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LIST OF ABBREVIATIONS

YAG - Ytrium aluminium garnet

CRT - Cathode ray tubes

FEDs - Field-emission displays

PDPs - Plasma display panels

NIR - Near infrared

YAG:Nd - Nd*" doped ytrium aluminium garnet

YAG:Sm,Eu - Sm**and Eu®* co-doped ytrium aluminium garnet
CN - Coordination number

RE - Rare earth element

YAG:Yb - Yb* doped yttrium aluminium garnet

YGG - Yttrium gallium garnet

YIG - Yttrium iron garnet

AHC - Ammonium hydrogen carbonate

TEOS - Tetraethoxysilane

LUAG:Nd - Nd** doped lutetium aluminium garnet

LUAG - lutetium aluminium garnet

HIP - Hot isostatic pressing

SP - Spray pyrolysis

YAG:Ce - Ce* doped yttrium aluminium garnet

CP-LTSP - Co-precipitation and low temperature spray pyrolysis
LCS - Low temperature combustion synthesis

Cz - Czochralski method

ICF - Inertial confinement fusion

UV - Ultraviolet

IR - Infrared

YAG:Ce,Eu - Ce** and Eu®* co-doped yttrium aluminium garnet
LEDs - Light-emitting diodes

EDTA - Ethylenediamine-tetraacetic acid

XRD - X-ray diffraction



FTIR - Fourier transform infrared

SEM - Scanning electron microscopy
TEM - Transmission electron microscopy
NMR - Nuclear magnetic resonance

2Al MAS - Magic-Angle Spinning



INTRODUCTION

Y3Als012 is commonly called yttrium aluminium garnet (YAG) adopts
the cubic garnet structure! and doped with a transition metal or lanthanide ions
is an important solid-state laser material widely used in luminescence systems,
window materials for a variety of light sources. Rare earth (RE) doped YAG
has been thoroughly investigated for application in various fields, such as
lasers, scintillators, cathode ray tubes (CRT), field-emission displays (FEDS),
plasma display panels (PDPs,) and optical windows, due to its attractive optical
properties, outstanding chemical stability, low creep rate and high thermal
resistance?>4>6, Luminescent materials based on YAG are stable under
conditions of high irradiation with an electron beam’2.

The phosphors host materials have proven to be of great importance for
the optical function. The matrix should possess good chemical, mechanical,
thermal and optical characteristics. It is well known that physical properties of
crystalline materials are very dependent on the host material, phase purity,
distribution of the grains size and crystalline homogeneity®'®!. For example,
transition metal and rare-earth element ions have demonstrated lasing action in
a wide variety of host crystals. Among the compounds which can incorporate
transition metals or lanthanides several scandium and gallium based materials
were elaborated!?13141516.17.1819. |n the YAG all aluminium ions may be
substituted by gallium or iron ions, while pure yttrium indium or yttrium
scandium garnet is not obtained. Besides, rare-earth aluminium garnets have
also attracted considerable attention as host crystals for near-infrared solid-
state lasers as well as for optoelectronics devices, including computer
memories, microwave optical elements and as laser active media with
applications in medical surgery, optical communications and coherent laser
radar20,21,22_

In rare earth containing compounds, fluorescence efficiency is the most
important and significant parameter for their optical applications. In single rare

earth ion doped systems, the fluorescence efficiency increases with increasing



the dopant concentration. At particular concentration the emission intensity
might be decreased due to the concentration quenching effect. However, by
co-doping with another suitable rare earth ion the fluorescence efficiency of
the single rare earth ion doped matrix could be significantly enhanced by the
energy transfer process. In co-doped materials, energy transfer from one ion
(sensitizer) to another ion (activator) may occur. Such energy transfer
processes have been attracting a significant attention for its practical utility in
optical devices. Possible energy transfer among rare earth combinations in
various materials have been reported earlier, especially Ce®* — Tb%*", Dy —
Sm3*, T3 — Sm?®*, Sm®* — Eu®* and Tb®*" — Eu®". To increase the emission
performance of activator ions, generally the concentration of the sensitizer ions
Is increased. At higher concentration of sensitizer the quenching effect will not
be observed, however, the ionic aggregation will be observed, and these
aggregates act as quenching centers?3:2425

The motivation of this work was to synthesize new mixed-metal garnets
by sol-gel method and to study the substitution effects on their structural
properties. The investigation of the luminescence properties of new doped
garnet crystal structure compounds was also in the field of interest. Finally, the
research was focused on the correlation between the structure and the
luminescence properties of europium- and samarium-doped garnets which are
the potential candidates for the NIR laser or optical imaging applications. The
following tasks were set in order to achieve these objectives:

e to prepare ThsAlsO12:Eu, DysAlsO12:Eu, HozAls012:Eu, ErsAlsO12:Eu®t,
TmsAls012:Eu, YbsAlsO12:Eu and LusAlsO12:Eu garnets using sol-gel
technique and investigate the luminescent properties of these Eu3*-
doped compounds;

e to synthesize and characterize the HozAlsO12:Eu by solvothermal
method at low temperature;

e to prepare YAG samples co-doped with different amount of Nd** and
YAG:Nd garnets with various doping levels of europium by sol-gel

method and investigate their structural and luminescence properties;



e to prepare YAG samples doped with different amount of Sm** and
YAG:Sm garnets with various doping levels of europium by sol-gel

method and investigate their structural and luminescence properties.



1. LITERATURE OVERVIEW
1.1. Characterisation of Metal Oxide Garnets
1.1.1. Structural features

Natural garnet is the common name of minerals belonging to the
orthosilicate group, which contain isolated [SiO4]* ions, and formula can be
written as C3A2[SiO4]s. The general chemical formula of garnets is C3A2Siz01..
The garnet group is divided into two series comprising the six more common
terms: pyralspite, where A = AP* and C = Mg?, Fe?", Mn?" (pyrope
Mgs3Al:SizO12, almandine FesAl:SizO12, spessartine  MnsAlSisO12) and
ugrandite, where C = Ca?* and A = Cr®", AI®*, Fe** (uvarovite CasCr,SisO1y,

grossular CaszAl2Siz012, andradite CasFe;Siz012)? (see Table 1).

Table 1. Samples of the natural garnets.

Cs A Ds O
Sample dodekahedral oktahedral |tetrahedral

Pyrope Mgs?* Al Sig** O12

o pyralspite | Almandine Fes? Al3 Siz** O1w
%) Spessartine Mn3?* Al Sia* O
= Uvarovite Caz?* Cro% Siz* O1
§ ugrandite | Grossular Caz?* Al Sig** O12
Andradite Cas?* Fes%* Siz** O12

Hundreds of works have been published since ytrium-aluminium garnet
(YAG) was prepared for the first time by Yoder and Keith in 1951%’, and
particularly after discovery by D. Jusis in 1964 of garnet with neodymium
addition. The high refractive index, hardness, good polishing capacity, have
given rise to extensive propagation of YAG as one of the synthetic
replacements for diamond. Use of YAG crystals, activated by some elements,
in a series of branches of electronic technology, for example in solid-state

lasers, is promising®.

10



Garnets crystallize in the most symmetric space group, 1a3-d, of the cubic
crystal system. In the garnet structure C denotes a large ion located at
dodecahedral sites (coordination number (CN) = 8), A stands for a medium
size ion at octahedral sites (CN = 6), and D denotes a relatively small ion
located at tetrahedral sites (CN = 4; see Fig. 1)%6°,

Fig. 1. Coordination polyhedra in the garnet structure presented as
threedimensional atomic displacement ellipsoids of ions in YAG:YDb crystal at
295 K.

Since the lattice parameters of yttria and rare-earth oxides are very close,
because of similar ionic radii, an important question that arises is if the mixed
oxide forms a solid solution or not. The formation of a solid solution could
avoid the seggregation of elements during the sintering process. Also, it is
important to know if the crystal structure of the YAG prepared using RE2Os3 is
similar to that produced using pure Y203, because since the discovery of
stimulated emission in Nd-doped yttrium—aluminum garnet (YAG) crystal, the
rare earth doped YAG crystals have been the most widely used solid-state laser
materials®.

YAG ceramics have many potential advantages, which have been described
extensively in the literature3!. Since YAG is a stoichiometric crystal with very
precise ratio Y/Al = 3/5, preparation of the YAG ceramics is quite difficult due to
many factors, which can cause non-stoichiometry of the material through the

preparation process. For this reason, many studies were aimed at finding the
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effect of Y/AI ratio variance on the phase composition and quality of the
ceramics®2,

In the reference®, the authors prepared completely transparent YAG
ceramics from powders. The optical and mechanical properties of YAG
ceramics are very sensitive to point defects. The authors report the effect of
doping on oxygen diffusivity in several YAG ceramics, doped with various
elements. Although Nd doping slightly increases the oxygen diffusion
coefficient and the number of oxygen vacancies increases with increasing Nd
concentration in as sintered materials, the variation of the oxygen diffusion
coefficient in well annealed samples is small.

Eu*, Th®" and Ce®* ions are known to emit visible radiation in the red,
green and blue regions. They are also interesting due to their homogeneous
incorporation only into one site (D2n symmetry) of the YAG lattice. It
decreases the energy transfers among dopants occurring in multi-site hosts and
causing non-radiative transitions and decrease of the luminescence efficiency.
It leads also to improving physical and chemical properties of the material such
as temperature characteristics, resistance to brightness saturation and matrices

resistance to high intensity electron beams34.

1.1.2. Synthesis routes for garnets

Many different synthesis methods for the garnets are described in the
literature. The solid-state reaction route is a widely used method for the
preparation of powders from a mixture of the starting oxides or carbonates.
Various wet-chemical methods, which include combustion, co-precipitation,
hydrothermal, spray pyrolysis, sol-gel, solvothermal and emulsion synthesis
method have been developed and successfully used for a low-temperature
production of phase-pure YAG, yttrium gallium garnet (YGG), yttrium iron
garnet (Y1G) powders and related systems®=3% 3637,

To achieve well fabricated YAG ceramics, it is important to prepare
powdered material with well sintering property as a first step. The sinterability

of a powders mostly depends on the particle size, shape, size distribution,
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chemical composition, degree of agglomeration and purity. These
characteristics depend strongly on the method used to synthesize the powders.
Some wet-chemical methods have been successfully used for the formation of
pure YAG phase at lower temperatures compared to the solid-reaction
method?®8. Usually, two source powders are utilized to make YAG transparent
ceramics: (i) mixtures of Y,03 and Al,O3, which form YAG in situ during
solid-state reactive sintering®®4%4! and (ii) wet-chemical synthesized YAG
powders. Solid-state reactive sintering is a relatively simple way to fabricate
YAG transparent ceramics and a range of compositions is easy to implement by
changing the amount of reactant during batching**“%. However, the
incorporation of some impurities is unavoidable during ball milling. Wet
chemical approaches such as precipitation®4 spray pyrolysis*“®,
hydrothermal (or solvothermal) synthesis*’*84° sol-gel*® and combustion
synthesis®®5! have many advantages such as atomic level mixing of high-purity
precursors and low processing temperature. Among the wet chemical methods,
precipitation is a relatively simple way to synthesize YAG powder with
compositional homogeneity, good crystallinity and pure phase at low
temperature. And fully dense and transparent ceramics can be fabricated by
vacuum sintering of YAG powders with high sinterability. Jiang Li et. al.5?
have synthesyzed YAG using carbonate precursors via a co-precipitation

method using ammonium hydrogen carbonate (AHC) as the precipitant.

Nanosized YAG powders with high sinterability were obtained at 1200 °C and
transparent YAG ceramics were fabricated by vacuum sintering at 1730-1790 'C
with a considerable amount of additives of tetraethoxysilane (TEOS) and
MgO.

The wet chemical methods are superior to physical methods and reactions
in solid phase, because in water solution diffusion proceeds easily and
homogeneity at the molecular level is achievable effortlessly.
Each of wet methods allows obtaining homogenous and amorphous or
nanocrystalline materials, and each of them can be disadvantageous. For eg.

the cryochemical methods require expensive equipment, the co-precipitation
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methods are very sensitive to pH variations, and the sol-gel method is time
consuming?®3°4,

Loiko et al.>® described that the precursors of the yttrium aluminum
garnet can be obtained by three main ways. The first is based on a reaction in
the solid phase and proceeds through sintering of the size-reduced and well-
mixed yttrium oxide and aluminum oxide powders at 1750 °C. The other two
methods are wet chemical methods that are based either on co-precipitation or
sol-gel formation. In the co-precipitation method, the grains of the YAG are
obtained by dissolution of water-soluble salts, which next are alkalized for the
pH enables entire transformation of the metal ions to yttrium and aluminum
hydroxides. After removing of the anions adsorbed at the surface of deposit, it
was calcinated at 1000-1200 ‘C53555,

Hussain et al.’, Wu et al.%® and Yi et al.>® also clasified well-known
preparation methods of rare-earth doped phosphors into two main categories:
solid-state reaction and wet-chemical method. For solid-state reaction, the rare
earth doped oxide phosphor bulk ceramics can be prepared by calcining mixed
oxides at high temperature and then grinding into microparticles to obtain more
active emission sites. Generally, the crystallization degree of the phosphors
synthesized by the solid-state reaction is high, which favors the luminescent
properties. However, their luminescent properties are unsatisfactory due to the
formation of large aggregated particles with limited surface area. Although
these particles can be crushed by diff erent methods, the size of the particles is
still larger than phosphors synthesized by wet-chemical methods. In addition,
the surface of crushed or milled phosphor particles is full of defects, which
lower the fluorescent efficiency due to the surface quenching effect®®%, In
contrast, nanostructured phosphors obtained through wet-chemical methods are
favored to obtain high light efficiency because of their small size and large
surface area. However, the low crystallization degree of wet-chemical
synthesized nanoparticles normally results in particles with low luminescent
properties due to the serious quenching eff ect caused by the surface and inside

defect in the nanoparticles. Until now, the synthesis of nanosized phosphor
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particles with a high crystallization degree has been a challenge for the
manufacturing of phosphors. In addition, the morphology of phosphor
nanoparticles is also a very important factor to determine the phosphor
properties®?.

