
result of XRD, and the 220 diffraction ring corresponds to the ab plane (hydroxide main layer) of the LRH
crystal (Fig. 3.5a inset). Its calcination particles agglomerate together (Fig. 3.5¢). The SO,”-LRH retain the
nanosheet morphology and anion-exchange does not bring about appreciable morphology change (Fig. 3.5b,
R=2), but induces oxide powders of finer particles and much better dispersion (Fig. 3.5d). Such a large
difference could be ascribed to the effects of SO, in the interlayer. That is, it significantly alters the thermal
decomposition pathway of LRH by introducing an additional Ln,0,SO, phase in the ~700-1000 °C range
(Fig. 3.3). The resultant Ln,O,SO; is finely distributed in the already formed oxide matrix, inhibiting surface
diffusion and inter-particle sintering, and hence well-dispersed and finer oxide particles are formed. It should
be noted that the both types of LRHs partially keep their nanosheet morphologies up to ~900 °C,* and thus a
reasonably high calcination temperature is preferred to produce rounded oxide particles.
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Fig. 3.6 Sulfur contents of the sulfate-type LRH (R=0.25) calcined at various temperatures for 4 h.
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Figure 3.6 shows the result of elemental analysis for the sulfur contents of the sulfate-type LRH
(R=0.25) calcined at various temperatures for 4 h. The sulfur content is almost constant up to ~800 °C,
followed by rapid decreases due to the thermal decomposition of Ln,O,SO, phase. Only ~0.18 wt% of S was
detected at 1100 °C, possibly arising from surface adsorbed SOx. The sulfur is no more unambiguously
detectable by the analysis method (detection limit: 0.01 wt%) at a higher temperature of 1300 °C.

3.3.2 Significant reduction of hard agglomeration

Hard agglomerates are difficult to break down via compaction,**? leading to heterogeneous
microstructures in the green body and differential sintering. We found that the Ln** concentration for LRH
synthesis significantly affect the extent of dispersion of the resultant oxides. For example, the powder
obtained with [Ln*]=0.2 M shows good local dispersion (Fig. 3.7a), but many hard agglomerates can be
found under low magnification FE-SEM observation (Fig. 3.7b). For this powder, LDPSA shows a narrow
particle-size distribution in cumulative number (Fig. 3.7c) but a bimodal distribution in cumulative volume
due to the presence of large agglomerates (Fig. 3.7d). Volume distribution is thus more valid for detecting
hard agglomerates. We experimentally found that [Ln*]=0.1 M might be the boundary concentration for
oxide powders of desired properties and the results are poorly repeatable. That is, it sometimes yielded
powders of unimodal size distribution in volume (Fig. 3.8a and c) and sometimes produced powders with
hard agglomerates (Fig. 3.8b and d). Hard agglomeration can be significantly reduced by further lowering
the Ln** concentration to 0.05-0.075 M without any other treatment (Fig. 3.9c), and the results are highly
repeatable. Under too low Ln*" concentration (e.g. 0.01 M), the as-synthesized LRHs are better separated
from each other in the slurry but undergo dense packing upon collection via suction filtration and subsequent
drying, resulting in a hard mass difficult to collapse by calcination. The best concentration is thus 0.05-0.075
M for the Y/Eu binary system, and 0.075 M is preferred for its higher batch yield.

Differential Number (%)
Cumulative Number (%)
Cumulative Volume (%)

Differential Volume (%)

6.4 67.9 7831 7000.0

" 0.6 64 67.9 7231 7000.0
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Fig. 3.7 FE-SEM micrographs (a, b) of the oxide powder calcined from the LRH synthesized at [Ln**]=0.2 M, and
the LDPSA in cumulative number (c) and volume (d).
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Fig. 3.8 FE-SEM micrographs (a, b) of the oxide particles calcined from the LRH synthesized at [Ln**]=0.1 M of
and the LDPSA in cumulative volume (c, d).

3.3.3 Impacts of R on properties of the resultant oxides and ceramic transmittances
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Fig. 3.9 LDPSA in cumulative volume for the oxides calcined at 1100 °C for 4 h, with (a)-(f) corresponding to the
LRH precursors made at R=0 (a), 0.005 (b), 0.03 (c), 0.1 (d), 0.25 (e), and 1.0 (f).
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Fig. 3.10 Appearances of the transparent (Y .9sE U 05)203 ceramics fabricated from the LRHSs sulfate-exchanged at
R=0 (a), R=0.005 (b), R=0.03 (c), R=0.1 (d), R=0.25 (e), R=1 (f), and their in-line transmittances (g). All the
powders were calcined at 1100 °C for 4 h. Samples were fabricated via vacuum sintering at 1700 °C for 4 h, with
a heating rate of 8 °C/min in the ramp stage.

Figure 3.9 exhibits the LDPSA results in cumulative volume for the oxide powders calcined from the
LRH nanosheets synthesized at R=0-1.0. It can be seen that the amount of sulfate (R value) affects the extent
of particle dispersion. The particles have specific surface areas of ~12.8, 10.3, 14.8, 13.2, 14.6, and 15.0 m2/g
at increasing R from 0 to 1.0. The R=0.03 and 0.1 samples have sharper size distribution with fewer
agglomerates, and thus their ceramics vacuum sintered at 1700 °C for 4 h with a heating rate of 8 °C/min
show higher transmittances of ~67.3 and 73.6% at the wavelength of 613 nm Eu** emission (Fig. 3.10).
Under identical sintering, the other ceramics have transmittances of only ~23, 53, 48 and 40% at 613 nm for
R=0, 0.005, 0.25 and 1.0, respectively. Better dispersion/sharper size distribution may induce a concentrated
pore size distribution in the green body and also decreased coordination number of the pores,*® through
which uniform sintering/pore removal was significantly promoted for yielding better transparent ceramics.
In the following, the molar ratio of R=0.03 was selected to synthesize the oxide powders for transparent
(Yog5EUg.05)205 ceramics because of its lower yet effective amount of SO,* in the LRH precursor.
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Fig. 3.11 Linear shrinkage and shrinkage rate for the green bodies compacted with the powders synthesized with
R=0 and 0.03, under a constant heating rate of 10 °C/min.

50



Chapter LI

Figure 3.11 compares linear shrinkage and linear shrinkage rate for the compacts of two different
powders. Differential sintering in the wide temperature range of 1100-1500 °C was clearly observed for the
R=0 sample, as evidenced by the appearance of a slow shoulder (~1100-1390 °C) on the shrinkage rate curve.
The maximum rate was found to be ~10.5x10%K at 1460 °C. The sequential sintering can be ascribed to
structure heterogeneity in the green body arising from the significant bimodal particle size distribution of the
powder (Fig. 3.9a). Whereas, the R=0.03 specimen exhibits a unimodal densification with a sharp rate peak
in the narrower temperature range of ~1300-1500 °C. The maximum shrinkage rate was ~16.6x10"/K at the
lower temperature of ~1430 °C, which is roughly 1.6 times that of the R=0 specimen. Such a difference can
be attributed to the better dispersion and fewer aggregates of the R=0.03 powder. For the same reason, the
R=0.03 sample has a higher green density (~57.2%) than the R=0 one (~53.5%) under identical compaction
(~400 MPa).
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Fig. 3.12 FE-SEM micrographs showing surface morphologies of the vacuum-sintered (Y gsEUg 05)203 ceramics.
The oxide powders were calcined from the LRH precursors synthesized at R=0 for (a)-(d) and at R=0.03 for (e)-
(h). The sintering temperature and relative density are indicated in each figure, and the heating rate for sintering is
8 °C/min.

Figure 3.12 displays surface morphologies of the ceramic bodies vacuum-sintered at 1100-1400 °C for
4 h, with the relative density indicated in the picture. The R=0.03 sample generally shows a more
homogeneous microstructure and a higher density than the R=0 one at each temperature. The difference in
sintered density between the two samples enlarges with increasing temperature, and at 1300 °C it reached
~14.4%. The R=0.03 sample attained a relative density of ~96.8% at the quite low temperature of 1400 °C,
and open pores have largely been removed. In addition, the untreated surface appeared more dense than the
polished surface (Fig. 3.13a and b), owing to the prior to sintering on the ceramic surface.

Figure 3.13 shows microstructures of the thermally etched ceramics, along with statistical frequency
plots of the dihedral angle (&) analyzed from at least 100 grains with the WinRoof image analysis software.
The relation between 6, grain-boundary energy (y,) and surface energy (y,) can be expressed as y,=2y.c0s 6,*
and thus the @ dispersion can be a direct reflection of the driving force for densification.*® At the sintering
temperature of 1400 °C, the R=0.03 sintered body shows a narrower & dispersion than the R=0 one,
elucidating a more uniform microstructure arising from uniform densification. The average grain size was
analyzed to be ~411 and ~369 nm for the R=0 and 0.03 specimens, respectively. Narrow @& dispersion was
found for both the ceramics sintered at 1700 °C, owing to grain boundary straightening and the preferential
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disappearance of smaller grains via growth. Again, the R=0.03 specimen has a much narrower & dispersion.
Residual pores are only occasionally observable inside the ceramics sintered at 1700 °C, and the R=0 and
0.03 samples have respective average grain sizes of ~19 and 14 pum with relative densities of ~100%.
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Fig. 3.13 FE-SEM micrographs showing microstructures of the (Y .g5EUg 05),03 ceramics vacuum sintered at
1400 °C (a, b) and 1700 °C (c, d). The R value used for powder synthesis is 0 for Figs. 6a,c and 0.03 for Figs. 6b,d.
Frequency plots of dihedral angle are shown in (e)-(h) for the four samples, respectively. The heating rate for
sintering is 8 °C/min.
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Fig. 3.14 TEM micrograph of a triple junction area for the R=0.03 ceramic vacuum-sintered at 1700 °C for 4 h
(left panel) and the results of elemental mapping for Y, Eu, S and O distributions (right panel).

