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ABSTRACT

In this work the luminescence properties of Dy**/Eu®* and Th**/Eu®* co-doped oxyfluoride
glasses and glass ceramics are studied. Oxyfluoride glass ceramics containing CaF. or SrF»
nanocrystallites with the size of 10-60 nm are investigated. Rare earth ions in oxyfluoride glass ceramics
are located both in the amorphous glass matrix and in fluoride nanocrystals where they substitute Ca?*
or Sr** jons, and the luminescence and energy transfer of rare earth ions in both of these environment
are studied. Although a large number of studies on rare earth ion activator pairs in glass can be found in
the literature, there are few studies considering oxyfluoride glass ceramics, this work increases the
knowledge in the field.

Glass samples were synthesized by the melt quenching method, and by a successive heating at a
temperature of 650-750 °C glass ceramics were obtained. The samples were studied using differential
thermal analysis, X-ray diffraction, optical spectroscopy, electron paramagnetic resonance methods.

Energy transfer from Dy®* and Th** ions to Eu* ions has been observed in the studied glasses
and glass ceramics. In the CaF, and SrF, nanocrystals containing sample series with Dy** and Eu®* ions,
the most significant contribution to the luminescence signal comes from the rare earth ions in the glassy
environment, and the energy transfer efficiency in glass and glass ceramics is similar. It is concluded
that the luminescence quenching of Dy** ions occurs due to cross-relaxation processes, which become
more pronounced in glass ceramics. In a series of samples containing SrF2 nanocrystallites with Th3*
and Eu®* ions, effective incorporation of rare earth ions into SrF2 nanocrystallites was observed, which
leads to changes in luminescence spectra and color and an increase in energy transfer from Th®* to Eu®*
ions. In all series, Eu?* ions in low concentrations were observed.

The incorporation of rare earth ions into fluoride crystallites and the subsequent changes in the
luminescence spectra can be employed to adjust the color coordinates of luminescence for application
in white light-emitting diodes and other optical devices.
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INTRODUCTION

1.1. Actuality and motivation of the work

Rare earth (RE) ion luminescence has been studied for several decades and is used in lighting
devices, displays, sensors, solid state lasers, etc. One of the current research directions (actuality is
proven by the high citation rate of author’s publications) is materials doped with rare earth ions for use
in white light emitting diodes (WLED). Such diodes most often consist of a phosphor material — yttrium
aluminum garnet activated with cerium (Ce®*") ions — and a LED chip for excitation, or from three
different colored LED chips. Deterioration of the materials can negatively change the characteristics of
the light emitted by the diode. Improvements in the spectral composition are also needed — the YAG:Ce
phosphor does not emit in the red spectral region.

Oxyfluoride glass ceramics, on the other hand, are considered good materials for optical
applications, including white light-emitting diodes, because it combines the good properties of oxide
glasses and fluoride nanocrystallites — the chemical and thermal stability of the oxide matrix and the low
phonon energy inherent to fluorides. In oxyfluoride glass ceramics, RE ions tend to be in the crystalline
fluoride phase, and its low phonon energy allows reducing the probability of non-radiative transitions of
RE ions and increasing the luminescence intensity. Aluminosilicate glass ceramics with CaF. and SrF;
nanocrystallites are relatively easy to synthesize, moreover, the light refraction coefficients of these
crystalline phases and the aluminosilicate matrix are similar, allowing to obtain materials with high
transparency.

Rare earth ions Eu*, Th®" and Dy*" are characterized by intense luminescence bands in the visible
spectral range, and these ions are widely used in industry (will be discussed in the following chapters).
The luminescence the energy transfer of RE ions depending on their concentration in glasses have been
widely studied, but there are relatively few studies on energy transfer in oxyfluoride glass ceramics. The
interaction of rare earth ions in oxyfluoride glass ceramics is affected by many factors: their
concentration, distance between them, environment (glass matrix or nanocrystallites), phonon energy,
sample crystallization properties and nanocrystallite size, etc. In addition, it should be taken into account
that using different excitation wavelengths in co-doped samples it is possible to obtain luminescence of
different colors in the materials. In summary, the luminescence spectra of co-doped glasses and glass-
ceramics can differ.

When considering the development of RE ions co-doped oxyfluoride glass ceramics for
applications in optical devices, it is necessary to understand how the concentration of RE ions and the
heat treatment conditions of the glass ceramics affect their luminescence properties.

This thesis investigates the luminescence properties of oxyfluoride glasses and glass ceramics
doped with rare earth ions to evaluate their potential in white light emitting diodes and other optical
applications. In the research, the main emphasis is placed on the properties of the environment of rare
earth ions and its influence on their luminescence.

1.2. Aim and tasks of work

The aim of the work is to investigate the luminescence properties and environment of rare earth
ions in oxyfluoride glass and glass ceramics containing CaF2 and SrF2 nanocrystallites, and to analyze
the influence of the environment on the energy transfer efficiency between rare earth ions.

The following tasks have been set to achieve the objective:

1. Production of oxyfluoride glass and glass ceramic samples;

2. Characterization of the samples by X-ray diffraction (XRD) and differential thermal analysis

(DTA) methods;

3. Measurements of luminescence excitation and emission spectra of samples, and time-

resolved luminescence measurements;

4. Measurements of luminescence decay kinetics and analysis of energy transfer between RE

ions;

5. Electron paramagnetic resonance (EPR) measurements of Eu?* ions and data analysis;

6. Analysis of the obtained results.
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1.3. Scientific novelty of the work

Energy transfer between rare earth activators has been studied in oxyfluoride glass, but very few
publications are found in the literature on energy transfer in oxyfluoride glass ceramics, where the energy
transfer processes are also affected by the reduction of the distance between rare earth ions and the partial
incorporation of rare earth ions into the crystalline environment (fluoride nanocrystallites) with lower
phonon energy. Energy transfer between Th®" and Eu®* ions in glass ceramics containing CaF2, B-PbF,
NaYFs, SrLaFs nanocrystallites, and in glass ceramics containing SrF2 nanocrystallites obtained with the
sol-gel method has been previously studied in the literature as well as energy transfer from Eu?* to Dy**
ions in glass ceramics containing CaF> nanocrystallites. No studies can be found on the energy transfer
between Dy** and Eu®" ions in glass ceramics containing CaF. and SrF2 nanocrystallites and Th®" and
Eu®*ions in SrF, containing glass ceramics obtained by heating the precursor amorphous glasses. The
thesis contributes to the research of oxyfluoride glass ceramics doped with rare earth ions, which could
be important in the development of these materials for optical applications.

Energy transfer in ion pairs Dy**/Eu®* and Tb3*/Eu®" in oxyfluoride aluminosilicate glass
ceramics containing CaF, or SrF> nanocrystallites was studied for the first time. In addition to the
interaction of rare earth ions through energy transfer, their environment have also been studied using
time-resolved and site-selective spectroscopy.

1.4. Author's contribution

Sample synthesis and all experimental measurements have been performed at the Institute of
Solid State Physics, University of Latvia (ISSP UL). The author of the paper performed sample
synthesis, as well as X-ray diffraction (XRD) measurements, luminescence excitation, emission,
luminescence decay and time-resolved luminescence measurements, as well as data processing and
interpretation, analysis of scientific literature. Electron paramagnetic resonance (EPR) measurements
and analysis of the results were carried out by Andris Antuzevics. Differential thermal analysis (DTA)
measurements were carried out in cooperation with colleagues Andris Antuzevics and Edgars Elsts.

The author of the paper is the first and corresponding author of two scientific publications and
co-author of one scientific publication in cited journals on the subject of the doctoral thesis.

1.5. The structure of the thesis

Chapter 2 of the thesis "Theory and literature review" provides a review of theory and literature
on photoluminescence mechanisms, oxyfluoride glasses and glass ceramics, luminescence of rare earth
ions, crystalline structure of CaF, and SrFz, luminescence of Dy**, Eu®*, Th® ions. Chapter 3 "Research
methodology" provides an insight into the procedure of making samples and the methodology used in
the research. The experimental results are summarized in 3 subdivisions of chapter 4.

4.1. Dy**/Eu® co-doped glasses and glass ceramics containing CaF2 nanocrystallites

4.2. Dy**/Eu®" co-doped glasses and glass ceramics containing SrF. nanocrystallites

4.3. Tb**/Eu®* co-doped glasses and glass ceramics containing SrF2 nanocrystallites

Although the studied series of samples have a similar composition, the aim of the thesis is not to
conduct a direct comparative study between these series.

The final part summarizes conclusions, theses and author's publicity.



2. THEORY AND LITERATURE REVIEW

2.1. Mechanisms of luminescence in solids
2.1.1. Types and mechanisms of luminescence

Luminescence is radiation emitted by a body in addition to thermal radiation, which is
significantly longer than the period of light oscillations [1]. During the process of luminescence,
electrons from an excited state return to the ground state, simultaneously emitting a quantum of
electromagnetic radiation (visible light, UV, IR) whose energy corresponds to the energy difference
between the involved energy levels (excited level and ground state). For luminescence to be possible,
the material must have a discrete spectrum of energy levels. Quantum energy (also — the energy
difference between two energy levels) can be written using the Planck-Einstein equation.

Excitation of electrons from the ground state to a state with higher energy is possible using
various sources of excitation — electromagnetic radiation quanta (called photoluminescence), X-rays (X-
ray fluorescence), electrons (cathodluminescence), a, B, y radiation (radioluminescence), etc. [2,3]. In
this thesis the photoluminescence will be investigated.

In the case of photoluminescence, the excitation of the electron occurs when the substance
absorbs energy in the form of electromagnetic radiation —a quantum of light (or UV, IR radiation). After
absorbing a quantum, the electron returns to the ground state in the form of a radiative or non-radiative
transition. The processes related to luminescence are shown in Figure 2.1. (this type of energy level
diagram with processes shown is called a Jablonski or Perina-Jablonski diagram) [1,4].
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Figure 2.1. Schematic representation of luminescence-related processes in a solid state.

Absorption is a fast radiation process (i.e. a real photon is absorbed) that occurs on a time scale
of 101 s [1,4]. Due to the interaction with phonons (vibrational relaxation) the excited electron gets to
the lowest vibrational level of the excited state (levels are separated by energy Zm), in a time interval of
1012 s, If the vibrational levels of two electronic levels overlap, the electron can return to a lower energy
level in a non-radiative manner [1]. While, as a result of a radiative transition luminescence is observed,
which can be divided according to its duration: the duration of fluorescence is 10° — 107 s, but
phosphorescence — 10* — 10 s or longer.

Luminescence in a material in most cases occurs in places where its ideal structure is disrupted.
One can distinguish between the luminescence of the substance itself and the luminescence of impurities.
The intrinsic luminescence is caused by the intrinsic defects — ion vacancies, interstitial atoms, various
agglomerates of defects. Impurity luminescence is most often introduced by adding activator ions at low
concentrations to obtain desired material properties.
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2.1.2. Luminescence decay and non-radiative transitions

The electron population in the excited state decreases due to both radiative and non-radiative
transitions. The intensity of luminescence (radiation transitions) is proportional to the electron density
in the excited state. The population change in the excited state depending on time is described by the
formula (2.1) [1]:

dN .
qr —(kg + kyg) - N(t) 1)

where N — the number of electrons in an excited state, kr — the probability of radiative transitions (rate
of radiative transitions), knr — the probability of non-radiative transitions (rate of non-radiative
transitions).
The number of electrons in the excited state decays exponentially, with a time constant t, called the
lifetime of the excited state (2.2) [1]:

(2.2)

T ke + kg

Luminescence intensity can also be reduced by multiphonon relaxation —a case when instead of emitting
a photon, a number of phonons are emitted so that the sum of their energy is equal to the energy
difference between the minimum of the excited state and the ground state [1, 2]. The larger number of
phonons is required, the less likely the multiphonon relaxation process will occur. The luminescence
intensity of RE ions can also be reduced by energy transfer processes between them, for example cross-
relaxation, energy migration.

In experimental measurements, luminescence decay (the change in luminescence intensity
proportional to the population of the excited level) can be described using a single exponent or a double
exponent. But if the decay is affected by more than two physical processes, it is common to use the
effective lifetime, which is obtained by integrating the area under the normalized luminescence decay
curve and its product with time (2.3) [8]:

_ J1®tat (2.3)
Tef = Ti@®at

2.1.3. Energy transfer between activators

An excited luminescent center can return to its ground state radiatively or non-radiatively, but it
can also transfer its energy to another luminescent center by exciting it. Such a process is called energy
transfer. Energy transfer involves a luminescence center that gives energy and a luminescence center
that receives energy. The first one is called a sensitizer or donor, the second one is called an activator
or acceptor [3]. The terms donor and acceptor in this context refer to the energy transfer from an excited
to an unexcited luminescent center, they do not refer to the transfer of charges like in semiconductors.

Energy transfer between activators in most cases is a non-radiative process, i.e. no real photon is
emitted or absorbed. In order for energy transfer to happen between the luminescence centers: 1) the
energy difference between the excited state and the ground state in both luminescence centers must be
the same (i.e. the resonance condition must be fulfilled), 2) there must be an interaction between the two
centers. Energy transfer processes were described by scientists Forster and Dexter, therefore the energy
transfer process is often called Férster-Dexter energy transfer or resonant energy transfer.

Energy transfer between activators can occur due to the following types of interaction:
1) multipole (Coulomb) interaction — dipole-dipole, dipole-quadrupole, quadrupole-quadrupole
interaction (the mechanism was described by Forster), or 2) exchange interaction (mechanism described
by Dexter) [6,7].

In the case of multipole interaction, the electrons of the donor and acceptor ions do not change
their belonging to the ions and do not come into contact in space — energy transfer occurs when the
excited donor ion induces the dipole oscillation of the acceptor ion [6]. On the other hand, in the case of
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exchange interaction, electron wave functions (charge distribution) overlap in space, and electron
exchange takes place between donor and acceptor ions [6]. The probability of energy transfer is higher
when the energy transfer has the nature of dipole-dipole or exchange interaction [3]. The energy transfer
efficiency depends on the distance between the activators — in the case of multipole interaction as R™
(n=6,8,10, respectively, in the case of electric dipole-dipole, dipole-quadrupole, quadrupole-
quadrupole), while in the case of exchange interaction it is exponential [3]. The distance between the
donor and acceptor ions, at which the energy transfer from the donor ion to the acceptor ion and the
radiative transition of donor ion to the ground state are equally probable, is defined as the critical
distance Rc [3, 8]. If the real distance between the donor and acceptor ions R > R¢, then the dominant
process is the luminescence of the donor ions, if R < R¢ — energy transfer to the acceptor ion dominates.

In experimental luminescence measurements, the efficiency of energy transfer between ions is
determined by analyzing the kinetics of donor luminescence decay in samples 1) without the presence
of an acceptor and 2) with added acceptor ions (2.4) [9, 10]:

Nep = (1 - 1) (2:4)

To

where 7o — decay time of donor ions without added acceptor ion, = — decay time of donor ions when
acceptor ions are added to the sample.

2.2. Oxyfluoride glasses and glass ceramics
2.2.1. Glasses

Glass is defined as an amorphous solid material, the structure of which does not have long-range
order, and which has a characteristic glass transformation temperature region [11, 12]. Only a material,
that possesses both of the mentioned properties can be called glass — an amorphous material without the
characteristic properties of glass transformation cannot be considered glass. The classic method of
synthesizing a glass is the melt quenching method, where a molten mass of raw materials is rapidly
cooled, obtaining a solid glass.

Glass transformation properties can be presented using the enthalpy (or volume) dependence on
temperature. Let us consider a material, which is initially in a liquid state at a temperature higher than
the melting point Tm. By lowering the temperature of the liquid, the structure of the material adapts to
the temperature at each existing moment of time (i.e. takes a thermodynamic equilibrium state). When
the temperature drops below the melting point, the substance can form a crystalline structure with short-
and long-range order. If the crystallization of the material does not occur, a supercooled liquid is
obtained [11]. As the temperature continue to decrease, the viscosity of the material increases until it
reaches such a high value that the atoms are no longer able to rearrange themselves to adapt to the
equilibrium structure of the liquid [11]. The enthalpy value deviates from the expected equilibrium value
and forms a curved line, until the moment when, due to the high viscosity, the structure is completely
"frozen", and it no longer changes depending on the temperature — then a glass is obtained [11].

In practice, glass transformation parameters are usually described using the glass transition
temperature Tg, which is obtained from experimental differential thermal analysis curves or thermal
analysis curves. Tq depends both on the synthesis conditions of the specific glass and on the analysis
conditions, so it cannot be generalized to a class of materials [11, 13].

Depending on the glass-forming chemical elements, glasses can be divided into several groups:
oxide, halide, chalcogenide, metallic glasses. Oxide glasses are the most widely used. Oxide glass
components, depending on the nature of their chemical bonds with oxygen ions, are divided into the
followings groups: network formers, intermediates, conditional glass formers, modifiers [11, 12]. Bonds
of glass formers and oxygen have about 50% ionic nature, conditional formers — mostly ionic nature,
modifiers — only ionic. Glass formers together with oxides are able to form single-component glasses,
conditional glass formers are able to partially replace glass formers, and modifiers are able to influence
the structure of glasses, instead of independently forming single-component glasses [11].