LUAG:Nd ceramic is attractive because of its high thermal conductivity,
suitable emission cross-section, long life time and easy to get large scale. To
achieve high quality transparent polycrystalline LUAG, the synthesis of pure
and well dispersed lutetium aluminum garnet (LUAG) powders is crucial and
important. Co-precipitation method using AHC as the precipitant is a relatively
simple way to synthesize powders with excellent dispersion and sintering
properties®263®4 In the co-precipitation process, parameters such as reaction
temperature, dripping speed, aging time, pH value, species and dosage of
precipitant, species and dosage of dispersant, etc., are very important. Because
most of these parameters are all interdependent during the formation and
evolution of the precursor, they need to be optimized carefully. However, the
synthesis of LUAG powder using AHC as the precipitant is rarely studied in
detail, especially for the influences of pH values, aging time, dropping speed,
and the amount of solution®*®°, Jiang Li et all®> presented a wet-chemical
synthesis route to produce nanosized YAG powders, employing
AI(NO3)3-9H20 and Y20s as the starting materials.

Zhand et. all®? reported about Nd doped LUAG prepared by hot isostatic
pressing (HIP). It is critical to eliminate all the remaining porosity in order to
get a transparent ceramics with good quality®®®’. Hot isostatic pressing is a
very effective method in reaching full densification of ceramics. The driving
force for densification is ~50 times greater during HIP than during normal
sintering. Unfortunately, the obvious deterioration occurred in HIPed
LUAG:Nd ceramics after annealing. However, annealing is one of the key steps
in preparing laser ceramics®>%%° |t is reported about high quality LUAG:Nd
laser ceramics produced using either vacuum sintering or vacuum sintering
with additional HIP treatment. reference® demonstrates that it is possible to

eliminate the remaining micro pores by HIP approach. The porosity of
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LUAG:Nd laser ceramics sharply declined from 7-10° to 5.6-107" after
additional HIP.

The spray pyrolysis (SP) method, which has been applied in the
preparation of phosphor materials’®"! is recommended as a promising method
for preparing particles with spherical shape, narrow size distribution and
agglomerate-free characteristic. Shenghia et al.”> co-precipitation process at
first introduced as spray suspension to take the place of spray solution.
Agglomerate-free  YAG:Ce phosphor particles were obtained via spray
suspension under co-precipitation and low temperature spray pyrolysis
(CP-LTSP). Thermal properties of as-prepared particles, effects of the doping
concentration of Ce®*, annealing temperature on morphology and the emission
intensity of YAG:Ce phosphor particles were investigated’2. The drawback is
that high-heating rates and short residence time inherent to spray pyrolysis
process lead to the formation of kinetically stable phases rather than the
thermodynamically stable target YAG phase’®. Since spray pyrolysis offers
different approaches for controlling of the particle morphology and
composition, Mancic et al.”* obtained the YAG:Ce particles with spherical and
filled morphology through introduction of polymeric precursor solutions.

The low temperature combustion synthesis (LCS), firstly used by Pechini
in 1967 to synthesize capacitor ceramics, is one of the simplest methods for
synthesizing ceramic nano-sized powders™. A very porous sponge-like
compound is formed due to the release of a large amount of gaseous products
formed in low temperature combustion reaction between metal nitrates used as
oxidizer and citric acid used as chelating agent, reducer and fuel in the reactant
system. The homogenous microscopy of ceramic can be obtained with good
crystallization, so the transparency can be increased. In reference’™ the
(Ndo.01Y0.99)3Al5012 nanosized powders were produced by the LCS. The pure
cubic YAG crystal phase was obtained at the temperature as low as 1100 °C.

Gel combustion methods for synthesizing fine powders are of significant
interest, primary due to the overall simplicity of the technique. Also the

method can guarantee a precise control of cationic stoichiometry and
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homogeneous mixture of metal ions at the atomic level. Fagui Qui et al.”®
prepared pure YAG powders by the gel combustion method. In pa’” the same
authors report the preparation of YAG:Nd powders with different doping
concentrations from a mixed-metal citrate—nitrate precursor by a simple sol-gel
combustion method at a relatively low temperature. The thermal behavior of
the precursor, the phase transformation of the calcined powders, the
micrographs of the precursor and the calcined powders, the lattice constant and
the photoluminescence spectra of the gained YAG:Nd powders with different
doping concentrations are investigated in this reference.

Nanopowders of YAG may be prepared by cryochemical synthesis, when
aqueous solutions of the starting substances are rapidly frozen, and ice from a
cryogranule is removed by sublimation from the obtained cryogranules. In
order to implement the method French scientists’® took aluminum lactate,
yttrium and neodymium acetates, dissolved in boiling water and citric acid was
added in order to maintain a pH level of 4. Then the boiling solution was
atomized into liquid nitrogen and the powders obtained were placed in a
vacuum sublimator. The precursor obtained was then heat treated at
800-1200 °C. The size of agglomerates of synthesized powders was from
0.2 to 4 um. An advantage of this method is obtained very fine YAG powders
and a disadvantage is organic compounds of starting components, a
requirement for rigid control of the medium pH, a requirement of a
considerable amount of liquid nitrogen, and special equipment?879:8,

Proposed by Jan Czochralski method® of crystal pulling from melt in
1918, becomes one of the most widely used methods for growth of dielectric
and semiconductor crystals. Today Czochralski technique continues to
progress and get replenished®. It should be noted that this method of crystal
growth is continuously improved and developed with regard to the technical
level of process automation and including thermodynamic considerations of
growth processes even today. It permits to prepare a high quality bulk single
crystals, among them silicon, as well as a multitude of oxides, fluorides, metals

and alloys, multicomponent compounds and solid solutions®:83, Now, the main
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advantages of the Czochralski method are growing single crystals in defined
crystallographic orientations with different sizes, shapes which are mainly
limited by a design of crystal puller®!. Kusuma et al.2% represented data, that
YAG:Nd crystal has been successfully grown by Czochralski method using

automatic diameter control — crystal growth system.

1.1.3. Application

Yttrium aluminium garnet transparent ceramics have been suggested as
suitable host materials for laser applications over the last few years thanks to
their good optical and thermo-mechanical properties®*#8, In comparison with
single crystals, YAG transparent ceramics can be produced in larger volumes
and lower cost, and can be heavily and homogeneously doped with laser-active
ions. Some works have demonstrated that rare-earth-doped YAG ceramics
have optical properties and laser performance equivalent to or even better than
single crystals*:5287,

Improvements in powder synthesis and ceramic sintering as well as novel
ideas have led to notable achievements. These include the first YAG:Nd
ceramic laser in 1995, breaking the 1 KW mark in 2002 and then the
remarkable demonstration of more than 100 KW output power from a YAG
ceramic laser system in 2009. Additional developments have included highly
doped microchip lasers, ultrashort pulse lasers, novel materials such as
sesquioxides, fluoride ceramic lasers, selenide ceramic lasers in the 2 to 3 pum
region, composite ceramic lasers for better thermal management, and single
crystal lasers derived from polycrystalline ceramics. Reference®® highlights
some of these notable achievements.

Nd3* doped YAG is currently the most widely employed solid-state laser
material for micromachining, medical operations, materials processing and
many other industrial and defense applications. Flash lamp is commonly used
as a pumping source for YAG:Nd laser. Although it has low electro-optical
conversion efficiency, high peak power and high energy lamp light can be

applied directly on the laser media®®%®. YAG:Nd lasers are based on single
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crystals, that are restricted to a maximum concentration of 1.4 at.% Nd*, as
well as to centimeters in dimensions. This relatively low concentration level
leads to a moderate Nd** pump absorption, strongly limiting the development
of lasers of compact size, high power and efficiency. Furthermore, up to 9 at.%
Nd®** doped YAG ceramics were achieved without any deterioration in the
achievable sample size or the optical quality. Since then, because of the
significant potential for a new era of laser materials that are not single crystals,
in addition to the obvious advantages in scaling, processing speed and cost,
ceramic lasers gain media has become a highly active area of research
worldwide®.

When YAG is doped with Nd3*, it is reported that the near-infrared laser
output with high power and high slope efficiency was obtained in single
crystals and polycrystalline transparent ceramic®:929394%_ Nd3* in YAG has a
unique metastable level, placed in the region of 11500 cm™, able to provide
laser emission in the 0.9 um, 1 um and 1.3 um wavelength ranges on
transitions to the lower “lop, *li2 and *liz> manifolds. This ion has rich
structure of closely spaced energy levels above the emitting level, extending to
UV, which can be used for pumping with broad-band optical sources such as
lamps or solar radiation or with resonant diode lasers. The performance of the
Nd** lasers under a broad-band pumping is limited by the poor overlap with
the sharp and discrete absorption lines of Nd** and by the large quantum defect
between the average pump quantum and the emitted radiation quantum. Since
the first high quality YAG:Nd ceramic was fabricated in 1995, the ceramics
have attracted much attention due to many advantages such as easy preparation
of large single crystals of YAG:Nd, short fabrication time, high doping
concentration and multifunctional composite structurg3%96.97.98.99.100.101 ' Ceramic
solid-state laser can be well matched with the transitional single crystal laser in
output power and optical conversion efficiency. However, numerous
approaches to YAG:Nd ceramics are focused on the *Fsp—*l11/2 transitions at
1064 nm19219310%4 " In recent years, the great interest in solid-state lasers

operating at 266 nm, which quadruples the frequency of the 1064 nm line, was
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acknowledged for wide applications in the fields of industry, criminal
investigation, and scientific research. For example, 266 nm laser can be used as
a cleaning tool for removing copper oxide from copper and paint from
aircraft'>1%.107 ‘Nd doped lutetium aluminum garnet have obvious advantages
as high thermal conductivity, and moderate emission cross sections. This
makes it’s potential applications in inertial confinement fusion (ICF) as gain
material®?,

Eu®* doped inorganic matrices are successfully employed as orange to red
emitting phosphors. These materials are characterized by a very high quantum
efficiency, sufficient absorption strength and stability. Upon excitation of the
Eu®* ion it emits due to the °Do — ’F, transitions, in particular for a high
doping level and/or hosts with rather high phonon frequencies, e.g. phosphates
or borates. Emission lines originating from °D1, — ’F; transitions are only
present if the concentration is low and the highest phonon frequency of the
host is low to prevent multiphonon or cross-relaxation of the higher excited
states. Generally, the most intense emission lines originate from the
5Dy — "F124 transitions, which are located in the range from 580 to 720 nm?®®.
The orange emission (590-600 nm) of Eu®* due to the magnetic dipole
transition °Do — ’F1 is not affected much by the site symmetry, because they
are partly-allowed, while the red emission (610-630 nm) due to the electric
dipole transition of Do — ’F2, being hypersensitive, is affected by the site
symmetry of Eu®* ion. In a crystal site inversion symmetry the electric dipole
transition are strictly forbidden and the magnetic dipole transition are usually
the dominant emission line. In a site without inversion symmetry the strength
of electric dipole transition is higher. The Do — ’F transition is usually the
strongest emission line in this case, because transition with AJ= £2 are
hypersensitive to small deviation from inversion symmetry®. The compounds
doped with europium(l1l) have been explored for up-conversion and down-
conversion of near UV and near IR radiation to improve the overall efficiency
of Si solar cells!®11011L112 The energy transfer between Ce®* and Eu* was

investigated!'®. However, it was shown that co-doped Eu®* ions have the
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quenching effect for luminous Ce®** ions in YAG* Moreover, the authors!®®
claimed that co-doped YAG:Ce,Eu shows separate luminescence of Ce** and
Eu®'. The role of RE®** co-doped into the CdSiO3:Mn?* matrix and the possible
long-lasting phosphorescence process was discussed in the reference’®. The
enhancement in emission intensity of co-doped blue nanophosphor was
explained by energy transfer from the Er**/Nd®" ions to the Eu?' in the
BaMgAl100171Y". The energy transfer mechanism from Ce3* to Nd** and Sm?®*
ions was also proposed!'®, Much more different sometimes contradictory
results are published on this topics!!®120121 AJl these results obtained
demonstrate that this topic still is on investigation by many research groups.
Sm3* in various solid matrices has long lived (ms) and intense visible emission
from the “Gsy, level, the weak absorption in visible above this level and the
absence of suitable pump sources, together with the emission self-quenching
by cross-relaxation, restricted the applications to phosphors or to pressure
sensors, with less interest for laser emission and limited the fundamental
investigations too. Only recently the interest for Sm3®" in different materials
(glasses, single crystals, polycrystalline materials or nanocrystalline powders)
has increased due to the development of GaN laser diodes at ~405 nm that can
excite efficiently the visible emission. The cubic materials, that can be
produced by ceramic techniques, garnets or the isostructural sesquioxides R203
(R =Y, Lu, Sc), are attractive hosts for Sm** ion. In YAG the Sm*" ions
occupy a unique structural site of D2 symmetry, but in sesquioxides they can
enter in two sites, both with sixfold O% coordination, of C2 and C3i
symmetry?2123124125 I1n case of Sm®'; 4Gsp — ®H7p (AJ= £1) is partly
magnetic dipole and partly electric dipole emission band whereas *Gs, — ®Hsy2
is purely magnetic dipole and *Gs2 — ®Hgy is purely electric dipole natured.
The magnetic dipole transition *Gs2 — ®Hsjz does not depend on chemical
surroundings of the luminescent centre and its symmetry. However, the
hypersensitive “Gs;, — ®Hgpz transition is magnetic-dipole forbidden and
electric dipole allowed and its intensity increase as the environmental

symmetry become lower?4126,
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Rare earth element containing compounds, especially those containing
Eu®" and Sm®" ions have attracted a special attention during the past decades
for their superior optical properties such as narrow emission bands for high
colour purity, high quantum efficiency, large stokes shifts and long life time.
These materials have important applications in the display field due to their
excellent fluorescence properties in the visible region®+*26,