Elemental mapping of Y, Eu, S, and O for the R=0.03 ceramic vacuum-sintered at 1700 °C indicated
that the four elements are evenly distributed without amorphous phase and any appreciable segregation either
along grain boundary or at the triple junction (Fig. 3.14). Chemical analysis confirmed that the amount of
sulfur, if there is any, is below the detection limit (0.01%) of the analyzer.

3.3.4 Advantages of the freezing-temperature technique for LRH synthesis and effects of heating rate on
optical properties of the ceramics
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Fig. 3.15 Appearances (left panel, digital pictures) and in-line transmittances (right panel) of the transparent
(Yo.95EUo.05)203 ceramics prepared under different conditions. The heating rate for vacuum sintering is included in
the right panel, where “RT” and “FTT” denote LRHs synthesis at room temperature and ~4 °C, respectively. All
the samples are vacuum sintered at 1700 °C for 4 h. The lower part of the left panel is the observed red
Eu®*emission under excitation from a 254 nm UV lamp.
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Fig. 3.16 FE-SEM micrographs of the LRHSs synthesized at room temperature (a) and freezing temperature (b),
and their calcination products (c) and (d), respectively. (e) and (f) are the LDPSA of the oxides.
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Figure 3.15 shows optical transmittances and appearances of the ceramics fabricated under different
conditions for comparison. It is seen that, under identical sintering, the ceramic fabricated from the LRH
synthesized by the freezing temperature technique (FTT) has an inline transmittance ~20% higher than that
made from room-temperature (RT) LRH over the visible region, and exhibits better transparency to the
naked eyes. This is because the nanosheets synthesized via FTT are much thinner and the resultant oxide
powder exhibits a narrower size distribution (Fig. 3.16). Therefore, it is demonstrated that FTT is an
excellent way for yielding highly sinterable (Yo9s5EU005)203 powders via preventing the LRH growth in
thickness.

Heating rate in the ramp stage of vacuum sintering significantly influences optical performances of the
final ceramics. That is, slower heating rate leads to better optical-quality ceramics ascribed to much more
uniform densification in the whole ceramic body (Fig. 3.15). The absorption bands indicated on the
transmittance curve correspond to the intra-4/° transitions of Eu®*, and the starting wavelength of
transmittance is located at ~270 nm for all the samples. Upon UV irradiation at 254 nm, the (Y.¢5EUp05)203
ceramics all emit strong red emissions that correspond to the °Dy - 'Fy, transitions of Eu®* (Fig. 3.15, the
lower part of the left panel).

3.3.5 Effects of sintering temperature and powder calcination on transmittance
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Fig. 3.17 Appearances (upper part, digital pictures) and in-line transmittances (lower part) of the vacuum sintered
(Yo.95EUo05)205 transparent ceramics. Parts a and b reveal the effects of sintering temperature and power
calcination, respectively. The heating rate for vacuum sintering is 1 °C/min in each case and the samples are all 1
mm in thickness.

Figure 3.17a reveals the effects of sintering temperature on transparency. The ceramic sintered at
1450 °C is nearly opaque in the visible region and exhibits translucency up to 24% in the near infrared region
of 1200-2000 nm. An only 50 °C increment to 1500 °C substantially improved the ceramic optical quality to
become translucence in the visible region. Sintering at 1600 °C drastically enhanced the transparency in the
visible wavelength via greatly eliminating small pores in diffusion process. The ceramic has an inline
transparency over 80% in the region of 1000-2000 nm, already being sufficient for near-infrared applications.
Such a low sintering temperature further proves the superiority of our powder processing and sintering
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techniques. The ceramic made at 1700 °C has the best overall transmittance in the measured wavelength
region, while the higher temperature of 1800 °C led to no optical improvement and larger grain sizes of ~70
pm.

Figure 3.17b shows appearances and in-line transmittances of the ceramics fabricated by vacuum
sintering at 1700 °C, with oxide powders calcined at 1000-1200 °C. Powder calcination significantly
influences particle size and size distribution of the powder (Fig. 3.18), as a result to affect optical quality of
the final ceramics. Calcining at 1000 °C, the powder has a very fine particle size, resulting in the relatively
low green density of ~55.0% and possibly also a less uniform microstructure in the green body. The powders
calcined at 1050-1200 °C can all be compacted to the similar green densities of ~57.2%, but the 1100 °C one
has the narrowest size distribution and thus yields the most transparent ceramic.
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Fig. 3.18 FE-SEM micrographs of the (Y .¢5EUo 05)203 oxide phosphors calcined at 1000 (a), 1050 (b), 1100 (c),
1150 (d), and 1200 °C (e). (f)-(j) are the corresponding LDPSA in cumulative volume, respectively.
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Fig. 3.19 FE-SEM micrograph showing microstructure of the transparent (Y o.95EUo.05)203 ceramic fabricated
under the optimized conditions stated in the main text.

The best (Yo.95EU0.05),03 ceramic obtained in this work has an in-line transmittance of ~80% at 613 nm
(Fig. 3.17) and a fine average grain size of ~14 um without any abnormal grain growth (Fig. 3.19).
The theoretical transmittance of a defect-free single crystal can be calculated from the following two
equations:

T= (1—R)2 exp(-at)  (3.1)

(3.2)

where « is the loss factor, ¢ is the sample thickness, and » is the refractive index.
For a defect-free Y,05 single crystal, the relationship between refractive index and wavelength (1) can
be expressed as equation (3.3):*

2 2
2_,, 25182 3.9351 (33)

12-013872  12-22.9362

from which the n value was calculated to be ~1.93 for the wavelength of 613 nm. Applying equations (3.1)
and (3.2) yielded a theoretical transmittance of ~81% at 613 nm (assuming «=0). The highest transparency
(~80%) of (Yo.95EU0.05).05 ceramic attained in this study is thus ~99% of the theoretical value.

3.3.6 Photoluminescence behaviors of the phosphor powder and transparent ceramic

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the (YgsEUys)203
phosphor powder and transparent ceramic are shown in Fig. 3.20. Both the material forms exhibit the typical
Eu** emissions driven from the °Dy - 'F, (J=0-4) transitions as indicated in the figure.*”*® The strongest
emission peaks are located at ~613 nm upon UV excitation into the charge-transfer (CT) band arising from
electron transition from the 2p orbital of O” to the 4f orbital of Eu®**. The three groups of excitation peaks
beyond 290 nm are ascribed to the intra-47/° electronic transitions of Eu**. Red-shift CT band center of the
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ceramic was clearly observed from 250 nm of the powder to 267 nm since the ceramic has a smaller
surface/grain-boundary area and larger grain size. The bulk material possesses much stronger PL and PLE
intensities (~150%) than the powder form owing to significantly reduced nonradiative relaxation after high-
temperature sintering. Fluorescence decay behaviors of the 613 nm emission under excitation with the peak
wavelength of the CT band are shown as inset in the figure. Fluorescence lifetime can be calculated by fitting
the decay curve with the single exponential equation /=Aexp(-t/z)+B, where [ is the emission intensity, z is
the fluorescence lifetime, ¢ is the decay time, and 4 and B are constants. The fittings yielded a much shorter
lifetime of the bulk (1.22+0.01 ms) than that of powder (2.83+0.01 ms). For C-type cubic RE;Os3, there are
two crystallographic positions for Eu** occupancy, that is, the non-centrosymmetric C, and centrosymmetric
S5 (C3) sites. Concas et al.*® indicated that Eu** is almost randomly trapped at the two sites in nanocrystalline
particles, while it is preferentially trapped at the C, site in the bulk material owing to its state being close to
equilibrium. Additionally, the Eu®* located at the C; site will cause a much shorter lifetime than that at the S
site.®>* Therefore, the ceramic has a much shorter lifetime than the phosphor powder. The fluorescence
lifetimes determined in the present study all fall within the reported values of 1.8-3.1 ms for Y,0Os:Eu
phosphors®**?** and 1.0-1.6 ms for (Y,La),03:Eu and Lu,O5:Eu ceramics.*>**
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Fig. 3.20 PL and PLE spectra of the (Y¢.95EU0.05),03:Eu phosphor powder calcined at 1100 °C (a) and the best
transparent ceramic shown in Fig. 3.15. The insets are fluorescence decay behaviors of the 613 nm emission.