In this PhD thesis, oxyfluoride aluminosilicate glasses were studied, in which the glass
formers are SiO2 and Al203, but CaO, Na20, ZnF2, CaF, SrF: are added as modifiers.
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2.2.2. Oxyfluoride glass ceramics

Glass-ceramic materials are most often produced by heat treatment method (i.e., isothermally
annealing) of previously synthesized precursor glasses, and as a result nano- or micro-sized particles
with a crystalline structure (i.e. nanocrystallites) are formed in the glass matrix [13, 14]. Schematically,
the glass ceramic structure is shown in Figure 2.2. Formation of crystallites occurs in two steps:
1) formation of crystallization centers (nucleation), 2) growth of crystallites [11, 13]. Crystallization
centers can be homogeneous (formed spontaneously in the liquid) or heterogeneous (formed on the
surface of some defects, for example, on the walls of the crucible) [11].

Most often in technology, multicomponent glasses are used, in which crystallization of several
different phases is possible, which do form in a certain order [13]. In oxyfluoride glass ceramics, the
fluoride crystalline phase is almost always the first to crystallize [13]. In addition to the above-mentioned
crystallization processes, many glasses are characterized by liquid-liquid phase separation (LLPS) —
areas with different composition, different proportions of glass components can form in supercooled
liquids [11, 13, 15]. These areas may be droplet-like, possessing an enhanced nanocrystallite formation.
There is evidence that the formation of fluoride nanocrystallites in oxyfluoride glass ceramics primarily
occurs directly through liquid phase separation [13-15].

Glass Glass ceramics
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Figure 2.2. Schematic representation of glass and glass ceramics, the different environment of
rare earth ions.

It should be mentioned that during melting and heat treatment of oxyfluoride glasses, some
portion of fluorides is released into the air, and in glass ceramics the lack of fluorine atoms in the outer
layer of the samples is observed [13, 14]. Reactions with water vapor, as well as exchange reactions,
lead to fluorine loss [13].

Oxyfluoride glass ceramics is a nanocomposite material consisting of an oxide glass matrix and
fluoride nanocrystallites formed in the matrix. These materials combine the good properties of oxides
and fluorides — the stability of the oxide matrix and the low phonon energy of fluorides [13, 14].

Fluoride crystals have low phonon energy [13, 14, 16]. This property, important for optical
applications, also applies to fluoride nanocrystallites in oxyfluoride glass ceramics. Although the desired
size of crystallites to ensure the transparency of glass ceramics is small (around 10-30 nm), their structure
is crystalline and provides an environment with low phonon energy for the activators introduced into it
[13, 14]. Low phonon energy allows reducing the probability of non-radiative transitions and increasing
the luminescence quantum yield, as well as increasing the luminescence decay time of the activators.
RE ions tend to enter nanocrystallites instead of remaining in the oxide glass phase, however, the
concentration of RE ions in fluoride nanocrystallites is affected by its composition and production
conditions [13, 14, 16]. To preserve transparency, the difference in the refractive index of the crystalline
glass phase should not exceed 0.3 [13].

Optically homogeneous glass ceramics can be obtained if their crystalline phase (its structure) is
isotropic. This rule is fulfilled for crystals with cubic, hexagonal and tetragonal symmetry [13].

12



Therefore, fluorite-type difluorides MF2 (M = Ca, Sr, Ba, Cd, Pb) or solid solutions M1.xRxF2+x (R —rare
earth ions) or LaFs, NaYFs, LiYF4 type nanocrystallites are often chosen for crystallites [13, 14].

Oxyfluoride glass ceramics doped with rare earth ions have been most widely studied for use in
white light sources, diodes and to improve the efficiency of solar cells [13, 16].

In white light emitting diodes (WLEDSs), which are used in light indicators, background lighting,
car lights, lighting, oxyfluoride glass ceramics could offer longevity, stability, constant characteristics
of the emitted light spectrum, and fluoride nanocrystals are able to improve the efficiency of
luminescence [13].

By covering solar panels with transparent, luminescent oxyfluoride glass ceramics, it would be
possible to convert UV and IR radiation coming from the sun into visible light and near infrared radiation
(800-1000 nm), increasing the efficiency of silicon solar cells [13, 16, 17]. The potential applications of
oxyfluoride glass ceramics in the active environment of lasers (including optical fiber lasers), especially
in the IR spectral region, as well as in scintillators, temperature sensors, etc., are also mentioned [16].

In the PhD thesis, glass ceramics were obtained by isothermally annealing the precursor
glasses synthesized by the classic melt quenching method.

In this thesis, series of oxyfluoride aluminosilicate glass and glass ceramic samples
containing CaF2 or SrF2 nanocrystallites were made.

2.2.3. Luminescence of rare earth ions in the crystalline phase of CaF, and SrF>

CaF and SrF; crystals have a fluorite structure, they are isotropic crystals with central symmetry
[18, 19], spatial symmetry group Fm3m [20]. The structure consists of CaFg or SrFs polyhedra, with a
Ca?* or Sr?* ion in the center, surrounded by 8 fluorine ions F-, while the F~ion is in tetrahedral symmetry
(surrounded by 4 Ca?*/Sr?* ions). The fluorite structure of CaF- is shown in Figure 2.3. (the VESTA
program was used for modeling).

CaF is an insulator with a band gap of 7.615 eV [18]. In [19] the following band gap energies
were calculated: 7.45 eV (CaF), 7.12 eV (SrF2) [19]. In the CaF> crystal, the phonon wave number is
around 322.5 cm™ [18], in SrF, around 280 cm™ [21, 22]. CaF, and SrF. are perspective crystals for
applications in optics and infrared lasers, because they have a very wide optical transmittance (0.13-
11 um), including in the vacuum ultraviolet range [18, 21].

The M?* (M = Ca, Sr) ion position occupied by RE ions has cubic symmetry according to the
crystal structure, since the M?* ion is surrounded by 8 fluorine ions equidistant from M?*. However,
when a trivalent RE ion replaces a divalent cation (here, Ca?* or Sr?*) in the fluorite structure, charge
compensation is required due to different valence [18, 23, 24]. If charge compensation occurs in the
close vicinity of the activator (here: Dy**, Eu®*, Th**), then the symmetry of the initial cubic field is
deformed, which, in turn, leads to changes in the luminescence properties of the RE ion [18, 23-35].

Figure 2.3. Crystal structure of CaF..
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The number and proportion of different centers in each combination of crystalline material and
activator is different, because the formation of centers is also influenced by differences in ionic radii
[18, 23, 26]. The three most common RE3" centers in MF- crystals (including crystallites) are: 1) cubic;
2) tetragonal; 3) trigonal.

Cubic RE®" centers (On centers) in MF; crystals are formed when the charge compensation occurs
at a sufficiently large distance from the RE®* ion and does not affect its local environment [23, 25, 27-
30]. Tetragonal RE®* centers (Cav centers) are formed when the charge compensator (F ion) occupies
the closest interstitial position in the [100] direction. The F ion occupies the center of the adjacent empty
cube (8 fluorine ions at the vertices of the cube), where there is no M?* ion [23, 25, 29, 31, 32]. Trigonal
RE®* centers (Csv) centers are formed when the charge compensator (F~ ion) occupies positions of the
closest interstitials in the [111] direction [23, 25, 29, 31]. The literature also mentions RE3*-O?% trigonal
centers when O% replaces the nearest F~ ion [33] and Eu-O dimer centers with two replacing O? ions
[34].

The formation of RE clusters in crystallites can lead to concentration quenching of the
luminescence of RE®* ions and cross-relaxation processes between RE ions [18]. To avoid the formation
of RE ion clusters, one of the optically inactive RE ions (Lu®*, Gd®*, Y®*) can be added to the material
as a second activator — these ions inhibit the formation of optically active RE ion clusters [18].

Eu?* ion luminescence can also be observed in oxyfluoride glass ceramics containing CaF and
SrF, nanocrystallites [35-39]. The reduction of Eu®* ions to Eu?* takes place both when synthesizing
glasses in a reducing atmosphere (H2, CO), and when synthesizing them in air, as well as when
irradiating the glass with femtosecond laser, v, B rays [40]. The reduction is explained by the charge
compensation model or the optical basicity model [35, 41]. The charge compensation model is more
often used considering single crystals, while the optical basicity model is more often used for glassy
materials.

2.3. Photoluminescence of rare earth ions
2.3.1. Rare earth ions and their applications

Rare earth elements include 17 group Il elements: 15 lanthanides (°'La — "*Lu), as well as
scandium (?'Sc) and yttrium (3°Y), due to similar chemical properties. In nature, rare earth elements are
most often found in the trivalent form.

The electronic configuration of lanthanide atoms (except lanthanum, cerium, gadolinium,
lutetium) can be written in the form [Xe]4f"6s? (for trivalent ions — [Xe]4f"1), where [Xe] is the
electronic configuration of xenon atoms (1522s22p®3s23p®3d1%4s24p%4d'95s25p® (n = 1-14) ) [42-44].

The luminescence of RE ions (Eu**, Dy**, Th®") studied in the work is widely used in the
following applications a) Eu®": in fluorescent lamps [45], for temperature detection [46, 47],
electroluminescent equipment [48], anti-counterfeiting elements [45], b) Dy**: military, in the
telecommunications [49-51], phosphorescent paints [38], lasers [18], c) Tbh%": in electroluminescent
devices [43, 49, 52], lamps, trichromatic phosphors [43,52].

2.3.2. Energy levels of rare-earth ions in solid-state materials

For rare earth ions, the number of electrons in the 4f shell is from 0 to 14 — their 4f shell is not
completely filled. The electrons in the unfilled 4f shell are well screened by the electrons of the filled 5s
and 5p shells, as a result, electronic transitions in the 4f shell are little dependent on the surrounding
electric and magnetic fields [45, 53]. The 4f shell has 7 orbitals that electrons can occupy.

In the solid materials, the degeneracy of the 4f shell levels of the activator ion is also affected by
the interaction of the ion with its surroundings. The following types of physical interaction are
distinguished, summarized in Table 2.1. [45].
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Table 2.1. Interactions in a solid.

Interaction Explanation
Coulomb interaction Electrostatic interaction between electrons of the shell (here: 4f shell)
Spin-orbital interaction The interaction between the magnetic moment of the electron spin and

the magnetic field created by the electron's motion around the nucleus

Crystal field effect /| Interaction between 4f electrons and ligand electrons
perturbation
Zeeman effect Splitting of energy levels under the influence of an external magnetic
field

As a result of the Coulomb interaction, in the 4f® configuration (in the 4f shell) terms are formed,
separated by the energy difference about 2-10* cm™. As a result of the spin-orbital interaction, terms
split into energy levels with an energy difference of 102 cm™. Under the influence of the crystal field,
the energy levels can split into 2J+1 components, resulting in crystal field levels or Stark sublevels [45]
with an energy difference of 10 cm™. The number of components (Stark sublevels) and their distance
on the energy scale depends on the crystalline environment of the activator, more precisely, on the
symmetry class of the material (eg, cubic, hexagonal, etc.) [45]. All point groups of the same symmetry
class have the same number of splitting. The symmetry of the crystal field also affects the properties of
allowed and forbidden transitions. As a result of perturbations of the crystal field, some transitions which
are forbidden in spherical symmetry, become partially allowed in case of lower symmetry [45]. Under
the influence of a magnetic field, due to the Zeeman effect, splitting of sublevels with an energy
difference of a few cm™ is possible. The resulting energy levels are called Zeeman sublevels [45, 53].

Two types of electronic transitions are possible for RE ions.

In the case of electric dipole (ED, or induced electric dipole) transitions, the RE ion interacts
with the electric field vector through the electric dipole, the occurrence of which is associated with linear
charge movement. According to Laporte's selection rule, f-f transitions of the electric dipole of RE ions
in the 4f shell should be forbidden because their parity is the same [42, 54]. However, the crystal field
effect and the partial mixing of the electron wave functions of the 4f shell with higher configuration
electron wave functions soften this prohibition and f-f transitions in solids are observed, but their
intensity depends on the symmetry of the crystal field (they are significantly weaker in positions with
inversion symmetry). For induced f-f electric dipole transition to be allowed, the following selection
rules must be fulfilled: |AS|=0; |AL|<6; |AJ|<6 and |AJ|=2,4,6 if J=0 or J'=0 [45].

In magnetic dipole (MD) transitions, the rare-earth ion interacts with the magnetic field
component of the light through the magnetic dipole. For magnetic dipole transitions, the trajectory of
the charge during the transition is curved, it can be viewed as a rotation of the charge during the transition
[45]. MD transitions are characterized by even parity [45]. In order for the transition of the magnetic
dipole to be allowed, the following selection rules must be fulfilled: AS=0; AL=0; AJ=0, £1, but the
00 transition is forbidden [45, 54]. According to Laporte's selection rule, MD f-f transitions are
allowed, but their intensity is about 2 orders of magnitude weaker than the induced ED transitions [54].

2.3.3. Luminescence properties of Eu®* ions

The luminescence of Eu®* ions in the visible spectral range is associated with transitions in the
4f shell (f-f transitions). Eu®* ion has 6 electrons in its 4f shell, its electronic configuration is [Xe]4f®
[42, 45]. According to Hund's laws, the ground state of Eu®* ions is 'Fo [45, 53]. The level scheme of
Eu®* ions is shown in Figure 2.4.a.

The most intense luminescence bands are observed due to transitions from the excited state °Do
to ’F; (J=0-6) states. The *Do—'F; transition is an MD transition, the other transitions to ’F; levels are
ED transitions [45]. The luminescence intensity of Eu* is most intense in the orange-red spectral range.

The most intense luminescence is commonly observed due the transitions °Do—'F1 and °Do—'Fo.
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The intensity of >Do—'F1 as an MD transition (in the 585-600 nm spectral region) is relatively little
dependent on the crystalline environment. In environments with a centrosymmetric crystal structure, the
°Do—F1 transition dominates in the luminescence spectrum [41, 45]. If the splitting of 'F1 into more
than 3 components is observed, it indicates the presence of Eu®* ions in several non-equivalent crystalline
positions [45]. On the other hand, the transition *Do—'F, (610-630 nm) is called a hypersensitive
transition — its intensity is strongly dependent on the crystalline environment [45]. Hypersensitive
transitions obey selection rules: |AS|=0; |AL|<2; |AJ|<2 [45]. Because of its hypersensitivity, this
transition is often used to study how symmetrical the Eu®* position is. High intensity of the *Do—'F>
emission band is associated with low site symmetry [41, 45].
In addition, transitions from levels higher than 5Dy are also observed in the solids: °D1, °Dy, °Ds.
The luminescence bands associated with these levels often overlap with the *Do—'F; bands in the
spectrum. Eu®* ions are widely used as a spectroscopic probe because the ground state ‘Fo and the excited
level °Do are non-degenerate, the emission bands are well separated and they split into a relatively small
number of components in the crystal field.
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Figure 2.4.(a-b). a) Eu®" ion energy level diagram, b) Dy*" ion energy level diagram.

Absorption to excited Eu** levels occurs both from the ground state 'Fo and also from “F1and in
rare case — 'F.. At room temperature, the occupancy of the Fo level is about 65%, 'F1— 35%, and 'F»
<1% [45]. A characteristic feature of Eu®* is a broad absorption band in the UV spectral region — the so-
called charge-transfer band (CT band). It is caused by transferring an electron from one or more adjacent
atoms (in oxyfluoride glass — oxygen ions O%) to the Eu®* ion, which is formally reduced to the Eu?*
ion. This absorption is allowed by the selection rules, so the Eu®* charge transfer bands are very intense
compared to f-f transitions, which are forbidden.

2.3.4. Luminescence properties of Dy3* ions

Dy** ions belong to the group of ions characterized by intense luminescence in the visible
spectral range. The ground state from which electrons are excited is ®His;, Dy** ion has 9 electrons in
its 4f shell, its electronic configuration is [Xe]4f° [42, 53].

Dy** luminescence bands in the visible spectral range are associated with transitions from the
excited state “Fos2 to °H term levels — ®Hgjz, ®Hu11/2, ®Hisrz and ®Hisj2 [51, 55-58]. The characteristic energy
levels and transitions of Eu®* ions are shown in Figure 2.4b. The most intense transition in most
materials is *For2 — ®His/2 (ED transition) and is located in the yellow spectral range (with a peak at 570-
575 nm) [55, 57, 59].

A drawback of Dy3* ions for applications is the cross-relaxation processes characteristic for Dy3*
ions, which take place even at a small concentration of Dy*" ions, reducing the intensity of Dy®*
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luminescence and the quantum yield of Dy** [56, 57, 59]. Possible cross-relaxation paths are shown in
Figure 2.4b [56, 57].

Dy®* ions are characterized by absorption in the near-infrared range (5000-1400 cm?, transitions
allowed by the spin-selection rule) and in the UV-visible spectral range (18,000-30,000 cm™ or 290-500
nm, transitions forbidden by the spin-selection rule). The transition in the infrared region ®Hisz—°F112
(7800 cm® or 1282 nm) is hypersensitive [56, 60].

2.3.5. Luminescence properties of Th®* ions

Th® ions are characterized by intense luminescence in the visible spectral range. The ground state
from which electrons are excited is ‘Fs [53]. Tb®" ion has 8 electrons in its 4f shell, its electronic
configuration is [Xe]4f® [42, 52, 53].