Because of the large crystal field splitting of the 2-D level of Ce®* ion in
the garnet structure, YAG:Ce has a very efficient broad-band emission in the
yellow spectral region when excited by blue light. This property makes
YAG:Ce a suitable yellow-emitting phosphor for the application to white
LEDs by combining it with blue LEDs"*?7,

1.2.  Sol-Gel Chemistry Procesing

The sol-gel synthesis method offers a molecular-level mixing of
precursors, which is capable of improving chemical homogeneity in
comparison with conventional methods such as solid state reactions, wet
precipitation, and hydrothermal synthesis'?8. Several chemical methods have
been used for the synthesis of YAG nanophosphor such as co-precipitation*?,
solvothermal®®, combustion®!, glycothermal treatments'?® and the sol-gel
process*. Among these preparation methods, the sol-gel process provides some
advantages. Different alternative chelating agents such as citrate, ethylene
glycol, tartaric acid and polyvinyl alcohol, etc. have been used for the synthesis
of YAG phosphors'®. The reasons for the particular value of and interest in
sol-gel synthesis are given below.

e The temperature required for all stages are low, frequently close to
room temperature. Thus thermal degradation of both the material itself
and any entrapped species is minimized, and high purity and

stoichiometry can be achieved.
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e The low temperature of sol-gel processes is generally below the
crystallization temperature for oxide materials, and this allows the
production of unusual amorphous and nanocrystalline materials.

e Since precursors involving different metals are frequently miscible,
homogenous controlled doping is easy to achieve.

e By using organometallic precursors containing polymerizable organic
ligands, materials may be produced which contain both inorganic and
organic polymer networks.

e The chemical conditions are mild. In this way pH sensitive organic and
biological species may be enterapped and still retain their functions.

e Since liquid precursors are used it is possible to cast ceramic materials
in a range of complex shapes and to produce thin films or fibres as
monoliths, without the need for machining or melting®2.

The sol-gel method is well established: the first scientific references
based on the method were published at the beginning of the XX century.
Recently, the sol-gel method become useful to produce materials for
optoelectronic and  optocommunication  (photonic). For  example,
nanocrystalline oxide powders doped with rare-earth ions exhibit a strong
luminescence. They may be used to produce laser ceramics and photonic
wirest31132133 - Formation of YAG doped with the rare-earth ions in the
monocrystallic form is an expensive and time-consuming process. Precursors
for YAG nanocrystals can be obtained by two routes using metal alkoxides or
inorganic salts. Originally the alkoxide way was applied***. But preparation of
YAG using metal alkoxides is expensive, sophisticated and time—consuming
manner. The second way based on inorganic salts is faster, cheaper and less
complicated. It additionally requires to use the complexing agents: citric
acid!3>138135 ethylene glycol® or ethylenediamine-tetraacetic acid (EDTA).

The synthesis of nanopowders by the sol-gel method bases on the
formation of a water colloid suspension (sol) in the course of hydrolysis of
metal compounds to hydroxides. The sols transform next into sticky gels, and

after drying at 120 °C, into solid xerogels. The polycrystalline YAG precursor
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powders were formed as a result of thermal treatment at 1000 °C53134135 The
formation of polycrystalline powders of YAG proceeds via several stages®>"
112,137,138.

Starting metal oxides could be dissolved in concentrated acetic acid with
small amount of water (the access of the acid is evaporated), and metal salts
just in watter. Clear solutions are obtained after stirring in beakers covered
with a watch-glass. Then metal acetates or nitrates are added. Finally, the
complexing agent (1,2-ethanediol, tartaric acid, malonic acid, citric acid, oxalic
acid or ethylenediaminetetraacetic acid (EDTA) is added!®139140.141.142  The
beaker with formed sol is placed into the dryer or left on the heating plate
under stirring to evaporate all the solvent. The obtained gel is dried, ground
and annealed at different temperatures including intermediate pre-grinding
with a purpose to get well crystallized powders.

The following mechanism of the formation of YAG was proposed®3. The
process starts with dissolution of yttrium and neodymium oxides in acetic acid:

Y203 + 6 CH3COOH =2 Y(CH3COOQ)3 + 3 H.0 (1a)

Nd203 + 6 CH3COOH = 2 Nd(CH3COO0)3 + 3 H.0 (1b)

The yttrium and neodymium acetates formed as well as aluminum nitrate

undergo dissociation into ions:

Y(CH3CO0)3 = Y?* + 3CH3COOH" (2a)
Nd(CH3COO)3 = Nd** + 3CH3COOH" (2b)
Al(NO3)3 = AIP* + 3NO3" (3)

The temperature and weak acidic environment cause hydrolysis and
yttrium, neodymium and aluminum hydroxides are produced:

M3* + 3HOH = Me(OH)s3 4)
where M stands for Y, Nd or Al.

The hydroxides undergo olation or oxolation and the metals become to be

bound by the oxygen bridges:

OH  HC ).
HOME | )\Mc(()ll) — {]l())Mc<( \Me(OHHQH,O
_ -

\()H H()/ O (5)
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The complexing agent plays an important role: each ethylene glycol
molecule can bind the oxygen bridged metal compounds through the two
hydroxide groups into olygomers. As a result, a matrix influencing precursor

molecule size appears:

O (0]
2n (HO-CH2-CH2-OH) + n (II())\rlc/ ™~ Me(OH) —» [O(CH2):O0Me \\1 O(C 2
2 -CH2-CH2- \ 2)2 ¢ MeO(CH2)20], + 2n (H20)
\()/ P

O (6)

1.3. Introducton to Solvothermal Processing

A solvothermal process can be defined as “a chemical reaction in a closed
system in the presence of a solvent (aqueous and non aqueous solution) at a
temperature higher than that of the boiling point of such a solvent”.
Consequently, a solvothermal process involves high or moderate pressures
(typically between 1 atm and 10,000 atm). The selected temperature (typically
between 100 ‘C and 1000 “C) depends on the required reactions for obtaining
the target-material through the involved process. If water is used as the solvent,
the method is called “hydrothermal synthesis”. The hydrothermal technology
have been studied and developed a long time ago with different objectives®,
The process can be used to prepare many geometries including thin films, bulk
powders, single crystals and nanocrystals. In addition, the morphology (sphere
(3D), rod (2D), or wire (1D)) of the crystals formed is controlled by
manipulating the solvent supersaturation, chemical‘s concentration and kinetic
control. The method can be used to prepare thermodynamically stable and
metastable states including novel materials that cannot be easily formed from
other synthetic routes. Over the last decade, a majority (~80%) of the literature
concerning solvothermal synthesis has focused on nanocrystals'#4,

The YAG-based materials are normally synthesysed at a relatively high
temperature (>1500 °C) by a solid state reaction of a stechiometric micture of
the component oxides with prolong heating time. Sovothermal synthesys are

conducted in stailness steel autoclave#>14® (Fig. 2).
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Fig. 2. Schematic diagram of solvothermal synthesis setup: (1) stainless steel
autoclave, (2) precursor solution, (3) Teflon liner, (4) stainless steel lid (5)

spring.

Solvothermal method exploits the solubility of almost all inorganic
substances in solvent at elevated temperatures and pressures and subsequent
crystallization of the dissolved material from the fluid. It is known that the
properties of nano/micro crystals depend not only on their composition, but
also on their structure, phase, shape, size, and size distribution4’. The selection
of the solvent plays a key-role through the control of the chemical mechanisms
leading to the target-material'*®. For example, Kudryashova et al.'*® have
described the preparation of YAG using a mixture of yttrium chloride,
aluminum chloride and aluminum isopropylate, and using the same
experimental conditions but changing only the nature of the solvent
(diphenyloxide, oleic acid, stearic acid, and oleylamine). Thermal treatment of
this mixture was carried out at 250-300 °C in an argon atmosphere from 8 to
24 h. It was shown that different solvents can play an important role in the
properties of the final products!43146,

Among the various synthesis techniques, solvothermal treatment as a
typical solution approach has proven to be an effective and convenient process
in preparing various inorganic materials with a variety of controllable
morphologies and architectures. The advantage of the solvothermal method is:
materials can be synthesized at relatively low temperatures without milling or
calcination. Since water is an ideal solvent for most inorganic species, and

ethanol is a good solvent for most of the surfactants, most of the soluble
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Inorganic salts can be adopted as the starting materials. Moreover, long alkyl
chain surfactants such as sodium oleate or oleylamine can be used as
protecting reagents to prevent agglomeration and control the morphology
development of nanocrystals since they can complex with different metal ions
to form metal salts, which may covalently combine the surface of the
nanocrystals. Therefore, the long alkyl chain surfactants are suitable choices as
both precursors and protecting reagents for the development of a general
synthetic method to fabricate monodisperse nanocrystals with inorganic
Sa|t3148’149’150.

The hydrothermal/solvothermal process is a green process because of the
closed system conditions used in hydrothermal reactors, and it has been
extensively used for growing single crystals, for example, quartz and many

kinds of metal oxides!®1152153 metals® and semiconductors®®,16,
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2. EXPERIMENTAL PART
2.1. Reagents and Solutions

The following starting materials were used for the synthesis and analysis:
Ho.03 (Merck, 99.9%), ThsO7 (Merck, 99.9%), Dy.Os (Merck, 99.99%),
Eu,Os (Alfa Aesar, 99.99%), Eu(NO3)z6H.O (Alfa Aesar, 99.99%),
Ho(NOz3)35H20 (Alfa Aesar, 99.99%), Nd(NO3)36H20 (Alfa Aesar, 99.9%),
SM(NO3)36H20 (Alfa Aesar 99.9%), Y(NO3)36H.0O (Alfa Aesar, 99.9%),
Er03 (Sigma Aldrich, 98.0%), Yb2O3 (Sigma Aldrich, 98.0%), Lu2Os (Sigma
Aldrich, 98.0%), Tm.Os (Sigma Aldrich, 98.0%), AI(NOz3)39H20
(Eurochemicals  99.99%), AI(NO3)39H.O (Alfa  Aesar, 99.99%),
HOCHCH20OH (1,2-etandiol, Roth, 99.5%), NHz (Merck), CoHsOH (Abs.
Scharlau), HNOs (Roth, 65 wt.%), CHsCOOH (Roth, glacial acetic acid).

2.2. Synthesis Methods

Various lanthanide aluminium garnets have been synthesized utilizing

two different sol-gel and solvothermal methods.

2.2.1. Sol-gel method

The lanthanide aluminium garnet samples were synthesized by an
aqueous sol-gel method with optimized synthesis parameters*>!>’. For the
preparation of ThsAls012:Eu, Dys3AlsO12:Eu, HozAls012:Eu,
Y3xSMxAlsO12,  Y29SMo1AIsO12:EU,  Y3xSMAIs012:Eu,  Y3.xNdxAlsO12,
Y29Ndo1Als012:EU, Ys3xNdxAls012:Eu. ErsAlsO12:Eu, YhbsAlsO12:Eu,
LusAlsO12:Eu, TmsAlsO12:Eu samples yttrium and lanthanide oxides were
dissolved in concentrated acetic acid (about 10 mL) with small amount of
water. Clear solutions were obtained after stirring at 60-65°C in beakers
covered with a watch-glass. Metal nitrites were dissolved in distilled watter.

Then aluminium nitrate nonahydrate and appropriate quantity of europium
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oxide dissolved in small amount of acetic acid were added to the above

solution and diluted to 100 mL. The resulting mixtures were stirred at 65 °C for

1 h, followed by dropwise addition of ethane-1,2-diol upon vigorous stirring.

The resulting solution was mixed at the same temperature for another 1 h and

then concentrated by slow solvent evaporation at 65 °C until solution turned

into transparent gels. The gels were dried in an oven at 100 °C for 24 h. The

resulting gel powders were ground in an agate mortar and heated in air at

800 °C for 4 h by slow temperature elevation (5 'C mint). After grinding in an

agate mortar, the powders were further sintered in air at 1000 "C for 10 h. The

simplified scheme of the sol-gel route used is presented in Fig. 3.

HOgO}, Tb407, Dy2031 EngO}, Er2035
Yb203, LuxO3, TmaO3, Nd(NO3z)36H-0,
Sm(NO3)36H20, Y(NO3)36H-0,
CH;COOH, H,O

Stirring for 1 h, 60-65 °C

Al(NOs)3-9H>0 aqueous solution

Stirring for 1 h, 60-65 °C

Transparent solution

Transparent solution (Sol)

1,2-etandiol

Drying at ~100 °C *
Gel

Calcination at at 800 °C 4h

+ 1000 °C 10h

Tb3A15012:Eu3+, DY3A15012:EU3+,
HO3A150| z:EU‘H, Yj,xsmxAl_sOu,
Yz_qsmmAlsO at 800 °C 4h |3:Eu3*, Yi
xSmxAlsolzlEu3+. Y}.dexAl_sOu,
Y29Ndo 1 AlsOQ 2 Eu’™, Y3.dexA15012:Eu3+e

Er3A|5012:Eu3+, Yb;AlsO12:Eu’,
LU3A150122EU3'. Tm3A15012:E113+

Fig. 3. Schematic representation of the steps involved in the sol-gel processing.