3.4 Conclusions

Two-dimensional layered rare-earth hydroxide (LRH) nanosheets, after properly anion-exchanged
with SO,*, was demonstrated to be an excellent precursor for yielding well-dispersed oxide powders and
highly transparent Ln,O3 ceramics (Ln=YgsEUo0s). Our detailed investigation on powder processing and
sintering have led to the following main conclusions:

(1) the optimal combination of processing parameters to synthesize the best sinterable oxide powders
may include freezing temperature synthesis of LRH at [Ln**]=0.05-0.075 M, anion exchange of the interlayer
NOj; at the SO,%/Ln*" molar ratio of 0.03, and particle calcination temperature of 1100 °C;

(2) Sulfate exchange appreciably shortens the interlayer distance and significantly alters the thermal
decomposition pathway of LRH. The occurrence of Ln,0O,SO, intermediate upon precursor calcination was
found beneficial to the generation of less hard agglomerated and readily sinterable oxide powders;
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(3) Slower heating in the ramp stage of vacuum sintering benefits optical quality of the final ceramic
and the optimal sintering temperature is 1700 °C. The best (Yo.95EUo05)203 transparent ceramic has a fine
average grain size of ~14 um and a high in-line transmittance of ~80% at the Eu®* emission wavelength of
613 nm;

(4) Both the oxide powders and transparent ceramics exhibit the strongest red emission of Eu®* at ~613
nm under charge transfer excitation. Red-shifted CT band center, stronger excitation/emission, and shorter
fluorescence lifetime were observed for the transparent ceramics.
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Effects of Gd substitution on sintering and optical properties

of highly transparent (Y,Gd),0;:Eu ceramics

e Fabrication of highly transparent (Y,Gd),0;:Eu ceramics
o Effects of Gd’" incorporation on particle properties
o Impacts of Gd’" doping on ceramic sintering

e Influences of Gd*" addition on optical performances

63



Chapter IV

4.1 Introduction

Cubic C-type rare-earth oxides with the formula of RE,O3; (RE=Eu-Lu, as well as Y and Sc) having 80
atoms per unit cell may be densified into transparent ceramics for potential application in various optical and
thermodynamic systems.® By properly doping with activator into host material and employing advanced
processing techniques, polycrystalline transparent ceramic scintillators better than conventional single-
crystals may be acquired. The materials can absorb and convert x-rays into visible light to be applied in x-ray
medical diagnosis systems such as computed tomography and stationary digital imaging. Transparent
Y 134Gy sEUp 0603 ceramic as the first commercialized polycrystalline scintillator is being used in medical x-
ray detectors.® Y,0js is an attractive host material due to its low cost, high dielectric constant (14-18), large
band gap (5.6 eV), high melting point (2430 °C), high thermal conductivity (13.6 W/mK), refractive index
(n;=1.93 at A1=613 nm), high thermal stability, low phonon energy (380 cm™), and good resistance to erosion
and thermal shock.”® In order to achieve high-quality imaging and alleviate x-ray radiation hazards to
patients’ bodies, a high-efficiency scintillator should have a high absorption coefficient for x-rays, high
transparency, short decay time, high light output and low radiation damage.™® As the relationship among the
absorption coefficient (77.s), theoretical density (o), and effective atomic number (Z#) can be expressed as
=072 @ high theoretical density and atomic number are thus essential for a scintillator. The small
difference in ionic radius between Y** and Gd*" makes it possible to form a continuous solid solution (YGO,
space group: /a3) that is not only cost-effective but also has a high theoretical density and a high atomic
number for Gd. Moreover, Gd** can readily sensitize the °Dy — ’F, red emission of Eu** to achieve relatively
strong light emission.**** The combination of these excellent properties of YGO:Eu solid solutions has
attracted our interest and a series of investigations have been carried out.

Recently, several kinds of compositions of YGO:Eu ceramics have been produced by hot pressing, hot
isostatic pressing and pressureless sintering.>*>*" It is, however, still difficult to achieve high transparency in
the visible-light region and also lacks study in the following aspects: (1) what is the role of Gd** in YGO:Eu
ceramic sintering? (2) how does Gd** doping affect the optical properties of the ceramics. In this chapter, we
address these issues via a systematic investigation?

Along with the advances in particle processing, sinterable powders for producing transparent ceramics
have been synthesized by wet-chemical routes.'®?> Anion-exchangeable layered rare-earth hydroxide (LRH),
as a relatively new type of two-dimensional nanomaterial,**?" has been proved to be an excellent precursor
for yielding highly sinterable oxide powders of the binary Y-Eu system based on our research in Chapter LLI.
In the present study, highly transparent (Yo gs..Gd.EUo0s5)203 (x=0.15-0.65) ceramics were successfully
fabricated using LRH nanosheets as the precursor via vacuum sintering, and the simultaneous effects of Gd**
substitution on the particle properties, sintering kinetics and optical performances of the materials were
studied.

4.2 Experimental procedure
4.2.1 Powder synthesis and characterization

The starting materials were Y(NOjz)3-6H,O (>99.99% pure, Kanto Chemical Co., Tokyo, Japan),
Gd(NO3)3-6H,0 (>99.99% pure, Kanto Chemical) and Eu(NOs);3-6H,0 (>99.95% pure, Kanto Chemical).

In a typical synthetic procedure, an x value of 0.15 to 0.65 was selected for the (Y¢95..Gd.EUo05).03
precursor with the Eu®* content fixed at 5 at.%, because the optimal Eu®* contents were reported to be ~5
at.% for Y,0z:Eu*® and 5-7 at.% for Gd,O3:Eu.”* A precipitation precursor was produced at a freezing
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temperature of 4 °C by the dropwise addition of ammonia solution (1 M, ultrahigh purity, Kanto Chemical)
at a rate of ~3 mL/min into 0.075 M of mixed nitrate solution under mild stirring. After aging for 1.5 h, the
resultant suspension was filtered and repeatedly washed with distilled water and then dispersed in
ammonium sulfate solution with a SO,*/total cation molar ratio (R) of 0.03 for anionic exchange. After
reaction for 2 h, the product was recovered via suction filtration, rinsed with distilled water and anhydrous
alcohol, followed by drying at 80 °C. The procedure for the synthesis of the Y-Eu binary-system LRH
precursor can be found in Chapter LU in detail. The dried precursor was calcined in a tube furnace under
flowing oxygen gas (300 mL/min) at 1100 °C for 4 h to produce oxide powders, with a heating rate of
5 °C/min in the ramp stage.

The precursors and calcination products were characterized by Brunauer—-Emmett—Teller analysis
(BET; Model Autosorb-iQ, Quantachrome Instruments, Boynton Beach, Florida, USA), x-ray diffractometry
(XRD; Model RINT2200, Rigaku, Tokyo, Japan), field-emission scanning electron microscopy (FE-SEM;
Model S-5000, Hitachi, Tokyo), transmission electron microscopy (TEM; Model JEM-2000FX, JEOL,
Tokyo), laser diffraction particle size analysis (LDPSA, Model LA-920, Horiba, Kyoto, Japan), UV-vis
absorption spectroscopy (Model V-560, JASCO) and fluorescence spectroscopy (Model FP-6500, JASCO,
Tokyo).

4.2.2 Compaction, sintering, and characterization of transparent ceramics

The (Yo95..Gd.EU05).03 oxide particles were cold isostatically pressed under ~320 MPa into green
bodies, and their densification kinetics was investigated using two different dilatometers, that is, the Model
402 E/7 equipment (Netzsch, Selb, Germany) for constant rate of heating up to 1650 °C and the Model DIL
402 C one (Netzsch) for isothermal sintering in the temperature range of 1150-1250 °C for 2 h. Both the
types of sintering were performed under flowing argon gas protection and with constant heating and cooling
rates of 10 and 20 °C/min, respectively.

Vacuum sintering was performed in a W-heater furnace at 1625-1700 °C for 4 h under a pressure of
less than 10 Pa. The heating rate used for the ramp stage was 8 °C/min up to 1100 °C and 1 °C/min from
1100 °C to the final sintering temperature. The densities of the sintered bodies were determined by the
Archimedes method.

The sintered ceramics were double-side polished to a thickness of ~1 mm to measure the in-line
transmittance on a UV/VIS/NIR spectrophotometer (Model SolidSpec-3700DUYV, Shimadzu, Kyoto) over
the wavelength range of 200-2000 nm.

Mirror-polished specimens were thermally etched at 1450 °C for 2 h in an oxygen atmosphere to
observe their microstructures by FE-SEM (Model JSM-6500F, JEOL). Statistical grain sizes of the ceramics
were derived from at least 200 grains using the WinRoof image analysis software.

4.3 Results and discussion
4.3.1 Effects of G&'" incorporation on particle properties

Figure 4.1a shows the XRD patterns of the as-synthesized (Ygg5..Gd.EUg0s5)203 (x=0.15-0.75)
precursors. A series of 00/ and sharp 220 diffractions are observed to be characteristic of the
Ln,(OH)sNO;-nH,0 layered compounds.®® The 002 and 004 reflections clearly shift towards the high-angle
side and the ¢ constant decreases at a higher Gd** concentration, indicating that Gd** addition leads to a
contracted lattice dimension in the c-direction. The 220 diffractions shift to the low angle side with
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increasing Gd®* incorporation, suggesting that Gd** incorporation induces an expansion in the hydroxide host
layer owing to its larger ionic radius than Y** (for 8-fold coordination, 0.1019 nm for Y*" and 0.1053 nm for
Gd**).* The interlayer distance (c/2) also shrinks with increasing x value, which can be explained as follows.
The nitrate anion (sp’ hybridization) is a triangle plane and its spatial orientation in the interlayer (parallel or
vertical) determines the interlayer distance. The expansion of the ab plane would cause decreasing charge
density of the hydroxide layer, in favour of a parallel posture of NO;™ in the interlayer gallery, leading to a
lattice contraction along the c-axis.

a 002 220 b 002 220
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Fig. 4.1 (a) and (b) are the XRD patterns and (c) and (d) are the ¢ constants of the as-synthesized (Y .gs-
<Gd,EUg 05),03 (x=0.15-0.75) precursors before and after anion exchange with sulfate at R=0.03. (e) and (f) are the
FE-SEM morphologies of the x=0.35 precursor and sulfate-exchange product, respectively.

