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1. INTRODUCTION

Transition metal oxides TiO,, ZrO, and HfO,, which exist in the form of
amorphous glasses, polycrystalline ceramics and crystals, have a list of valuable
properties including high refractive index, high hardness, high mechanical and
chemical stability, nonlinear optical properties, etc. A broad variety of possible
applications including construction materials, thermo-electrical isolation layers,
electronics components, pigments, etc., are based on these properties. In high-
tech industry, especially in optical devices, natural minerals cannot directly be
applied due to insufficient purity and structural homogeneity. In many cases
specific dopants are also required at known concentrations. For these reasons
controllable methods for synthesis of metal oxides with controlled phase
composition and morphology are requested [1].

In practical applications, particularly in optics, not only the physical and
chemical properties of the material, but also its dimensions and shape are
important and play a role in the overall functionality. Hence, it is not only
important to tailor the chemical composition, but also the geometry of the
material. A lot of effort is put into developing synthetic methods that allow
preparation of highly homogeneous and optically active materials with specific
geometry both on nano- and microscale. One such method that fulfils latter
requirements rather well is sol-gel technology [2, 3]. By using sol-gel, when the
purpose of the synthesis is to get materials in structurally homogeneous 3D
form, the process is often started by growing nanoscale metal oxide particles
(sols) in the liquid phase. In the next step, the particles are let to form solid 3D
particle network (gel) over the whole volume of the liquid. Solvents (liquid
phase) are functional in such synthesis mostly in order to separate solid sol
particles from each other. However, after the gelation process has occurred, the
solvent has to be removed from the gel. This is normally achieved by aging and
mild thermal treatment. Obtained much more dense gels, which are free of the
liquid phase, are known as xerogels.

Depending on the synthesis parameters, combined with appropriate
mechanical processing methods, the final mesostructured material can have
many different functional shapes. The wet chemistry (synthesis of sol particles)
and mechanical processing (shaping of the sol particles prior to or during the gel
formation) of the material are mostly carried out at room temperature. Thermal
treatment is applied as post processing for the purpose of additional
purification, densification, and crystallization of materials. Sol-gel method can
be used, for example, for synthesis of nanocrystalline powders that can be
further processed into different shapes by high-temperature powder sintering
methods, thin film structures for different protective or optical coatings,
amorphous or polycrystalline glass-ceramic nano- or microfibres for catalytic or
sensor applications, and even bulk glasses for laser optics [4]. One of the
advantages of preparation of metal oxides from sols is the easiness to
incorporate dopants and other materials in small quantity to the host material.



The main requirement here is solubility of dopant in the initial sol as dopant is
usually added during the early stage of the synthesis. Such flexibility of
chemical composition is very important as dopants are used to adjust and even
create functional properties like electrical conductivity, mechanical stability,
luminescent properties, etc., in the final material. The sol-gel technique is
becoming one of the cheapest and most versatile methods for fabrication of
components for integrated optics [5]. The list of practical applications of the
obtained materials also includes active components in light sources like light
emitting diodes and lasers.

In the present thesis the main attention is paid to controllable syntheses of
nanostructured ZrO, with different defined morphologies (powders, microrolls,
fibres and tubes). The materials are post-treated and possibilities of applying
them mainly as optical materials are proposed. In addition peculiarities and
photoluminescence features introduced by the RE*" doping and practical use of
the latter for detecting materials’ crystallographic phase are investigated.

Table 1: A short list of prepared mesostructured materials

Prepared structure composition
Nanocrystalline powder 71O,
microrolls Zr0,:Sm’"
1) Zr05(6.5%)-Si0,:Sm**
fibres 2) Zr0(30%)-Si0,:Sm**
microtube YSZ:Eu’"
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2. AIM OF THE WORK

The goal of the thesis is to develop a synthetic route for preparation of meso-
structured nanocrystalline ZrO, and similar oxides with good optical quality
with different morphologies (powders, microrolls, fibres, and tubes). It is also
demonstrated that different optically active RE’" ion dopants could be
incorporated into the host materials to enhance their functionality in different
applications. To characterize the quality of the materials, comprehensive study
of the phase structure is perfomed by using PL and Raman methods.

Following tasks were set to achieve the general goals:

e To establish the conditions of sol-gel synthesis and temperature
treatments necessary for preparation of oxide materials with various
morphologies.

e To investigate the influence of the phase structure of the materials to
their microstructure and optical properties.

e To elaborate the methods for preparing luminescent RE-doped metal
oxides.

e To use RE* ions as optical probes for the study of the evolution of
crystalline structure formation in studied materials during the tempe-
rature treatment.

11



3. OVERVIEW OF ZrO, PREPARATION

3.1 ZrO; as an optical (ceramic) material

Zirconium oxide (zirconia, ZrQO,) ceramics are important technological
materials that have found use in many applications, including due to wide range
on useful properties. Zirconia has high refractive index, optical transparency,
chemical and photochemical stability, and thermal isolating properties. Zirconia
also has low phonon energy and relatively high band-gap (> 5 eV), that make it
an attractive host for RE*" (rare earth) ion dopants. Properly doped materials
show high luminescence yield [6, 7].

Nanoceramic zirconia has also found use as an optical coating material (such
as antireflective or abrasion resistant layers) [8], solid state electrolyte in high
temperature solid oxide fuel cells (SOFC) [9], thermal barrier coating in engines
and gas turbines [10], oxygen sensor [11], and as a scintillator dosimeter for
ionizing radiation [12]. Zirconia is also a biocompatible material and has found
use in dental implants [13, 14]. Many RE*" doped zirconia based ceramics have
been proposed for use as luminescent phosphors in displays and lighting devices
and even in laser sources [15].

At normal pressure, pure zirconia can exist in three well-known polymorphic
crystal phases: monoclinic (C,y), tetragonal (D4y), and cubic. At room tempera-
ture, the only stable polymorph is the monoclinic phase, the tetragonal structure
becomes thermodynamically stable above ~1170 °C, and the cubic above ~2370
°C [16]. If the temperature decreases, the cubic structure transforms back to
tetragonal and monoclinic structures. This transformation is destructive for the
material due to the difference in size of tetragonal and monoclinic volume cells
(volume increase of 3—5 % upon the transition from tetragonal to monoclinic)
causing evolution of cracks in the material [17].