2.2.2. Solvothermal method

For the preparation of HOAG:Eu the Al(NO3)39H.0, Ho(NO3)35H20 and

Eu(NOz)36H20 were used as starting materials. Firstly, aluminium, holmium

and europium solution was prepared by dissolving metal nitrates in 50 ml of
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deionized water. The resulting mixture was stirred until substances fully
dissolved. Secondly, ethane-1,2-diol (Me:Et ratio 1:2) upon vigorous stirring
was added to the above solution. The aluminium, holmium and europium
hydroxides were precipitated by dropwise addition of excess of 10% ammonia
solution under vigorous stirring. The precipitates were repeatedly centrifuged
and washed with distilled water to remove the residual ammonia. The washed
hydroxides were dispersed in ethane-1,2-diol and then placed in an autoclave
with a Teflon liner. The autoclave was heated up to the 220 °C and maintained
at this temperature for 20 h. The obtained powders were centrifuged and
repeatedly washed with ethanol solution, dried in the air at 80 °C and then
annealed at different temperatures for 4 h. The simplified scheme of the

solvothermal method is presented in Fig. 4.

Eu(NO3)36H-0,

Ho(NO3)35H-0, 16.6 ml NH;

AI(NO3)39H,0, 36.4 ml HoO
EG

»
L

Mixed 30 min.

Suspension

3 times washed with H>O and
centrifugated

Solid
+20ml EG

Placed into autoclave and
heat at 200 °C for 20 h

Solution

3 time centfifugated with
C>HsOH

Solid

500 °C for 4 h, 1000 °C 10h

l Annealing in furnace at
and 1200 °C for 4h

Ho3AlsO2:Eu’?

Fig. 4. Schematic representation of the steps involved in the HOAG:Eu by

solvothermal method.
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2.3. Instrumentation and Characterization Techniques

The phase purity and crystallinity of synthesized samples were
characterized by X-ray powder diffraction (XRD) analysis on D8 Bruker AXS
powder diffractometer using Cu Kal radiation. The diffraction patterns were
recorded at the standard rate of 1.5 26/min. The XRD patterns of HOAG:Eu
synthesized by solvothermal method were recorded on a Siemens D5000
diffractometer with Cu Ko radiation (using a step of 0.05° 20 and
1.5s/step). Some XRD analyses were carried out on a Siemens D5000 X-Ray
powder diffractometer.

The infrared spectroscopy (FTIR) measurements were recorded with a
Perkin-Elmer FT-IR Spectrum 1000 spectrometer or with FT-IR Bruker Vertex
70 FT-IR spectrometer.

Scanning electron microscope (SEM) images were obtained using a
Hitachi SU-70 scanning electron microscope and JEOL JEM-3100F field
emission scanning electron microscope.

The local structure of garnets was investigated by solid-state nuclear
magnetic resonance spectroscopy (NMR). 2’Al MAS (Magic-Angle Spinning)
NMR spectra were recorded on a 600 MHz (14.1 T) Varian NMR system
equipped with a 1.6mm NB Triple Resonance HXY Fast MAS probe. Larmor
frequency for 2’Al was 156.25 MHz and chemical shift axis was referenced to
1 M AI(NOs)s. MAS frequency was 32 kHz. 2’Al spectra were measured using
a short excitation pulse with the duration of 1 ps. The number of scans was 800
and the relaxation delay was 1s. MAS NMR spectra were acquired on an
Agilent VNMRS DirectDrive 400MHz spectrometer (9.4 T wide bore magnet)
equipped with a T3HX 3.2 mm probe.

Raman spectra were recorded using Horiba Jobin Yvon T64000 Raman
spectrometer equipped with a BXFM Olympus 9/128 microscope, a Horiba JY
Symphony CCD detector and a 488 nm Lexell SHG laser.

Luminescence properties were measured using Edinburgh Instruments
FLS980 spectrometer equipped with double excitation and emission

monochromators, 450 W Xe arc lamp, mirror optics for powder samples and
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liquid nitrogen cooled (-80°C) NIR detector (Hamamatsu R5509 - 42).
Emission spectra were conducted using an OPO (optical parametric oscillator)
pumped by the third harmonic of a Thales Q-switched Nd:YAG laser. An
ICCD Roper Scientific camera (intensified charge coupled device) coupled to
an HR 250 Jobin-Yvon monochromator was used to detect and analyse the
fluorescence. values were extracted from the shape of the decay profiles. All
optical measurements have been made at room temperature. Fluorescence data
characterized by fluorescence spectrophotometer Cary Eclipse Varian.

Particle size distributions of aqueous suspensions of the powders were
measured with a Malvern Zetasizer Nano ZS analyzer.

The particles were characterised by transmission electron microscopy
(TEM) (FEI Tecnai G2 Spirit Twin). After a sonication step of 30 seconds, a
small drop of a suspension of the sample was casted on a carbon coated copper
grid (EMS, FCF-200-Cu), after which the whole was dried overnight under an
infrared lamp. The TEM was operated at 120 kV.
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3. RESULTS AND DISCUSSION

3.1.  Sol-Gel Synthesis and Characterization of Eu**-Doped Thb, Dy

and Ho Aluminium Garnets

In this part of dissertation a sol-gel method based on in-situ generation of
mixed-metal chelates by complexing metal ions with ethane-1,2 diol in an
aqueous media has been elaborated to prepare lanthanide-ion containing
garnets, ThsAlsO12 (TAG), DysAls012 (DAG) and HosAls012 (HAG) doped

with different amount of Eu.

3.1.1. XRD, FTIR, SEM, DLS, NMR and Raman analyses

The phase purity and compositional changes of the LnAG doped with
different amount of Eu®* ions were controlled by X-ray diffraction analysis.
The XRD patterns of corresponding ThsAlsO12 (TAG), DysAlsO12 (DAG) and
HozAlsO12 (HAG) with different doping level of Eu synthesized at
1000 °C are shown in Fig. 5. The XRD results presented in Fig. 5 (a) revealed
that ceramics obtained at 1000 °C consists of one crystalline phase: terbium
aluminium garnet (TbsAlsO12, TAG). The obtained XRD patterns are in a good
agreement with the reference data for ThsAlsO1. (PDF [04-006-4054]). Fig. 5
(b) shows that only one dysprosium aluminium garnet DysAls012> phase (PDF
[04-006-4053]) was obtained after calcination of Dy-Al-O:Eu precursors at
1000 °C. In the case of the Ho-Al-O system, the analogous results to the Th-
Al-O and Dy-Al-O systems were obtained. In Fig. 5 (c) the X-ray diffraction
patterns of the final Ho-Al-O ceramic samples annealed at 1000 °C are
presented. The XRD patterns prove the formation of the cubic holmium
aluminium garnets (HoszAlsO12). Evidently, the obtained XRD patterns are in a
good agreement with the reference data for HosAlsO1> (PDF [04-001-9715]).
Thus, we can conclude that the 1000 °C temperature is high enough for the
formation of Eu®*-doped Tb3Als012, Dy3AlsO12 and HosAlsO12 garnets.
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Fig. 5. XRD patterns of the Th-Al-O:Eu (a), Dy-Al-O (b) and Ho-Al-O (c) gels
annealed at 1000 °C. ThsAls012 PDF [04-006-4054], DysAlsO12 PDF [04-006-

4053], HosAlsO12 PDF [04-001-9715].

FTIR spectroscopy was used as additional tool for the structural
characterization of the ceramic materials obtained by the aqueous sol-gel
method. The FTIR spectra of ceramic materials obtained after the calcinations
of the Ho-Al-O:Eu gels at 1000 °C for 10 h are shown in Fig. 6 (c). The FTIR
spectra of synthesized ceramics show several quite intense broad bands at
675 cm™, 720 cm™ and 775 cm?, which are typical metal-oxygen (M-O)
absorptions for the garnet-type compounds®”*>’. The FTIR spectra of Th-Al-O
(Fig. 6 (a)), Dy-Al-O (Fig. 6 (b)) garnets doped with europium were very
similar to the presented in Fig. 6 (c). The most important feature is that
intensive bands are determined in the region of 900-450 cm, which may be
also attributed to the stretching modes of the isolated [AlO4] tetrahedra and
[AlOs] octahedra in the garnet structure, i.e. these bands correspond to the
formation of crystalline TAG:Eu, DAG:Eu and HAG:Eu. Thus, the observed

M-O vibrations which in view of the earlier reports are characteristic of RE-O

34



and AI-O stretching frequencies let us to conclude, that the FTIR results are
consistent with crystallization process observed by XRD measurements.
Consequently, the FTIR results absolutely support the conclusions made on
grounds of the XRD measurement and prove that there is no left organic matter

in the sol-gel derived garnet structure compounds?# 4851, 97,158,159,160,161, 162
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Fig. 6. FTIR spectra of Th-Al-O:Eu (a), Dy-Al-O (b) and Ho-Al-O (c) garnets
synthesized at 1000 °C.

The textural properties of the calcined Tb-Al-O:Eu, Dy-Al-O:Eu,
Ho-Al-O:Eu powders were investigated by SEM, from which the grain size
and typical morphologies were obtained. Scanning electron micrographs of the
Th-Al-0:0.5%Eu, Dy-Al-0:0.5%Eu and Ho-Al-0:0.5%Eu samples obtained at
1000 °C are shown in Fig. 7. Individual particles seem to be submicro-sized
plate-like crystals and they partially fused to form hard agglomerates. The
SEM micrographs presented in Fig. 7 show the formation of very

homogeneous mixed-metal oxides, and the formation of a continuous network
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of crystallites is characteristic feature for these materials. The DysAls012:Eu
and HosAlsO12:Eu garnet particles are a little differently shaped comparing
with ThsAlsO12:Eu garnet. Apparently, the particles were formed with more
pronounced agglomeration, indicating good connectivity between the grains

which is characteristic feature for ceramic composite material*63,

Fig. 7. SEM micrograph of the Th3Als012:0.5%Eu (a), DysAls012:0.5%Eu (b)
and HozAIls012:0.5%Eu (c) garnets.

The particle size distribution in HosAlsO12:Eu garnets annealed at

1000 °C for 10 h were investigated by dynamic light scattering (DLS) (Fig. 8).
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Fig. 8. Dynamic light scattered measurements of HOAG:Eu

When Eu doping level less or equal 0.1% very narrow particle size
distribution (~420 nm) was determined. The sample with higher europium
concentration (0.5%) was composed of larger particles (~700 nm). When

garnet doped with 0.25% - 0.75% of Eu®* some particles were much larger, and
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consequently the particle size is not stable and split in a biggest range.
However, the biggest particle size was determined for the sample with 1% of
doping level of Eu. Interestingly, the DLS results fit very well with scanning
electron microscopy data showing that 0.5% of Eu is the optimum doping level

for Th, Dy and Ho aluminium garnets having very homogeneous particle size

distribution.

It was impossible to observe NMR and RAMAN spectroscopy data of

Th-Al-O:Eu, Dy-Al-O:Eu and Ho-Al-O:Eu samples.

3.1.2. Optical Propert

ies

The fluorescence data of HosAlsO12:Eu are shown in Fig. 9.
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Fig. 9. Fluorescence measurement data of HozAlsO12:Eu garnets. 0.5% Eu (a),

0.75% Eu (b), 1% Eu (c).
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As seen in Fig. 9 (a) the 0.5% Eu**-doped sample shows the most
intensive europium emission. This might be associated with XRD results
(peaks with 0.5% europium are shifted to the smaller 20). The sample having
1% of Eu shows fluorescence, however, not so intensive as the sample with
0.5% of Eu, but more intensive than 0.75% Eu-doped sample. These results are
unpredictable and very hard to explain. The XRD data also showed the smaller
shift for 0.75% Eu and 1% Eu samples. It is well known, that phosphors with
spherical shaped particles (< 2 um) are of greater importance because of their
high packing density, lower scattering of light, brighter luminescent
performance, high definition and more improved screen packing density. This
could explain why HoAG with 0.5% of europium doping shows the best
luminescent properties*®%, Besides, the HozAlsO12:Eu samples with doping of
0.1% Eu and 0.25% Eu do not show any emission.

Fig. 10 and 11 represent luminescence spectra of ThsAlsO12:Eu and
DysAlsO12:Eu garnets, respectively. The emission spectra were obtained using
277 nm excitation. The emission peaks were fixed between 550 and 720 nm
and are in a good agreement with the reported values of emission transitions
for Eu®* 119165 The emission spectral lines of Eu®* ion are sharp due to the
screening of 4f orbital by 5s and 5p orbitals from crystal field of the host
lattice. The spectra show the characteristic emission of Eu®* arising due to
Do — 'F1 (591nm), °Do — 'F» (611nm) and °Do — ‘F4 (708nm)
transitions®®%7, Fig. 11 also show additional peaks in excitation spectra
(Fig. 10 (a)) which ocours from ’Fs — °Hs g7, and 'Fs — °Ds transitions typical
for Th3* ion. The excited electrons can relax to the ground states yielding the
characteristic emission of Eu®* ion. Observed energy transferred from the °Ds
level of Th®* to the °D; and/or °Dy levels of Eu®*.