Th ions are characterized by emission transitions in the blue-green-red range due to transitions
°D4—'F;, as well as transitions °Ds—'F; in the UV-blue spectral range [52, 61, 62]. Luminescence and
excitation transitions are shown in Figure 2.5a.

The most intense luminescence transitions in the visible spectral range are °Ds—'F; (J=3-6), the
highest intensity is usually due to °Ds—"Fs, which is in the 540-560 nm range [45, 52, 61-63].

The luminescence intensity of transitions °Ds—’F; is strongly influenced by concentration
quenching associated with cross-relaxation processes between the following energy levels: *D3—°Da
and 'Fe—'Foa1 (see Figure 2.5.a., [6, 52]). Cross-relaxation processes occur already at low Tb**
concentrations, leading to luminescence transitions mainly from the °D4 level [52].
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Figure 2.5.(a-b). a) Energy level diagram of Th®" ions, b) Energy level diagram of Eu" ions.

The luminescence of Th®* ions can be excited by UV radiation (300 — 380 nm), where absorption
occurs from the ground state ’Fe to a large number of nearby excited levels.

2.3.6. Luminescence properties of Eu?* ions

The divalent europium ion (Eu?*) has a different electron configuration compared to the trivalent
RE ions described above. The electronic configuration of the Eu?* ion is [Xe]4f" [43].

The ground state of the 4f configuration is 8S7, [7]. Emission transition 4f85d'—4f,
characteristic of Eu?* ions [7, 43] occurs between different configurations — such transitions are allowed
[61]. Unlike the 4f configuration (shell), the 5d shell is not shielded from external fields, so the energy
of the 4f%5d! configuration levels is strongly affected by the surrounding crystalline field, and the
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luminescence of Eu?* ions can be observed in different spectral ranges depending on its environment
[41].

The energy level scheme of Eu?" is shown in Figure 2.5.b. Broad Eu?" excitation and
luminescence bands are commonly observed [38-41, 61]. The broad luminescence band (i.e. transition)
characteristic of Eu®* ions is denoted by 4f°5d'—3S7,, or 5d-4f for short [61]. The next highest level of
the 4f" configuration (°P712) is located relatively far from the ground state (8S72) — around 30,000 cm
[7], so transitions between these levels are rarely observed.

Absorption of Eu?* ions occurs when the electron is excited from the ground state 8S7,; to 4f°5d*.
However, in some publications, several components (for example, tog and eg) are distinguished in the
absorption bands, which are formed as a result of the crystal field splitting [40].

2.3.7. Literature review on luminescence and energy transfer of Eu®*, Dy%*, Th®* ions in oxyfluoride
glass and glass ceramics

The luminescence properties of Eu®* ions have been extensively studied in glass ceramics
containing CaF2 nanocrystallites obtained by heating the precursor glasses. They have been studied in
oxyfluoride aluminosilicate glass and glass ceramics with matrix composition SiO-Al,03-Ca0O-CaF[30,
46, 59, 64, 65], SiO.-Al.03-CaF> [66, 67], SiO-Al.O3-CaF.-NaF [39] as the only activator, or co-doped
with Tb%*, Dy**, Sm®" ions, have also been studied in other oxyfluoride materials.

When the Eu®* ion enters the CaF crystalline phase, i.e., replace Ca?* ions in a centrosymmetric
structure, its luminescence spectrum should change, as described above in Chapter 2.3.3., — with a
relative increase in the intensity of the MD transition °Do—'F1 in the range of 585 nm — 600 nm, but
with a decrease in the intensity of the ED transition *Do —'F for intensity in the range 610 nm — 630
nm. However, the incorporation of Eu** ions into the CaF, phase occurs with different efficiencies in
different studies. Time-integrated (steady-state) spectral measurements with one excitation wavelength,
at room temperature, are not sufficient to estimate the environment of Eu®* ions. As shown in [30], using
site-selective-spectroscopy and performing measurements at low temperature, it is possible to identify
Eu®* luminescence signals in a cubic environment, as well as in other environments [30], while with a
different excitation wavelength (464 nm) room temperature, there is no sign of Eu®* ions in a crystalline
environment in the luminescence spectrum. In the literature, there are few detailed studies on Eu®*
centers in CaF. nanocrystallites in glass ceramics.

Luminescence properties of Eu?* ions in CaF2-containing glass ceramics were also studied. It has
been shown that Eu?* luminescence in CaF. nanocrystallites is characterized by a broad luminescence
band with a maximum around 425-430 nm and a half-width around 100 nm [36-40, 64, 67, 68].

The luminescence of Dy3* ions was studied in aluminosilicate glass ceramics containing CaF
nanocrystallites with the composition SiO2-Al,03-CaO-CaF> [55, 59, 64, 68-71], as the only activator,
or co-doped with Eu®*, Eu?*, Er®*. In the studied oxyfluoride aluminosilicate glasses and glass ceramics,
the Dy** emission transition in the yellow spectral range *Fo2—°Has/ is the most intense.

The luminescence of Th®* ions has been studied in oxyfluoride aluminosilicate glasses and glass
ceramics [5, 46, 64, 72, 73], as well as in CaFz nanoparticles synthesized by the sol-gel method [74] and
in sol-gel glass ceramics containing CaF2 nanocrystallites [9]. [46] investigated the temperature
dependence of the luminescence of Th®" ions, [72] — changes in the relative intensity of Tb®" bands
depending on temperature.

Luminescence of Eu®*, Eu*, Dy3*, Tb3* ions in SrFz-containing glass ceramics

Eu®* ions have been studied in glass ceramics containing SrF. nanocrystallites with the
composition SiO2-Al203-Na2O SrF2 / SiO2-Al203-NaF-SrF2 [41], SiO2-Al03-NaF-SrF, [39], SiO»-
Al,03-ZnF2-SrF, [75] and in other materials containing SrF2 nanoparticles. When the Eu®* ion replaces
the Sr?* ion in the centrosymmetric lattice of SrF», a change in the relative intensity of the luminescence
bands is expected, as when entering CaF> nanocrystallites. [41, 66, 75] observed a change in the
luminescence spectrum of Eu®* (at room temperature) from glass to glass-ceramic, which indicates the
effective incorporation of Eu®* ions into SrF, nanocrystallites.
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The luminescence of Eu?* ions was studied in [41], where it was observed both in SrF, phase
(maximum around 410 nm) and as a broad band in glass, which could be related to the sum of
contributions from different Eu?* environments (SrF. and glass). The luminescence of Eu?* and its
reduction from Eu®* to Eu?* have been studied in detail [39].

The luminescence of Dy** ions was studied in glass ceramics containing SrF, nanocrystallites
with the composition SiO2-Al,03-CaO-CaF; [69], SiO2-Al2Os-LiF-SrF; [76], telluride bismuth glasses
[77], as well as in transparent SrF> ceramics with nanocrystallite size around 11-13 nm [78]. In
transparent SrF, ceramics, the splitting of Dy** bands is well observed [78].

Th** luminescence has been studied in SiO2-Al,Os-LiF-SrF, glass ceramics [76], SiO2-Al.Os-
NaF-SrF, glass ceramics [79], SiO2-Al20s-ZnF2-SrF> glass ceramics [80], as well as in other materials
containing SrF2 nanoparticles. The crystal-field splitting of Th®" bands in SrF2 has been detected [74, 79,
81].

Energy transfer between Dy** and Eu®* ions in oxyfluoride glass ceramics

There are fewer studies on energy transfer between Dy** and Eu®* ions in oxyfluoride materials
than on the other pair of ions (Tb3*-Eu®*) discussed in the thesis.

The reduction of the decay time of the donor ion Dy** by adding Eu®* ions was examined in TeO;
BaO-Bi20s-SrF, oxyfluoride glass ceramics [80].

In BaF,-containing glass with 0.5 mol% Dy®*" and 0.3 mol% Eu®" ions, the energy transfer
efficiency is 2.95% when excited at 350 nm, and monitoring the 482 nm (Dy**) emission [82]. Energy
transfer between ions in glass ceramics containing CaF, nanocrystallites is discussed in the author's
publication [59]. In glass ceramics containing CaF, nanocrystallites, energy transfer from Eu?* to Dy®*
ions was also studied by excitation with 385 nm [68].

Energy transfer between Th®* and Eu®* ions in oxyfluoride glass ceramics

Energy transfer between Th®" and Eu®* ions has been extensively studied in various materials,
including oxyfluoride glasses and glass ceramics. The luminescence and interaction of both activators
have been studied in the following fluoride phases: CaF2 ([46, 64], including those produced by the sol-
gel method [9, 74]), SrF2 (obtained by the sol-gel method [81]), as well as polycrystalline SrF> [83]), B-
PbF; ([63], obtained by the sol-gel method [84]), cubic and hexagonal NaYF4 [48], SrLaFs ([85]).

The efficiency of energy transfer strongly depends on the concentration of activators, the
crystalline phase of the material, the size of nanocrystallites (nanoparticles) and other parameters.

Glass ceramics containing CaF, nanocrystals with a size of 7-15 nm, activated with 5 mol% Tb**
and 1 mol% Eu®" were obtained by heating calcium aluminosilicate glass at a temperature of 700 °C
[46]. Exciting with 485 nm and monitoring the luminescence of Tb®* ions at 541 nm, energy transfer
efficiency was calculated to be 14%, while in the precursor glass it is lower — 8.7% [46]. In glass
ceramics obtained by the sol-gel method with 1 mol% Thb and Eu, the energy transfer efficiency reaches
45,5 [9].

A comparative study of the luminescence of Th3" and Eu®" ions in the cubic and hexagonal
NaYF4 phases is interesting, where it was concluded that the energy transfer between Th®* and Eu* ions
occurs more efficiently in the cubic phase than in the hexagonal one [63]. For example, in glass ceramics
containing a cubic NaYF4 phase, the energy transfer efficiency from Tb®* (5 mol%) to Eu®* (5 mol%) is
25.6 %, and a hexagonal phase — 17.0 % [63].
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3. RESEARCH METHODOLOGY

3.1. Sample synthesis and general characterization
3.1.1. Synthesis of glass samples

The glasses studied in the work were made at the Institute of Solid State Physics, University of
Latvia, using the melt quenching method [11, 12]. Oxyfluoride glasses doped with rare earth activators
in pairs (Eu®*/Dy*"; Eu*/Th®") were synthesized. The procedure is shown schematically in Figure 3.1.

Commercially available high-purity (> 99.99%) ingredients in powder form were weighed and
mixed in a porcelain pestle, then filled into aluminum oxide (corundum, Al,Oz) crucibles. The total mass
of raw materials was 8 g. The corundum crucibles were then covered with corundum lids to reduce the
loss of fluorides during heating [13]. Covered corundum crucibles were placed in a Carbolite HTF 18/8
furnace and heated in air atmosphere from room temperature to 1450 + 10 °C at a rate of ~30 °C/min
and held at this temperature for 45 min, allowing the raw mass to melt. The molten mass was then rapidly
poured into a stainless steel mold (see Figure 3.1, on the right), and pressed on top with another steel
mold, rapidly cooling the mass. Immediately after pouring, a solid, transparent glass sample forms in
the mold.

« Weighing, mixing and placing the |
raw materials in the crucible

N

 Melting in a furnace at 1450 °C
for 45 minutes

J

» Casting in a stainless steel mold )

 Formation of a solid, transparent
glass sample )

Figure 3.1. on the left: the process of glass synthesis, on the right: pouring the glass into
the mold (photo author: Andris Fedotovs)

Three series of oxyfluoride glasses doped with one or two rare earth elements were synthesized.
In each series of samples, the concentration of one activator (Dy3* or Tb®') is fixed while the
concentration of the other (Eu®") is varied to study the energy transfer efficiency in the samples.

1. Series of samples. CaF2-Dy3*/Eu®*

A series of oxyfluoride glasses with glass matrix composition SiO>—CaF>—Al.03-Ca0O, activated
with Dy** and Eu®* ions. Initial glass composition: 45Si0,—(27-(x+y))CaF2—20Al,03-8CaCO3-xDy,Os-
yEu203, where x=0, 0.5, 1 mol% and y=0, 0.5, 1, 2 mol%. In this work, the samples are named by
indicating the fluorides (here: CaF2) and the concentration of rare earth ions, for example, Ca-Dy05 is a
sample with 0.5 mol% Dy** ions, and Ca-Dy05Eu05 — with 0.5 mol% Dy** and 0.5 mol% Eu®*.

2. Series of samples. SrF2-Dy3*/Eud*

A series of oxyfluoride glasses with the composition SiO,—SrF,—Al,03—Naz0, activated with Dy** and
Eu®* ions. Initial glass composition: 40SiO,—(20-(x+Yy))SrF2—25A1,03-15Na>CO3-XxDy,03-yEu20s,
where x=0, 0.5, 1 mol% and y=0, 0.5, 1, 2 mol%. Example: a sample with 0.5 mol% Dy** and 1.0 mol%
Eu®* ions will be called Sr-Dy05Eul.

3. Series of samples. SrF2-Tb3/Eus*

A series of oxyfluoride glasses with the composition SiO,—SrF,—Al,03-Na;O, activated with Dy** and
Eu®* ions. Initial glass composition: 40Si0—(20-(x+y))SrF2—25Al,03—-15Na,COs-xTbF3-yEuFs, where
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x=0, 0.5, 1 mol% and y=0, 0.5, 1 mol%. Example: a sample with 0.5 mol% Th*" and 1.0 mol% Eu**
ions will be called Sr-TbO5Eul.

3.1.2. Production of glass ceramic samples

Glass ceramics are obtained from the precursor glasses using heat treatment method. The original
precursor glass samples that were described in 3.1.1. chapter, were isothermally heated at 600—800 °C
for 1 hour, placing the glasses in an already heated furnace. Additionally, some samples of the
Sr-Dy**/Eu®* series were heated for 4 hours. The names of the glass ceramic samples are formed by
adding the processing temperature and, in the case of the Sr-Dy**/Eu®* series, also the duration to the
designation of the glass sample, for example, Ca-Dy05Eul@680°C, Sr-Dy05@650°C-4h.

Heat treatment was performed in a narrow tunnel oven created under laboratory conditions,
where the temperature was detected using a thermocouple. The temperature error is estimated to be +
10 °C. The heat treatment temperature was selected based on the DTA (Differential Thermal Analysis)
data.

Thermal treatment of glasses resulted in semi-transparent glass-ceramic samples containing
nano-sized fluoride crystallites. Selected samples of glass and glass ceramics are shown in Figure 3.2.

Figure 3.2. The synthesized samples of glass and glass ceramics:

a) Ca-Dy05Eu05 series (on the left): glass, Ca-Dy05Eu05@680 °C, Ca-Dy0SEu05@750 °C;
b) Sr-Dy05 series (middle): glass, Sr-Dy05@650 °C, Sr-Dy05@650-4h °C, Sr-Dy05@680 °C;

c) Sr-ThO5Eul series (on the right): glass, Sr-Tb05Eul @650 °C, Sr-Tb05Eul @680 °C.

3.1.3. Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) measurements allow determination of the characteristic glass
temperatures: glass transition, crystallization and melting temperatures. DTA measurements were
performed using a Shimadzu thermogravimetric analyzer (detector model DTG-60). A grinded powder
of glass sample, and a reference sample (polycrystalline Al.Os powder) were placed in the machine and
heated from room temperature to 900 °C at a rate of 10 °C/min. During heating, the temperature of the
sample is recorded and a DTA curve is taken, from which it is possible to determine the glass transition,
crystallization and melting temperatures of the sample.

3.1.4. X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis of glass and glass ceramic samples was performed using a
Rigaku MiniFlex powder diffractometer with Cu anode, Cu Ka 0.154 nm radiation in 45 kV, 40 mA
operating mode. (Additionally, the PANalytical X'Pert Pro powder diffractometer was used in the same
operating mode for the samples investigated in the scientific publications.) XRD measurements were
performed on grinded glass and glass ceramic sample powders.

In glass ceramics, diffraction peaks are observed in the diffractogram, which are caused by the
crystalline phase of fluoride nanocrystallites. Crystallite sizes can be estimated using Scherrer's formula
[5, 36]:

k2 (3.2)
~ BcosH
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D — crystallite diameter in vertical direction (hkl), k — form factor (here: k=0.9), A — wavelength
of X-ray radiation, p — half-width of the diffraction peak (in radians), 6 — scattering angle (so-called
Bragg angle) at which diffraction peak is observed (in radians).

Transmission electron microscopy (TEM) images taken for Sr-Eul@670°C of the Sr-Th3/Eu®*
sample series confirm the formation of SrF2 nanocrystallites [41].

3.2. Photoluminescence measurements
3.2.1. Time-integrated luminescence excitation and emission measurements

The luminescence excitation and emission measurements of the samples were performed at room
temperature.

Luminescence excitation and emission measurements were performed using an “Edinburgh
Instruments FLS1000” luminescence spectrometer (model: FLS1000-DD-stm), equipped with a
continuous wave (CW) 450 W xenon lamp (model: Xe2) and a cooled photoelectron multiplier (model:
R928P) for luminescence detection. The photo of the equipment is shown in Figure 3.3.a.