Technologically, the high-temperature cubic and tetragonal phases are found
to be more useful, which for a lot of efforts are put into research to stabilize
those phases at low temperatures. There are two main ways to stabilize the
metastable tetragonal and cubic phases at room temperature. Firstly, the most
common method is to incorporate di- or trivalent cationic species such as Mg*’,
Ca® or Y’' into the zirconia matrix, where the structure is stabilized by the
created defects. For the tetragonal phase usually 5-10% additive is used, and for
the cubic phase ~ 20% [16]. Alternatively, the metastable phases can be
stabilized by the size of the crystallites. It is found that pure zirconia can be
stable in the tetragonal phase at room temperature if the crystallite size is
smaller than about 30 nm, where the stabilization occurs due to the high surface
energy [18].

There are many wet chemistry methods to synthesise zirconia in fine-powder
form, precipitation from zirconium alkoxides or salts [19], hydrothermal
synthesis [20, 21], or sol-gel method [22]. To produce zirconia thin films or
coatings, different chemical or physical vapour deposition methods like atomic
layer deposition (ALD) and pulsed laser deposition (PLD) are widely used [23].
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Sol-gel method is used for the purpose in combination with spin-coating, dip-
coating, or spray-coating. Sol-gel technique seems to be the best option to
synthesise highly functional structures with homogeneous composition [24].
Attention should be paid to differences in crystal size, amount of defects,
porosity and residual —OH groups and additives inside the material as factors
that can lead to final materials with different properties [25].

3.2 Rare earth ions as optical impurities in metal oxide matrix

The rare earth (RE) elements occupy a special place in the periodic table of
elements, due to a particular way their 4f electron shell is filled. They are in the
fifth period after lanthanum from cerium (Z=58) to lutetium (Z= 71); with
increasing the atomic number by unity in this group the number of 4f electrons
increases from 1 (Ce) to 14 (Lu). When RE elements are incorporated into
solids, they are stabilized in the triply charged states (in the vast majority of
cases). However, other oxidation states such as +2 and +4 can also be met
occasionally. When RE ions are ionized, their 5d and 6s electrons have to be
removed, whereas the 4f shell is kept to be partially filled. Coulomb interaction
between 4f electrons gives rise to a large number of energetic states in the
infrared, visible, and ultraviolet spectral ranges. Many of those energy levels
can be linked by the electric dipole transitions, which open numerous opportu-
nities for application of these ions in optoelectronic devices. A special feature of
those elements is that the optically active 4f electrons of RE ions are shielded
by the completely filled 5s and 5p electron shells. Due to this fact, the 4f optical
electrons of RE ions in solids only weakly interact with the crystal lattice
surrounding, which leads to very minor changes of the characteristic emission/
absorption transitions of RE ions from one host to another. If the influence of
neighbouring ligands on the energetic structure of RE ions can be neglected,
their energy levels can be characterized by the L, S, J quantum numbers, as for
free ion. A weak interaction between the 4f electrons and the crystalline field
splits the free ion’s levels producing very well resolved Stark structure in the
optical spectra, which, as it was mentioned above, varies slightly (compared
with the 3d ions, for example) from host to host. The number of split levels is
determined by the local symmetry around an RE ion.

The 4f-4f electronic transitions in the spectra of trivalent RE ions are parity
forbidden and appear as sharp lines with very weak phonon sidebands. Electro-
nic transitions in spectra of RE ions in solids can be broadened homogeneously
or inhomogeneously. The inhomogeneous broadening originates from local
variations in surrounding of each optical centre, while the homogeneous
broadening is determined by the lifetime of the excited electronic level. Every
homogeneous transition produces a Lorentzian-shaped line giving its contribu-
tion to the inhomogeneously broadened line (Gaussian in shape).

For the Eu®" in solids, the ground state ’F; and excited electronic states are
split depending on the local symmetry [26], and optical transitions from the
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excited °D, state to the ground state multiplets are first of all spin-forbidden, as
AS=1. In the case of ZrO,, the crystal lattice can be monoclinic, tetragonal, or
cubic. The *Dy-'F, optical transition observed at 612 nm is an electric dipole
transition, while the *Dy-'F, transition at 590 nm is a magnetic dipole transition.
The ratio of intensities of these electric and magnetic transitions is a measure of
the site symmetry for Eu’" ion (Eu can be viewed as a local probe of symmetry
[27]). Higher symmetry around the Eu’* ion leads to the lower e/m ratio [28].

3.3 Sol-gel technology
3.3.1 Introduction and general principle of sol-gel chemistry

Sol-gel technology is a wet chemical approach in materials synthesis, based on
nanocolloidal dispersions of solids in liquid phase (sols) as precursors that are
let to form three dimensional networks over whole volume of liquid phase
(gels). The method is called “sol-gel” due to its most critical and characteristic
step: transition of randomly oriented sols into structured gels. However, in
reality, the scope of the technologies is far broader, consisting the steps of sols
formation, removal of liquid phase from resultant material, sintering of
materials for the purpose of densification, crystallization and removal of
residual materials. The method is most usually been applied to prepare nano-
and microcrystalline metal oxide materials in different geometrical shapes:
powders, films, fibres, monoliths, aerogels etc. from metal-oxo-alkoxides in
liquid phase as most common sol-precursors [2, 29]. The shaping is done by
combining the material synthesis with various mechanical methods like spin-
coating to get thin films or electrospinning to get fibre mattes.

Sol-gel method in general is a versatile and a low-cost method that allows
low-temperature synthesis of highly homogeneous and complex materials. It is
easy to dope and vary the composition of the materials by adjusting the con-
centrations of the starting solutions, meaning that there is no need for complex
preparation methods or extreme conditions (like high-temperature powder
sintering technologies or ion implantation methods for doping). The method
also has some disadvantages, like: the more complex precursor materials can be
expensive, the precursor materials can be highly sensitive to moisture leading to
the need for careful handling, the removal of solvents and organic residues from
prepared gel can be difficult, and upon the sol-gel transition followed by sub-
sequent heat-treatment rather large volume shrinkage of materials can occur.

Sol-gel chemistry as a chemical background of formation of sols and sol-gel
transition process is usually illustrated using an example of different silicon
alkoxides (like tetraethyl ortosilicate (TEOS, Si(OC,Hs),) where highly cross-
linked inorganic polymeric network that is considered as gel is formed via
hydrolysis and condensation reactions. Hydrolysis, followed by partial conden-
sation leads to a dispersion of colloidal particles called sol; on a further conden-
sation the sol particles form an inorganic interconnected network of particles
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called gel. The gel is porous in nature and still includes a continuous liquid
phase.