The obtained photoluminescence lifetimes show a decrease (Fig. 12 (b))
from 2.58 to 1.98 ms with increasing the concentration of dopant. Upon
increasing the dopant concentration the decay becomes faster (Fig 12 (a)). In
our case the maximum decay time is 2.58 ms with 0.1 mol% of Eu. An

increase of lanthanide content may increase the number of ions occupying the
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surface states in nanoscale dimensional materials and these states may be

leading to concentration — quenching behaviour!0.168,

3.2. Sol-Gel Synthesis and Characterization of Eu®* - doped Er, Yb, Lu

and Tm Aluminium Garnets

In this part of dissertation Er, Yb, Lu, and Tm aluminium garnets and Er,
Yb, Lu, Tm aluminium garnets doped with Eu3* have been synthesized by sol-
gel method.
3.2.1. XRD, FTIR, TEM and NMR analyses

The XRD patterns of corresponding ErsAlsO12 (EAG), TmszAlsO12
(TAG), YbsAls012 (YAG) and LuzAlsO12 (LAG) with different doping level of
Eu synthesized at 1000 °C are shown in Fig.13.
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Fig. 10. Luminescent spectra of Th3AlsO12:Eu garnets: excitation (a) and

emission (b).
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Fig. 13. XRD patterns of ErsAlsO1:Eu (a), TmzAlsO12:Eu (b), Yb3AlsO12:Eu
(c) and LuzAlsO12:Eu (d) samples annealed at 1000 °C. ErsAlsO12. PDF [01-
078-1451], Tm3AlsO1. PDF [00-017-0734], Yb3AlsO12, PDF [01-073-1369],

LusAlsO12 PDF [01-073-1368].

The XRD results presented in Fig. 13 (a) revealed that ceramics obtained

at 1000 °C consists of one crystalline erbium aluminium garnet phase. The

obtained XRD patterns are in a good agreement with the reference data for
ErsAlsO12 (PDF [01-078-1451]). Fig. 13 (b) shows that only one thulium
aluminium garnet TmsAlsO1, phase (PDF [00-017-0734]) was obtained after
annealing of Tm-Al-O:Eu precursors at 1000 °C. In Fig. 13 (c) the X-ray

diffraction patterns of the final Yb-Al-O ceramic samples annealed at 1000 °C

are presented. The XRD patterns prove the formation of the monophasic cubic

ytterbium aluminium garnets (YbsAls012). Evidently, the obtained XRD

patterns are in a good agreement with the reference data for YbszAlsO12 (PDF
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[01-073-1369]). In Fig. 13 (d) presented XRD patterns confirm the formation
of single-phase LusAlsO1, (PDF [01-073-1368]). Fig. 14 shows the dependence

of crystallinity of garnet phase on the annealing atmosphere.
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1

Fig. 14. XRD patterns of the ErsAlsO12:Eu samples annealed at 1000 °C in
differen atmospheres. Vertical lines represent the standard XRD pattern of
ErAG.

As seen, high crystalline ErsAlsO12:Eu samples have formed in air and
oxygen atmospheres. However, the broad reflections are seen in the XRD
patterns for the sample obtained in argon atmosphere.

The FTIR spectra (Fig. 15) of synthesized garnets show several quite
intense broad bands at 693 cm™, 729 cm™and 795 cm as in the FTIR spectra
of TAG:Eu, DAG:Eu and HAG:Eu (previous section), which are typical metal-
oxygen (M-O) absorptions for the garnet-type compounds®”1>’. The most
important feature remain the same in the region of 900-450 cm™, which is also
attributed to the stretching modes of the isolated [AlO4] tetrahedra and [AlOg]
octahedra in the garnet structure. The observed M-O vibrations which are
characteristic of RE-O and AI-O stretching frequencies let us to conclude that
the FTIR results are consistent with crystallization process observed by XRD
measurementSlSS, 159,160,161,162.

The textural properties of the ErsAlsOwn:Eu, TmszAlsOw:Eu,
YbsAlsO12:Eu and LusAlsO12:Eu powders were investigated by TEM.
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Fig. 15. FTIR spectra of ErsAlsO12:Eu (a), TmsAlsO12:Eu (b), YbsAlsO12:Eu
(c) and LusAlsO12:Eu (d) garnets synthesized at 1000 °C.

The TEM micrographs of these garnet samples are shown in Fig. 16-19.

The TEM images of ErsAlsOw:Eu samples presented in Fig. 16 show the

formation of very homogeneous mixed-metal garnets. Individual oblong

particles are nano-sized and partially fused to form hard agglomerates. It is

known, however, that the phosphors with irregularly shaped particles could

decrease screen brightness and resolution®®, Evidently, the agglomeration

increases with increasing doping level of Eu3*. The thulium aluminum garnets

are less agglomerated comparing with erbium aluminum garnet (Fig. 17).

Besides, the formation of associated particles with increasing dopant

concentration is less pronounced for the TmsAlsO12:Eu samples. The

microstructure of ytterbium aluminum garnets (Fig. 18) is very similar to the

determined for TmsAlsO1:Eu garnets. However, the small clusters consist

mostly nano-sized spherically shaped particles.
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Fig. 16. TEM mlcrographs of Er3A|5012 Eu garnets (0% Eu (a), 0.1% Eu (b),
0.25% Eu (c), 0.5% Eu (d), 0.75% Eu (e), 1% Eu (f)).
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Fig. 17. TEM micrographs of TmsAlsO12:Eu garnets (0% Eu (a) 0.1% Eu (b),
0.25% Eu (c), 0.5% Eu (d), 0.75% Eu (e), 1% Eu (f)).

The highest level of particles agglomeration which does not depend on
the dopant concentration is observed for the LuzAlsO12:Eu samples (Fig. 19).
TEM images of ErsAls012:1% Eu sample obtained in different atmospheres are
shown in Fig. 20. The TEM results show that annealing atmosphere influences
the level of agglomeration of final product. As seen, the rate of agglomeration

could be laid in the following line: air > argone > oxygen.



Fig. 18. TEM micrographs of YbsAlsO12:Eu garnets (0% Eu (a), 0.1% Eu (b),
0.25% Eu (c), 0.5% Eu (d), 0.75% Eu (e), 1% Eu (f)).

a) b)

d)

—— 1000m

Fig. 19. TEM micrographs of LusAlsO12:Eu garnets (0% Eu (a), 0.1% Eu (b),
0.25% Eu (c), 0.5% Eu (d), 0.75% Eu (e), 1% Eu (f)).

a) b)

Fig. 20. TEM micrographs of ErsAlsO12:1%Eu sample obtained in different

atmospheres: air (a), oxygen (b) and argone (c).
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Eu®, Lu®* and Yb?* ions occupy the same dodecahedral interstices in the
lanthanide aluminium garnets. Local environment of these cations could be
inspected by solid-state NMR spectroscopy, which uses NMR-active 27Al
nuclei as local probes. Al MAS NMR spectra of the LusAlsO12:Eu and
YbsAlsO12:Eu samples are presended in Fig. 21 and 22, respectively.
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Fig. 21. 2’Al MAS NMR spectra of the LusAlsO12:Eu samples. Asterisks

denote spinning sidebands.
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Fig. 22. 27’Al MAS NMR spectra of the Yb3sAlsO12:Eu samples.
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The signals observed in Fig. 21 at 70 ppm and 48 ppm correspond to Al'Y
environment (four-coordinated Al site, close to Lu). Signals observed at 3 ppm
belong to AIV! environment (six-coordinated Al site close to Lu). At higher
concentrations of europium additional peaks at 110 ppm appear. They are
assigned to AIV! which is close to Eu environments. Intensities of aluminium
signals as a function of Eu®" concentration in the samples are represented in
Fig. 21. Solid lines represent the calculated integral intensities after fitting the
overlapping contour using multiple Voigt profile for the random spatial
distribution of Eu®" ions along the crystal lattice. A simple calculation of
expected aluminium intensities based on probabilities for a normal distribution
shows a very nice agreement with the experimentally detected intensities and
thus reveals that the Eu®* ions are randomly dispersed throughout the crystal
lattice of LUAG:Eu.

2TAl MAS NMR spectra of the YbsAlsO12:Eu a placed in Fig. 22. The
most intensive peak observed at -5 ppm is atributed to Al'Y which close to
ytterbium in lanthanide aluminum garnet lattice. Another not very clear visible
and coverlapped bands at - 44 ppm corespond to AlV'also closed to ytterbium
ion. Eu-AlV!' band at 65 ppm could be observed only at the concentrations of
Eu®* higher than 0.5%. Intensities of aluminium signals as a function of Eu®"*
concentration in the samples increase proportionally with increasing amount of
Eu®". 2?Al MAS NMR spectroscopy data confirm efective doping of Eu ion in
the lanthanide aluminum lattice.

It was not possible to recoord ’Al MAS NMR spectra of ErsAlsO12:Eu
and YbzAlsO2:Eu aluminium garnets because of strong characteristic
paramagnetic properties.

3.2.2. Optical properties

During photoluminescence the emission spectra were measured at room
temperature under 394 nm excitation and excitationn spectra under 590 nm
emission for europium. The excitation and emission spectra of LUAG:Eu
samples are shown in Fig 23. Several peaks in the region of 250-530 nm

corresponding to the 4f—4f transitions within Eu®" 4f% configuration are
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observed in the excitation spectra. The most efficient and intensive line is
located at 394 nm which corespond to the "Fo—°Ls transition. The emission
peaks found at 591 nm, 594 nm, 609 nm, 630 nm, 648-662 nm, 696 nm, 701
nm, 709 nm, 716 nm and 744 nm are in a good agreement with the reported
values of Eu®* emission transitions'®>16%170  The emission spectra are
composed of °Do—'F; lines of Eu®* dominated by the *Do—'F1 (590 nm)
magnetic-dipole transition. In cubic LUAG phase, the Lu®* is coordinated by
eight oxygen ions with D2 point symmetry. However, the exact local
symmetry of doped Eu®* is only a small distortion of D2h point symmetry,
which is centrosymmetrict™. As a result, the luminescent intensity is
concentrated mainly on the *Do—’F1 magnetic dipole transition. The peak at
590 nm has a small full width at half maximum (FWHM) which indicating
high purity and crystallinity of the phosphor particles’?. The spectra also
shows the characteristic emission of Eu®* arising due to °Do— ‘F2 (611 nm)
and °Do — ’F4 (708 nm) transitions®®. The °Do — ’F, band is attributed to the
forced electric-dipole transition allowed only at low symmetries with no
inversion center'’3174 1t is also a hypersensitive transition and found to be very
sensitive to the local structure surrounding the Eu®* ions.

ErsAlsO12 and TmsAlsO12 garnets doped with Eu®* ion do not show any
peaks in the luminescence spectra. Usually, the activator concentration that
governs the distance between the two neighboring activator ions has a great
impact on the emission intensities in a RE ion doped nanocrystalline host
lattice. With increasing the doping concentration of co-activator ions, the
energy transfer from the higher energy level of the donor to the next lower
energy level of the acceptor increases and the cross-relaxation process may
occur between the adjacent dopant ions at higher doping concentrations’>176,
In this case (Er-Al-O, Tm-Al-O) these elements (Eu®**, Er¥*, Tm?®") can be
excited under similar excitation wavelength. So, both energy transfer and the
cross-relaxation processes occurred between Tm3*— Eu’*, and Er¥3*— Eu®*. The
energy transfer process occurred between the Tm3" and Eu®* ions from the

excited D> level of the Tm?3* ions to the excited °D4 level of the Eu®* ions.
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Fig. 23. Excitation (a) and emission (b) spectra of the LuzAlsO12:Eu samples.

The Eu®*" ions were relaxed nonradiatively down to the °D: and Do
metastable states!’®. In a similar way, the excited “Go level of Er®* ions is
closer to the °G; level of the Eu®* ions.Therefore, when excited under similar
excitation wavelength, the Er3* ions have been excited to the *Go level and
these ions transfer some of the excitation energy to the next lower level of the
Eu®* (°Gy) ions. Then, they were relaxed nonradiatively to metastable states of
Er¥*and Eu". Note that if the energy transfer occurred between the metastable

state of Tm3*—Eu?*, the emission intensity of *Do—'F; transitions of Eu®* ions
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is very high, which is enough clarification for the way of energy transfer
identification from Tm3" or Er®* to Eu®* ions. Because of the hypersensitive
nature of the °Do—'F> transition, other interesting features of this process such
as the cross-relaxation due to the resonance energy transfer between the
adjacent dopant ions were observed. The crossrelaxation process stimulated the
guenching of excitation energy and thereby decreased emission intensities of
Tmd3*, Er¥*, and Eu®* in the blue, green, and red regions.The possible cross-
relaxation ways between Tm3*—Eu®*, and Er¥*—Eu®* pairs are:

3H, (Tm3) + "Fo (EU®") — 3Hs (Tm3) + 'Fs (Eu®") (7)

1172 (Er¥) + "Fo (EUPY) — *liap (Er®) + 'F4 (EUY) (8)

In these undesirable cross-relaxation processes, the excitation energy
absorbed by the Tm3* or Er®* ions can be transferred to the ’F; levels of the
nearest Eus+ ions and then dissipated nonradiatively as heat. As a result,
required emission intensities of Tm3*, Er®* and Eu®* emissions are missed.
Therefore, it should be noted that the cross-relaxation process is dominant
rather than the energy transfer process.