Sulfate exchange at R=0.03 also changes cell dimension of the LRH crystal. The 002 and 004
diffractions of the exchange product only slightly move to the high-angle side with increasing Gd** content
(Fig. 4.1b). Compared with the nitrate-type LRHSs, the interlayer distances shrink for the x=0.15-0.55
compounds but expand for the x=0.65-0.75 ones (Figs. 4.1c and d). The geometry of sulfate anion is a
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tetrahedron that owns larger space dimension than that of the nitrate, leading to an expansion along the ¢ axis
for the LRHs having small interlayer distance. On the other hand, the hydrogen bonding between the sulfate
and the water molecules/hydroxyls in the hydroxide main layer would cause a contraction along the ¢ axis
for the LRHs possessing large interlayer distance. In summary, the interlayer distance is determined by the
geometry/posture of the anions in the interlayer gallery, the charge density of the hydroxide main layer, and
the electrostatic attraction/hydrogen bonding between the interlayer anions and the hydroxide host layer. It is
also seen that sulfate-exchange does not bring about appreciable morphology change to the LRH of Y-Gd-Eu
ternary system (Figs. 4.1e, ).
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Fig. 4.2 FE-SEM (a, c and d) and TEM (b) images of the (Y.95..Gd,Eug 5).03 oxide powders for x=0.15 (a), 0.35
(b), 0.55 (c) and 0.65 (d), followed by their particle size distributions in cumulative volume obtained by LDPSA
(e)-(h). The inset in panel (b) is the SAED pattern of x=0.35 sample.

Calcining the anion-exchanged LRH nanosheets produced generally well-dispersed and rounded (Yo.gs.
+Gd,EUg 05)205 oxide powders at 1100 °C (Fig. 4.2). LDPSA in volume distribution has been found to be
effective in detecting hard agglomeration.®® The results show that the x=0.15 and 0.55 particles possess
unimodal particle-size distribution and average particle sizes of ~269 and 188 nm, respectively (Figs. 4.2e
and g). The x=0.35 and 0.65 powders, although bimodal in size distribution, have substantially more uniform
particles for their fine portions (~70 vol.%), with average sizes of ~251 and 276 nm, respectively (Figs. 4.2f
and h). The coarse parts of these two powders (~30 vol.%) have similar average sizes of ~6 um. Such
powders are significantly finer and less-aggregated than the commercially available ones produced by
oxalate precipitation, and would be beneficial for achieving uniform densification to yield ceramics with
finer grains at a relatively low densification temperature.®**” The BET analysis revealed specific areas of
~16.1, 15.8, 13.6 and 10.5 mzlg for the powders with x=0.15, 0.35, 0.55 and 0.65, respectively. The
corresponding particle sizes were estimated to be ~72, 62, 66 and 79 nm, assuming that the particles are ideal
solid spheres with smooth surfaces and by applying the equation Dggr=6000/(d,; % Sger), Where dy, is the
theoretical density, which is given elsewhere,”® Sgr is the specific surface area (m?g) and Dggr is the
average particle size (nm). Excluding the W-coating effect (~20 nm of particle growth by W sputtering for
electrical conduction), the average particle sizes obtained from FE-FEM images were ~68, 64, 60 and 59 nm
for x=0.15, 0.35, 0.55 and 0.65, respectively. The selected area electron diffraction (SAED) pattern exhibits
well-defined diffraction spots (in the inset of Fig. 4.2b), implying that the observed object (one particle) is a
well-crystallized single crystal. The crystallite sizes determined from Scherrer equation were ~65, 65, 56 and
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50 nm for x=0.15, 0.35, 0.55 and 0.65, respectively, which are similar to the particle sizes obtained by SEM
and are also consistent with the SAED result. A slight decrease in the crystallite/particle size was observed
with increasing Gd** incorporation, mainly in that the Gd** has higher alkalinity than the Y** to induce a
higher thermal decomposition temperature of the precursor and hence retarded crystallite/particle growth.

4.3.2 Impacts of Gd&** doping on ceramic sintering kinetics
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Fig. 4.3 Plots of In(AL/L,T) vs 1/T obtained from densification behaviors of the (Y .95.4Gd:Euo 05)203 (x=0.15-0.65)
solid solutions with a constant heating rate of 10 °C/min (a), fitting of In(AL/L,T) against 1/T at ~1100-1480 °C
(b) and plots of IN(AL/Ly) vs Inz in the temperature range of 1150-1250 °C for the x=0.35 specimen under

isothermal conditions (c).
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Under a constant rate of heating, Young et al.* derived the following sintering rate equation:

ZUGDOBRT 13 O 1o 0
it G

grain boundary diffusion (4.1)

5. 34}0DovRT 1/2 Q -0
( ) Hexn( )
ka3c0 2R 2RT

d(ALILg)!dT ~

volume diffusion

where AL is the change in length of the specimen, L, is the initial length of the sample, y is the surface
energy, Q is the vacancy volume, Dy; is the grain boundary diffusion coefficient, ¢ is the heating rate, R is
the gas constant, T is the absolute temperature, O is the activation energy and D,, is the volume diffusion
coefficient.

As deduced from equation 4.1, a plot of In[Td(AL/Ly)/dT] or In(AL/L,T) versus 1/T will exhibit a single
slope if a single diffusion mechanism dominates, and the activation energy can be calculated from the slope,
-nQ/R, where n=3 for grain boundary diffusion and n=2 for volume diffusion.® The deviation from linearity
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below 1100 °C may be ascribed to surface diffusion with a low activation energy (Fig. 4.3a), by which
particles form sintering necks via the driving force of the curvature gradient. In the temperature range of
1100-1480 °C, fitting yielded four similar slopes for the (Yo.9s5..Gd:EUgos5)203 (x=0.15-0.65) solid solutions
(Fig. 4.3b), implying similar diffusion mechanisms.

Under isothermal conditions, the following relationship between the shrinkage (AL/L,) and the holding
time (¢) has been given by Johnson et al.:*

AL _ (KA ymm  (4.2)

Lo kTP

where AL is the change in length of the compact, L, is the initial length of the sample, K, p and m are
numerical constants, y is the surface energy, € is the vacancy volume, D is the self-diffusion coefficient, ¢ is
the time, & is the Boltzmann constant, 7 is the absolute temperature and r is the particle radius. Equation (4.2)
indicates that the plot of In(AL/L,) against Inz should be a straight line, and thus the diffusion mechanism can
be determined by the slope (m) of the line; that is, for spherical particle contacts, m=0.31 for grain boundary
diffusion and m=0.46 for volume diffusion.* The plot of In(AL/L,) versus Inz for the x=0.35 specimen yields
three straight lines between 1150 and 1250 °C (Fig. 4.3c). The slopes of the three lines were found to be
close to 0.31, indicating that the sintering mechanism was dominated by grain boundary diffusion. Applying
equation (4.1) yielded grain-boundary-diffusion controlled activation energies of 225+2, 228+1, 227+2 and
229+1 kJ/mol for x=0.15, 0.35, 0.55 and 0.65, respectively, and hence Gd*" doping does not play an
important role in determining activation energy. There have been few reports on the activation energy of
YGO:Eu materials for comparison. Chen et al.* calculated the activation energy of a (Yo4sGdo01)203
ceramic to be 337 kJ/mol via the grain growth method. In this study, the activation energies are much lower
than this value, which may be attributable to the combined effects of a larger grain boundary area, a more
uniform microstructure and the Eu®* dopant.

As the sintering temperature increases, grain boundary diffusion is predicted to become less efficient
than volume diffusion owing to the higher activation energy of the latter,* by which the deviation from
linearity was observed at temperatures higher than 1480 °C as shown in Fig. 4.3a.

1 gum

- 500 nm
L]

Fig. 4.4 FE-SEM micrographs showing microstructures of the (YogGdy 15E U0 05)205 (8)-(d) and
(Y0.6G0o.35EUg 05)203 (€)-(h) bodies vacuum-sintered at 1100-1400 °C.

Figure 4.4 compares the microstructures of the (Yo_ngo_15EUo_o5)203 and (Yo_eGdo_35EUo_o5)203 bodies
vacuum-sintered at 1100-1400 °C for 4 h, with the relative densities also indicated in the figure. The
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densities of the two compacts increase with the elevated sintering temperature. At the initial sintering
temperature of 1100 °C, the particles form necks and the shape of the pores is irregular (Figs. 4.4a and €). In
the temperature range of 1200-1300 °C, the sintering necks grow and the pores transform into arrays of
interconnected cylinder-like channels, which are characteristics of intermediate-stage sintering (Figs. 4.4b, c,
fand g). At 1400 °C and above, their relative densities are over 97% and the pores become isolated and
rounded, suggesting the start of the final sintering stage (Figs. 4.4d and h). Moreover, the x=0.35 sintered
body has a larger grain size and higher density than the x=0.15 sample under identical sintering conditions,
since the addition of more Gd** leads to lattice distortion and further promotes the grain boundary mobility
according to a previous report.*® The ceramics with x=0.15 and 0.35 sintered at the quite low temperature of
1400 °C already had their high densities of ~97.2 and 97.8% and average grain sizes of ~380 nm and 510 nm,
respectively. The residual pores were mostly located on grain boundaries, which may be readily removed at a
higher sintering temperature.

v — cubic
1 —— monoclinic v

v

Intensity (a.u.)

20 30 40 50 60 70

20 (degree)
Fig. 4.5 XRD pattern of the (Y3Gds 65EUo.05)203 ceramic sintering at 1650 °C.