The hydrolysis reaction between the metal alkoxide and water leads to
formation of a silicon hydroxide and respective alcohol. The hydrolysis reaction
is followed by a condensation reaction, either by oxolation, where M-O-M
bonds are formed by reaction between two hydroxylated metal species, or
alkoxolation, where the M-O-M bonds are formed by reaction between a hydro-
xylated silicon species and a non-hydrolysed silicon alkoxide [30]. The only
side products of these reactions are water molecules, that are used for further
hydrolysis, and alcohol. Because the different reactions happen simultaneously
it would be difficult to fully control the process.

Hydrolysis:
=Si—OR + H,0 — =Si—OH + ROH
Condensation:
=Si—OH + HO-Si= — =Si—0—-Si= + H,0 (oxolation)
=Si—OR + HO—Si= — =Si—0-Si= + ROH (alkoxolation)

The course of hydrolysis reaction is mostly affected by the molar ratio of water
to alkoxide. This ratio determines the course of the hydrolysis and condensation
reactions and thus determines the final shape of the obtained hydroxides and
oxides. Because of the strong sensitivity to changes of water concentration
during the sol-gel transformation, an uncontrolled hydrolysis is a big problem
that leads to the formation of intermediate Si/alkoxide species with unknown
shapes and sizes [31]. Therefore the anhydrous solvents should be used, and the
synthesis should be carried out in dry atmosphere conditions.

For catalysing the linear species formation process, mineral acids are used
(mostly HCl, HNOs). The acid catalyses the elimination of ROH and the
formation of OH-groups at the ends of chains during the hydrolysis step, thus
resulting in the formation of linear species. At high acid concentrations the
condensation process is considerably slowed down and leads to formation of a
(uniform) gel. At low acid concentrations, precipitate is formed.

The products of the sol-gel synthesis are most likely amorphous. To obtain
crystalline materials, a thermal post-treatment should be applied. Prior to the
thermal treatment, the material is dried at a lower temperature, so that the
alcohol and water trapped in the gel network can evaporate, thus enabling the
forming of xerogels. The following thermal treatment is carried out at higher
temperatures. The residual carbon can be eliminated at temperatures from 300
°C to 400 °C. At temperatures higher than 400 °C, the oxide crystallisation can
take place. Most importantly, as an advantage of the method, the formed oxide
materials retain their geometrical shape obtained prior to the gelification, as e.g.
thin film, bulk piece, or fibre.
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3.3.2 Zirconium alkoxides as precursors

In contrast to the hydrolysis of non-metal silicon alkoxides, Si(OR)4, the hydro-
lysis of metal alkoxides, M(OR)n, is an extremely quick process. The chemical
reactivity of alkoxides towards hydrolysis increases in the order of Si < Sn < Ti
<< Zr, Al (Zr alkoxides react readily with water molecules and are thus very
sensitive to atmospheric moisture).

It was supposed, in analogy with the silicon alkoxides, that the metal alko-
xides follow the same route of firstly forming hydroxo-alkoxide species through
hydrolysis (like M(OR);0OH) that can then hydrolyse further or undergo con-
densation through formation of oxo- or hydroxo-bridges. But for homometallic
alkoxides of, for example, titanium and zirconium the addition of small amounts
of water does not proceed in formation of intermediate hydroxide species, but
through the one-step hydrolysis-condensation transformation well-defined
oligonuclear oxo-alkoxide species are formed. This transformation occurs due
to the restructuring of precursor molecules to achieve the coordination equilib-
rium. The formed oxo-alkoxide species subsequently form larger aggregates
with a crystalline or at least short-order organized core and a shell consisting of
a hydrated amorphous oxide and of stabilizing ligands (referred to by V.G.
Kessler as Micelles Templated by Self-Assembly of Ligands, MTSAL) [32, 33].

The average complexity and molecular weight of those species formed in the
initial hydrolysis process depends mostly on the water-to-alkoxide ratio. Excess
amount of water, more than a mole per a mole of alkoxide, results in cross-
linking of the particles forming gel network or individual particles in the form
of amorphous precipitates that still contain residual alkoxide groups [31].

An agglomeration of particles obtained by the alkoxide hydrolysis is a big
problem because the agglomerated particles cannot be re-dispersed due to
oxolation and alkoxolation reactions [34]. So, the hydrolysis of concentrated
solutions with a high alkoxide-to-water ratio leads to polydisperse precipitates.
It is complicated to obtain uniform and dense submicron particles. To avoid the
agglomeration, highly dilute and homogeneous solutions should be used, which
means that high yields of precipitate with uniform dispersion cannot be
achieved. To overcome this problem, additional molecules acting as agglomera-
tion preventing agents should be introduced to the solution like acetylacetone.

In comparison with Si(OR),, the higher coordination number of metals in
their alcoholic derivates leads to growth of oligonuclear metal-oxo-alkoxide
clusters already prior to their further hydrolysis. Therefore even commercially
available metal alkoxide precursors are not mononuclear, for example zirco-
nium n-propoxide and n-butoxide contain up to ~20 and ~35% of Zr;O(OR),y,
respectively [35]. These processes finally result in more complicated structures
of metal alkoxides hydrolysis products compared to silicon alkoxides.
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3.3.3 Preparation of optical oxide materials by sol-gel method

The advantages of sol-gel method over other methods, used for preparation of
optically active, rare-earth-activated materials, include flexible doping (with
rather high rare earth solubility) and varying the composition. Depending on the
chosen synthesis parameters (the amounts of water, catalyst, solvent, and other
additives allowing to steer the reaction), different products such as powders,
thin films, fibres, acrogels, and bulk glasses can be obtained by using methods
such as spin-coating, electrospinning, extrusion, supercritical drying etc. [2, 5].

When preparing thin films, most important parameters are the sol con-
centration and the precursor viscosity; these can be modified by the amounts of
water and solvent added. With dilute solutions, thin films with thicknesses of
even less than some tens of nanometres can be produced. Obtaining thick films
in the range of micrometres is more difficult because of cracking of the film due
to capillary forces caused by the solvent evaporation and the material densi-
fication in the process of gelling. The unwanted cracking can be overcome by
adding modifiers to the precursor to slow down the processes [36].