PMT]

spectrometer ns laser

sample mirror

Figure 3.3.(a-b). a) “Edinburgh Instruments FLS1000” spectrometer with labeled components,
b) the nanosecond laser system used in the measurements with a CCD camera for detection.

Excitation spectra were performed in the excitation range of 210-550 nm with a step of 0.5-2 nm,
depending on the luminescence properties of the studied sample, emission spectra— in the range of ~270-
800 nm. Each data point was measured by accumulating data for 0.5-1 s. The obtained spectra are
automatically corrected regarding the sensitivity of the equipment (lamp, detector, diffraction grating)
and power fluctuations of the excitation source.

Part of the measurements (with the equipment shown in Figure 3.3a.) were carried out for
transparent glass and glass-ceramic samples, and a part — for grinded samples in powder form. Grinding
of the samples was necessary in order to be able to correctly compare the intensity of the different
samples. For comparative intensity measurements, grinded sample powders were placed in shallow
stainless steel sample holders with an inner diameter of 9 mm. It should be noted that comparative
measurements for powdered samples do not fully reflect the properties of glass and glass ceramics,
because the powders are not transparent and the luminescence signal is detected only from their surface
and not in the volume. For measurements in comparative intensity, the estimated error is = 10% of the
measured intensity. This error is caused by the position of the sample holder in the spectrometer and
differences in sample loading in the sample holder.

3.2.2. Time-resolved luminescence measurements

Time-resolved luminescence measurements were performed using a nanosecond laser system
consisting of a tunable solid-state pulse laser Expla (model NT342/3UV, pulse length around 4 ns, see
Figure 3.3b —ns laser scheme) with a tunable wavelength (210 nm — 2300 nm range), Andor Technology
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spectrometer (SR-303i-B) and CCD cameras (DH734-18F-A3). The light is directed using mirrors,
lenses, if necessary, directing the luminescence signal from the sample to the spectrometer slit using an
optical fiber. Luminescence spectra were recorded at different time intervals after the end of the laser
pulses, thereby obtaining time-resolved luminescence spectra. The obtained luminescence spectra were
not corrected regarding the spectral sensitivity, this would not provide important additional information
within the scope of the work.

3.2.3. Luminescence quenching measurements

The luminescence decay Kkinetics were measured using a system comprising the aforementioned
nanosecond laser system with additional devices. Measurements were made in two ways: 1) with a
photoelectron multiplier (FED) and a Tektronix TDS 684A oscilloscope; 2) with Andor iStar CCD
camera.

In the first case, the luminescence intensity is detected by the photoelectron multiplier (FED)
(Figure 3.3b), and further, the oscilloscope analyzes the received signals, which are read and stored on
the computer using the LabView interface. In the second case, the luminescence decay kinetics were
obtained using time-resolved measurements similar to that described in section 3.2.2. This method is
applied to measurements of the luminescence decay of Eu?* ions. Luminescence spectra were measured
in many time intervals, moving with a small time step — 50 ns —, respectively, in time intervals 30 ns —
80 ns, 80 ns — 130 ns, etc.

3.3. Electron paramagnetic resonance measurements

To analyze the environment of RE ions, electron paramagnetic resonance (EPR) spectra were
measured for selected samples using two EPR spectrometers: Bruker ELEXSYS-I1 E500 CW-EPR and
RE 13-06.

In the EPR method, the sample is placed in an external magnetic field (between magnets) and
irradiated with microwave radiation at a frequency of 9.83 GHz (Bruker ELEXSYS-11 E500) or 9.07
GHz (RE 13-06). A magnetic field induces Zeeman splitting of the energy levels of paramagnetic
activators, while absorption of microwave radiation quanta induces transitions between Zeeman
sublevels. The absorption of microwave radiation is measured depending on the value of the magnetic
field. By modulating the magnetic field at a small amplitude, the first derivative of the absorption of
microwave radiation is represented in the EPR spectrum. The obtained EPR signals are compared with
the simulations performed within the framework of this work with the EasySpin program [86]. EPR
analysis allows identification of cubic, tetragonal, etc. activator centers [87].

The EPR method can be used to study activators that are paramagnetic, i.e. they have an
uncompensated spin in their outer electron shell. For this reason, it is difficult to study the trivalent RE
ions (Eu®*, Dy®*, Tb%") examined in the work by the EPR method, so only the EPR spectra of Eu?* ions
were examined [86].

3.4. Color coordinates

The color of the emitted light (luminescence) of the samples can be characterized by color (or
photometrical) coordinates. Based on the luminescence spectrum of the material and the spectral
sensitivity of the human eye, the color coordinates show in what color the observer sees the color of the
luminescence. Most often, the color of light is described using the CIE 1931 XYZ color space (CIE -
International Commission on Illumination), which was created in 1931. The color is described. using
two coordinates: x and y [59, 64, 88]. Color matching functions (related to the eye's spectral sensitivity)
are used to find the so-called tristimulus values. In this work, CIE 1931 color coordinates were calculated
using the ColorCalculator program offered by OSRAM SYLVANIA.

In the Figure 3.4. the luminescence of the glass samples of the activators studied in the work with
different excitation wavelengths (ns laser excitation) is shown. The author of the photos is Andris
Fedotovs.
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Figure 3.4. Photographs of luminescence in oxyfluoride glasses: a) Eu®* ions (Aex=320 nm);
b) Eu®* and Eu?* ions (Aex=350 nm); Eu?* ions (hex=350 nm); Tb** and Eu®* ions (Aex=350 nm).
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4. RESULTS

4.1. Dy*/Eu® activated glasses and glass ceramics containing CaF2 nanocrystallites
4.1.1. Differential Thermal Analysis (DTA)
Differential thermal analysis (DTA) method was employed to find out at what temperature

crystallization of the fluoride phase takes place in the studied glass samples. Figure 4.1.a shows the
DTA curve of sample Ca-Dy05Eul and the characteristic phase transition temperatures are indicated.

a) b)
| Ca-Dy05Eul Ca-Dy05@750°C
400+ T, Ca-Dy05@680°C
) Ca-Dy05

300

200 A
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Figure 4.1(a-b). a) DTA curve and characteristic temperatures of sample Ca-Dy05Eul, b) X-ray
diffractograms of samples doped with Dy** ions (0.5 mol%) and diffraction peaks of CaF-.

As can be seen in Figure 4.1a, the glass transition temperature (Tg) of the sample is around
604 °C, but two exothermic peaks are located around 680 °C and 840 °C (Tciand Tc2). Tt is associated
with the formation of the crystalline phase of CaF2 in the sample, while the intensive peak at Tc, is due
to the crystallization of the aluminosilicate phase, which leads to the loss of transparency of the sample
and is not desirable within the scope of this work.

Summary: Based on DTA data, temperatures of 680 °C and 750 °C were chosen for the
production of glass ceramic samples containing CaF2 nanocrystallites.

4.1.2. X-ray Diffraction (XRD)

X-ray diffraction (XRD) measurements were performed on glass and glass-ceramic samples in
order to determine the crystalline structure of the prepared samples and to estimate the approximate sizes
of the crystallites formed in the glass-ceramics. The diffractograms of the sample series Ca-Dy05 and
the corresponding diffraction peaks of the crystalline phase of CaF» are shown in Figure 4.1b. XRD
measurements were performed for all series of samples. X-ray diffractograms confirmed that all studied
glass samples have an amorphous structure, while the diffraction peaks seen in the glass-ceramic samples
correspond to the crystalline phase of CaF> (PDF entry 00-004-0864). The presence of aluminosilicate
phases was not detected in the diffractograms.

Using Scherer's formula (expression (3.2) in Chapter 3.1.4. X-ray diffraction (XRD)), the
dimensions of CaF; crystallites (diameter, nm, + 2 nm) were calculated and summarized in Table 4.1.
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Table 4.1. The calculated CaF» crystallite sizes (diameter, nm, & 2 nm).

680 °C | 750 °C
Ca-Dy05 22 65
Ca-Dy05Eu05 15 50
Ca-Dy05Eul 16 35
Ca-Dy05Eu2 10 29
Ca-Dyl 15 48

Summary: CaF2 nanocrystallites with a diameter of 10-22 nm have formed in the samples
heated at 680 °C, and 29-65 nm at 750 °C, it can be seen that in the samples heated at a higher
temperature, CaF2 nanocrystallites of a larger size have been formed.

4.1.3. Luminescence in glass

In order to find the wavelengths that can best excite the luminescence of Dy** and Eu®* ions in
glass samples, luminescence excitation spectra were measured. In the Figure 4.2. normalized excitation
spectra of glass samples doped with Dy** ions are shown. The spectra were measured not at the peak of
Dy?* luminescence band (575 nm), but at 565 nm to avoid the influence of Eu®* ion luminescence bands.
The visible excitation transitions of Dy** ions and their corresponding excitation wavelengths are shown
in Table 4.2.

Table 4.2. The excitation transitions of Dy** ions (from the ®H1s2 ground state) [58, 59, 82, 89].

Position (nm) Electronic transition
(from ®Hisp)

322 ®Pai2, ‘D712

347 P71

364 *P32, °Psp2

385 132

425 ‘G

453 “l1sr2

470 “Fop

Dy3* ions can be most intensively excited by UV excitation (347 nm — 350 nm, ®His,—°P7p),
and in the visible range with 453 nm (*His—*l1512). 350 nm and 453 nm excitation wavelengths were
selected for further studies.

From the Figure 4.2. it can be seen that the addition of Eu®* ions affects the relative intensity of
the excitation bands of Dy®* ions. The inset shows the comparative intensity of Ca-Dy05 and
Ca-Dy05Eu2 glass samples (i.e., measurements were made on powder samples) in the 340 nm — 400 nm
range: the most pronounced change in excitation occurs for the 350 nm transition (®*Hisz—°P712), where
upon addition of Eu®* ions, the intensity of the Dy*" ion excitation band decreases.
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Normalized PL intensity

Figure 4.2. Normalized luminescence excitation spectra of Dy** ions in
Dy** and Eu®* co-doped glass samples with different Eu®* concentrations

Figure 4.2. In the range of 240 nm — 370 nm, a rise is visible in excitation spectra of Eu**-doped
samples, which is related to the presence and excitation of Eu?* ions in the samples. In the Figure 4.3. a
comparison of the excitation spectra of Dy** and Eu?* ions in normalized form is shown.
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Figure 4.3. Comparison of excitation spectra of Dy** and
Eu?* ions.

Excitation spectra of Eu®" ions and corresponding transitions are shown in Table 4.3 and
Figure 4.4. The most intense Eu®* ion excitation bands are at 393 nm ("Fo—°Ls) and 464 nm ('Fo—°Dy).
In the Figure 4.4. it can be seen that in co-doped samples, excitation bands around 350 nm and
453 nm (marked with *) appear in the Eu®* excitation spectrum, which are not observed in the sample
doped only with Eu®* ions — they correspond to the excitation peaks of Dy*" ions (dashed line in the
Figure 4.4.). The presence of Dy** ion excitation bands in the Eu®* ion excitation spectrum indicates the

energy transfer from Dy®* to Eu®* ions [57, 59].
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Table 4.3. Excitation transitions of

1.4 T
] Ca-Eul (1, =702 nm) Eu®* ions in glass samples [9, 45,
12 Ca-Dy05Eul (A =702 nm) 61, 63, 83].
% Dy* P, [ Ca-Dy0SEul (A =565 nm)
5 1.0 ~Na — -
k= ] it Position | Electronic
= 084 " (hm) transition (from
2 ] D ground  state
5 061 Piaoa "Fo)
E ERVERE 318 *Hs
Zc 0.4 - - J 502 502 5
] 361 D4
376 5G;, °Ly
0.0 1A A . 393 5Le
300 325 350 375 400 425 450 475 500 414 5D,
Wavelength (nm) 464 5D,
: : . - - 525 °D1
Figure 4.4. Normalized luminescence excitation spectra of Eu from TED S
ions in Eu®*-doped and Dy**/Eu®* co-doped glass samples 533 (from 'Fy) °Ds

(Xem:702 nm).

In the Figure 4.5. luminescence spectra of glass samples with 453 nm excitation (exciting Dy®*
ions well) are shown in comparative intensity. For the measurements, the samples were grinded and
filled in shallow samples holders, so that it was possible to compare the luminescence intensity of
different samples. Measurement error — 10% of the intensity.

In all samples, the emission band of Dy** ions with a peak around 575 nm (*Foz— Husp) is the
most intense. Dy** ion luminescence bands at 480 nm (*Fe2—°Has/2) and 660 nm (*Fo2—°Ha11/2) are also
visible. Co-doped samples show luminescence of Eu®* ions with a peak at 612 nm (°Do—'F>). Its relative
intensity to the emission bands of Dy** ions increases in proportion to the added concentration of Eu®*
ions. In the Figure 4.5. it can be seen that the highest luminescence intensity of Dy** ions is observed
in the sample with 0.5 mol% Dy*". In the sample with 1 mol% Dy?*, the luminescence intensity is about
a third lower.

184 A_=453nm Dy"'F,,—'H,, Ca-Dy05
1 Ca-Dy05Eu05
16 hos75 | [| CDY0S Ca-Dy0SEul
14 0 serics Ca-Dy05Eu2
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Figure 4.5. Luminescence spectra of glasses doped with Dy** and Eu®*
ions (Aex=453 nm). In the inset: the maximal luminescence intensity of Dy
ions (Aem=575 nm) depending on the concentration of RE ions.
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The decrease in luminescence intensity in samples with higher Dy** concentration could be
explained by cross-relaxation from the *Fo level between nearby Dy®* ions (see Chapter 2.3.4.
Luminescence properties of Dy3* ions) [56, 57, 59, 82, 89]. As a result of this process, part of the excited
electrons return to the ground state not through a radiative transition, but by non-radiatively relaxation
to a lower energy level. Also, a significant decrease in the luminescence intensity of Dy** ions is seen
when Eu®" ions are added to the samples. The decrease in the luminescence intensity of Dy** ions in co-
doped samples is related to energy transfer from Dy** to Eu®* ions, which will be discussed later [59,
82].

Figure 4.6.a. show normalized luminescence spectra of Eu3* ions in sample Ca-Eul with 393
nm and 464 nm excitation, which effectively excite the luminescence of Eu®* ions. Also, in co-doped
glass samples with this excitation, the luminescence bands of Eu®* ions dominate, but the characteristic
bands of Dy** ions are not observed. The luminescence spectrum of Eu®* ions in glass is dominated by
the emission transition at 612 nm (°Do—'F2), which is an electric dipole (ED) transition and is a
hypersensitive transition [41, 45]. The °Do—'F- transition is dominant in materials without an inversion
center, as expected in amorphous glass samples [41, 45, 75, 90, 91].
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Figure 4.6.(a-b). a) normalized luminescence spectra of sample Ca-Eul with 393 nm and 464 nm
excitation, b) luminescence of glass samples containing europium ions (Aex = 330 nm).

In the Figure 4.6.b. luminescence spectra of samples containing europium ions with 330 nm
excitation are shown. A broad luminescence band in the blue-green spectral range (~350 nm — 580 nm)
with a peak around 420 nm is observed, which corresponds to the luminescence transition of Eu?* ions
4150857, in oxyfluoride glass and partially overlaps with the luminescence bands of Dy3* and Eu®*
ions [35, 36, 38, 41, 64]. 330 nm is the most effective excitation wavelength for Eu?* ions in the studied
oxyfluoride glasses, as can be seen from Figure 4.3.

Summary: In the investigated glass samples containing Dy3*/Eu®* ions, Dy%* ions can be
excited most effectively with ~350 nm and 453 nm, Eu?* ions with 393 nm and 464 nm, and the
excitation spectrum of Eu?* ions with a maximum around 330 nm was observed. Excitation
transitions of Dy3* ions are observed in the excitation spectrum of Eu®* ions, which indicates
energy transfer from Dy3* to Eu®* ions.

In glasses, depending on the excitation wavelength, the most intense is the Dy3* emission

band at 575 nm (*Fe2—®H13/2) or the Eu®* ion emission band at 612 nm (°*Do—’F2, ED transition),
as expected in positions with amorphous environment without an inversion center.
The most intense luminescence of Dy3* ions with 453 nm excitation is observed in the glass sample
with 0.5 mol% Dy?* ions, but it is lower in glass with 1 mol% Dy3* and in Dy3*/Eu®* co-doped glass
samples due to cross-relaxation processes between Dy3* ions and the energy transfer from Dy?* to
Eu®* ions. A luminescence band of Eu®* ions (4f55d'—2S7,2) with a peak around 425 nm was
observed in both Eu®*-doped and Dy3*/Eu®* co-doped glasses, indicating a partial reduction of Eu3*
ions to Eu?* ions during the preparation of a glass.
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4.1.4. Luminescence in glass ceramics

In Figure 4.7.(a-b). normalized excitation spectra of a) Dy*" ions and b) Eu®* ions in glass-
ceramic samples are shown. It can be seen that the relative ratio of excitation band intensities is slightly
different in glass and glass ceramic samples.

In only Dy**-doped glass and glass ceramic samples, Dy** ions can be most effectively excited
by 350 nm radiation (see Figure 4.7a). The inset shows that the intensity of the 350 nm excitation band
in glass ceramics has decreased slightly more than the intensity of other excitation bands compared to
glass. In co-doped samples, a relative decrease in the excitation intensity of Dy** ions in the UV spectral
range (240 nm — 400 nm) was observed, compared to the glass sample.