Yb3AlsO12:Eu garnets also do not show any absorbtion and emission
peaks in the spectra. There are few cases in the literature about these
luminescent ions (Yb®* and Eu®*) composition and they could explain why the
luminescence wasn’t observed. L. Wang et all*’’ reports that using Yb3* and
Er3* as double sensitizers and 980 nm laser as pump light, unusual radiative
transitions °Hs 7 — "Fo.3, °Ls — Fo, °D3 — 'F23, and °D2 — "Fo123 of Eud*
ions in NaYF4 nanocrystals were observed. °Hs 7, °Ls, and °D23 levels of Eu®*
have been populated Dby two-step energy transfer process of
Yb3* — Er** — Eu®" and become efficient radiative levels in the upconversion
scheme. Y. Wang et al.1”® compared emission of Lag3Y275c2GasO12:Er and
LaosY275c2GasO12:Yb,Er,Eu where presence of Yb®*, Eu®* and La3' ions
enhanced emission doubly in YDb,Er,Eu:LaYSGG. The energy transfer
efficiencies of  Yb**-Er* (ET1) and Er¥*-Eu* (ET2) in
Lao3Y27Sc.Gaz012:Yb,Er,Eu crystal are estimated to be 94.8% and 93.9%,

respectively. These results indicate that the codopant Yb®" and Eu3* ions are
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beneficial. There was published an article by Pandey et al.!”® where cubic
structured Eu®*, Yb®* codoped Y203 phosphors synthesized by low temperature
combustion technique successfully. Where the study of upconversion emission
observed from the synthesized phosphor by 980 nm excitation support the
possibility of cooperative energy transfer from Yb3* to Eu®* ions. In our case in
YbsAlsO12:Eu garnets didn’t appear this transition and the reason could be

quenching of Yb3* form lattice.

3.3. Solvothermal Synthesis and Characterization of Eu®*-doped Holmium
Aluminium Garnet

In this part of dissertation Eu®*-doped holmium aluminium garnet
(HosAlsO12, HOAG) has been synthesized by solvothermal method and
annealed at various temperatures. The XRD patterns of the holmium
aluminium garnet synthesized solvothermally at 220 °C and annealed at

different temperatures are shown in Fig. 24.
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Fig. 24. XRD patterns of solvothermally derived holmium aluminium garnet
powders and calcined at different temperatures. HozAlsO12 PDF [04-001-
9715])

Fig. 24 clearly shows that the product obtained at 220 °C (20 h heating) is

well-crystalized, and all diffraction lines could be attributed to holmium
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aluminium garnet (PDF [04-001-9715]) crystalline phase. Interestingly, the
XRD pattern of the HOAG sample additionally heated at 500 °C for 4 h is
almost identical to that of just synthesized in autoclave specimen. With further
heating of the HOAG at higher temperatures (1000 °C for 10 h and 1200 °C for
4 h) the intensity of the HOAG diffraction peaks increases and the full-width at
half-maximum decreases due to the growth of particles and improved
crystallinity of the samples.

As seen from Fig. 25, solvothermally synthesized HoAG:Eu garnet
samples are also monophasic compounds. Apparently, europium does not
affect the formation of garnet structure up to concentration of 5%. No any new
peaks or/and any shifted peaks could be determined in the XRD patterns of

differently Eu*- doped holmium aluminium garnets.
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Fig. 25. XRD patterns of HOAG samples doped with different amount of
europium ions and synthesized by solvothermal method at 220 °C for 20 h.
HosAlsO12 PDF [04-001-9715])

The particle size and its distribution in HozAlsO12 garnets synthesized at
220 °C and annealed at different temperatures were investigated by dynamic
light scattering (DLS). Fig. 26 shows high influence of annealing temperature

on the particle size of HOAG.
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Fig. 26. Particle size and its distribution of HOAG samples obtained at
different temperatures.

As seen, nanoparticles of HOAG (~100 nm) with narrow particle size
distribution have formed during solvothermal synthesis at 220 °C. The particles
of ~220 nm in size have formed after heating the solvothermally obtained
sample at 500 °C. With increasing the heating temperature till 1000 °C the
largest fraction of HOAG is composed of ~410 nm particles. The largest
particles were determined for the HOAG sample annealed at 1200 °C. Thus, the
particle size of HOAG synthesized using solvothermal method monotonically
increases from 100 nm to 600 nm with increasing annealing temperature. The
particle size distribution becomes also broader with increasing the heating
temperature.

The textural properties of HOAG powders were investigated by SEM,
from which the grain size and typical morphologies were obtained. Scanning
electron micrographs of the HOAG and HoOAG:Eu samples are shown in
Fig. 27. The SEM results are in a good agreement with those obtained by DLS
measurements. The even increase of particle size of HOAG with increasing the
heating temperature is evident. As synthesized at 220 °C HoAG is composed
mainly of well-distributed fine spherical grains (less than 100 nm). The SEM
image of HOAG:Eu sample annealed at 500 °C at first glance looks very

similar, however, the connectivity between grains is less pronounced. The
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HoAG and HoAG:Eu specimens annealed at 1200 °C are obviously composed

of largest and agglomerated spherical particles.

Fig. 27. SEM micrographs of H0OAG synthesized at 220 °C (a),
HoAG:0.25%Eu annealed at 500 °C (b), HOAG annealed at 1200 °C (c) and
HoAG:0.25%Eu annealed at 1200 °C (d).

3.4. Sol-Gel Synthesis and Characterization of Eu*-doped Y3.xNdxAls012
Garnet

In this part of dissertation the YAG samples doped with different amount
of Nd** and YAG:Nd garnets with various doping levels of europium were

synthesized by sol-gel method and investigated.

3.4.1. XRD, FTIR, SEM, NMR and Raman analyses

The XRD patterns of corresponding Y3z xNdxAlsO12, Y2.9Ndo.1AlsO12:Eu
and Y3xNdxAls012:0.5% Eu powders annealed at 1000 °C are shown in
Fig. 28. The XRD results presented in Fig. 28 (a) revealed that neodymium
doped garnet samples obtained at 1000 °C consists of one YAG crystalline
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phase in whole investigated substitutional range. The obtained XRD patterns

are in a good agreement with the reference data for Y3AlsO1. Besides, the

XRD patterns showed that these garnets were the only phase detected in the

end products. The XRD patterns shown in Fig. 28 (b,c) also confirmed the
formation of cubic structure in Y29Ndo.1AlsO12:Eu and Ys3.xNdxAls012:0.5% Eu

garnets, respectively. All XRD patterns match with reference data and do not

show any influence of dopants on the formation of garnet crystalline structure.
The Nd** and Eu®* ions incorporated in the lattice both substitute the Y3*

ions. The small increase in the lattice parameter for the Eu®* doped samples

compared to the undoped one has been attributed to the larger ionic radius of
Eud* (1.095 A) compared to Y** ions (1.053 A)36180,
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Fig. 28. XRD patterns of the Y3Als01:Nd (a), Y3xNdxAls012:0.5% (b),
Y29Ndo1AlIsO12:Eu (c) samples annealed at 1000 °C for 10 h. Vertical lines
represent the standard XRD pattern of YAG. Y3Als012 [PDF 88-2048].
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Moreover, a small decrease should appear in garnet lattice doped with
Nd®* ion (0.980 A)!%, On the other hand, the garnet co-doped with both ions
(Nd®* and Eu®) may not have very different lattice parameter from the
undoped one, because larger and smaller ionic radius are compensated in an
average image that XRD measurement can offer. Comparing with reference
data, our synthesized garnets show almost the same lattice parameters as
standard Y3AlsO1, [PDF 88-2048].

The FTIR spectra Y-AI-O:Nd,Eu precursor gels annealed at 1000 °C for
10 h are shown in Fig. 29. As seen all FTIR spectra are almost identical
showing a high reproducibility of the used sol-gel processing. The observed
M-O vibrations let us conclude that FTIR results are consistent with the

crystallization process observed by XRD measurements.
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Fig. 29. FTIR spectra of the Y3xNdxAlsO12 (a), Y3xNdxAlsO012:0.5%Eu (b)
Y2.9Ndo.1AlIsO12:Eu (c) samples annealed at 1000 °C for 10 h.
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The textural properties of the Y3xNdxAlsO12, Y29Ndo1AIsO12:Eu and
Y3xNdxAlsO1:Eu powders were investigated by SEM. SEM micrographs of
the Y29Ndo1AIlsO12:Eu garnet samples are shown in Fig. 30. The SEM
micrographs show the formation of very homogeneous surface, and individual
particles seem to be nano-sized spherically shaped particles forming hard
agglomerates. The microstructure of YzxNdxAlsO12 (Fig. 31) and
Y3xNdxAlsO1:Eu (Fig. 32) samples is very similar indicating that particle size
and shape are not influenced by lanthanides and their concentration.
Apparently, the particles of all sol-gel derived garnet samples were formed
with pronounced agglomeration, indicating good connectivity between the

grains®®’,

Fig. 30. SEM micrographs of Y29Ndo.1AlsO12:Eu garnets (Eu: 0.1% (a); 0.25%
(b); 0.5% (c); 0.75% (d); 1% (f)).

In non-doped Y3AlsO1, yttrium cations reside in the dodecahedral
interstices formed by the network of corner-sharing AlOs and AlOs
polyhedra®!82183  Since it is expected that Eu®* and Nd** ions will occupy the
same dodecahedral interstices, local environment of these cations could be

inspected by solid-state NMR spectroscopy, which uses NMR-active 2’Al
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nuclei as local probes. Indeed, the resonance frequency of 2’Al nuclei that are
close to the Nd®* substituent ions is shifted to lower values compared to the
resonance frequency of 2’Al nuclei that have only Y3* ions nearby (Fig. 33).
This is a result of a through-bond hyperfine interaction and through-space
anisotropic dipolar interaction between the unpaired Nd3* 4f electronic spins

and the 2’Al nuclear spins'®,

Fig. 31. SEM micrographs of Y3xNdxAlsO12 garnets (0.1 (a); 0.25 (b); 0.35
(c); 0.5 (d); 0.6 (e); 0.7 (f); 0.8 (9)).

A closer look at 2’Al MAS NMR spectra shows that at low concentrations
of Nd®* in the samples, two major 2’Al signals at 68 ppm and 0 ppm can be
observed (Fig. 33 (a), 34-37). The observed signals correspond to four- and
six-coordinated aluminium atoms, respectively. The four-coordinated Al'Y
atoms are surrounded by two yttrium ions at a distance of about 3.0 A, and by

additional four yttrium ions at about 3.7 A. This gives rise to a relatively large
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electric field gradient at the position of Al'Y nuclei and thus to a rather broad
peak. The six-coordinated AIV' atoms reside in a much more symmetrical
environment. They are surrounded by six equidistant yttrium ions at a distance
of 3.35 A, which leads to small value of the electric field gradient. As a result,
the AIV! peak is narrow and well resolved. In addition to the two strong peaks,
two weaker peaks resonating at 43 ppm and -63 ppm can be observed in the
2IAl MAS NMR spectra.

Fig. 32. SEM micrographs of Y3xNdxAls012:0.5%Eu garnets (0.1 (a); 0.25 (b);
0.35 (c); 0.5 (d); 0.6 (¢); 0.7 (f); 0.8 (9))-

The latter two peaks can be assigned respectively to Al'Y and AIV!' atoms with
one neodimium cation in their first cation coordination shells (AI'Y(1Nd) and
AIVI(1INd)). These peaks already confirm the proximity of Al and Nd within
the YAG:Nd,Eu materials. At high Nd®* concentration (e.g. x = 0.8), additional
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peaks appear at -127 ppm and -192 ppm. The paramagnetic shifts are additive
with the number of proximal Nd3* ions, so these peaks can be attributed to the
AIV' nuclei that have two and three Nd3* ions in their first cation coordination
shell, respectively. Their intensities increase with the increasing amount of
neodymium. AI"Y nuclei with two and three neodymium ions nearby are
expected to resonate at 18 ppm and -7 ppm, respectively. This is very close to
the strong peak of AIV! atoms surrounded only by yttrium ions, which is why

the two weak peaks cannot be resolved.
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Fig. 33. (a) Al MAS NMR spectra of the Y3.xNdxAls012:0.5%Eu samples.

The signals at 43 ppm and -63 ppm belong to AI'Y(1INd) and AIV/(1Nd)

environments, i.e. to four- and sixcoordinated Al sites with one Nd3* cation in

o
o
o
N

04 06 08 10

their vicinity. At high neodymium concentrations additional peaks at -127 ppm
and -192 appear ppm. They are assigned to AIV'(2Nd) and AIV'(3Nd)
environments, respectively. Asterisks denote spinning sidebands. (b)
Intensities of different aluminum signals as a function of concentration of Nd
in the samples. Solid lines represent calculated intensities for the random
spatial distribution of Nd3' ions along the crystal lattice. The discrepancy
between the AIV!' data points and the corresponding calculated line is a
consequence of overlapping AIY!, AI'V(2Nd) and AI'V(3Nd) signals; the
calculated sum of all three contributions is presented with a dashed line and

agrees well with the experimental data.
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Fig. 35. 2’ Al NMR spectra of the Y3.xNdxAls012:0.5%Eu samples.

A simple calculation of expected aluminium intensities based on

probabilities for a normal distribution shows a very nice agreement with the

experimentally detected intensities and thus reveales that the Nd3* ions are
randomly dispersed throughout the crystal lattice of YAG:Nd,Eu (Fig. 33 (b)).