Self-standing “bulk” materials can be prepared from precursors with much
higher viscosity that help to avoid cracks, or methods such as supercritical
drying to avoid capillary forces [37]. Bulk, optically active, and transparent
objects can also be made by sintering of nanoparticles with a narrow size
distribution [38]. Sol-gel prepared bulk glasses and nanoceramics are usually
not that dense as materials prepared by high-pressure-sintering. However, in
optics related applications they still have many advantages as very high
homogeneity and easiness to prepare them doped by optically active additives.
It is noteworthy that preforms for optical cable drawing in industrial scale are
made by using sol-gel technology due to the above mentioned reasons [39].
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4. ZrO, NANOCRYSTALLINE POWDERS

4.1 Introduction

Depending on the material preparation and thermal treatment properties, un-
doped zirconia can be synthesised as a mixture of tetragonal and monoclinic
phases (with a degree of variability), or as a material consisting only of pure
monoclinic phase. In the case of undoped zirconia, the tetragonal phase is
stabilized by the small size of crystallites [18], meaning that increasing of the
thermal treatment temperature decreases the amount of the tetragonal phase in
the material.

Monoclinic ZrO, has a well-known intense broadband photoluminescence
(PL) emission around 490 nm and tetragonal — around 410 nm [40]. That PL
emission has so far been attributed to either oxygen vacancies [41-43], or Ti
impurity centres in the material [44-46], (all “undoped” zirconia contains trace
amounts of metal impurities including T1).

Many studies have also reported the thermoluminescence (TL) of monoclinic
zirconia [42, 46-49], and its potential for dosimetry has been suggested [49].
The PL of zirconia also frequently gives an afterglow emission (persistent
luminescence) for hundreds to thousands of seconds [42, 43, 45, 47]. In compa-
rison with many presently used phosphors, ZrO, has advantages of a relatively
simple structure, of a good mechanical, chemical, and thermal endurance, and
of rather simple preparation methods. Moreover, ZrO, is also considered being
biologically inert and non-toxic, which provides an opportunity to use its after-
glow properties, e.g., as autonomously emitting bio-labels in in-vivo medical
research [50].

The aim for the first part of the thesis is to prepare a simple ZrO, powder
and assess usability of its dopant-less pristine form as a persistent luminescence
material. An attempt is made to clarify aspects of the origin of persistent PL
emission and its storage states.

4.2 Sample preparation

For the powder preparation, firstly a zirconium butoxide (80 wt% in 1-butanol)
was dissolved in 1-propanol at a volume ratio of 1:1. Secondly, the obtained
solution was added drop-wise under vigorous stirring to a solution of distilled
water and hydrochloric acid (0.1%). As a result, a white precipitant formed in
the solution, the excess water was decanted, and the obtained material was left
to dry at room temperature for several days. The prepared dry powder was
divided into several parts that were annealed either at 500, 750, 1000, 1250, or
1500 °C for 2 hours.

The annealed powders were polycrystalline in nature, with crystallite size of
10—40 nm and average particle size of ~300 nm (Figure 1).
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Figure 1: SEM micrograph of ZrO, powder annealed at 1250 °C

4.3 Results and discussion

According to the measured XRD spectra (Figure 2), the tetragonal phase is
present in a small quantity for samples annealed at temperatures 500 °C (2.8%),
750 °C (0.6%) and 1000 °C (0.3%). Samples annealed at 1250 and 1500 °C are
fully monoclinic. The Rietveld analysis gives an average size of tetragonal
crystallite for a sample annealed at 1000 °C as 25(3) nm (Table 2), meaning that
any additional rise in temperature will grow too big crystallites to be stabilized
only by their size, and the material will become fully monoclinic. The phase
evolution can also be seen from the measured Raman spectra (Figure 3).
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Figure 2: X-ray diffraction patterns of
ZrO, powders after annealing at different
temperatures. The inset shows the stron-
gest reflection of tetragonal (or cubic)
phases
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Figure 3: Raman spectra of ZrO, pow-
ders after annealing at different tempera-
tures. Marked are peaks of tetragonal (t)
and monoclinic (m) phases.



Table 2: Average crystallite size for tetragonal and monoclinic phases at different
annealing temperatures.

t(°C) Size of the crystallite (nm) Tetragonal (%)
t m
500 9(1) 8(1) 2.8
1000 25(3) 33(4) 0.3
1500 - 36(6) 0

Only the samples annealed at temperatures of 1000, 1250 and 1500 °C (with
almost pure and pure monoclinic phase accordingly) were found suitable for
thermoluminescence and afterglow measurements (no TL or afterglow emis-
sions were detected for samples annealed at 500 °C and 750 °C). For the mono-
clinic samples, the intrinsic luminescence emission band was centred at 490 nm
and the excitation band — at 280 nm (Figure 4). For the samples annealed at
500 °C and 750 °C the PL emission is blue-shifted and is centred at around
410 nm.

Higher annealing temperatures don’t only affect the size of the crystallite but
also the composition and amount of defects such as oxygen vacancies and Ti
impurity centres, which play an important role in ZrO, luminescence properties.
The overall amount of Ti impurities in the material does not change as a result
of annealing, which affects only the ratio of Ti™ to Ti’". According to X-ray
fluorescence measurements, the content of Ti impurity in the prepared zirconia
material was less than 340 ppm.
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Figure 4: PL emission and excitation spectra of ZrO, powder annealed at 1250 °C.
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The most intense initial afterglow was obtained from the sample annealed at
1250 °C (Figure 5). The afterglow was observable by eye for up to several
minutes. The emission from the sample annealed at 1000 °C was clearly
weaker. To identify the origin of the afterglow in the material, the TL glow
curves were measured. The powders were charged with 280 nm for 3 min and
the glow curves were recorded at a rate of 20 °C/min in the range of —100 °C to
300 °C (Figure 6 and Figure 7). In this range the zirconia powders gave four
distinct glow peaks at approximately —35, 5, 110, and 205 °C. The wavelength-
resolved TL of a sample annealed at 1250 °C (Figure 6) indicates that there is
only a single prevalent luminescence centre.
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Figure 5: The decay of the PL afterglow of the ZrO, powders at room temperature after
charging at 280 nm for 3 min. Note that double-log scale is used.
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Figure 6: Wavelength-resolved TL of a
sample annealed at 1250 °C. Colors are
illustrative.
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Figure 7: The TL glow curves of ZrO,
powders recorded at a rate of 20 °C/min after
charging at 280 nm for 3 min. The right half
of the graph is multiplied by 10 for better
visibility of the high-temperature glow peaks.
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4.4 Conclusions

Within the frames of the conducted study a set of pure ZrO, powder samples
were synthesized via sol-gel route. When excited over band-gap (in UV) pre-
pared monoclinic nanocrystalline zirconia powder appears to have a broad
intrinsic luminescence band centred at 490 nm. The PL is shown to persist for
of several minutes which enable to classify it as an afterglow material.