The Y,03-Gd,O3 phase diagram (Appendix Fig. 2) revealed that the phase transformation for a solid
solution with 70 (mol%) Gd** content will occur at approximate temperature of 1720 °C. That is, a mixed
phase may be produced in the temperature range of 1720-1765 °C, while a pure monoclinic phase would be
formed at 1765-2200 °C.*> A higher phase transformation temperature at a lower Gd** content can be
achieved (e.g., 1885 °C for 60% Gd**). Under a high vacuum condition, however, the phase transformation
temperatures tend to be much lower than the reported values. For example, the x=0.65 specimen already
underwent a phase transformation from a cubic phase to a mixed phase (cubic plus monoclinic) with low
crystallinity at the sintering temperature of 1650 °C (Fig. 4.5), as a result of which the ceramic became
opaque. And hence, the temperature for vacuum sintering was selected to be 1625 °C for the specimen with
x=0.65 and 1700 °C for the others with x=0.15-0.55.

Figure 4.6 shows microstructures and fracture surfaces of the final (Ygg9s5..Gd.EUg05)203 (x=0.15-0.65)
ceramics. Pore-free ceramics of uniform grain sizes were obtained for the specimens with x=0.15-0.55 owing
to the further elimination of residual pores. The pores are occasionally found for the x=0.65 sample and thus
followed by a relatively low transparency (Fig. 4.6). The average grain sizes were observed to be ~15 um, 27
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pm, 35 um and 11 pm for the ceramics with x=0.15, 0.35, 0.55 and 0.65, respectively. An increase in Gd**
addition of 40% from 15 to 55% promotes the grain-size growth by ~20 um under identical sintering
condition. As observed from the fracture surfaces, the densified ceramics are mainly intragranularly fractured
and pores along the grain boundaries are also difficult to be detected. The relative densities of the four
ceramics made in the present work are all close to 100%.

10 pm ; : 10 pm 10 pm 2 10pm

10 pm

Fig. 4.6. FE-SEM micrographs of the polished surfaces of (Y 0.¢5.xGd.EUo 05)203 ceramics sintered at 1700 °C
(x=0.15 (a), 0.35 (b) and 0.55 (c)) and 1625 °C (x=0.65 (d)), and their respective fracture surfaces (e)-(h). These
microstructures of the (Y.95..Gd.EUo 05).03 ceramics correspond to the sintered specimens shown in Fig. 4.7.

4.3.3 Effects of G&*" addition on optical properties
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Fig. 4.7 Appearances (left panel, digital images) and in-line transmittances (right panel) of the transparent (Y .5
+G0d,EUp 05)203 (x=0.15-0.65) ceramics. All the samples were vacuum sintered at 1700 °C for 4 h. The denotation
keys in the right panel correspond to the four ceramics (from left to right) exhibited in the left panel. The lower
part of the left panel shows the observed red emission of Eu** under excitation from a 254 nm UV lamp. The four
samples all have a thickness of 1 mm.

The appearances and in-line transmittances of the (Yg.95..GdEUg05).0s (x=0.15-0.65) ceramics are
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shown in Fig. 4.7. The four specimens display high transparency to the naked eye. Upon UV irradiation at
254 nm, all the transparent bodies exhibit strong red emissions that correspond to the °Do—'Fy, transitions of
Eu** (Fig. 4.7, lower part of left panel). The absorption bands indicated on the transmittance curves
correspond to the intra-4/° transitions of Eu®*, together with those at 308 and 314 nm for the %S, °P,
transition of Gd*".

The theoretical transmittance (7) of a defect-free single crystal can be calculated from the following
two equations of

T = (1— R)2 exp(—at) (4.3)

PO G B

where ¢ is the sample thickness, « is the loss factor and # is the refractive index.

The refractive index of (Yo.5..Gd,EUg0s).03 single crystal has not been reported elsewhere. Even so,
the n value for Y;3,GdysEUo0sOs single crystal is 1.96 at a wavelength of ~613 nm,'° and therefore the
transparency of the Y134GdosEUo 0603 Single crystal is calculated to be ~80.1%, assuming a=0. The (Yo gs.
+Gd,EUg 05)203 ceramics made in the present work have in-line transmittances of 79.5, 73.6, 77.1 and 53.4%
for x=0.15, 0.35, 0.55 and 0.65 at the Eu** emission wavelength of 613 nm, which are ~99.3, 91.9, 96.3 and
66.7% of the theoretical value of Y;3,GdogEug0s03 Single crystal, respectively. Our samples with x=0.15-

0.55 thus possess much higher transmittances than the commercial Y;3,GdyEU00603 ceramic scintillator
(72.8% at 610 nm).°
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Fig. 4.8 Enlargement of in-line transmittance curves in Fig. 4.7 for wavelengths from 250 to 350 nm (a) and plots
of hv vs (4hv)? obtained from the in-line transmittance curves of the ceramics (b). The inset in Fig. 4.8b is a plot
of hv vs (Ahv)2 for the (Yo.6Gdy35EUp.05).03 powder sample obtained from its UV-vis absorption spectra.

The in-line transmittances of the (Yo.95.GdEUo05).03 ceramics start at different wavelengths, which
can be appreciably observed from the enlarged transmittance curves shown in Fig. 4.8a. Increased Gd**
addition induces a redshift of the starting wavelength, corresponding to a change in the bandgap energy.

The bandgap energy can be calculated from transmittance curve by the following two equations: **

az%ln(%) (4.5)
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ahv=B(hv-Eg)'?  (4.6)

where a is the absorption coeffient, d is the sample thickness, 7' is the transmittances, 4v is the incident
photon energy, B is the absorption constant and £, is the bandgap energy.

The plot of (4/4v)? against Av is shown in Fig. 4.8b, from which the bandgap energy can be estimated
by extrapolating the linear part of the curve to the x-axis (y=0). The bandgap energies of the ceramics were
thus found to decrease in the order (Yo3GdogsEUoos)205 (~4.38 eV) < (Y04GdossEUgs):03 =~
(Yo06Gto35EU0 05)203 (~4.43 eV) < (Y08Gdo15EU00s5)203 (~4.47 €V), owing to increasing content of less
electronegative Gd**. The bandgap energy of the ceramic is much lower than that of the corresponding
powder (~5.28 eV, inset of Fig. 4.8b), as shown with the composition (Y(¢GdyasEUq05).03 for example. This
trend is in general agreement with a previous report,** and is attributable to a decrease of the centroid of the
5d orbital of RE** along with crystallite/grain growth.
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Fig. 4.9 PL/PLE behaviors of the (Y.¢5..Gd.EUo.05)203 powders (a, ¢) and ceramics (b, d). The PL spectra (a, b)
were obtained under excitation with the peak wavelengths of the CT bands, while the PLE spectra (c, d) were
acquired by monitoring the 613 nm emission of Eu*".

Figure 4.9 shows the photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the
(Yo.95.<Gd,EUp 05)203 (x=0.15-0.65) powders and ceramics. Both the two types of materials exhibit the typical
red emissions of Eu3+corresponding to its °Dg - 'F, (/=0, 1, 2, 3, 4) transitions, with the strongest emission
peak located at the wavelength of ~613 nm. The PLE spectrum obtained by monitoring the 613 nm emission
is composed of a strong charge-transfer (CT band), arising from the electron transition from the 2p orbital of
O to the 4f orbital of Eu**, and weaker S, - °P, transitions of Gd** and the intra-4/° transitions of Eu**,** as
labeled in the figure in each case. The peaks at ~276 nm for the powders and ~287 nm for the ceramics,
forming the right shoulder of the broad CT bands, are associated with the 8S;, - °I, transition of Gd*".** A
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clear redshift of the CT center of ~18 nm from the powder form to the bulk material can be observed, since
the latter has a larger grain size and a smaller surface/grain boundary area. Both the PL and PLE intensities
of the (Yog5.Gd.Euges),03 phosphor powders and ceramics primarily depend on the amount of Gd**
incorporation because the lower electronegativity of Gd** (1.20) than that of Y** (1.22) allows easier electron
transfer.
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Fig. 4.10 Fluorescence decay behaviors of the (Y g5.,Gd,Eug 05),03 powders (a) and ceramics (b) for the Eu** 613

nm emission.
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Fig. 4.11 Fluorescence lifetimes of the (Y¢.95..GdEug 05).03 phosphors and ceramics for the 613 nm Eu®" emission.

Figure 4.11 exhibits the fluorescence lifetimes of the (Y¢.95..GdEUg¢5).03 phosphors and ceramics for
the 613 nm red emission of Eu®*, which are calculated by fitting the decay curves (Fig. 4.10) with the single
exponential equation /=Aexp(-t/zr)+B, where [ is the emission intensity, 7 is the fluorescence lifetime, ¢ is the
decay time and 4 and B are constants. The decreasing lifetimes of the (Yogs5..Gd,EUg05),03 powders at a
higher Gd** concentration (2.66, 2.54, 2.52 and 2.45 ms for x=0.15, 0.35, 0.55 and 0.65, respectively, with an
error of £0.01) may be largely attributed to lattice effects, since the decomposition temperature of the
precursor increases towards a higher Gd concentration and the obtained oxide powder tends to have
relatively low crystallinity. On the other hand, C-type cubic RE,O; provides two crystallographic positions
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for EU* occupancy, that is, the non-centrosymmetric C, and centrosymmetric Ss (Cs;) sites. Concas et al.*®

indicated that Eu®* is almost randomly trapped at the two sites in nanocrystalline particles, while it is
preferentially trapped at the C, site in the bulk material owing to its state being close to equilibrium. In this
study, the Gd** doping significantly promoted mass diffusion and grain growth during ceramic sintering and
further expanded the host lattice, and thus it is expected that more Eu** will prefer to occupy the C, site of
Ln,O; ceramics with more Gd** incorporation. In addition, the Eu®" located at the C; site will cause a much
shorter lifetime than that at the Sg site.*”*® As a result, a decreasing lifetime with increasing x was observed
for the ceramics (1.25, 1.17, 1.16 and 1.14 ms for x=0.15, 0.35, 0.55 and 0.65, respectively, with an error of
+0.01). For the same reason in combination with the fewer defects and larger grains, the sintered ceramics
have much shorter lifetimes than the phosphor powders. The lifetimes determined in the present work also in
general agreement with the reported values of 1.4-3.1 ms for Ln,O5:Eu (Ln=Y and Gd) phosphors,*****! and
1.0-1.6 ms for Y,03:Eu, (Y,La),0; and Lu,05:Eu ceramics.*>**>

4.4 Conclusions

Highly transparent (Yog95..GdEUg05).03 (x=0.15-0.65) ceramics have been produced via controlled
processing of well-dispersed oxide powders, upon UV irradiation into strong red emissions. A detailed
investigation of the effects of Gd** doping on particle properties, sintering kinetics and optical performances
yielded the following major conclusions:

(1) The oxide particles derived from layered hydroxide precursors show greatly reduced hard
agglomeration and the crystallite/particle sizes slightly decrease with more Gd** addition, while the grain
sizes of their sintered bodies appreciably increase with increasing Gd** incorporation.