Figure 4.7b shows Eu®" excitation spectra in co-doped Ca-Dy05Eul sample series. The relative
ratio of the excitation peaks at 394 nm ("Fo—°Ls) and 464 nm ('Fo—°D>) changes slightly from glass to
glass-ceramic samples — the intensity of the excitation band at 464 nm increased relatively in the glass-
ceramic samples. In the spectral range 230 nm — 300 nm, a broad excitation band is observed, which is
related to the Eu-O charge transfer in the samples [45].
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Figure 4.7(a-b). a) normalized luminescence excitation spectra of Dy** ions in glass and glass
ceramics (Aem=565 nm), b) normalized luminescence excitation spectra of Eu** ions inco-doped
Ca-DyOSEul series glass and glass ceramic samples (Aem=612 nm).

In Figure 4.8.(a-b). luminescence spectra of Dy** and Dy**/Eu®" doped samples are shown in
comparative intensity (Aex=453 nm). In the glass-ceramic sample series with Dy** ions (Figure 4.8.a), a
strong decrease in the luminescence intensity of Dy3* ions can be observed, compared to glass. The
decrease in intensity correlates with the increase in the size of CaF2 nanocrystallites (see Table 4.1.) —
the luminescence intensity of Dy** ions is lower in glass-ceramic samples with larger nanocrystallites.
In co-doped samples (see Figure 4.8b), the luminescence intensity of Dy** ions in glass ceramics
decreases slightly, as does the luminescence intensity of Eu®* ions. A similar picture was observed with
350 nm excitation.

The difference in the luminescence intensity of Dy®* ions in Dy**-doped and Dy**/Eu®* co-doped
samples could be explained by the fact that the presence of Eu* ions (in the general case — trivalent RE
ions) inhibits the formation of Dy** ion clusters and thus reduces the efficiency of cross-relaxation
processes between Dy®* ions [18]. In co-doped glass-ceramic samples, Dy** and Eu®* ions compete for
incorporation into CaF, nanocrystallites, and when Eu®* ions replace Ca?* ions, the distance between
neighboring Dy** ions of CaF, will be greater compared to the case if all replacing ions were Dy®*.

Eu®* ion luminescence (612 nm, SDo—’F2) is observed in co-doped samples with 393 nm
excitation, but the luminescence intensity of Dy>" ions is low. The shape of the luminescence spectrum
of Eu®* ions (i.e. the ratio of °Do—'F2 and °Do—'F1 bands) in glass ceramics does not change compared
to glass.
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Figure 4.8(a-b). Luminescence spectra in comparative intensity with a) Dy** ions (0.5 mol%) and
b) Dy** (0.5 mol%) and Eu®* (1 mol%) doped glass ceramic samples; (hex=453 nm).

Summary: In glass ceramics, the relative intensity of the Dy3* and Eu®* ion excitation
bands has slightly changed compared to glasses, indicating a change in the RE ion environment as
a result of heat treatment. Excitation bands of Dy** ions are also observed in the excitation spectra
of Eu* ions in co-doped glasses and glass ceramics, which indicate energy transfer from Dy to
Eus*ions.

In glass ceramics containing CaF2 nanocrystallites, the luminescence intensity of Dy** and
Eu®* ions is slightly decreased compared to the original glasses, but the relative intensity of the
luminescence bands in glass and glass-ceramic is similar. In time-integrated measurements, the
luminescence bands do not show crystal-field splitting, indicating that most of the RE ions are
positioned in the amorphous glass environment rather than in a crystalline environment of CaF:
nanocrystallites.

4.1.5. Time-resolved luminescence spectra

In order to distinguish between the luminescence signals associated with different environments
of RE ions — amorphous or crystalline environment (entering fluoride nanocrystallites) — time-resolved
luminescence spectra were measured using a tunable nanosecond laser with a pulse duration of about 4
ns for excitation. The luminescence decay of RE ions in amorphous glass and fluoride crystallites with
lower phonon energy proceeds at different rates, which allows partial separation of the luminescence
signal coming from the crystalline environment (when the luminescence in the glassy phase is already
quenched). The following time intervals were examined: 1) shortly after the end of excitation pulse
(50 ns — 100 ps); 2) a longer time after that (10-20 ms — 45 ms). In addition, site-selective spectroscopy
is employed — by varying the excitation wavelength, it is possible to obtain the luminescence spectra of
RE ions in different environments.

In Figure 4.9.(a-b). time-resolved and site-selective luminescence spectra of samples annealed
at 750°C are shown: a) time-resolved luminescence spectra of Dy®* ions in sample Ca-Dy05@750°C
(hex=453 nm), b) time-resolved site-selective luminescence spectra of Eu* ions in sample
Ca-Dy05SEul@ 750°C.
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Figure 4.9.(a-b). Normalized a) time-resolved luminescence spectra of Dy®* ions in sample
Ca-Dy05@750°C (Aex= 453 nm), b) time-resolved site-selective luminescence spectra of Eu** ions
in sample Ca-Dy05Eul @750°C.

In Figure 4.9.a. it can be clearly seen that the luminescence spectra of Dy®" ions are different in
different time intervals. In the time interval of 50 ns — 100 us after the laser pulse, the spectrum bands
are smooth and correspond to the luminescence spectrum of Dy** ions in glass [50, 59, 64, 92], but in
10 ms — 45 ms — splitting of the bands is observed. The luminescence spectra of Dy** in the time interval
10 ms — 45 ms show the luminescence of Dy** ions in CaF, nanocrystallites, which is most clearly seen
in the narrow group of luminescence bands in the 650 nm — 680 nm spectral range (*Foz—°Hi112), and it
can be seen that the luminescence bands of Dy** in CaF. nanocrystallites are shifted to longer
wavelengths by 2 — 10 nm compared to glass. The luminescence spectra of Dy3* ions in the time interval
of 10 — 45 ms correspond well to the Dy®* spectra in CaF- single crystal described in the literature [18,
93], moreover [93] mentions that the spectra correspond to Dy** ions in cubic (On) symmetry. In Oh
symmetry, the charge compensation, when the Dy3* ion replaces the Ca®* ion in the CaF, crystal
(nanocrystallite), does not occur in the vicinity of the Dy** ion.

In the site-selective luminescence spectra (Figure 4.9b), the sharp *Do—'F, band at 590 nm
(Aex=525.1 nm) is associated with the Eu®* cubic center (On), a centrosymmetric position is also indicated
by the low intensity of the other luminescence bands [24, 30, 45, 94]. The luminescence spectrum with
excitation at 525.9 nm and a luminesence peak at 592 nm could be related to tetragonal centers (in
CaF,:Eu®* crystals it is mentioned as one of the dominant Eu®* centers) [24, 30] or Eu®* ion clusters,
which have also been studied in CaF [30, 94].

The approximate concentration of Eu®* ions in CaF- crystallites formed in oxyfluoride glass ceramics
has been estimated in [30]. The composition of the glass matrix discussed in the publication [30] almost
coincides with that discussed in the thesis. By combining XRD and EPR methods, it was determined
that in glass ceramics with an added concentration of 1.0 mol% Eu®*, the concentration of Eu®* in the
CaF; crystalline phase is around 2.4 + 0.2 mol%, with added 10.0 mol% — 33.9 + 3.4 mol% [30]. That
is, by adding 10.0 mol% Eu®* ions to the glass sample, about a third of them will have entered the CaF
nanocrystallites in the glass ceramic. However, the samples studied in the thesis are co-doped with Eu®*
and Dy** (or Tb%") ions, there is competition between rare earth ions to enter CaF, nanocrystallites and
the concentration of both ions in CaF, nanocrystallites is difficult to estimate separately. Considering
that integrated luminescence spectra are dominated by broad luminescence bands arising from the glassy
phase, the concentration of RE ions in CaF2 nanocrystallites could be small (below 10 mol %).

Summary: Time-resolved measurements, measured in the time interval from 10 or 20 ms to
45 ms after the laser pulse, confirm the partial incorporation of Dy®* and Eu®* ions into the CaF:
crystallites, since the crystal-field splitting of the luminescence bands and the change of Eu®* bands
*Do—'F1 and °Do—'F2 relative intensity can be observed in the spectra measured in this time
interval. The changes in spectra can be observed because in this time interval the luminescence of
Dy®*and Eu®* ions in the glass environment is almost extinguished. The site-selective Eu®*
luminescence spectra in the mentioned time interval indicate at least 3 different environments of
Eus* ions in the glass ceramic which is observed due to different charge compensation processes.
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4.1.6. Eu?* ion luminescence and electron paramagnetic resonance spectra

The previous chapters discussed the luminescence of Eu?* ions in glass. Since Eu* ions have a
short luminescence decay time (t < 1 us) [10, 39, 85], time-resolved luminescence measurements were
performed, at the time interval 30 ns — 1 us, for comparison also measuring in a longer time interval
(30 ns — 45 ms). Time-resolved luminescence spectra in Ca-Dy05Eul series glass and glass-ceramic
samples with 330 nm excitation are shown in Figure 4.9a. It can be seen that in the time interval of
30 ns — 1 ps only a broad luminescence band of Eu?* ions (4f°5d'—8S7/,) can be observed in both glass
and glass ceramics, while in a longer measurement interval it is relatively weaker compared to the
luminescence bands of Eu** and Dy** ion.

In order to find out in which environment — in the glassy phase or in the nanocrystallites — the
Eu?* ions are located, electron paramagnetic resonance (EPR) measurements were also performed on
the samples. The EPR spectra of the Ca-Dy05Eul series and the Ca-Eul sample are shown in
Figure 4.9b. In the EPR spectra in the magnetic field interval ~95-150 mT, with the exciting microwave
frequency 9.83 GHz, microwave absorption (its first derivative) can be observed. The signal corresponds
to Eu?* ions in the glass [95]. A signal related to Eu®* ions in the crystalline environment was not
detected. It can be concluded that the majority of Eu?* ions are in an amorphous environment, although
a small concentration of them in CaF. nanocrystallites cannot be ruled out. The EPR signal of Eu?* ions
is about an order of magnitude less intense than the signal of Gd** ions when 0.1 mol% of Gd®* ions is
added to the sample. It can be concluded that the concentration of Eu?* ions in the samples studied in
the thesis is very small.
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Figure 4.9.(a-b). a) normalized time-resolved luminescence spectra of the sample
Ca-Dy05SEul @680°C with 330 nm excitation, b) EPR spectra of the Ca-Dy05Eul series and the
Ca-Eul sample compared to the Gd** ion signal in previously studied oxyfluoride glass
ceramics.

Summary: The spectral shape of Eu?* luminescence bands (4f°5d*—2S7,2) in co-doped glass
and glass-ceramic are similar, indicating no significant change of Eu?* environment from glass to
glass-ceramic. The EPR spectra of the Ca-Dy05Eul series confirm the presence of Eu?* ions in the
samples, with a concentration of Eu?* ions < 0.1 mol%, and also indicate that the majority of Eu?*
ions in glass ceramics is situated in the amorphous glass phase and not in CaF2 nanocrystallites.

4.1.7. Luminescence decay kinetics and energy transfer between Dy3* and Eus* ions

In order to study the interaction between RE ions, luminescence decay measurements of Dy%*
ions in glass samples with 453 nm ns laser excitation were performed. Measurements of Dy**
luminescence band “Fe,—®H132 (575 nm) were performed. The obtained decay curves are shown on a
semi-logarithmic scale in Figure 4.11. The effective decay times are shown in Table 4.4.
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As can be seen in Table 4.4, the effective decay time of Dy** ions decreases with the addition of
Eu®*ions. For the samples doped with 0.5 mol% Dy>" ions, the decay time decreases proportionally to
the increasing concentration of Eu* ions, which corresponds to what has been observed in the literature
[59, 82]. Using the effective decay times, the calculated energy transfer efficiency from Dy®* to Eu®*
ions is around 11% for Ca-Dy05Eu05 glass and 23% for Ca-Dy05Eul (see Table 4.4). The energy
transfer efficiency in the Ca-DylEul sample is 8%. Comparing the Ca-Dy05 and Ca-Dy1 glass samples,
a significant decrease in the effective decay time can be seen, which could be related to the cross-
relaxation processes characteristic of Dy** ions [56, 57, 59, 82, 89].

Table 4.4. Calculated Dy** ions effective
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Figure 4.11. Dy** ion luminescence decay Kinetics in
glass samples (Aex=453 nm, Aem=575 nm).

Figure 4.12.(a-b). shows the luminescence decay Kinetics in glass and glass ceramic samples of
Ca-Dy05 and Ca-Dy05Eul series with 453 nm excitation. In Table 4.5. the calculated luminescence
decay times of Dy** ions and energy transfer (Dy**—Eu®*) efficiency are shown.
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Figure 4.12(a-b). Luminescence decay kinetics of sample series Ca-Dy05 and Ca-Dy05Eul.
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Table 4.5. Luminescence decay times in Dy** (0.5 mol %) doped glass and glass
ceramic samples.

Sample  (hex=453 | T (ms) = | Sample  (hx=453 nm, |t (ms) = |n(%)=£l
nm, Aen=575nm) | 0.0l Mms | Aem=575 nm) 0.01 ms

Ca-Dy05 0.74 Ca-Dy05Eul 0.57 23
Ca-Dy05@680°C 0.71 Ca-Dy05Eul @680°C 0.60 16
Ca-Dy05@750°C 0.61 Ca-Dy05Eul@750°C 0.62 -

Table 4.5. shows that in samples of the Ca-Dy05Eul series, the luminescence decay time in
glass-ceramics increases slightly, however, overall, the decay curves are very similar (Figure 4.12(a-b)).
On the other hand, the speeding up of luminescence decay can be observed in Ca-Dy05 series glass-
ceramic samples. This could be related to the previously discussed cross-relaxation processes of Dy**
ions. The energy transfer efficiency in glass ceramics Ca-Dy05Eul @680°C slightly decreases compared
to glasses, which could indicate that Dy®* cross-relaxation processes are dominant, or that Dy** and Eu®*
ions are not close to each other in the crystallites, and also, it should be taken into account that the
increase in the luminescence decay time can also be caused by the incorporation of RE ions into the
environment with lower phonon energy (i.e. in fluoride nanocrystallites).

The luminescence decay kinetics of Eu?* ions in a series of Ca-Dy05Eul samples were also
recorded. The following decay times of Eu?* ions were obtained: Ca-Dy05Eul — 409 ns,
Ca-Dy05Eul@680°C — 453 ns (measurement error = 20 ns). The increase in the decay time of Eu?* ions
in glass ceramics could be explained by the partial incorporation of Eu?* ions into fluoride
nanocrystallites.

Summary: The slowest luminescence decay of Dy3* ions (emission transition Fo2—%H1312)
and the longest effective decay time is observed in the glass sample with 0.5 mol% Dy?3* (Ca-Dy05,
0.74 ms). By adding Eu®* ions, the decay time of Dy3* ions decreases to 0.57 ms, due to non-
radiative energy transfer to Eu®* ions. The energy transfer efficiency in Ca-Dy05Eul glass reaches
23%.

The luminescence decay time of Dy3* ions in glass ceramics containing only Dy?®* ions is
shortened compared to the precursor glasses, but in co-doped glass ceramics it increases slightly.
The shortening of the decay time in Dy3* ion singly-doped glass ceramics is associated with more
efficient cross-relaxation processes. The energy transfer efficiency in glass-ceramics decreases
slightly compared to glass, which could be related to efficient cross-relaxation processes of Dy3*
ions as ell, which can interfere with energy transfer to Eu®* ions. The decay time of Eu?* in glass
ceramics increases compared to glass, which could be explained by the partial entry of Eu?*ions
into fluoride nanocrystallites with lower phonon energy.

4.1.8. Color coordinates of samples

CIE color coordinates of samples doped with Dy**/Eu" ions are shown in Figure 4.13. and in
Table 4.6.
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Table 4.6. The CIE colour coordinates of the
data points shown in Figure 4.13.

Sample Sample Excitation
number name wavelength (nm)
1 Ca-Dy05 453
2 Ca- 453
Dy05Eu05
3 Ca-DyO5Eul | 453
4 Ca-Dy05 350
5 Ca- 350
Dy05Eu05
6 Ca-DyO5Eul | 350

0.6 0.7
CIE1931

Figure 4.13. CIE 1931 color coordinates of
samples doped with Dy**/Eu®* ions.

Summary: By varying the concentration ratio of Dy**and Eu3* ions in glasses, it is possible
to vary the CIE color coordinates. With UV excitation, it is possible to obtain light close to white

light in co-doped glass samples. Using the blue LED chip as an excitation source, white light would
also be obtained with 453 nm excitation.

4.2. Dy**/Eu®* co-doped glasses and glass ceramics containing SrF, nanocrystallites
y peag g g y

4.2.1. Differential Thermal Analysis (DTA)

The DTA curve of the sample Sr-Dy05Eul is shown in Figure 4.14.a.
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Figure 4.14.(a-b). a) DTA curve of sample Sr-Dy05Eul, b) X-ray diffractograms of a series of
Sr-Dy05 samples and diffraction peaks of the SrF crystalline phase.