The wavelength-resolved thermoluminescence recorded in the range of
—100 °C to 300 °C reveals four distinct glow peaks, which suggests that ZrO,
nanopowders contain a single prevalent luminescence centre fed by several
higher energy bands. The ZrO, occurs to be a promising afterglow material for
future modifications and research in the field of persistent luminescence
materials.
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5.ZrO02 MICROROLLS

5.1 Introduction

Conventionally the sol-gel process has been successfully used in the preparation
of thin films from various precursor materials. On the other hand, thick coatings
have always been difficult to prepare. That is because of the stresses caused by
the solvent evaporation and densification process causes cracking of the film
into smaller segments [51]. By using these processes, unwanted in most cases,
and also by slightly modifying the conventional sol-gel process to achieve a
gelling gradient in the film layer, formation of microroll structures can be
achieved. The rolls are essentially spontaneously rolled-up segments of a gelled
material that are formed by the usually unwanted cracking of a (thick) film.

A rolled-up microstructure of metal oxide with a high surface-to-volume
ratio could be specially functionalized to be used among other possible uses as a
catalyst or a filter material for the removal of harmful airborne contaminants in
the industry.

In the following work an attempt is made us utilise the novel approach to
prepare luminescent ZrO, microrolls (Figure 8), monitor their phase composition
via incorporated Sm®” ion PL during thermal annealing and explain key findings
about the process.

Figure 8: SEM image of a single microroll
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5.2 Formation of microrolls

Microrolls were prepared by the controlled hydrolysis of Zr(OBu),. Firstly, the
zirconium butoxide (as bought, 80wt% in butanol) was further diluted in
butanol (to achieve a homogeneous sol after addition of deionized water).
Secondly, a solution of butanol, deionized water, hydrochloric acid (HCI), and
samarium(IIl) chloride hexahydrate (SmCl;*6H,0) was prepared (with molar
ratio of 4.4 (for both solutions combined) /0.4/0.06/0.005 accordingly to the
used amount of alkoxide). The amount of butanol in the second solution was
chosen so that the concentration of water in this solution is less than 4%. If the
amount of water is higher than that, some of it can remain undissolved and
cause an inhomogeneity in the sol formation. HCl was added to the solution to
catalyse more linear particle growth in the sol-gel process. Samarium(III)
chloride hexahydrate was used as a source of Sm’" jons.

To prepare the partially hydrolysed sol, the water-containing solution was added
drop-wise under vigorous stirring to the diluted Zr(OBu),. After thorough mixing, a
clear solution with low viscosity was obtained. To get a viscous solution suitable
for formation of a thick film layer, the excess solvent was removed by evaporation
under vacuum condition as the used round-bottomed flask was rotated in a water
bath at 80 °C. The same rotational movement was used to cover the inner surface of
the flask with an even layer of non-flowing (that’s why the partial hydrolysis was
used) thick precursor sol film. Next, to achieve the gelling of the top layer of that
thick film, a high humidity air (obtained from above the water bath) was introduced
into the system. Water molecules from the humid air do not diffuse into the whole
sol layer due to the denser gel formation on the upper layer of the film caused by
the fast hydrolysis and polymerization. Latter also prevents further diffusion of
water and also the solvent evaporation from the unpolymerized under-layer.
Subsequently, this also leads to the gradient formation in gelation. Also the
spontaneous cracking of the formed film into micrometre-sized segments occurs
due to the solvent evaporation from the upper layer (alcohol is also a poly-
merization process by-product in the alkoxide based sol-gel). If a proper solvent
(hexane in this case) is added to the system, the underlying sol layer is dissolved
and now freestanding segments of the gel film spontaneously roll up to form
microrolls (Figure 9). The rolled structure formation occurs because the gelation
gradient causes the top side of the film to shrink more than the other side, producing
mechanical stress on one side of the film. The remaining sol is removed by washing
the microrolls with several cycles of diluting and decanting.

The formed microrolls are in average 100-300 pm long (depending on the
size of the film segments produced by the cracking process) and have a dia-
meter of 10-20 pm; the thickness of the rolled-up film is in the range of few
hundred nanometres (basically the depth of water diffusion into the sol film).

Microrolls prepared by this method are amorphous in nature, thus the
thermal treatment have to be used for formation of the crystalline ZrO,:Sm>",
The samples used for further studies were annealed step by step at 500, 600,
700, and 800 °C respectively.
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Figure 9: simplified overview of microroll formation

5.3 Results and discussion

To characterize the formation, crystal structure, and optical properties of pre-
pared structures, XRD, Raman, and photoluminescence (PL) spectra were mea-
sured after each annealing step, and also scanning electron microscope (SEM)
and optical micrographs were taken. It is clearly seen from the taken micro-
graphs (Figure 10) that in the course of annealing process the microrolls tend to
break up, causing a lot of debris of smaller oxide fragments, rendering the
shape-based functionality of the material useless.

F 500°C

Figure 10: Optical (on the left) and SEM (on the right) micrographs of microroll
structures annealed at 500 °C and 800 °C

Knowing that dopant concentration, crystallite size, and temperature can affect
the phase composition of ZrO, materials, XRD and Raman spectra were mea-
sured after each annealing step to characterize the structural changes happening
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in the material during the step-by-step annealing process (Figure 11). The mea-
sured XRD spectra show that a sample annealed at 500°C contains mostly the
metastable tetragonal phase of ZrO,. Increasing the annealing temperature to
600 °C introduces two additional weak reflections characteristic to monoclinic
Z1O, phase. The XRD spectra indicate that samples annealed at 700 °C and
800 °C consist mostly of monoclinic phase. The same phase evolution from
tetragonal to monoclinic is evident from the measured Raman spectra.
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Figure 11: XRD and Raman spectra of ZrO, microroll structures showing phase
evolution according to the rise in the annealing temperature

With the rise of annealing temperature the average diameter of the crystallites
grows; when the temperature drops back to RT, the metastable tetragonal phase
structure that is prevalent for the samples annealed at 500 °C and 600 °C is not
stable anymore. The crystallite has grown too big, thus the size, the small
amount (0.5 mol%) of dopant, and the stress caused by the rolled-up structure
do not stabilize it anymore, and it is transformed into the monoclinic phase. But
because the primitive cell volume for the monoclinic phase differs from such
for the tetragonal phase, the transformation from one to the other causes cracks
to form and thus breaks up the microroll structure, as can be seen clearly from
the optical and SEM images taken of samples annealed at different temperatures
(Figure 10).