(2) In the temperature range of 1100-1480 °C, the sintering kinetics is mainly controlled by grain
boundary diffusion.

(3) The bandgap energies of the (Yo9s5..GdEUg05),05 ceramics generally decrease at a higher Gd**
concentration.

(4) Both the oxide powders and transparent ceramics exhibit the characteristic red emission of Eu®* at
~613 nm (the °Dy - 'F, transition) under charge transfer (CT) excitation. Gd®* substitution enhances the
photoluminescence intensity, however, lowers the fluorescence lifetime.
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Fabrication and characterization of transparent Y,0;3:Th,Eu

ceramics with color-tunable emission

e Fabrication of highly transparent Y,0;3:Tbh,Eu ceramics
e Transition from Th4O; to Th,O; during vacuum sintering

e Photoluminescence behaviors of the Y,0;:Tb,Eu ceramics
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5.1 Introduction

Tb* and Eu’* activated Y,0; as two well-known green and red-emitting phosphors are widely applied
in various lighting and display systems as well as multiplexed biological labeling."® Tb*" can not only
sensitize the °Dy — 'F red emission of Eu** to achieve strong light emission but also be used to tune the light-
emitting color together with Eu®**.® Along with the advances in particle processing, sinterable phosphor
powders may be densified into transparent ceramics by a cost-effective pressureless sintering technique
(vacuum/ atmosphere-controlled sintering). Compared with atmosphere-controlled sintering, vacuum
sintering has the following advantages: (1) much lower cost and higher safety; (2) the ability to readily purify
materials and remove surface absorption gases; (3) significantly reduced amounts of harmful species (H,0O,
Ny, CO,, etc.) in the sintering atmosphere; (4) a lower sintering temperature and shorter resistance time.

Simple wet-chemical routes have been frequently utilized for yielding sinterable powders, and the
properties of the final oxides significantly affected by their precursors.'>*® A protective or reducing
atmosphere (e.g., hydrogen, ammonia, nitrogen, etc.) tends to be used for calcining Th**-containing
precursors,”** since a white Tb,0; powder readily oxidizes into brownish Th,O; upon heating in an
oxygen/air atmosphere. An oxygen atmosphere, however, is more operative for removing the impurities in
the precursor via thermal decomposition (e.g., elemental carbon, etc.) and beneficial for obtaining oxide
particles with good crystallinity. Th4O; can also be transformed into Th,Oz under the decreasing oxygen
partial pressure and the increasing temperature.

We directly attained a brownish Th**-containing oxide powder in this study by calcining the LRH
nanosheets of the Y/Tb/Eu ternary system in oxygen atmosphere, with which highly transparent (Y.gs.
<Tboo2EU,),03 ceramics were successfully vacuum-sintered for color-tunable emissions. In the following, we
report the powder processing and fabrication and optical properties of the transparent (Yo.gs.. Tho02EU.)203
ceramics.

5.2 Experimental procedure

The starting materials used for LRH synthesis were Y(NO3);:6H,0 (>99.99% pure, Kanto Chemical,
Tokyo, Japan), Eu(NOs);-6H,O (>99.99% pure, Kanto Chemical) and Tb(NOs);-6H,O (>99.95% pure,
Kanto Chemical).

In a typical synthetic procedure, the x value of the (Yo .gs..Tbo.o2EU,).O3 precursor was selected from 0
to 0.04 with the Tb*" content was fixed at 2 at.%. A LRH precursor with ternary Y/Tb/Eu system was
produced by ammonia precipitation and sulfate-ion exchange at a freezing temperature of ~4 °C. The
resultant precipitation was converted to an oxide powder by thermal decomposition in a tube furnace under
flowing oxygen gas (300 mL/min) at 1100 °C for 4 h with a heating rate of 5 °C/min. The detailed synthetic
procedure of the Y/Eu binary-system oxide powder is given in Chapter LL. It should be noted that the Tb**
ions in the precursor are partially oxidized to Th** during calcination in flowing oxygen, and thus a brownish
oxide powder was resulted.

The calcined brownish oxide particles were cold isostatically pressed under a pressure of ~400 MPa.
Vacuum sintering was subsequently performed in a W-heater furnace at 1700 °C for 4 h under a pressure of
less than 10 Pa. The heating rate used for the ramp stage was 8 °C/min up to 1100 °C and 1 °C/min from
1100 °C up to the final sintering temperature. The sintered ceramics were finally double-sized polished to a
thickness of ~1.2 mm.
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Phase structure of the precursors, calcination products and ceramics was analyzed by X-ray
diffractometry (XRD; Model RINT2200, Rigaku, Tokyo, Japan) using nickel filtered Cu Ka radiation with a
scan speed of 1°%min. The in-line transmittances of the ceramics were measured via a UV/VIS/NIR
spectrophotometer (Model SolidSpec-3700DUV, Shimadzu, Kyoto, Japan) over the wavelength range of
200-2000 nm. The mirror-polished specimens were chemically etched in sulfuric acid to observe their
microstructures using field-emission scanning electron microscopy (FE-SEM; Model JSM-6500F, JEOL,
Tokyo). The average grain sizes of the ceramics were obtained from ~100 grains using WinRoof image
analysis software. The photoluminescence (PL), photoluminescence excitation (PLE) and fluorescence decay
kinetics of the ceramics were analyzed by a spectrofluorometer (Model FP-6500, JASCO, Tokyo) equipped
with a 60 mm-diameter integrating sphere (Model ISF-513, JASCO) and a 150 W Xe lamp as the excitation
source at room temperature.

5.3 Results and discussion
5.3.1 Thermodynamic calculation for the transition from Tb,0; to Tb,O;

The oxide powder calcined from the ion-exchanged LRH precursor in flowing O, appears brownish
owing to oxidation of Tbh* to Tb* and thus the formation of the mixed valence compound of Th,0O;
(Th,03-2Th0O,). We hope, however, that the Tb ions are in the oxidation state of 3+ in the final ceramics,
since Tb** is not luminescent and causes coloration. Whether the following reduction reaction occurs can be
determined by the thermodynamic function of the Gibbs free energy (G).

TbZOS 'ZTbOZ — 2Tb203 + 1/ 202 (51)

In the standard state, the Gibbs free energies (Ge) of Th,O3, ThO, and O, are -1910.75, -996.22 and -
61.13kJ/mol, respectively.” For equation 5.1, the change in the Gibbs free energy (AG®) was calculated to be
51 kJ/mol, implying that Th,03-2TbO, cannot spontaneously convert into Th,Os in the standard state.
Whereas, decreasing the oxygen partial pressure and increasing the temperature make it possible. In practical
condition, the change in the Gibbs free energy (AG) can be calculated from the equation AG= AG’+RTInJ,
where 7' is the absolute temperature, J is a function related to the gas partial pressure and R is the gas
constant. Under a pressure of 10 Pa for vacuum sintering, AG becomes less than 0 kJ/mol when the
temperature is above 394 °C, implying that Th,03-2TbO, has been reduced to Th,0s.

Moreover, the result of the thermodynamic calculation suggests a good way to directly attain Th**-
containing oxide powders while avoiding the use of harmful NH; or dangerous H, during particle synthesis
(also applicable to deoxidize commercial Th,O; powder), namely, vacuum treatment at a proper heating
temperature.

5.3.2 Phase structure of the (Yy.0s..Thy.p2Eu,) ;05 precursors, oxide powders and ceramics

Figure 5.1a exhibits XRD patterns of the original LRH (R=0) and the sulfate-exchange (R=0.03)
precursors of ternary Y-Th-Eu system. A series of 00/ and sharp 220 diffractions were observed to be
characteristic of the LRH compound in each case.” Both the sulfate exchange and Eu®* addition induce peak
shifting of the 002 and 220 reflections, and the explanations of such phenomena have been derailed in
Chapter IV.