The glass transition temperature (Tg) is around 542 °C, but three exothermic peaks are located
around 622 °C, 766 °C, 819 °C (Te1, Te2, Tea). Teu is related to the formation of the SrF crystalline phase
in the sample, while the sharp peaks Tc. and Tcz are due to the crystallization of the aluminosilicate
phase, which is not desirable.
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Summary: Based on DTA data, temperatures of 650 °C and 680 °C were chosen for the
production of glass ceramic samples containing SrF2 nanocrystallites.

4.2.2. X-ray diffraction (XRD)

The diffractograms of the sample series Sr-Dy05 and the diffraction peaks of the SrF crystalline
phase are shown in Figure 4.14b. Using Scherer's formula, the sizes of SrF, nanocrystallites were
calculated for selected samples, which are summarized in Table 4.7.

Table 4.7. Calculated SrF; crystallite sizes (+ 2 nm).

650°C-1h | 650°C-4h | 680°C-1h
Sr-Dy05 21 28 37
Sr-Dy05Eu05 18 28
Sr-Dyl 18
Sr-DylEul 22

Summary: SrF2 nanocrystallites with a diameter of 18-21 nm formed in the samples
annealed at 650 °C for 1 hour, 22-28 nm in the one annealed at 650 °C for 4 hours, and 28-37 nm
at 680 °C, hence, when heated at a higher temperature or for a longer time (4 hours), SrF2
nanocrystallites of a slightly larger size were formed.

4.2.3. Luminescence in glass

The excitation spectra of Dy3* ions in glass samples are shown in Figure 4.15(a-b). As in the
Ca-Dy*"/Eu" sample series, also in this case the Dy®" ion excitation spectra were taken for 565 nm
emission to avoid the influence of Eu®* ions luminescence bands. Figure 4.15b shows the excitation
spectra of Eu®* ions.
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Figure 4.15(a-b). a) excitation spectra of Dy*" ions in glass samples (Aem=565 nm), b) excitation
spectra of Eu®* ions in Eu**-doped sample Sr-Eul and co-doped sample Sr-Dy05Eul (Aem=612 nm).

The excitation spectra of Dy** ions in singly-doped and co-doped samples are almost the same —
no excitation band of Eu?* ions is observed, as it was in Ca-Dy**/Eu®" series glasses (Figure 4.3). The
excitation spectrum of Eu®* ions (Figure 4.15b) is similar to the spectrum in the sample series
Ca-Dy*"/Eu®", the most intense excitation with 393 nm ("Fo—°Ls) and 464 nm ("Fo—°D,). Also in this
case additional excitation bands around 350 nm and 453 nm appear in co-doped samples, indicating
energy transfer from Dy®* to Eu®" ions [59].

In Figure 4.16. luminescence spectra of glass samples in comparative intensity are shown. It can
be seen that in singly-doped samples with 0.5 mol% and 1 mol% of Dy®* ions, the luminescence intensity
of Dy** ions is very similar.
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Figure 4.16. Luminescence spectra of glasses doped with Dy** and
Eu®* ions (Aex=453 nm). In the inset: the maximal intensity of Dy®* ions
(Aem=575 nm) depending on the concentration of RE ions.

When Eu®* ions are added, the luminescence intensity of Dy3* ions decreases, which indicates
energy transfer from Dy** to Eu®* ions [59, 82]. A similar picture was observed with 350 nm excitation.

The luminescence spectra of Eu®* ions with 393 nm and 464 nm excitation are similar to Eu®*
spectra in Ca-Dy**/Eu®* series glasses (see Figure 4.6a) — the most intense is the hypersensitive ED
transition of Eu**ions (°Do —'F2) at 612 nm, as it is expected in the environment without an inversion
center [41, 90, 45, 75, 91].

With 330 nm excitation, a low-intensity Eu?* luminescence band 4f%5d'—8S, was observed, but
its relative intensity compared to Eu®* ions is much lower than in the Ca Dy**/Eu®* series (Figure 4.6b),
where the Eu?* ions luminescence intensity with 330 nm excitation reached or even exceeded the
luminescence intensity of Eu®* ions at 612 nm (°Do —'F2).

Summary: In the investigated glass samples containing Dy**/Eu®* ions, Dy** ions can be
excited most efficiently with ~350 nm and 453 nm, Eu3* ions —with 393 nm and 464 nm. Excitation
transitions of Dy3* ions are observed in the excitation spectrum of Eu®* ions, which indicates
energy transfer from Dy3* to Eu®* ions.

In glasses, depending on the excitation wavelength, the most intense is the Dy** emission
band with a peak at 575 nm (*Fo;2—%H1312) or the Eu®* ion band at 612 nm (°*Do—'F2, ED transition)
as expected in positions with amorphous environment without an inversion center. In samples
doped with 0.5 mol% and 1.0 mol% Dy?3* ions, with 453 nm excitation, the luminescence intensity
of Dy®* ions is similar, but in Dy3*/Eu3* co-doped samples, it decreases due to energy transfer from
Dy3* to Eu®* ions. A broad luminescence band of Eu?* ions (4f55d'—8S7,2) with a maximum around
435 nm was observed in the glasses.

4.2.4. Luminescence in glass ceramics

The normalized excitation spectra of Dy** ions in the original precursor glass and glass-ceramic
are very similar and therefore not shown. Dy** ion excitation peaks around 350 nm and 453 nm are also
visible in the excitation spectrum of Eu®* ions in the co-doped glass ceramic samples, which indicates
energy transfer from Dy3* to Eu®* ions [59, 82]. Also, it can be seen that the relative intensity of Eu®*
excitation bands at 393 nm ("Fo—°Ls) and 464 nm ("Fo—°D,) in the samples is different, this indicates
a different environment of Eu®* ions in the studied samples. In all samples of the Sr-Dy05Eul series, an
Eu-O charge transfer band is also observed in the UV spectral part, indicating Eu®* and O bonds.
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Figure 4.17.(a-b) shows the luminescence spectra of glasses and glass ceramics with a) 0.5 Dy**
ions and b) Dy**/Eu®* ions with 453 nm excitation in comparative intensity.

In glass ceramic samples doped with 0.5 mol% Dy*" ions (Figure 4.17a), the luminescence
intensity of Dy®* ions has significantly decreased. The inset of Figure 4.17a shows the dependence of
Dy** ion intensity (575 nm, *Fe2—%H1312) on heat treatment temperature and duration with 453 nm and
350 nm excitation. The decrease in the luminescence intensity of Dy®* ions in glass ceramics correlates
with the diameter of SrF, nanocrystallites (see Table 4.7) — as it increases, the luminescence intensity
decreases. With 350 nm excitation, the luminescence intensity in glass ceramics decreased slightly more
than with 453 nm excitation. There is no crystal-field splitting of the luminescence bands observed in
the spectra.

Also, in the sample Sr-Dy1@650°C-1h (Figure 4.17.b), the luminescence intensity of Dy** ions
decreased compared to glass. In the co-doped sample Sr-Dy1Eul@650°C-4h, the luminescence intensity
of Dy*" ions decreased only slightly compared to glass, this indicates that Eu®* ions, entering SrF,
nanocrystallites, inhibit the formation of Dy** clusters and increase the average distance between Dy**
ions, preventing effective cross-relaxation processes between Dy** ions [18].

It was observed that in the sample series Sr-Dy05Eul, the relative ratio of luminescence bands
of Dy*" and Eu®" ions in glass and glass ceramics is different — in glass ceramics, the intensity of Eu®*
ion luminescence decreased more strongly than the luminescence of Dy3* ions. This is partly explained
by the reduction from Eu®* to Eu?* ions during the thermal treatment [35, 36, 40, 64], which can reduce
the number of Eu®* ions in the samples and, subsequently, also their contribution to luminescence.
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Figure 4.17. Luminescence spectra in comparative intensity in glass ceramic samples doped
with a) Dy** ions (0.5 mol%) and b) Dy3* (0.5 mol%) and Eu* (1 mol%); (Aex=453 nm).

In the luminescence spectra of Eu®* ions in the sample series Sr-Dy05Eul with 393 nm excitation,
there is no change in the *Do—F1 (592 nm) and *Do—'F» (612 nm) band ratio, so there was no effective
incorporation of Eu®* ions into the SrF2 nanocrystallites in the centrosymmetric Sr?* position (in that
position the °*Do—'F1 luminescence transition would dominate) [41, 90, 45, 75, 91]. A shoulder around
690 nm can be observed in the >Do—'F4 luminescence band, indicating a slight crystal-field splitting.

Summary: The excitation spectra of Dy3* ions in glass and glass-ceramic samples are similar
indicating a similar local environment of Dy3* ions in these samples. The ratio of Eu®* ion
excitation bands ‘Fo—°Ls and Fo—°Dz in the studied glass-ceramics of different compositions is
different, which indicates different environments of Eu®* ions in the samples. Excitation bands of
Dy?®* ions are also observed in the excitation spectra of Eu®* ions in co-doped glasses and glass
ceramics indicating energy transfer from Dy3* to Eus* ions.

In Dy3*-doped glass ceramics containing SrF2, Dy** ion luminescence intensity has
decreased compared to the precursor glasses, indicating effective cross-relaxation processes
between Dy3* ions. In co-doped glass and glass-ceramic samples, the relative ratio of the
luminescence bands of Dy®* and Eu®* ions is different from each other, this could be partly
explained by the reduction of Eu®*to Eu?* ions under the influence of heat treatment of the initial
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glasses. In time-integrated measurements, no crystal-field splitting of the luminescence bands was
observed, therefore, most of the RE ions are located in the amorphous glass environment rather
than in the SrF2 nanocrystallites.

4.2.5. Time-resolved luminescence spectra

In the sample Sr-Dy05@680°C, in the time-resolved luminescence spectra (Aex=453 nm),
measured in the time interval 10 ms - 45 ms after the exciting laser pulse, the crystal-field splitting of
the luminescence bands of Dy** ions was observed, and the spectral positions are similar to those in
Ca-Dy*"/Eu®" series (see Figure 4.9a), however, the splitting is less pronounced in the studied samples
of Sr-Dy**/Eu* series. This could be related to a different size of fluoride crystallites - it was larger (68
nm) in Ca-Dy05S@750°C than here (37 nm). A smaller proportion of Dy*" ions can enter fluoride
nanocrystallites of smaller size.

Figure 4.18.(a-b). shows the site-selective time-resolved luminescence spectra of Eu* ions with
different excitation wavelengths, measured in the time interval 20 ms — 45 ms after the laser pulse. The
co-doped glass ceramic sample Sr-Dy05Eul @680°C-1h (Figure 4.18.a) shows a similar picture as in
the previous series of samples (Figure 4.9.b) — there are several different luminescence spectra of Eu®*
ions, however, with 524.7 nm excitation (in the middle) the *Do—'F1 transition at 590 nm is not as
intense as it was in Figure 4.9b, so the distribution of centres is slightly different.
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Figure 4.18.(a-b). Time-resolved luminescence spectra of Eu®* ions in glass ceramic samples in the
time interval 20 ms — 45 ms with several excitation wavelengths: a) Sr-Dy05Eul@680°C, b)
Sr-Eul @680°C.

In the singly-doped glass-ceramic sample with Eu®* ions (Figure 4.18b), Eu®* center of one type
dominates with all used excitation wavelengths, the most intense band of which is °Do—'F», but the
band is significantly wider than in the case of cubic centers. A pronounced splitting of the °Do—"F4 band
into two components peaking at 689.5 nm and 699 nm is observed (in glass, the peak was at 702 nm, see
Figure 4.16). Such Eu®" spectra in SrF2 have also been observed in other studies [75, 81, 96], but were
not identified in these publications.

Summary: Time-resolved luminescence measurements, measured in the time interval from
10 or 20 ms to 45 ms after the laser pulse, confirm the partial incorporation of Dy®* ions into SrF
nanocrystallites, as the crystal-field splitting of the Dy3* luminescence bands is observed. The site-
selective luminescence spectra of Eu®* in the 20 ms to 45 ms time interval indicate at least 3
different positions of Eu®* ions in Eu®*-doped and Dy3*/Eu* co-doped glass ceramics which is
observed due to different charge compensation processes.
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4.2.6. Luminescence of Eu?* ions

In glass, the luminescence of Eu?* ions with 330 nm excitation, when measuring time-integrated
spectra with each data point accumulated for 0.5 s, was very weak. However, when performing time-
resolved measurements in the time interval 50 ns — 1 ps, a broad Eu?* ion luminescence band
4150857, can be observed in both glass and glass ceramics (Figure 4.19(a-b)). In glass ceramics,
the relative luminescence intensity of Eu®* ions compared to Eu** luminescence has increased, this
indicates the reduction of europium ions during the production of glass ceramics. Figure 4.19(a-b) also
shows that in glass ceramics the luminescence band of Eu?* ions is shifted to shorter wavelengths
compared to glass, this is especially evident when looking at the Eu?* band in one short time interval
(530 ns — 580 ns; Figure 4.19b).

A similar picture was observed in samples activated only with europium ions: the peak of the
luminescence band of Eu?* ions in glass ceramics shifted by 20 nm to shorter wavelengths compared to
glass (in glass - ~450 nm, in glass ceramics ~430 nm).

The shift of the Eu?* bands, as well as the increase in their relative intensity, indicates changes
in the valence and environment of the ions during the thermal treatment of glasses (i.e. glass-ceramic
production). In the studies of glass and glass-ceramics of similar composition [41], using the EPR
method, it was concluded that in glass-ceramics most of the Eu* ions have entered SrF2 nanocrystallites,
while the EPR signal of Eu?" ions was not detected in glass samples. EPR measurements were also
performed on selected samples of the studied series Sr-Dy**/Eu®*, but no clearly distinguishable EPR
signal of Eu?* ions was detected in the glass or in the fluoride phase, most likely because the
concentration of Eu?* ions was too low.
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Figure 4.19.(a-b). Normalized time-resolved luminescence spectra of a Sr-Dy0O5Eul sample
series with 330 nm excitation in the time intervals a) 50 ns — 1 ps and 50 ns — 45 ms, and b)
550 ns — 580 ns.

Summary: With 330 nm excitation, an increase in the relative intensity of Eu?* ion
luminescence (4f55d'—8S7,2) is observed in glass-ceramic samples, compared to the precursor
glasses, and the band in glass-ceramics is shifted to shorter wavelengths. This indicates a partial
reduction of Eu®* ions to Eu?* ions under the influence of heat treatment of the initial glasses and
a change in the environment of Eu?* ions in glass ceramics, when part of Eu?* ions enter SrF:

nanocrystallites.

4.2.7. Luminescence decay kinetics in glass and glass ceramic samples and energy transfer between

Dy%* and Eu®* ions

The luminescence decay curves of glass samples doped with Dy®** ions for the transition
*For2—®Ha3/2 (575 nm) are shown in Figure 4.20.a. The decay curves have a non-exponential character,
especially in samples with a higher concentration of Dy*" ions (1 mol% Dy*"). The calculated effective
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luminescence decay times are shown in Table 4.8. As in the Ca-Dy**/Eu®* sample series, here as well,
by adding Eu®* ions, the decay times of Dy®* ions decrease. The energy transfer efficiency is calculated
to be 10.5-28.9%, in the sample with 1 mol% Dy** and Eu®* ions — 9.6%.

The luminescence decay Kinetics in glass and glass ceramic samples are shown in
Figure 4.20(a-b). The calculated decay times and energy transfer efficiency are summarized in
Table 4.9.
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Figure 4.20.(a-b). Luminescence decay kinetics of Dy** ions (Aex=453 nm, Aem=575 nm) in a) glass
samples, b) glass and glass ceramics (Sr-D1 and Sr-Dy1Eul series samples).
Table 4.8. Calculated Dy** ion decay times and energy transfer (Dy**—Eu®*) efficiency.

Sample  (hex=453 | T (ms) = | (%) £ 1
nm, Aem=575nm) | 0.01 ms

Sr-Dy05 0.76 -
Sr-Dy05Eu05 0.68 11
Sr-Dy05Eul 0.62 19
Sr-Dy05Eu2 0.54 29
Sr-Dy1 0.52 -
Sr-DylEul 0.47 10

Table 4.9. Calculated effective luminescence decay times (t) and energy transfer efficiency (n) in
glass and glass-ceramic samples.

Sample (Aex=453 nm, | T (ms) + | Sample  (Ax=453 nm, | T (ms) £0.01 | n (%) £1
Aem=575 nNm) 0.01ms | 2em=575 nm) ms

Sr-Dy05 0.76 Sr-Dy05Eu05 0.68 11
Sr-Dy05@650°C-1h 0.80 Sr-Dy05Eu05@650°C-1h 0.73 9
Sr-Dy05@650°C-4h 0.81 Sr-Dy05SEu05@650°C-4h 0.77 5
Sr-Dy05@680°C-1h 0.81 Sr-Dy05Eu05@680°C-1h 0.75 7

Sr-Dyl 0.52 Sr-DylEul 0.47 10
Sr-Dyl@650°C-4h 0.70 Sr-Dyl1Eul @650°C-4h 0.59 16

From Table 4.9. it can be seen that in the glass ceramic doped with 0.5 mol% Dy?®* ions, the
luminescence decay is a little slower than in the precursor glasses. The heat treatment temperature did
not affect the luminescence decay time of Dy** ions. More evident changes are observed in the sample
with 1 mol% Dyl — the luminescence decay has become significantly slower (from 0.53 to 0.70 ms) in
the glass ceramic, annealed for 4 hours. In Sr-Dy05Eu05 glass ceramics, the energy transfer efficiency
has slightly decreased compared to glass, while in Sr-Dy1Eul@650°C-4h — has increased.
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Eu?* luminescence decay times in glass and glass-ceramics vary in the range of about 350-650 ns,
in glass-ceramics they become longer, this could be related to the incorporation of Eu?* ions into SrF,
nanocrystallites — an environment with lower phonon energy. Since the concentration of Eu* ions in the
samples is small, no pronounced concentration quenching processes between Eu?* ions are expected.