The photoluminescence of dopant Sm’” was also used to investigate the
changes in crystal structure of zirconia microrolls. Laser excitation at wave-
lengths of 473, 405, 250, 235, and 210 nm was used. Firstly, under conditions
of direct excitation at 473 nm (Figure 12), the PL emission intensity for samples
annealed at 500 °C and 600 °C was very weak, but increased many orders of
magnitude after annealing at 700 °C. The fine structure of samarium ion spectra
for the samples annealed above 700 °C indicates formation of monoclinic
zirconia [52, 53], in accordance with XRD and Raman measurements.
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Figure 12: Development of Sm®* PL emission during the annealing cycle from 500 °C
to 800 °C under direct photoexcitation at 473 nm. Insert: the integral emission intensity.

As the PL emission of Sm®" ions under direct excitation at 473 nm was very
weak, and also did not give any information about the crystal structure for
samples annealed at lower temperatures, the emission was further investigated
under different excitation energies, allowing to probe the phase composition of
microrolls at different depths from the surface. The photon energy of the
405 nm excitation is too low to be absorbed by the zirconia matrix and therefore
gives information from the “bulk” of the material. The increasing of the
excitation energy from 405 to 210 nm also increases the absorption, allowing to
probe only the surface of the crystallites (Figure 13).

For the samples annealed at 500 °C and 600 °C the bulk-material PL
spectrum of Sm’" shows only a weak defect-related broadband emission.
Moving closer to the surface of the crystallites, a samarium spectrum characte-
ristic to a mixed environment of tetragonal and monoclinic is observed, and
when the excitation is confined only to the surface the spectrum of samarium
ion in tetragonal phase is prevalent. For the samples annealed at 700 °C and
800 °C no changes in spectral features are observed regardless of the excitation
wavelength. The spectral shape for these samples refers to a samarium ions in a
monoclinic zirconia surrounding.
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Figure 13: Probing the crystal structure of the microrolls via PL emission spectra of
Sm’*" ions. The excitation wavelengths 405, 250, 235, and 210 nm correspond to pro-
gressively shorter absorption depths. The spectra are normalized.
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If the rolled-up structure is desirable, the material in this form should not be
annealed (in this case the material will not be an oxide). If good luminescent
properties are needed, the material should be annealed at temperatures of at
least 700 °C and over. But to get a material with a good crystalline oxide struc-
ture, good luminescent properties, and in a rolled-up shape, the stabilization of
tetragonal phase is needed.

5.4 Conclusions

A metal oxide material can be shaped into a functional rolled-up microstructure
due to the unwanted effect of film cracking and the gelation gradient occurring
during the formation of a thin layer, when the material is prepared by the sol-gel
reaction of metal alkoxide with water. Doping the precursor material with RE**
ions (e.g. Sm’") adds luminescent properties, and incorporated ions acts as a
structural probe giving information about the crystal structure of microrolls.
During the annealing process, the unstabilized zirconia is transformed from a
metastable tetragonal to a stable monoclinic phase. This transformation leads to
the destruction of the roll structure. To avoid the destruction of formed micro-
structures during the high-temperature annealing process needed to obtain an
optically active oxide material, a stabilizing additive should be used.
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6. SILICA/ZIRCONIA FIBRES

6.1 Introduction

Recently, rare-earth-doped silica-based binary-oxide systems like silica/hafnia,
silica/zirconia, silica/stannia have been studied with the aim to develop a trans-
parent nanoceramics containing emitting RE** ions located in a crystalline sur-
rounding for improved emission characteristics. The sol-gel method, which
allows a high control over homogeneity and composition, can also be used for
creating such materials [54]. The nanocrystalline inclusions are obtained via
self-formation in the silica host during the high-temperature annealing process
[55].

The goal of this investigation was to apply the sol-gel technique in
developing fibrous wave-guiding structures based on the zirconia doped with
RE’" ions in a silica matrix. Optical and structural properties of pure and rare-
earth-doped samples were evaluated by using the luminescence- and Raman
spectroscopies and the XRD analysis.

6.2 Material preparation

Samples with two different zirconia concentrations of 6.5 and 30% were made
by using the controlled hydrolysis of Si(OEt), (tetracthyl ortosilicate, TEOS)
and Zr(OBu),. The concentration of Sm*" was 1%.

For the fibres containing 6.5% of ZrO,, firstly the zirconium butoxide (as
bought, 80 wt% in butanol) was further diluted in butanol (with molar ratio of
10 for the used amount of alkoxide), and then added dropwise to Si(OEt), under
stirring. Secondly, a solution of methanol, distilled water, hydrochloric acid
(HCl), and samarium(IIl) chloride hexahydrate (SmCl;*6H,0) was prepared
(with molar ratio of 10/1/0.01/0.01 accordingly to the used amount of both
alkoxides combined).

For the fibres containing 30% of ZrO,, firstly Zr(OBu), was further diluted
in butanol (with molar ratio of 10 for the used amount of alkoxide) and then
added dropwise to Si(OEt), under stirring. Secondly, a solution of distilled
water (molar ratio of 0.25 for Zr(OBu),), isopropanol, HCI, and SmCl;*6H,0
was prepared (with molar ratio of 10/0.01/0.01 accordingly to the used amount
of both alkoxides combined).

For both Zr0,/SiO, mixtures the solution of water, Sm*>*, HCI, and solvent
was added dropwise under stirring into the solution of alkoxides. A clear
solution with a low viscosity was obtained; to get a viscous solution suitable for
fibre pulling, the excess solvent was removed by evaporation under vacuum
condition. Fibres were prepared by pulling the precursor sol into fibres by using
a glass rod. The same precursor solution was also used to prepare relatively
thick (~10 pum) free-standing films suitable for the spectroscopic characteri-
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zation (the precursor solution was poured into a Petri dish and left to gel and dry
out for over a week; relatively thick pieces of a glass-like film were formed).