All the diffraction peaks of the oxide powders (Fig. 5.1b) and vacuum sintered ceramics (Fig. 5.1c)
can be well indexed with cubic structured Y,03 (JCPDS No. 01-083-0927) in each case, and the sharp
diffractions imply high crystallinity. No obvious peak shifting was found at a higher Eu** concentration for
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both the material forms because of the limited amount of Eu** and the similar ionic radii of Th** (0.0923 nm
for six-fold coordination) and Eu** (0.0947 nm for six-fold coordination).?? The lattice parameters of the
oxide powders and ceramics calculated from the (222) diffraction are ~1.0587 and 1.0680 nm, respectively.
Compared with the cell dimension of pure Y,0; (1.0608 nm, JCPDS No. 01-083-0927), the smaller values of
the oxide powders are owing to the presence of an appreciable amount of Tb**, which is significantly smaller
than not only Th* and Eu®* but also Y*. It is known that, for the six-fold coordination of Ln** in the
sesquioxide of Ln,Oz, Th**, Y**, Th*" and Eu®* have ionic radii of 0.0760, 0.0900, 0.0923, and 0.0947 nm,
respectively.22 The final resultant ceramics have larger lattice constants than Y,03, which can be attributed to
the larger sizes of Tb** and Eu®* than Y*" and is an indication of Th*" — Tb*" conversion during vacuum
sintering. This is in accordance with the theoretical calculation and the colorlessness of the vacuum-sintered
ceramics ( Fig 5.2) .
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Fig. 5.1 XRD patterns of the LRH precursors before (R=0) and after SO,> exchange (a), the oxide powders
obtained by calcining the sulfate-exchanged LRH precursors in flowing oxygen at 1100 °C for 4 h (b), and the
vacuum sintered transparent ceramics (c). The x value denotes Eu content in the (Y¢.9s..Tboo2EU,) 3 combination.
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5.3.3 Transmittances and microstructures of the (Yys.Tho.02Eu,),03 ceramics
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Fig. 5.2 Appearances (left panel) and in-line transmittances (right panel) of the transparent (Yo.gs-T bo.02EU)203

ceramics. The symbols in the right panel correspond to the four ceramics (from left to right) exhibited in the left

panel. The lower part of the left panel shows the observed green to red emission under excitation from a 254 nm
UV lamp. All five specimens have a thickness of 1.2 mm.

Fig. 5.3 FE-SEM micrograph showing the polished surface (a) and fracture surface (b) of the
(Yo0.95 Tho.02EU0 03)203 ceramic.

Figure 5.2 shows the appearances and in-line transmittances of the (Yggs..Tho.02EU,),03 (x=0-0.04)
ceramics. The five specimens exhibit high transparency to the naked eye. Upon UV irradiation at 254 nm,
the transparent bodies display strong green to red emissions that correspond to the °D, - 'Fs transitions of
Tb* and °Dy - 'Fy, transitions of Eu®* (Fig. 5.2, lower part of left panel). The absorption bands indicated on
the transmittance curves accord with the intra-4/° transition of Eu** and the intra-4/® transition of Tb**,

The theoretical transmittance of an Y,0; single crystal is ~81% at a wavelength of 613 nm.?* The in-
line transmittances of (Yo.gs.. Thoo2EU,),O3 ceramics are ~74, 73, 74, 74 and 76% for x=0, 0.01, 0.02, 0.03
and 0.04 at 613 nm, which are ~91, 90, 91, 91 and 94% of the theoretical value, respectively. The
transmittances of the (Yogs..Thoo2EU,),O3 ceramics in the visible region are ~5% lower than that of the
(Yo.95EU0 05),03 ceramic made in Chapter 3. Formation of LRHs underwent different precipitation behaviors
for different Ln**,** and hence the presence of Tb** may have affected some characteristics of the Y-Tb-Eu
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ternary LRH nanosheets. Additionally, trace of Th* may also exist in the sintered body, which would lead to
light absorption, particularly in the visible-light region.

The polished surface and fracture surface of the (Y95 Tboo2EU003)203 ceramic are shown in Fig. 5.3.
The grain size is uniform with an average grain size of ~12 pm, and no residual pores or abnormal grain
growth can be observed (Fig. 5.3a). From the fracture surface (Fig. 5.3b), it can be seen that the fully dense
ceramic is mainly intragranularly fractured.

5.3.4 Photoluminescence behaviors of the transparent (Yy 95 Tho.02Eu,) 03 ceramics
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Fig. 5.4 PLE behaviors of (Yg.gs-x Tho.02EU,)203 (x=0 and 0.01) ceramics observed by monitoring the 544 and 613
nm emissions.

Figure 5.4 shows the PLE spectra of the transparent (Yo.0sT00.02)203 and (Y .97 Tho02EU001)2.03 ceramics
obtained by monitoring green Th** emission at 544 nm and red Eu** emission at 613 nm. Owing to crystal-
field interaction and spin-orbit coupling, the (YoesTho02)203 ceramic exhibits two spin-allowed (low-spin
4f'5d" excited state, LS) bands at ~303 and 281 nm and one spin-forbidden (high-spin 4f'5d" excited state of
Th*, HS) band at ~323 nm. The two LS bands are much weaker than HS band. By monitoring the 544 nm
Th* green emission, the (Yo.97Tho.02EUo.01)203 ceramic shows an almost identical PLE spectrum to that of
(Yo.08Thoo2)203 but relatively low excitation intensity due to the energy transfer from Th* to Eu®". However,
the intensity of its 303 nm LS PLE becomes close to that of the HS band because the spin-allowed transition
is more sensitive to the relative concentration of Tb** and Eu®" ions in the Y,0; host lattice.> On the other
hand, the strong Th** 4f-4f'5d" transition of (Y.0s..Thoo2EU,),05 ceramics also induces to a longer starting
wavelength in their transmittance curves (Fig. 5.1, ~320 nm) than that of the (Y¢.95EUp.05)2.03 ceramic (~270
nm).23

The broad charge-transfer (CT) band center of the transparent (Y.¢5EUo.05)203 ceramic was found to be
located at ~267 nm.”® Monitoring the 613 nm red emission of Eu** yielded the 4f*-4f'5d" transition band of
Tb* for the (Yo.97Tho.02EUg01)203 ceramic (its CT band of Eu®* overlaps with the LS), together with peaks
above a wavelength of 350 nm arising from the intra-4/* transition of Th*" and the intra-4/° transition of Eu®*
and a peak at ~239 nm corresponding to the absorption of rare-earth-oxide host lattice. Considering the
energy transfer from Th** to Eu®*, strong Eu®* luminescence can be obtained by excitation of the 323 nm
Tb* HS band rather than that of the 270 nm Eu** CT band.
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Fig. 5.5 PL spectra of the (Y.97T0o.02EU0.01).03 ceramic under excitation wavelength of 270-323 nm (a), PL
intensities of the 544 and 613 nm emissions normalized to 1 for the lowest value, and the lg13/1544 and l544/l49>
intensity ratios (b). CIE chromaticity diagram of the sample (c).

The effects of excitation at wavelengths of 270-323 nm on the luminescence of the transparent
(Yo.97Tho.02EU.01).03 ceramic are shown in Fig. 5.5a. This material exhibits two groups of characteristic
emissions corresponding to the °D,— 'F, (J=4, 5, 6) transitions of Tb*" and the °D, - 'F, (J=0, 1, 2, 3, 4)
transitions of Eu*,"32%%" with their respective strongest peaks located at 544 nm and 613. The PL intensities
of both Th* and Eu®" increase at a longer excitation wavelength (Fig. 5.5b). The increment of the PL
intensity for Th®" is in that the wavelength shifts towards to the center of the Th** HS band (Fig. 5.4), and
increase in the intensity of Eu®* emission is attributable to the energy transfer from Tb*" to Eu®*, albeit apart
away from the center of the CT band. The intensity ratio of the red and green emissions (/s13//544) generally
remains constant at ~1.3 (Fig. 5.5b), elucidating that the two colors undergo nearly simultaneous growth and
generally remain unchanged in the wavelength range of 270-323 nm. The CIE chromaticity coordinates of
the sample are (0.45, 0.49), (0.45, 0.50), (0.46, 0.50), (0.46, 0.50) and (0.47, 0.49) under excitation
wavelengths of 270-323 nm (Fig. 5.5¢), which all fall into the yellow color region, reflecting the constant
value of Zs13/I544.

Figure 5.6a shows the PL behavior of the (Yoes.Ihoo2EU:)203 ceramics under excitation at the
wavelength of the Th** HS band (323 nm). The (Yo.0sThoo2).0s ceramic exhibits characteristic Th** emission
with four groups of split peaks: °D, — 'Fs strong green emission at ~544 nm, °D, - 'Fs weak blue emission at
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~492 nm, °D,— 'F5 red emission at ~624 nm and °D,— 'F4 yellow emission at ~585 nm. No °Ds;-'F,
transitions are observed since the high Th*" concentration (more than 1 at.%) induces cross relaxation from
the °D3 - °D, and "Fs — 'Fo transitions.”**® The PL intensity of Th®* decreases along with increasing x. The
addition of only 1% Eu®* significantly reduces the PL intensity of Th** by ~67%. On the other hand, the PL
intensity of Eu®* increases with more Eu®* addition up to x=0.02 owing to efficient energy transfer from Th*"
to Eu®". However, as the Eu®* concentration increases, luminescence guenching occurs, causing decreased PL
intensity. At the maximum Eu®* emission intensity, the total activator concentration was found to be 4 at.%,
in compliance with a previous report on Y,04:Th/Eu phosphor powders.?
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Fig. 5.6 PL spectra of the transparent (Y .gg., Tho02EU,)203 (x=0-0.04) ceramics under excitation at the wavelength
of the Th*" HS band (323 nm) (a), Energy level scheme representing the process of energy transfer from Th** to
Eu* (b), relative intensities of the 544 and 613 nm emissions and the 13/l544 and Is44/l49; intensity ratios (c), and

CIE chromaticity diagram showing the emission colors of the ceramics (d).