The luminescence decay times of Eu?* ions are shown in Table 4.10.

Table 4.10. Calculated effective decay times of Eu®* ions.

Sample (Aex=330 | T (ns) + 40 ns Sample  (Ax=330 nm, | T (ns)+20ns
nm, Aem=425 nm) Aem=425 nm)

Sr-Eul 488 Sr-Dy05Eul 367

Sr-Eul @680°C 626 Sr-Dy05Eul@680°C 418

Summary: The slowest luminescence decay of Dy3* ions and the longest effective decay time
is observed in the glass sample with 0.5 mol% Dy3* (Sr-Dy05, 0.76 ms). When adding Eu®* ions,
the decay time of Dy?* ions decreases to 0.54 ms (Sr-Dy05Eu2), due to energy transfer to Eu®* ions.
The energy transfer efficiency in Sr-Dy0O5Eu2 glass reaches 29%. Dy** ion singly-doped glass
ceramics exhibit slower luminescence decay than the precursur glasses which could be due to the
partial entry of Dy®* ions into SrF2 nanocrystallites while not forming clusters that would
effectively quench the luminescence of Dy3* ions. In Sr-DyO5Eu05 glass ceramics, the energy
transfer efficiency has slightly decreased compared to glass, while in Sr-Dyl1Eul@650°C-4h has
increased indicating a decrease in the average distances between Dy3* and Eu®* ions in this glass
ceramic sample. Eu?* luminescence decay times in glass and glass-ceramics vary in the range of
about 350 -650 ns, they become greater in glass-ceramics which could be explained by the partial
entry of Eu?* ions into fluoride nanocrystallites possessing lower phonon energy.

4.2.8. Color coordinates of samples

CIE color coordinates of luminescence of samples doped with Dy**/Eu®* ions are shown in
Figure 4.21. and in Table 4.11. It can be seen that when a higher concentration of Eu®* ions are added,
with 484 nm excitation, the CIE color coordinates of the samples shift to the red part, but in co-doped
glass ceramics with UV excitation, the blue spectral component also appears (primarily, due to the
luminescence of Eu?* ions, as well as the relative decrease of Eu®* ions luminescence intensity in glass
ceramics versus the intensity of Dy** ions), shifting the CIE color coordinates towards the white light
(white light — coordinates (0.33, 0.33)).

Table 4.11. The CIE colour coordinates of the
data points shown in Figure 4.21.

Sample | Sample name Excitation
number wavelength
(nm)

1 Sr-Dy05 453

2 Sr-Dy05Eu05 453

3 Sr-Dy05Eul 453

4 Sr- 350
Dy05Eu05@650°C-
4h

5 Sr- 350

Dy05Eul @650°C-
4h

Figure 4.21. CIE 1931 color coordinates of
samples doped with Dy**/Eu®* ions.
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Summary: By varying the ratio of Dy3* and Eu?* ions in the glasses and the heat treatment
conditions of the glasses, it is possible to change the CIE color coordinates of the luminescence of
the samples, bringing them closer to white light. Color adjustment is achieved by the relative
increase in the luminescence of Eu?* ions and the decrease in the relative intensity of the
luminescence of Eu®* ions in the red part of the spectrum in glass-ceramics compared to the initial
glasses.

4.3. Th*/Eu®* doped glasses and glass ceramics containing SrF, nanocrystallites

4.3.1. Differential Thermal Analysis (DTA)

Figure 4.22.a. shows the DTA curve for a glass sample with 1 mol% Eu®* ions (Sr-Eul).
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Figure 4.22.(a-b). a) DTA curve and characteristic temperatures of sample Sr-Eul, b)
diffractograms of samples doped with Tb** ions (0.5 mol%) and diffraction peaks of the SrF,

crystalline phase.

The exothermic peak at 595 = 5 °C is related to the formation of SrF2 nanocrystallites in the material. At
temperatures above 700 °C, the formation of crystalline structures of aluminosilicates is observed.
Summary: Based on DTA data, temperatures of 650 °C and 680 °C were chosen for the production
of glass ceramic samples.

4.3.2. X-ray diffraction measurements (XRD)

XRD measurements were performed on all studied samples. The diffractograms of the Sr-Tb05
series of samples are shown in Figure 4.22b. Using Scherer's formula, the size (diameter) of fluoride
crystallites in glass-ceramic samples was estimated. The calculated crystallite sizes (£ 2 nm) are
summarized in Table 4.12.

Table 4.12. Calculated SrF crystallite sizes (+ 2 nm).

glass 650 °C | 680 °C
Sr-Th05 17 27
Sr-TbO5Eu05 * 29 36
Sr-Th05Eul * 22 26
Sr-Tbl 24 36
Sr-TblEul 15 26
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In some glass samples doped with Th3" and Eu®* ions (Sr-Tb05Eu05 and Sr-Th05Eul, marked
with *), the presence of small-sized SrF> nanocrystallites can already be observed. In the Sr-Tb05Eul
sample, their presence is insignificant, because they are very small in size, but in the SrTbO5Eu05
sample, slightly larger fluoride nanocrystallites have formed, however, their size is too small to make
correct crystallite size calculations using Scherrer's formula. The formation of small-sized crystallites in
the glass could be explained by the peculiarities of the composition and the sample preparation and
pouring process.

Summary: SrFz2 nanocrystallites with a diameter of 15-29 nm were formed in the samples
annealed at 650 °C, and 26-36 nm in diameter annealed at 680 °C. Small-sized SrF2
nanocrystallites were observed in some glass samples.

4.3.3. Luminescence in glass

Excitation spectra of Th3" ions were measured for the luminescence band at 542 nm, which
corresponds to the luminescence transition °Ds—'Fs. Normalized excitation spectra are shown in
Figure 4.23. The corresponding excitation transitions are shown in Table 4.13.
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Figure 4.23. Normalized luminescence excitation spectra
of Tb*" ions in Th*" and Th*"/Eu* doped glass samples
(Aem=542 nm).

From Figure 4.23. it can be seen that the relative intensity of the excitation bands changes
slightly depending on the concentration of activators added to the sample, however, the changes are not
significant and can partly be explained by the measurement background. The excitation spectrum of Th**
ions (Figure 4.23) shows several excitation transitions in the 300-380 nm range, as well as transitions
in the blue spectral region at 484 nm ("Fe—°Da). Although the most intense is the excitation transition
"Fe—°Ds at 377 nm, however, taking into account the arrangement of energy levels of Tb®* and Eu®*
(will be discussed below) and the technical properties of the nanosecond laser used in the research, the
excitation wavelengths 350 nm and 484 nm were chosen for the excitation of Tb%* ions for further
studies, respectively, from the ground state ’Fe to the excited states °Ls, °Ga, °L7, °Lo and °Da [62].

The excitation spectra of Eu®* ions in glass are very similar to the previously discussed Eu®*
excitation spectra in Figures 4.4, 4.7b, 4.15b. — excitation transition 'Fo—°Ls (393 nm) dominates.

In glasses containing Th®* ions, with 350 nm excitation (Figure 4.24), in the 480 nm — 650 nm
spectral range, the shape of the luminescence spectra of Th3" ions in samples with 0.5 mol% and 1 mol%
Tb*" ions is almost the same (the most intense transition °Ds—'Fs, 542 nm), but in the UV and blue
spectral range (360 nm — 480 nm) in the sample with a higher Tb*" ion concentration (1 mol%), the
relative intensity of the luminescence bands °Ds—'Fs 456 is lower than in the sample with lower Tb%*
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ion concentration (0.5 mol%). The decrease in the intensity of the °Ds—’F; luminescence bands is due
to the cross-relaxation processes between the energy levels °D3—°D4 and ’Fg—"Fo .1, which occur already
at a relatively low concentration of Tb*" ions (see Chapter 2.3.5. Luminescence properties of Tb**ions)

[6, 52].
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Figure 4.24. Normalized luminescence spectra of Tb**
ions in glass samples singly-doped with Tb®* ions

()\.ex =350 nm).

In the Figure 4.25. the luminescence spectra of Tb®* and Eu®* ions are shown in comparative
intensity (in the inset: the maximal intensity of Th®" ions (Aem=542 nm) depending on the concentration
of added Eu®* ions). The maximal intensity of Th®" ions is observed in the sample with 1 mol% Tb%*,
the luminescence intensity in the sample with 0.5 mol% Tb®* is about 50% lower. Upon addition of Eu®*
ions, the maximal intensity of Th®" ions decreases. The decrease in the luminescence intensity of Th%*
ions by adding the Eu®* ions is due to energy transfer from Tb** to Eu®* ions [9, 10, 90].
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Figure 4.25. Luminescence spectra of glass samples (Aex=484 nm) in
comparative intensity. In the inset: the maximal luminescence intensity of Tb%*
ions (Aem=542 nm) depending on the added concentration of Eu* ions (0-1

mol%).

The luminescence spectra of Eu®* ions with the characteristic Eu®* excitation wavelengths of
394 nm and 464 nm were similar to the previous series of samples (see Figure 4.6a), but the relative
ratio of the luminescence bands *Do—'F1 (592 nm) and °Do—'F» (612 nm) slightly varies depending on
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the excitation wavelength. The excitation transition ‘Fo—°D2 (464 nm) and the emission transition
SDo—'F2 (612 nm) are hypersensitive to the environment of the Eu3* ion, so the observed differences in
the spectra indirectly indicate different environments of the Eu®* ions in the glass. The diffraction pattern
in Sr-Eul glass (shown in [41], Fig. 2(a), S1_PG) reveals that small-sized SrF, nanocrystallites have
already formed in the glass. It is expected that different excitation wavelengths are expected to excite
more efficiently Eu* ions in glassy or crystalline environment, leading to changes in the luminescence
spectra [45].

Summary: In the studied samples containing Th3* and Th**/Eu®* ions, Th** ions can be
excited most efficiently with ~377 nm and 484 nm, Eu®* ions with 393 nm and 464 nm excitation.
In glasses, depending on the excitation wavelength, the most intense is the Th*" ion emission
transition at 542 nm (°Ds—"Fs) or the Eu®* ion transition (*Do—'F2). The luminescence spectra of
Tb** ions in glass with 350 nm excitation show luminescence bands °Ds—'F3z 456 in the 360 nm —
480 nm range, the intensity of which strongly depends on the added concentration of Th3* ions —
this band is due to cross relaxation in samples with 1.0 mol% Tb3* ions the relative intensity is
lower than in samples with 0.5 mol% Th?*.

4.3.4. Luminescence in glass ceramics

Figure 4.26.a. shows the excitation spectrum of Tb3* ions in a series of Sr-Th05 samples. It can
be seen that the relative ratio of the excitation peaks (367 nm, 377 nm) has changed in glass ceramics,
indicating a change in the environment of Th*" ions in the glass-ceramic. In co-doped glass-ceramic
samples, the relative intensity ratio of peaks at 367 nm and 377 nm is similar to the precursor glass
sample, which suggests that in co-doped glass-ceramic samples, incorporation of Th®" ions into fluoride
nanocrystallites has been less effective.
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Figure 4.26.(a-b). a) normalized luminescence excitation spectra of Th3* ions in glass and glass
ceramics with 1 mol% Tb** ions, b) normalized excitation spectra of Eu®* ions in glass ceramic
samples doped with Eu®* and Eu**/Th*" ions (Aem=702 nm).

In the excitation spectra of Eu®* ions of co-doped samples, both the 612 nm and 702 nm emission bands
(Figure 4.26b) show a rise in the range of 335 nm — 385 nm (highlighted, marked with *), which is not
visible in samples singly-doped with Eu®" ions. The excitation bands observed in these spectral regions
coincide with the bands of the excitation spectrum of Th3* ions, which indicates energy transfer from
Th® to Eu®* ions, both in co-doped glasses and glass ceramics (Figure 4.26b) [46, 63, 81, 83].

Luminescence spectra of glass and glass ceramic samples doped with Tb3*ions (0.5 mol%) with
350 nm excitation are shown in Figure 4.27a. Relatively intense luminescence in the blue spectral range
(electronic transitions °Ds—'F3456) can be observed in the glass sample, but their intensity is lower in
the glass-ceramic samples. This is related to the previously described cross-relaxation — concentration
quenching. It is expected that Tb3* ions have partially entered SrF, nanocrystallites, and there are smaller
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distances between them than in the amorphous glass — in other words, the concentration of Tb%* ions
(number of ions per unit volume) has locally increased in some areas. In Figure 4.27.a., in the glass-
ceramics, a more detailed structure appears in the spectrum compared to glass (see inset image), which
is due to the crystal-field splitting of the luminescence bands of Th®* ions in SrF, nanocrystallites [74,
79, 81]. This also serves as evidence for the partial incorporation of Th** ions into SrF2 nanocrystallites.

Comparative luminescence spectra (Figure 4.27b) show that the luminescence intensity
(Aex=484 nm) decreases in glass ceramics compared to glass. This could be mainly due to concentration
quenching. In the sample with 1 mol% Tb?*, the luminescence intensity of the glass ceramic annealed at
680 °C is slightly higher than at 650 °C. This could be explained by different incorporation efficiency
in fluoride nanocrystallites, which leads to different concentration quenching and phonon effects on the
probability of Th®* radiative transitions, and different size of nanocrystallites.
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Figure 4.27.(a-b). a) normalized luminescence spectra of glass and glass-ceramic samples doped
with 0.5 mol% Th** ions (Aex=350 nm), b) luminescence spectra of glass and glass-ceramic samples
doped with Tb®" ions in comparative intensity (Aex=484 nm).

Luminescence spectra of Sr-TbO5Eul series samples with 484 nm excitation in comparative
intensity are shown in Figure 4.28a. It can be seen that the luminescence of Tb®* at 542 nm (°Ds— Fs)
dominates in the glass, while the luminescence of Eu®* ions at 592 nm (°Do—'F1) dominates in the
corresponding glass ceramic. The same picture was observed in the Sr-Th1Eul sample series. The
emission transition of Eu®* ions (°Do—'F>) is hypersensitive and dominates in the environment without
an inversion center, including in glass, but in a centrosymmetric environment, such as the position of
Sr?* in the crystalline phase of SrF», it is forbidden. On the other hand, the magnetic dipole transition at
592 nm (°Do—'F4) is relatively little dependent on the environment and this luminescence band is the
most intense in centrosymmetric symmetry [41, 45, 84].

The dependence of the luminescence intensity of Th®" ions (Aem=542 nm, Aex=484 nm) on the
sample processing temperature is shown in Figure 4.28.b. (normalized by the maximal intensity of Tb**
ions in the precursor glass samples). It can be seen that in the glass ceramic samples in which Eu®* ions
are added, the luminescence intensity in the glass ceramic evidently decreases more abruptly compared
to the precursor glass samples. For example, in the sample Sr Tb05@680°C the luminescence intensity
of Th®" ions is 54% of the intensity of Th®" in the glass, while in the sample Sr-Tb05Eul@680°C — only
21% of the intensity in the glasses. This indicates that part of the excitation energy of Th3* ions is
transferred to Eu®*. It is expected that energy transfer from Tb®* to Eu®* ions in glass ceramics takes
place more efficiently than in glass, because there are smaller distances between Tb3* and Eu®* ions
embedded in SrF2> nanocrystallites than in glass, where the ions are arranged in a disordered environment
[63, 79, 85].
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Figure 4.28.(a-b). a) Luminescence spectra of a series of Sr-TbO5Eul samples in comparative
intensity (Aex=484 nm), b) dependence of the luminescence of Tb®" ions on the heat treatment
temperature in a series of samples with 0.5 mol% Th3*.

Also, the °Do—"F1 luminescence band was the most intense band in Eu®*-doped and co-doped
glass-ceramic samples with 393 nm excitation.

Summary: In glass ceramics containing SrF2 nanocrystallites, the relative intensity of the
Tbh3 and Eu?®* ions excitation bands has slightly changed compared to glasses which indicates a
change in the environment of RE ions, when they partially enter the SrF2 nanocrystallites in the
glass ceramics. Excitation bands of Th®* ions are observed in the excitation spectrum of Eu*ions
indicating energy transfer from Tb3* to Eu®* ions.

In glass-ceramics, with 350 nm excitation, the relative intensity of Th3* ion luminescence
bands °D3—'F3456in the 360 nm — 480 nm range has decreased compared to the precursor glasses
due to cross-relaxation processes, indicating a higher concentration of Th3* ions locally, with ions
partially entering in SrF2 nanocrystallites. In glass ceramics, with 484 nm excitation, the
luminescence intensity of Th* ions decreases compared to glass samples — a larger decrease in co-
doped samples indicates energy transfer from Tb3* to Eu®* ions in glass ceramics. In the
luminescence spectrum of Eu3* ions in glass ceramics, the *Do—’F1 MD luminescence band
dominates, indicating the effective incorporation of Eu®* ions into SrF2 nanocrystallites in
centrosymmetric positions possessing inversion symmetry. Crystal-field splitting of Tb3* and Eu®*
luminescence bands can be observed in glass ceramics.