For the densification and release of carbon the as-prepared samples were
heat-treated in air at temperatures ranging from 600°C to 1000°C. Indeed, it was
earlier established [55] that the development of rare-earth-doped ZrO, nano-
crystals inside the amorphous silica requires a thermal treatment at annealing
temperatures reaching up to 1000 °C.

6.3 Results and discussion

The formation of separate crystalline ZrO, particles in an amorphous silica
matrix was studied by Raman spectroscopy and XRD. The measured Raman
spectra for the sample with concentration of 6.5% of ZrO, does not show any
identifiable peaks of crystalline zirconia (Figure 14). The measured Raman
spectra for the samples with concentration of 30% of ZrO, indicate that 800 °C
is not a sufficient temperature for ZrO, crystallisation in this binary system.
Identifiable spectra of the tetragonal phase of ZrO, appear only when the
sample is annealed at least at 1000 °C (in accordance with reference [55]). The
measured XRD spectrum (Figure 15) for such a sample also shows the
formation of tetragonal phase and indicates that the formed crystallites are
rather small, in the size range of couple of nanometres (no identifiable spectra
have been obtained from the sample containing 6.5% of zirconia).
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Figure 14: Raman spectra of silica-zirco- Figure 15: An XRD spectrum of silica-
nia systems with different zirconia con- zirconia (30%) system annealed at 1000
centrations compared to the pure silica. °C.

The relatively broad PL bands of Sm®" in combined PL spectra excited by
266 nm (Figure 16 and Figure 17) indicate that most of the PL is coming from
ions situated in a glassy matrix for both zirconia concentrations [56-58]. The
zirconia concentration increase to 30% enhances the Sm®" emission compared
to the defect emission. The intensity of Sm®” PL increases with annealing up to
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800 °C, but decreases with further annealing up to 1000 °C because at such
temperatures the dopant ion might start to migrate to the surface.
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Figure 16: PL spectra of Sm’" in silica- Figure 17: PL spectra of Sm’" in silica-
zirconia (6.5%) system, measured at room zirconia (30%) system, measured at room
temperature with laser excitation at 266 nm.  temperature with laser excitation at 266 nm.

6.4 Conclusions

Studied sol-gel method followed by a careful thermal treatment appears to be
usable for preparation of rare-earth-doped SiO,/ZrO, fibres. The structural
analysis confirms the formation of zirconia nanocrystals. The dopants however
tend not to be located in the ZrO, but rather in glassy silica surrounding. This is
supported by the fact that the XRD and photoluminescence analyses suggest
that only very small ZrO, crystallites are formed which naturally places most of
the rare earth ions in disordered ZrO, and SiO, amorphous phase.
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7. YSZ MICROTUBES

7.1 Introduction

Large-scale metal oxide materials, including ceramic tubes are prepared mostly
from metal oxide powders through extrusion, followed by high-temperature
sintering [59]. Unfortunately this mechanical processing approach becomes
very difficult in the size range of a few hundred micrometres and below if well-
defined geometry and mechanical and optical properties are needed. So, some
sort of a “bottom-up” approach should be used to obtain a metal oxide material
with both functional shape in the micro-scale and high structural homogeneity
in the nano-scale, which are needed for materials with both good mechanical
and optical properties. In this work, the mechanical drawing of material into a
liquid thread combined with self-assembly processes of sol particles are used
for preparation of yttrium-stabilized zirconia (Y'SZ) microtubes (Figure 18).

The microtubular shape of YSZ materials can give a lot of new possibilities
for applications such as piping of liquids and gasses in microfluidics systems
designed to be used under extreme conditions like elevated pressure and
temperature (e.g. miniature reactors, lab-on-chip applications) [60], as an
electrolyte material (YSZ has high ionic conductivity at elevated temperatures)
for miniature microtubular solid oxide fuel cells (MT-SOFC) (for now having
an average diameter of 1-4 mm) [61-63], for the use in gas sensing applications
or as miniature plasma sources for applications requiring a good accuracy.

Doping of YSZ with optically active RE*" ions enhances the material with
additional luminescent properties and also allows to study with rather simple
methods its structural evolution during the annealing process.

Figure 18: SEM image of a YSZ microtube.
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7.2 Material preparation

For preparation of YSZ microtubes, a viscous sol with shear thinning visco-
elastic properties is needed. To prepare such a sol, first a solution of water (5%),
butanol, and Eu and Y nitrates is prepared with a ratio of 0.7 moles of water per
1 mole of alkoxide used. This solution is then added drop-wise under vigorous
stirring to a Zr(OBu), and butanol solution. To transform the obtained homo-
geneous mixture into a honey-like viscous material suitable for the fibre pulling/
pressing, almost all of the excess solvent is evacuated at 70 °C water bath, at 1—
2 Torr vacuum conditions. The viscosity of the sol is now determined by the
size of sol particles that is controlled by the alkoxide properties and by the rate
of polymerization (the amount of added water).

To produce microtubes, initially a microfilament is formed that during the
processes of gelling and phase separation hollows out to become a tube. Two
methods have been used for filament drawing: the “glass rod method” and the
“motorised jet pressing method”. The glass rod method is a rather simple
technique where a glass rod is used to pull the prepared viscous sol into a fibre-
like jet by a fast hand movement (Figure 19). The tubes prepared by this method
have lengths of about 10—15 mm, typical outer diameters of 30-50 pm, and wall
thicknesses of 10-15 um. But the fibres made by this method are not always
identical because the hand movements are not identical. The second method
used for the initial fibre preparation, the motorised jet pressing method, is a
more automated way to prepare fibres with identical parameters. In this case the
viscous sol is pressed through a 200 um nozzle with a constant speed (20—
40 cm/s).

The solidification of the outer layer and the formation of the hollow core
self-occurred during the first 15 minute period of the aging. The gelling process
starts from the outer layer, forcing the solvent released during this process to
remain inside the fibre. The sol particles self-assembly to form the walls of the
tubes leading to the phase separation of solid gel and liquid solvent. The rest of
the ageing period is needed to release organics as a vapour and also for the
initial material densification. To further densify the material, to remove the
organic residue, and to optimize the Eu’" luminescence, the tubes were annealed
atup to 1100 °C.