The energy transfer process can be discussed with the scheme shown in Fig. 5.6b. That is, under
excitation at the wavelength of 323 nm, the 47° electrons of Th*" are raised to the 4f'5d" energy level, which
then relax to the °D; and finally °D, states. It can be observed that the energy of Tb*" (°D® and °D,) is a bit
higher than that of Eu*" (°D; and °Dy), implying that energy transfer may occur via the nonradiative process.
Moreover, the °D,-'Fs and °Dy4-'F5 emissions of Tb** is overlapped with the absorption bands 'F1->D; or 'Fo-
°D, of Eu**, respectively, and hence the energy transfer from Th*" to Eu** is very efficient through the cross
relaxation process.**® Upon UV excitation, a part of the excitation energy can be transferred to °D; , states
of Eu® from the emission of Tb**, then fell to the D, energy level by energy relaxation, and finally jumped
back to the 'F, (J=1-4) level of Eu®** by radiative transition, which enhances the characteristic emission of
Eu**. The amount of energy transferred from Tb*" is dependent on the content of Eu®" in the Y,Oj3 host, and
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thus varied emission intensities are observed from Fig. 5.6a for both the Tb** and Eu®* activators.

The red to green intensity ratio s1s//sss (Fig. 5.6¢) greatly increases at a higher Eu®* concentration
ascribed to the efficient energy transfer and the rapid quenching for Tb** as evidenced by Fig. 5.7. On the
other hand, the green to blue ratio of ss/lse; generally remains at ~4, implying that Eu** doping does not
substantially affect the inner energy level of the Th*".

The CIE chromaticity coordinates of the transparent (Yo.gs.. T bo.02EU,),O3 (x=0-0.04) ceramics are (0.33,
0.60), (0.47, 0.49), (0.54, 0.44), (0.58, 0.40) and (0.61, 0.38) for x=0, 0.01, 0.02, 0.03 and 0.04, respectively
(Fig. 5.6d). The corresponding colors are yellowish-green, yellow, yellowish-orange, orange and reddish-
orange, roughly comparable to those of the observed ceramic objects under UV irradiation at 254 nm (Fig.
5.2).

As the relationship between the energy transfer (7e7) and the luminescence intensities of the donor
(Tb*") in the presence (/) and absence (I;) of the acceptor (Eu**) can be expressed as 7z7=1- I/I,,® ner is
estimated to be ~67.2 and 85.3% for the specimen with x=0.01 and 0.02, respectively. Such high energy-
transfer efficiencies can also be attributable to the overlap between the °D, _>7F3,6 emission of Th*" and the

"Fo1 - °Dy, absorption of Eu®* 3%
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Fig. 5.7 Fluorescence decay behaviors of the (Y0 9. ThoosEU,),03 ceramics for the 544 nm Tb** emission (a) and
613 nm Eu** emission (b), along with their lifetimes (c).

Figures 5.7a and b exhibit the decay kinetics of the transparent (Yo.s.. Tbo02EU,)203 ceramics for the
544 nm Tb* and 613 nm Eu®* emissions, respectively. The fluorescence lifetime can be calculated by
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fitting the decay curve with the single exponential function /=Aexp(-t/tr)+B, where 7 is the fluorescence
lifetime, # is the decay time, [ is the emission intensity and 4 and B are constants. Under the Th*" emission,
the lifetime rapidly decreases with increasing Eu®" addition due to the energy transfer from Th** to Eu®*
(Fig. 5.7¢).**® The lifetime of the Eu®** emission slightly decreases at a higher Eu** concentration since
more Eu®* incorporation reduces the distance between luminescent centers, which may raise the
nonradiative relaxation rate.” In addition, nonradiative transition probability is greater in distorted
environments generated by increasing x, contributing to the decreased lifetimes.”® The fluorescence
lifetimes of (Yogs.. T0o.02EU,)203 ceramics for the 544 nm Th*" emission are much higher than those for the
613 nm Eu** emission also because of the energy transfer. The lifetimes of the latter determined in this
work (1.34-1.49+0.01 ms) are also fall into the reported values of 1.0-1.6 ms for Y,O03:Eu, (Y,La),0s:Eu
and Lu,Os:Eu ceramics.?>3"%

5.4 Conclusions

Brownish Tb**-containing oxide powders calcined from layered rare-earth hydroxide precursors in
oxygen atmosphere have been reduced and densified into transparent (Yoos.xTboo2EU,)203 (x=0-0.04)
ceramics with color-tunable emission via vacuum sintering. A systematic investigation on (Yqgs.
<Tboo2EU,),05 ceramics yielded the following major conclusions:

(1) Improved emissions for both Eu** and Th*" were attained by varying the excitation wavelength
from 270 to 323 nm, without notably changing the color coordinates of the whole emission.

(2) By unitizing the effective energy transfer from Tb** to Eu®*; the emission colors of the (Yo.gs.
<Tboo2EU,),05 ceramics can be precisely tuned from yellowish green to reddish orange via varying the
Eu**/Th** ratio.

(3) At the maximum Eu®** emission intensity (for total activator content of 4 at.%), energy transfer
with an efficiency of ~85.3% was achieved.

(4) The fluorescence lifetimes of the (Y98 Thoo2EU,)203 ceramics for both the 544 nm Th* and 613
nm Eu®* emissions decreased at a higher Eu®* concentration.
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6.1 Conclusions

Extensive investigation on synthesis of readily sinterable oxide powders and fabrication of highly
transparent Y,0s-based ceramics were carried out. Ammonium hydrogen carbonate precipitation is a good
way for yielding well dispersed particles but not for multi-system transparent ceramics (Chapter 1I). On the
other hand, LRH nanosheets, when properly anion-exchanged with S0,%, have been demonstrated to be an
excellent precursor for producing readily sinterable oxide powders that can be densified into highly
transparent Y,0s-based ceramics, including binary Y-Eu system (Chapter III), and ternary Y-Gd-Eu (Chapter

IV) and Y-Th-Eu systems (Chapter V). Our systematic studies have yielded the following main conclusions.

Y** and Lu®" substitution for Gd*>" on the precursors and phosphors via ammonium hydrogen
carbonate precipitation (Chapter II)

The nucleation order during ammonium hydrogen carbonate (AHC) precipitation is found to be Y** <
Gd** < Eu®* < Lu*. The lattice parameters of the (Gd,Ln),05:Eu (Ln=Y, Lu) solid solutions linearly shrink at
a higher Y**/Lu*" content, and their theoretical densities linearly decrease along with increasing Y*'
incorporation but increase with more Lu** addition. The center of the CT bands red shifts at a higher Gd**
concentration. The PL/PLE intensities and external quantum efficiency of (Gd,Ln),0s:Eu phosphors improve
at a higher Gd*" concentration. Elevated calcination temperature enhances the PL intensity and the external
guantum efficiency but lowers the lifetime of (Gd,Ln),O3:Eu phosphors. AHC precipitation has been
demonstrated to be a good way for yielding well dispersed phosphors, however, may not for multi-system
transparent ceramics.

Optimal processing parameters for yielding transparent ceramics with LRHs as the precursor
(Chapter IIT)

The optimal combination of processing parameters to yield the best sinterable oxide powders from
LRH nanosheets include freezing temperature synthesis (~4 °C) at [Ln**]=0.05-0.075 mol/L, anion exchange
of the interlayer NO;™ at the S0,Z/Ln* molar ratio of 0.03, and precursor calcination at 1100 °C. Slower
heating (1 °C/min) in the ramp stage of vacuum sintering benefits optical quality of the final ceramic and the
optimal sintering temperature is 1700 °C.

Effects of Gd** substitution for Y** on resultant particles and ceramics (Chapter IV)

The particle/crystallite sizes of the (Yo.95..GdEUp 05).03 (x=0.15-0.65) oxide powders slightly decrease
at a higher Gd** concentration, while the grain sizes of their sintered bodies markedly increase with
increasing Gd®* incorporation. In the temperature range of 1100-1480 °C, the sintering kinetics is mainly
controlled by grain boundary diffusion with similar activation energies of ~230 kJ/mol. The bandgap
energies of the (Yoes5..Gd,Eug05),03 ceramics generally decrease with more Gd*" addition. Gd*" substitution
for Y** enhances the PL and PLE intensity. The ceramic fluorescence lifetime decrease along with incerasing

X.

Effects of Tb** and Eu’* codoping on ceramic optical properties (Chapter V)
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The effective energy transfer from Tb®" to Eu®** was demonstrated, with which green to orange
emission of the (Yoes.ThooEU,),03 (x=0-0.04) ceramics can be precisely tuned by varying the Eu®*
concentration. Improved emissions for both Eu** and Th*" were obtained by varying the excitation
wavelength from 270 to 323 nm, without notably changing the color coordinates of the whole emission. The
addition of Eu®* shortens the fluorescence lifetimes of the (Yo.98x Tho.02EU,)205 ceramics for both the 544 nm
Tb* and 613 nm Eu** emissions.

6.2 Outlook

Transparent ceramic scintillators are being widely developed to replace the expensive single crystal.
By contrast with the previous reports and commercial scintillators, the transparent Y,03-based ceramics that
are comparable to single crystals in optical quality with fine grain sizes made in this work are incomparably
superior.

The optimized cost-effective vacuum sintering technique can be adopted for mass production and
industrialization of transparent ceramics.

The particle synthesis route deveoped in this thesis provides a good way for yielding less agglomerated
phosphor powders and highy transparent ceramics.

The underlying mechanism of Gd substitution on densification and optical properties not only reveals
the role of Gd but also gives some enlightenments on ceramic sintering and spectroscopy study, with which
the obtained highly transparent certamics can be applied in various optical and thermodynamic applications,
including scintillation.

Tb* and Eu** combination in energy transfer and color-tunable emission has been demonstrated in
ceramic field and may find various optical applications in the future.
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Technology for Advanced Ceramics (STAC-8), 25pHO05; Yokohama, Japan, June 25th-27th, 2014.
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