4.3.5. Luminescence of Eu?* ions

In addition to the luminescence of Th®* and Eu®* ions, a low-intensity luminescence of Eu?* ions
was also observed in the samples with UV excitation. Time-resolved luminescence spectra in the time
interval of 30 ns — 1 us in co-doped glass and glass ceramic samples showed a broad luminescence band
of Eu?* ions in the range 370 nm — 650 nm with a maximal intensity around 440 nm. In glass-ceramics,
the band is slightly shifted towards shorter wavelengths compared to glasses. It has been reported in the
literature that the luminescence peak of Eu?* ions in SrF2:Eu?* with UV excitation is around 418 nm —
420 nm [39, 41].

The EPR signal of Eu?* ions was detected only in SrF,-containing Sr-Eul series glass-ceramic
samples doped with europium ions (the Sr-Eul EPR signal was not detected in the precursor glass) [41].
In [41] it was concluded that the EPR signal of Eu?* in glass ceramics annealed at 650°C corresponds to
the signal in the SrF2 phase (and not in the amorphous glass phase), and that probably most of the Eu?*
ions are on the surface of the nanocrystallites [41]. The EPR signal was not detected in the co-doped
samples studied in the thesis, presumably because the concentration of Eu®* ions is too low.
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Summary: Weak Eu?* luminescence bands with a maximum around 440 nm were observed
in the samples, their shape does not change in co-doped glass and glass ceramics. Electron
paramagnetic resonance measurements of Sr-Eul series samples [41] confirm that in glass
ceramics (650 °C) most of the Eu?* ions entered SrF2 nanocrystallites or are located on their
surfaces.

4.3.6. Time-resolved luminescence spectra in glasses and glass ceramics

Figure 4.29a shows the time-resolved spectra in the glass ceramic sample Sr-Tb05@650°C
(hex=484 nm). It can be seen that shortly after the excitation the Tb®" luminescence band is smooth in
glass ceramics, but in the time interval 20 ms — 45 ms after excitation, when the signal from Tb®* ions
incorporated in SrF> nanocrystallites is detected, the band is split into several components. A similar
picture is also seen in the Sr-Th1@650°C sample and in co-doped glass-ceramic samples (however, in
co-doped samples the splitting is less pronounced).

Figure 4.29b shows the time-resolved site-selective spectra of Eu®* ions with several excitation
wavelengths. Unlike in the Ca-Dy**/Eu®* series of samples, where several very different Eu®* centers
were observed, in the studied series there is one dominant center, which is also observed in the literature
[75, 81, 96] in the SrF, phase. Excitation wavelengths were selected from the excitation spectra —
splitting of the "Fo—°D; excitation band (peak at 525.6 nm in glass) into 2 components — 524.7 nm and
525.4 nm — was observed in glass ceramic sample.
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Figure 4.29(a-b). a) time-resolved luminescence spectra of Th3* ions in glass ceramic sample
Sr-Tb05@650°C (Aex= 484 nm). In the inset, time-resolved spectra in the precursor glass. b) time-
resolved luminescence spectra of Eu®* ions in glass ceramic Sr-Tb05Eul@680°C in the time
interval 20 ms — 45 ms with several excitation wavelengths.

Summary: The time-resolved measurements, measured in the time interval from 20 ms to
45 ms after the laser pulse, confirm the partial incorporation of Th3* and Eu®* ions into the SrF
nanocrystallites in glass-ceramic samples, since the crystal-field splitting of the luminescence
bands of Th®* ions (with 484 nm excitation) can be observed in the luminescence spectra measured
in this time interval as well as changes in the relative ratio of Eu®* luminescence bands °Do—'F1
(MD transition) and °Do—'F2 (hypersensitive ED transition) with 464 nm excitation. The site-
selective luminescence spectra of Eu®* ions in the 20 ms to 45 ms time interval indicate at least 3
different environments of Eu®* ions in Eu®*-singly doped and Th3*/Eu®* co-doped glass ceramics
due to different charge compensation processes.
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4.3.7 Luminescence decay kinetics in glasses and glass ceramics and energy transfer between Th3*
and Eu3* ions

In order to study the interaction of rare earth ions, luminescence decay kinetics measurements of
Th®, Eu®*, Eu?* ions in glass and glass ceramic samples were also performed.

The luminescence decay kinetics of Th®" ions in glass samples with and without the presence of
Eu®* ions (with 484 nm excitation) are shown in Figure 4.30. Decay kinetics were measured for the
luminescence transition °Ds—'Fs (Aem=542 nm). The calculated effective luminescence decay times of
Th® ions are shown in Table 4.14.

Table 4.14. Calculated decay times (1) of
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Figure 4.30. Normalized luminescence decay
kinetics of Tb%* ions in glasses doped with Th%* and
Th*/Eu" ions (Aex=484 nm, Aem=542 nm).

In Table 4.14. it can be seen that the decay time of Th®* ions, when Eu®* ions are added, decreases
from 3.13 ms (Sr-Th05) to 2.63 ms (Sr-Tb05Eu1l), due to the energy transfer from Tb®* to Eu* ions [63,
74, 83, 90]. The energy transfer efficiency increases with increasing Eu®* concentration. In the
Sr-Th1Eul sample, the energy transfer efficiency is higher than in the samples with 0.5 mol% Th3*. It
is mentioned in literature that the energy transfer from Th®* to Eu®* ions in polycrystalline SrF, [11]
occurs due to the electric quadrupole-quadrupole interaction (see Chapter 2.1.3).
The luminescence decay kinetics of glass and glass ceramic samples doped with 0.5 mol% Th%*
ions are shown in Figure 4.31a.
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Figure 4.31.(a-b). a) normalized luminescence decay kinetics curves of the Sr-Th05 sample
series (Aex=484 nm, Aem=542 nm), b) normalized luminescence decay kinetics curves of the
Sr-Tb05Eul sample series (hex=484 nm, Aem=542 nm).
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In the glass ceramic samples, the luminescence decay occurs slower than in the glass sample: the
initial part of the kinetics is similar to the Tb®* decay in glass, but after that a slower part of the decay
kinetics appears, which is associated with Th3* ions in a environment with lower phonon energy [63,
84].

Figure 4.31.b. shows the luminescence decay of Th®*" ions in co-doped samples of the
Sr-ThO5Eu1 series. It can be seen that in co-doped glass ceramics, the luminescence decay of Th®* ions
occurs faster than in glasses. The differences are mainly observed in the initial part of the kinetics. This
can be explained by energy transfer from Th3* to Eu®* ions. After the initial fast kinetics part, further
decay in glass and glass-ceramic samples occurs similarly. The calculated luminescence decay times in
glass ceramics with 0.5 mol% Th3" are summarized in Table 4.15.

Table 4.15. Calculated decay times (t) of Tb®* ions and energy transfer (Th3* —Eu®")
efficiency (1) in 0.5 % Tb>" doped samples.

Sample  (Ax=484 | T (ms) = | Sample (Aex=484 nm, |1t (ms) = | n (%)

nm, en=542 nmM) | 0.02ms | hem=542 NM) 0.02 ms

Sr-Th05 3.13 Sr-TbO5Eu05 2.96 54+1.3

Sr-Tb05@650°C 4.28 Sr-Tb05SEu05@650°C 2.81 344+0.8

Sr-Tb05@680°C 4,31 Sr-Tb05Eu05@680°C 2.93 32.0+0.8
Sr-ThO5Eul 2.63 15.8+0.6
Sr-Tb05SEul@650°C 2.53 40.7+0.5
Sr-Tb05Eul @680°C 2.62 39.2+0.5

In Table 4.15. it can be seen that in glass ceramic samples (Sr-TbO05 series) singly-doped with
0.5 mol% Th*", the effective decay time increases to ~4.3 ms (in the precursor glass — 3.13 ms). In co-
doped glass-ceramic samples, the luminescence decay times are similar to those in glass samples.

The energy transfer efficiency calculated in the glass sample Sr-TbO5Eu05 is 5.4 ms, and in the
sample Sr-TbO5Eul — 15.8 ms. In co-doped glass-ceramic samples, its efficiency has increased
compared to glasses, up to 32%-34% in SrTbOSEU05@650°C and Sr-Tb05Eu05@680°C, and 39%-40%
in Sr-TbOSEul@650°C and Sr-Tb05SEul@680°C, respectively.

In the sample series Sr-Th1 and Sr-Th1Eul similar observations were made.
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Figure 4.32. Luminescence decay Kinetics curves of Eu®* ions
in a series of Sr-Tb05Eul samples (Aex=393 nm, Aem=592 nm).

Luminescence decay measurements of the Eu®* ion transition °Do—F1 (Figure 4.32) revealed that
in glass-ceramic samples, with 393 nm excitation, Eu* ion luminescence decay occurs significantly
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slower than in the glass sample — the luminescence decay time in glass is 5.52 ms, in glass-ceramic
samples — 7.40 ms and 7.68 ms. In all samples, the decay fits well to an exponential function (i.e., a
straight line on a semi-logarithmic scale). The increase of luminescence decay time indicates a change
in the environment of Eu®*ions in the glass ceramic, i.e. partial incorporation in a crystalline environment
with a lower phonon energy. The luminescence decay time of Eu?* ions in the sample Sr-
TbOSEul@680°C (Aex=330 nm) is 670 ns, it is about 4 orders of magnitude shorter than the luminescence
decay time of Eu* ions in the corresponding sample.

Summary: In co-doped glass samples, with increasing concentration of Eu®* ions, the
effective decay time of Th3* luminescence band Ds—'Fs with 484 nm excitation decreases due to
energy transfer to Eu®* ions. In glass-ceramic samples containing only Th** ions, the °Ds—'Fs
(Tb3") decay time with 484 nm excitation increases significantly compared to the precursor glasses
indicating the efficient incorporation of Tb3* ions into SrF2 nanocrystallites. In co-doped glass
ceramics, the decay times of Th3* ions in glass and glass ceramics are similar, which indicates
energy transfer from Th3* to Eu®* ions thus shortening the decay time of Tb3* ions luminescence,
compared to glass ceramics containing only Tbh3" ions, as well as indicates less effective
incorporation of Tb®" ions into SrF2 nanocrystallites. In glass ceramics, the energy transfer
efficiency from Tb3 to Eu®* ions with 484 nm excitation increases compared to glasses
(Sr-Tb0O5Eul — 15.8 %, Sr Tb0SEul@680°C — 39.2 %). The luminescence decay time of Eu®* ions
in Sr-TbO5Eul series glass ceramics with 393 nm excitation has significantly increased compared
to the initial glass, which indicates the effective incorporation of Eu®" ions into SrF:
nanocrystallites — an environment possessing lower phonon energy.

4.3.8. Color coordinates of samples

The CIE 1931 color coordinates of Th*/Eu* doped glass and glass ceramic samples are shown
in the CIE color diagram in Figure 4.33, in Table 4.16. the corresponding samples and excitation
wavelengths are indicated.

From Figure 4.33. it can be seen that the luminescence of Th®" ions with 484 nm excitation
appears green to the observer. Adding of Eu®* ions adds the red component. On the other hand, in
co-doped glass ceramics with 350 nm excitation (samples with numbers 2 and 3) there is also a blue
light component, which is due to the luminescence of Eu?* ions, as well as due to Tb3* bands in the blue
spectral range.

Table 4.16. The CIE colour coordinates of
the data points shown in Figure 4.32.

Sample | Sample name Excitation
number wavelength
(hm)
1 Sr-ThlEul 350
2 Sr- 350
8 Tb1Eul @650°C
bt 3 Sr- 350
Tb1Eul @680°C
4 Sr-Thl 484
5 Sr-Th1lEul 484

06 0.7
CIE1931

Figure 4.33. CIE 1931 color coordinates of samples
doped with Tb3*/Eu®" ions.
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Summary: Addition of Eu®* ions in Th3*-containing glass samples and heat treatment of the
glasses allows to adjust the color of the luminescent light in a wide range and bring it closer to
white light due to changes in the relative ratio of Th3* and Eu®* ions luminescence in glass ceramics,
compared to initial glass, and due to the luminescence band of Eu?* ions.
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CONCLUSIONS

Energy transfer from Dy®* to Eu* ions was observed in oxyfluoride glass co-doped with Dy**
and Eu®* ions and glass ceramics containing CaF2 nanocrystallites, as indicated by the appearance of
Dy3* excitation bands in the excitation spectrum of Eu®* ions and the shortening of the luminescence
decay time of Dy®* ions upon addition of Eu®* ions. Energy transfer in glass and glass ceramics occurs
with similar efficiency. The most intense luminescence of Dy** ions is observed in the glass sample with
0.5 mol% Dy?* ions, and it decreases at a higher concentration of Dy** ions or, when Eu®* ions are added.
A broad luminescence band of Eu?* ions in the blue-green spectral range, which is excited by UV
radiation, was also observed in both glass and glass-ceramic samples. Luminescence and EPR
measurements suggest that in glass ceramics, the most of Eu?* ions are located in the glass environment.
Time-resolved luminescence spectra measured 10 or 20 ms — 45 ms after excitation show that some
portion of the trivalent RE ions (Dy®*, Eu®*) reside in the CaF, nanocrystallites because their bands are
split. However, the share of RE ions in nanocrystallites is small, because in time-integrated spectra
(measured without time resolving), the luminescence spectra in glass and glass-ceramics have the same
shape, i.e. glass environment dominate. Site-selective spectroscopy measurements show that CaF»
nanocrystallites contain multiple types of Eu®* centers, when Eu®* ions occupy the Ca?* position, one of
the centers is identified as cubic (Op).

Energy transfer from Dy®* to Eu®* ions has also been observed in Dy**/Eu®* co-doped glass and
glass ceramics containing SrF> nanocrystallites, its efficiency in glass ceramics tends to decrease slightly
compared to glasses. In glass samples with 0.5 mol% and 1.0 mol% Dy?* ions, the luminescence intensity
is similar. In glass-ceramic samples containing only Dy** ions, a greater drop in intensity is observed in
glass-ceramics compared to co-doped glasses, this indicates more efficient cross-relaxation processes
between Dy** ions, as the distances between them decrease in glass-ceramics. Band splitting in the time-
integrated spectra was not observed, but in co-doped glass and glass-ceramic samples the relative ratio
of the luminescence bands of Dy** and Eu®" ions is different, this could be partly explained by the
reduction of Eu®* to Eu?* ions. It was observed that the relative luminescence intensity of Eu?* ions
compared to Eu®* ions increases in glass ceramics, and also, the Eu?* luminescence band shifts to shorter
wavelengths. Similar to the series contaning CaF2 nanocrystallites, time-resolved and site-selective
spectra show splitting of RE ion bands and multiple types of Eu®* ion centers in SrF, nanocrystallites.

In glass Th**/Eu* ions co-doped glasses and in glass ceramics containing SrF, nanocrystallites,
the most efficient incorporation of RE ions into fluoride crystallites was observed, as evidenced by a
more evident crystal-field splitting of the luminescence bands (in glass ceramics) and the change in the
5D0—7F1 and °Do—'F, luminescence bands ratio (Eu®"). The quenching of the °Ds—'Fsas6
luminescence bands in glass ceramics also indicates a local increase in the concentration of Th3* ions.
The luminescence decay kinetics of Th®", Eu** and Eu?* ions in glass-ceramics is slower than in glasses.
Weak Eu?* luminescence bands with a maximum around 440 nm were observed in the samples, the
shape of which does not change in co-doped glass and glass ceramics. Time-resolved and site-selective
spectra show RE ion band splitting and multiple types of Eu* ion centers in SrF2, however, a greater
dominance of a single type of Eu®" center is observed than in the other series. In glass ceramics, the
efficiency of energy transfer from Tb** to Eu®* ions increases, compared to glasses.

The CIE colour (photometric) coordinates of the luminescence of co-doped oxyfluoride glass
and glass ceramics is well adaptable to the desired application in white LEDs or other devices — the
luminescence spectrum can be controlled by the added RE ion concentration, excitation wavelength and
thermal treatment properties, which can change both the ratio of the trivalent RE ion luminescence bands
and increase the luminescence intensity of Eu* ions in the blue-green spectral range.
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1.

THESES

In the Dy** and Eu®" co-doped glass ceramics in comparison with the precursor amorphous
glasses, changes in the relative luminescence intensities of the activator ions are seen, but the
energy transfer efficiency between Dy®* and Eu®* ions in the glass ceramics does not change
significantly compared to initial glasses.

In T3 and Eu®" doped glass ceramics containing SrF, nanocrystallites, an increase in energy
transfer efficiency is observed, compared to glasses, which is explained by the partial
incorporation of Tb®* and Eu®" ions into SrF, nanocrystallites and the decrease of mutual
distances between Th*" and Eu®* ions.

The energy transfer between rare-earth ions, enhanced by the heat treatment induced
crystallization, and changes in the environment of Eu®* ions in Th®* and Eu®" co-doped
oxyfluoride glass ceramics serve as a means of tuning the luminescence spectrum, approaching
the application in white light sources.
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