2IAl MAS NMR also undoubtedly confirms the successful incorporation of

europium ions into the crystalline lattice of YAG:Nd,Eu. As Eu®* ion has six

unpaired 4f electrons, large paramagnetic shift is expected for the closest 2’Al

nuclei. Indeed, the resonance frequency of AIY' with one europium cation in
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the neighbourhood is shifted to substantially higher values, i.e. to 113 ppm. We
analysed the 2’Al peak intensities of Y29Ndo1Als012:Eu samples, in which the
content of europium varied (Fig. 37). The linear relation between the Al(1Eu)
line intensity and the Eu®' indicates that, as for neodimium, the spatial

distribution of europium ions in these samples is also homogeneous.
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Fig. 36. 2 Al NMR spectra of the Y3.xNdxAls012:1%Eu samples.
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AIVI(1Eu) peaks are better seen in the left inset. The right inset shows the

linear relation between the AIV!(1Eu) peak intensity and the Eu fraction.

3.4.2.

Optical properties

In order to study the doping effect on the luminescence behaviour of the

synthesized samples, photoluminescence studies were also carried out.

Emission spectra were measured at room temperature under 588 nm excitation

for neodymium and under 394 nm excitation for europium. Excitation spectra

were recorded monitoring emission at 1064 nm for neodymium and at 591 nm

for europium. Excitation and emission spectra of Y3AlsO12:Nd garnets are

shown in Fig. 38.
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Excitation spectra consist of 10 sets of lines at around 380, 430, 470, 520,
580, 630, 680, 750, 810, and 880 nm. These lines originate from
intraconfigurational transitions of Nd®*" ions from ground state *lg, to the
excited states, namely, (“Daz + “Dsp + 2lip + 2Lisp + *D7z + 2liap),
(?P12 + Dsi2), (*Gorz + ?Daiz + *Gurz + ?Kisp), (*Griz + Gz + 2Kuar), (*Gsp2 +
2G72), (PH112), (*For2), (*F72 + “S3r2), (*Fs2 + 2Hop), and (*Fsp), respectively.
The NIR emission spectra comprises several peaks located at 850-950 nm and
1050-1125 nm, which arise due to the *Fz2 — *lgi2 and *Fz;; — #1112 transitions
of Nd®*. Peaks near 1340 nm are attributed to the “Fs; — “l13;2 transitions of
Nd3*+ 94165185 Ag seen, the 0.1 mol Nd-doped sample shows the most intensive
luminescence. It is clearly seen that intensity of all peaks increases
proportionally with decreasing the doping level of nedymium.

The similar results are also observed for the Y3xNdxAlsO12:0.5%Eu
samples (see Fig. 39). However, one can also observe a new set of lines in
excitation spectra at around 395 nm. These lines are attributed to the "Fo — °Ls
transition of Eu3* ions. This transition was not observed in samples without
europium. All this leads to a conclusion that Eu®* — Nd3* energy transfer
occurs in samples doped with both ions. Fig. 40 shows excitation and emission
spectra of Y29Ndo.1AlsO12:Eu. As seen, the phosphor can be effectively excited
with 394 nm UV radiation. Excitation was recorded with emission at 591 nm.
The emission peaks found between 550 and 800 nm are in a good agreement
with the reported values of Eu®* emission transitions6>19170, The emission
spectral lines of Eu®* ion are sharp which is due to the screening of 4f orbital
by 5s and 5p orbitals from crystal field of the host lattice. The spectra show the
characteristic emission of Eu®* arising due to °Do— ‘F1 (591 nm), °Do— "F2
(611 nm) and °Do — “F4 (708 nm) transitions®®. As expected for the Eu®* ions a
typical strong red emission was present with the line at 611 nm originated from
the Do — ’F» transition. This band is attributed to the forced electric-dipole
transition allowed only at low symmetries with no inversion center. It is also a
hypersensitive transition and found to be very sensitive to the local structure

surrounding the Eu®* ions.}"317
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Fig. 39. Excitation (a) and emission (b) spectra of Y3.xNdxAls012:0.5%Eu

samples.

Asymmetry ratio defined as (°Do— F2)/(°Do— ’F1) provides a measure
of the degree of distortion of the inversion symmetry of the local Eu3* ions in
the lattice. If the asymmetry ratio value is low, the Eu* tends to localize at a
high symmetry site or centrosymmetric site. In contrast when the ratio
symmetry value is high, the Eu®* tends to localize at a low symmetry site or
non-centrosymmetric site!’418.187  The most intensive Eu* emission is with
1% europium and it decreases with decreasing the doping level of europium.

The intensity of luminescence increases much faster when samples are doped
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with more than 0.5% europium (see Fig. 40). Fig. 41 represents luminescence
of Y3xNdxAls012:0.5%Eu samples having a constant amount of Eu (0.5%) and
different amount of neodymium. Emission spectra were recorded with
excitation at 394 nm and excitation spectra with emission at 591 nm.
Neodymium ion is strongly affected by luminescent ion distribution and as a
result with increasing amount of Nd** the intensity of luminescence decreased,

despite the same level of europium.
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Fig. 40. Excitation (a) and emission (b) spectra of Y29Ndo1AlsO12:Eu samples.

It is well known that energy transfer (ET) process between luminescent

ions can only occur if the energy differences between the ground and excited
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states of sensitizer and activator are equal (resonance condition) and if a
suitable interaction between both systems exists. According to Dieke’s
diagram this resonance condition is satisfied for the °Do — 'F1 (Eu®*) and
o, — (?Gri2 + *Gsi2) (Nd®) transitions (Fig. 42).
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Fig. 41. Excitation (a) and emission (b) spectra of the Y3.xNdxAlsO12:0.5%Eu

samples.

PL spectrum (Fig. 38 and 39) consists of 3 main photoluminescence
bands centered at 875, 1052 and 1324 nm, which are assigned to the
*Fan— *lorz, *liz and “*liz transitions of Nd®*, respectively. Although no

distinct difference in peak position was observed. The enhancement of
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fluorescence intensity in ceramic is due to the incorporation of Nd3* into
crystalline phase with lower phonon energy. Moreover, it was observed that
the intensity of Nd3* emission decreased with increasing of Eu®* concentration
(Fig. 39). Eu®* fluorescence decreased with the increasing of Nd3* content due

to the energy transfer between these ions.
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Fig. 42. Energy level diagram of Nd3*and Eu®* ions showing the ground state
absorption (GSA), the cross-relaxation process (CR) and the energy transfer

(ET) process

The decrease is higher for the peak at 591 nm compared to the one at 611 nm,
due to the overlapping with the strong Nd®* absorption band centered at this
wavelength. Energy transfer between ions could occur between the levels
Eud*: 5Dg and Nd3*: 2Gyp, “Gs or between Eud*: 5Do and Nd3*: “Fsp, 2Hop
(see Fig. 39). The variation of luminescence intensity of the transition centred
at 1061 nm (*Far2 — *l11/2) with Eu®* ion concentration depicted in Fig. 40. The
decrease of this band with the Eu* ion concentration may be attributed to the
cross relaxation process (*Fsz + 'Fo) — (“lisp+ 'Fe) from Nd** to Eu®* ions

(Fig. 42) as already observed., 98-188.189.190
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3.5. Sol-Gel Synthesis and Characterization of Eu3*-doped Y3xSmxAl3012

Garnet

In this part, the YAG samples doped with different amount of Sm** and

YAG:Sm garnets with various doping levels of europium were synthesized by

sol-gel method and investigated.
3.5.1. XRD, FTIR, SEM, NMR and RAMAN analyses

The XRD patterns of Y29Smo1Als012, Y3xSMyxAIls012:0.5%EuU,
Y2.9Smo.1AlsO12:Eu samples are shown in Fig. 43.
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Fig. 43. XRD patterns of the Y29Smo.1AlsO12 (a), Y3xSMxAls012:0.5%Eu (b),
Y29Smo.1AlsO12:Eu (c) samples annealed at 1000 °C for 10 h. Vertical lines
represent the standard XRD pattern of YAG.

The XRD results revealed that samarium and europium co-doped garnet

samples consist of a single YAG crystalline phase in the whole investigated

substitutional range. Comparing with reference data, our synthesized garnets

showed almost the same lattice parameters as standard Y3AlsO:> [PDF 88-
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2048]. The Sm*" and Eu®* ions incorporated in the lattice both substitute the
Y3* ions. The small increase in the lattice parameter for the Eu®* doped
samples compared to the undoped one has been attributed to the larger ionic
radius of Eu®* (1.095 A)*° compared to Y3* ions (1.053 A). Moreover, a small
decrease in the lattice parameter should appear in garnet lattice doped with
Sm®* ion (ionic radius 0.958 A)0191 Therefore, the lattice parameter of
garnets that are co-doped with both ions (Sm*" and Eu®*) perhaps should be
similar for the undoped sample since the average of ionic radius is
compensated by larger and smaller ionic radii of these lanthanides.

The FTIR spectra of the Y29Smo1AlsO1, Y3xSmxAls012:0.5%Eu and

Y2.9Smo.1AlsO12:Eu samples are shown in Fig. 44.
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Fig. 44. FTIR spectra of the Y29Smo1AlsO12 (), Y3-xSMxAls012:0.5%Eu (b)
and Y2.9Smo.1AlsO12:Eu (c) samples.
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As seen, all FTIR spectra are almost identical to previous ones supporting
the results of XRD measurement.

The SEM micrographs of the Y3xSmxAls012, Y2.9Smo.1AlsO12:Eu and Y-
xSMxAls012:1%Eu powders are shown in Fig. 45-47, respectively. Fig. 45
shows the formation of very homogeneous mixed-metal garnets with nano-
sized spherically shaped particles. The microstructures of Y29Smo.1AlsO12:Eu

and Y3xSmxAls012:1%Eu samples again are very similar.

Fig. 45. SEM micrographs of Y3.xSmyxAls012 garnets (Sm: 0.1% (a); 0.15% (b);
0.25% (c); 0.5% (d); 0.75% (e); 1% (f)).

The resonance frequency of 2’Al nuclei that are close to the Sm®*
substituent ions is shifted to higher values compared to the resonance
frequency of 2’Al nuclei that have only Y3* ions nearby. This is a result of a
through-bond hyperfine interaction and through-space anisotropic dipolar
interaction between the unpaired Sm** 4f electronic spins and the 2’Al nuclear
spins'®. At low concentrations of Sm3* in the samples, two major 2’Al signals
at 68 ppm and 0 ppm can be observed (Fig. 48-50). The signals belong to four-

and six-coordinated aluminium atoms surrounded by yttrium, respectively.
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Fig. 46. SEM micrographs of Y29Smo.1AlsO12:Eu garnets (Eu: 0% (a); 0.1%
(b); 0.25% (c); 0.5% (d); 0.75% (e); 1% (f)).

Fig. 47. SEM micrographs of Y3xSmxAls012:0.5%Eu garnets (Sm: 0.1% (a);
0.15% (b); 0.25% (c); 0.5% (d); 0.75% (e); 1% (f)).
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Fig. 48. 2’Al MAS NMR spectra of the Y2.9Smo.1AlsO12:Eu samples.

In addition to the two strong signals (Fig. 48-50), peaks at 88 ppm and 6
ppm can be observed in the 2’Al MAS NMR spectra. The latter two peaks can
be assigned respectively to Al"Y and AIY' atoms with one samarium cation in
their first cation coordination shells (AlI'V(1Sm) and AIV!(1Sm)). These peaks
already confirm the proximity of Al and Sm within the YAG:Sm,Eu materials.
At high samarium concentrations peaks at 88 ppm and 6 ppm increase and
become broader. Asterisks denote spinning sidebands.

In the group of samples with permanent amount of europium ion 0.5%
and different amount of samarium (Fig. 49) we could observe the same
tendency as in those without europium (Fig. 50). Peaks of Al'Y and AIV! with
samarium and yttrium in their vicinities increases with increasing doping
element. Also at high Sm3* concentration (e.g. x=0.8), additional peaks appear
at 19 ppm and 25 ppm. The paramagnetic shifts are additive with the number
of proximal Sm®" ions, and therefore these peaks can be attributed to the AlV!
nuclei that have two and three Sm3* ions in the first cation coordination shell,

respectively; their intensities increased with increasing amount of samarium.
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Fig. 49. 27’Al MAS NMR spectra of the Y3-xSmxAls012:0.5%Eu samples.
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Fig. 50. 2’Al MAS NMR spectra of the Y3.xSmxAlsO12 samples.

Intensities of different aluminium signals as a function of Sm3®
concentration in the samples are represented in Fig. 51. Solid lines represent
the calculated integral intensities after fitting the overlapping contour using

multiple Voigt profile for the random spatial distribution of Sm3* ions along
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the crystal lattice. The discrepancy between the AIV! data points for the
corresponding calculated lines are the consequence of overlapping Al
AIV(Sm), AI'V(2Sm) and AI'V(3Sm) signals. A simple calculation of expected
aluminium intensities based on probabilities for a normal distribution that the
Sm?®* ions are randomly dispersed throughout the crystal lattice of YAG:Sm,Eu
(Fig. 48-52).
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Fig. 51. Integral intensities of different aluminium sites as a function of

concentration of Sm*" in the samples.
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Fig. 52. 3Q MQMAS picture of Y2Smi1Als012 sample, an expansion of a

spectral region from -10 ppm to 20 ppm indicated by an arrow.
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2IAl MAS NMR also undoubtedly confirms the successful incorporation
of europium ions into the crystalline lattice of YAG:Sm,Eu. As Eu®* ion has
six unpaired 4f electrons, large paramagnetic shift is expected for the closest
2TAl nucleit®?. Indeed, the resonance frequency of AIV! with one europium
cation in the neighbourhood is shifted to substantially higher values, i.e. to 112
ppm. We analysed the 2’Al peak intensities of Y29Smo1AlsO12:Eu samples
(Fig. 53), in which the content of europium varied. The linear relation between
the AI(1Eu) line intensity and the Eu®* indicates that, as for samarium, the

spatial distribution of europium ions in these samples is also homogeneous.
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Fig. 53. Raman spectra of the Y3.xSmyAls012 (a), Y3-xSMxAl5012:0.5%Eu (b)

and Y2.9Smo.1AlsO12:Eu (c) samples recorded using 488 nm excitation.

YAG crystallizes in the cubic structure la-3d (OM) with eight formula
units in the primitive cell. For the OMo structure of YAG, group theory predicts
3Alg + 5A29 + 8Eg + 14F1g + 14F29 + 5A1u + 5A2u + 10Eu + 17F1u + 16F2u

Brillouin zone center optic modes. The A1, Eg and Fog modes are Raman-
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active and F1y modes are IR active'®31%4, Therefore, there should be 25 bands in
Raman spectra and 17 in IR spectra for the la-3d structure. The Raman spectra
of Y3.xSmxAlsO12 samples are presented in Fig. 53 (a).

The spectrum of the YAG:Sm sample shows bands at 156, 215, 256, 289,
334, 367, 398, 443, 536, 681, 712, 778, 852 cm™. The bands at 536 and 443
cm™? cannot be assigned to any Raman-active mode of YAG since single
crystal data did not reveal any bands in the 440-530 cm™ range. Therefore, the
broad band at this area is not Raman but an emission band, probably arising
from some Sm3* ions present in the Y3* sites. Other bands observed in Fig. 53
(a) correspond to the most intense Raman bands of bulk YAG, found at 156
(Eq), 215 (F2g), 256 (F2g), 334 (Eg), 367 (A1g), 398 (Eg), 712 (F2g), 778 (A1)
and 852 cm™ (Fz). The bands indicated at 289 and 681 cm™ arise from Sm?*
ions, which replaces Y3* of the Y-O dodecahedron in Sm** doped YAG
crystal, and new Raman peaks will be generated due to the symmetric bending
vibration of the Sm-O bond. However, the intensity of Raman peaks is very
weak due to the low concentration of Sm3* in the garnets!®. According to the
data available from the literature, Raman bands in the range of 700-860 cm
correspond to the vibrations of Al-O in quasi-isolated AlO4 tetrahedra. The Ay
mode at 367 cm™* corresponds to the rotational vibration of the AlO4 and AlOs
units. The Eq bands at 398 and 334 cm™* can also be assigned to vibrations of
both AlO4 and AlOs units whereas the bands below 300 cm™ were assigned to
lattice modes?®1%31% |t is worth mentioning that Raman spectra do not show
any clear bands that could be attributed to non-crystalline phase. There is a
very strong fluorescence background occurring in the Raman spectra when the
excitation wavelength is 488 nm, and it is attributed to the absorption of the
optically active Sm3* ions in this spectral range in YAG:Sm crystal. Generally,
in the sample doped with 0.1 molar part of Sm®" ions, the fluorescence
intensity is larger than the Raman scattering intensity, which will decrease the
intensity of observed Raman peaks'®’. This is the reason why in the spectrum
of sample with 0.1 molar part of Sm®" ions no peaks were observed. The

similar tendency is observed for the sample doped with 0.15% of samarium.
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As a result, according to the Raman spectra, whether the structure and the
composition of the bonded interface are YAG or YAG:Sm could be
determined.

Raman spectra of the Y29Smo1AlsO12:Eu and Y3.xSmxAls012:0.5% Eu
samples (Fig. 53 (b,c)) also show bands typical for YAG. Interestingly, apart
from the bands typical for YAG phase, some other bands appear for these
samples. The spectra of samples containing smallest amount of Eu®* show also
the presence of a very weak band near 676 cm™. Another clear Raman band
appears at 825 cm™ for the samples doped with europium. The absence of any
band near 190 cm™ and bands in the region of 550-660 cm™ (just 607 cm™)
indicates that samples do not contain any h-YAIOs: or a-Al.Os phases.
Regarding YsAl209, most Raman bands are expected to appear close to Raman
bands of YAG. However, the lack of any band near 580-590 cm in the spectra
suggests that the samples do not contain any YsAl>Og impurity. The band near
378 cm™ may indicate the presence of Y203 in the samples and the bands at
355 (just in sample doped with 1% of Eu (Fig. 53 (a)) and 676 cm™ can be
most likely attributed to y-AIOOH*136.1941%8 Qrigin of the 825 cm™ band is
not clear but it appears just in the samples doped with Eu®* ions. Raman bands
become wider and Raman intensity increases, as evidenced by significant
decrease of the signal-to noise ratio and it can be attributed to fluorescence of

the samples doped with higher amount of europium.

3.5.2.0ptical properties

Emission spectra were measured at room temperature under 405.5 nm
excitation for samarium and under 393.5nm excitation for europium.
Excitation spectra were recorded monitoring emission at 617.5 nm and at
709.5 nm for samarium and europium, respectively. Excitation and emission
spectra of Y3Als012:Sm garnets are shown in Fig. 54. Excitation spectra
consist of 12 sets of lines at around 346, 361, 375, 404, 417, 419, 463, 467,

479, 485 and 500 nm. These lines originate from intraconfigurational
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transitions of Sm3* ions from ground state ®Hs, to the excited states, namely,
(*D712), (*D3r2), (°P712), (°P3r2), (®Psi2 + *Muar2), (*lasiz + *Masi2), (*li1r2), (*ler2) and
(*Grr), respectively. The emission spectra comprises several peaks located at
559-576 nm; 592-617 nm; 651-666 nm and 711-732 nm, which arise due to the
4Gs2 — OHs2; *Gsiz — SHii; Gsiz — ®Ho and *Gsz — SHiyp transitions of
Sms3* 43394165198  Ag seen, the 0.1 mol Sm-doped sample shows the most
intensive luminescence. It is clearly seen that intensity of all peaks increases

proportionally with decreasing the doping level of samarium.

Photon energy x10° (cm'1)
40 35 30 25
LELELELEN BB RN B RN B T T T

6 6
a) HSIZ_) P3/2 Xem=617.5 nm

Intensity (arb. units)

T 77—
250 300 350 400 450 500 550 600
Wavelength (nm)

Photon energy x103(cm'1)
16 14

20 18
L e L A B T T T T
4 6
b) G,,~'H,, Aex=405.5 nm
Smg 1
2 — Smgg
£
3
2
[72]
[
8
s
L}

—~——r——7r———7 7
500 550 600 650 700 750 800
Wavelength (nm)

Fig. 54. Excitation (a) and emission (b) spectra of Y3.xSmxAlsO1. samples.
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The similar results are also observed for the Y3xSmxAls012:0.5%Eu
samples (see Fig. 55). However, a new set of lines in excitation spectra at
around 393 and 416 nm was observed. These lines are attributed to the
"Fo — °G2 and "Fo — °D> transition of Eu®* ions. These transitions were not
observed in the samples without europium. In emission spectra new lines
appear at 588 and 596 nm attributable to °Do — ’F1, also at 629 nm attributable
to °Do — F2. The line centred at 709 nm represents one of the strongest Eu®*
emission arising due to °Do — F4 transition. This line is also attributed to Sm3*

transition at *Gs;, — SHop.
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Upon excitation at 405.5 nm, the Sm*" is promoted from the °Hs
ground state to the %P3, excited state, and then it relaxes non-radiatively to the

4Gs/, emitting state, which gives rise to the Sm®* emission (Fig. 55-57).
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Y 2.9Smo.1Als012:0.5%Eu samples.

Due to the small energy mismatch between the samarium “Gs; and
europium °Dy states (404 cm?), the europium °Do state is populated by an
energy transfer process from the samarium “Gs, state, which is responsible of
the Eu®* emission observed in the YAG:Sm;Eu upon Sm3* excitation at 404.5

nm (Fig. 56 and 57). The small energy mismatch is compensated by the release
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of phonons to the lattice®¢199110.111 Fig, 58 shows excitation and emission
spectra of Y29Smo.1AlsO1:Eu. The obtained phosphor can be effectively
excited with 394 nm near-UV radiation. Excitation was recorded with emission

at 591 nm.
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Fig. 57. Energy level diagram of Sm3* and Eu®* ions showing the ground state

absorption (GSA), the cross-relaxation process (CR).

The emission peaks found between 550 and 800 nm in Fig. 58 are in a
good agreement with the reported values of Eu®* emission transitions6>169.170,
The spectra show the characteristic emission of Eu®* arising due to *Do— 'F1
(591 nm), °Do— ‘F2 (611 nm) and °Do— ’F4 (708 nm) transitions®. As
expected for the Eu®* ions a typical strong red emission was present with the
line at 708 nm originated from the Do — F4 transition. The most intensive
Eu®" emission is obtained for the sample with 1% europium and it decreases
with decreasing the doping level of europium. The intensity of luminescence
increases much faster when samples are doped with more than 0.5% europium.

Fig. 59 represents luminescence of Y3xSmxAls012:0.5%Eu samples having
a constant amount of Eu (0.5%) and different amount of samarium. Emission

spectra were recorded with excitation at 394 nm and excitation spectra with
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emission at 591 nm. Samarium ion is strongly affected by luminescent ion

distribution and as a result with increasing amount of Sm3* the intensity of

luminescence decreased, despite the same level of europium.
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Fig. 58. Excitation (a) and emission (b) spectra of Y2.9Smo.1AlsO12:Eu samples.

PL spectra (Fig. 58 and 59) consist of 3 main photoluminescence bands
centred at 590 and 596 nm assigned to the °Do— ’F1; 609 and 631 nm

assigned to °Do — ’F2 transition; ~650 nm - ®Do — "F3 and 694 nm, 708 nm

correspond to °Do — ’F4 transition of Eu®* ion.
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CONCLUSIONS

1. The aqueous sol-gel process was developed to prepare monophasic
ThsAls012:Eu, Dys3AlsO12:Eu, Ho03AlsO12:Eu, ErsAlsO12:Eu, TmsAlsO12:Eu,
YbsAlsO12:Eu, LusAlsO12:Eu, Y3AlsO12:Nd,Eu and Y3AlsO12:Sm,Eu garnet
structure materials at 1000 °C.

2. The individual particles of LnsAlsO12:Eu samples obtained by sol-gel
method were submicro-sized plate-like crystals and they partially fused to form
hard agglomerates, indicating good connectivity between the grains. It was
also observed that agglomeration slightly increased with increasing the doping
level of Eu®*.

3. Monophasic HosAlsO12:Eu was successfully synthesized for the first
time by low temperature solvothermal method at 220 °C. SEM micrographs of
HosAlsO12:Eu®* synthesized by sovothermal method showed that crystallinity
of garnets increased significantly by additional annealing of the specimens at
1000 °C and 1200 °C. The particle size of these samples monotonically
increased from 100 nm (as-synthesized) to about 600 nm (annealed at 1200
°C).

4. The Ho3Als012:0.5%Eu sample showed the most intensive europium
emission at 591 nm in the series of HosAlsO12:Eu®* garnets. The spectra of
Th3AlsO12:Eu, Dy3AlsOw:Eu  and LusAlsOw:Eu garnets showed the
characteristic emission of Eu®* arising due to °Do — 7F1 (591-594 nm), °Do —
"F, (609-611 nm) and °Do — ’F4 (708-709 nm) transitions. For the ErsAlsOay,
YhsAls012:Eu and TmsAlsO12 garnets doped with Eu®*, however, no emission
peaks in the luminescence spectra were observed.

5. Neodymium, samarium and europium substitution effects in Ys.
«LNxAls012:EW®* (Ln — Nd®" and Sm®*) garnets synthesized by sol-gel method
were investigated. The XRD results revealed that neodymium and samarium
doped garnets were single phase materials in whole investigated substitutional
range.

6. The Y3xLnxAls012, Y29LNno1Als012:EU3" and YsxLnxAlsO12:Eud* (Ln —

Nd3* and Sm?*) solids were composed of nano-sized spherical agglomerated
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particles. Particle size and shape were not influenced by nature of lanthanides
and their concentration.

7. 2TAl NMR spectroscopy showed for the first time the structural features
of substituted garnets comparing the dependence of peaks intensity on the
concentration of dopant in YAG:Nd,Eu and YAG:Sm,Eu. The results obtained
revealed that the Nd®* and Sm** ions are randomly dispersed throughout the
crystal lattice of garnets and confirmed the successful incorporation of
europium ions into the crystalline lattice of YAG:Ln,Eu.

8. Emision spectra for YsxNdxAlsO12:Eu®* were obtained monitoring
exitation at 588 nm for neodymium and at 394 nm for europium. The 0.1 mol
Nd-doped sample showed the most intensive luminescence. For the Eu®* ions a
typical strong red emission was detected (611 nm originated from the
Do — 'F transition). The most intensive Eu®* emission was observed for the
sample with 1% europium. Eu®* fluorescence decreased with the increasing
content of Nd** due to the energy transfer between these ions.

9. Emision spectra for Y3zxSmxAlsO12:Eu®* were obtained monitoring
exitation at 405.5 nm for samarium and at 393.5 nm for europium. The 0.1 mol
Sm-doped sample showed the most intensive luminescence. For the Eu®* ions a
typical strong red emission was detected (708 nm originated from the
SDo — F4 transition). The most intensive Eu®* emission was observed for the
sample with 1% europium. Eu®* fluorescence decreased also with the

increasing content of Sm3* due to the energy transfer between these ions.
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