These tubes have excellent mechanical characteristics after heat treatment up
to 700 °C, the Young's modulus and the tensile strength are in the range of 100—
150 GPa and 400-600 MPa respectively, and they can withstand 1000 atm
pressure inside the tubes [24].
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Figure 19: simplified overview of microtube formation

7.3 Results and discussion

The optical quality of the microtubes was investigated via light propagation
in microtubes under an optical microscope. Both visible (532 nm) and UV
(405 nm) laser light was used. One end of a microtube was illuminated with a
strongly focused laser beam in order to couple the light into waveguiding
modes, and the propagation of light was observed at the other end of the
microtube, at a distance from the laser illumination (Figure 20).

Figure 20: Propagation of green laser light (532 nm) through an YSZ microtube. Inset:
optical micrographs of an Eu’’-doped YSZ microtube (left: illumination with white
light; right: photoluminescence of Eu’" excited by a 405 nm laser).
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Due to a high amount of stabilizing dopants (8% Y and 1% Eu) we assume that
the crystal structure of the microtubes remains tetragonal throughout the an-
nealing temperature range. To check this assumption, Raman and XRD spectra
were measured.

In the temperature range from 600 °C to 1100 °C the measured Raman
spectra show only patterns assigned to tetragonal YSZ, and no identifiable
peaks due to monoclinic phase are present. With the increase of annealing tem-
perature a slight narrowing of the Raman peaks occurs due to the increase of the
crystallite size [64, 65] (Figure 21).
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Figure 21: Raman spectra of YSZ:Eu’" Figure 22: XRD spectra of YSZ:Eu’*

microtubes annealed at different tempe- microtubes annealed at 800 °C and 1000 °C.

ratures.

The measured X-ray diffraction pattern for powdered samples annealed at 800 °C
shows that the tetragonal phase is prevalent, but a weak reflection from the
monoclinic phase can also be seen for sample annealed at 1000 °C (Figure 22).
The analysis of XRD peaks shows the growth of crystallites from 27(6) nm to
36(7) nm with the temperature increase.

The crystal structure of YSZ microtubes was further studied by the Eu®"
luminescence spectra. The luminescence of Eu’" ions is very sensitive to the
surrounding environment (matrix) and thus the corresponding spectra can be
assigned to different crystal phases of the host material. Peaks at ~613 nm
correspond to the monoclinic phase, and peaks at ~607 nm to tetragonal and
cubic phases of ZrO, [66]. For microtubes annealed at 1100 °C, at least three
distinguishable Eu’" sites are observed.

A slight change in the excitation wavelength from 466 nm to 464 nm leads
to two completely different spectra (Figure 23). The Eu centre corresponding to
the excitation by 466 nm is labelled as Eu(1). The spectrum exited by 464 nm
however, turns out to be a mixture of two different centres of Eu, as revealed by
the time-resolved spectroscopy (Figure 24). The longer-living Eu centre is
labelled as Eu(2), and the shorter-living centre as Eu(3). Several authors have
reported either Eu(1) or Eu(2) type of Eu*" spectra from ZrO, containing the
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tetragonal phase [21, 67-69]. The shape of the Eu(3) spectrum suggest that the
Eu’" sites are located in less-ordered surrounding with lower symmetry, sug-
gesting that the microtubes annealed at 1100 °C contain, in addition to the tetra-
gonal phase, also some amount of the monoclinic phase, which can also be seen
from the XRD spectra. The annealing temperature rise will grow the crystallites
too big to be stabilized by the used amount of added yttrium.
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Figure 23: PL spectra of YSZ:Eu®" microtubes annealed at 1100 °C, depending on the
excitation wavelength.
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Figure 24: Time-resolved PL spectra of YSZ:Eu’* microtubes annealed at 1100 °C,
excited at 464 nm. The detection time window with respect to the laser pulse is indicated.
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7.4 Applications

As noted before, YSZ has already been used for many different high-tempera-
ture applications, e.g. as a thermal barrier coating (TBC) or as an electrolyte
material in solid oxide fuel cells (SOFC). To monitor the temperature of those
complex and sometimes inaccessible structural elements, the non-contact
fluorescence lifetime thermometry based on RE®" dopant ions has been sug-
gested [70-72]. The doping of an already functional oxide with luminescent
activators enhances the material’s functionality without any need for extra
sensor layers.

To get a temperature reading from a Eu’* lifetime measurement, a calibration
curve of an average luminescence lifetime temperature dependence has to be
measured (Figure 25). In reference to this curve the temperature value can be
obtained. The testing of in sifu non-contact fluorescence lifetime thermometry
was carried out on a microtube annealed at 1000 °C, the tube was placed in an
open-ended furnace. The Eu’" luminescence was excited either by 466 nm or
through the charge transfer absorption at 266 nm using a tuneable nanosecond
laser. The Eu’* decay curves were measured at the 606 nm peak using a photo-
multiplier operating in the photon counting regime and connected to a multi-
channel analyser. The average sensitivity in the temperature range of 600 °C to
800 °C is ~0.5 C/%, which is on a par with that reported for conventional
YSZ:Eu ceramics [71].
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Figure 25: Temperature dependences of the Eu’* fluorescence decay kinetics for two
different excitation wavelengths (the solid curves are guides for the eye).
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7.5 Conclusions

For optimizing the material densification (occurring via removal of residual
organics and the oxide formation), temperatures of 700 °C to 800 °C are suffi-
cient. At these temperatures the size of crystallites and the amount of stabilizing
dopants fully stabilize the tetragonal phase. Annealing the YSZ microtube
material at temperatures over 900 °C leads to the formation of small amounts of
monoclinic phase. This can result in the formation of material defects, which
affect the durability of microtubes at high temperatures and worsens the optical
(wave guiding) properties of the material. If an application (like SOFC) needs
higher working temperatures, then a larger amount of the stabilizing dopants
should be used.

The fully stabilized zirconia microtubes have many possible applications like
electrolytes in micro-SOFCs (YSZ has a high ion conductivity at elevated
temperatures) and components of microfluidic systems (the obtained microtubes
have excellent mechanical characteristics, and they can withstand 1000 atm
pressure inside the tubes).
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8. SUMMARY

Metal oxide mesostructures for optical applications

This PhD thesis is aimed at using sol-gel technique for forming a variety of
metal oxide structures (mostly based on ZrQO,) and thorough characterization of
the obtained materials. The focus is on the following applied aspects: (a)
controlled morphology for better functionality, (b) phase composition and its
stability and (c) optical/luminescence properties. Of special interest is the
preparation of several quasi-1D microstructures — fibres, rolls, and tubes —
which are rarely synthesized via soft chemical routes. The optical quality of
some of the 1D structures is demonstrated by their light guiding capability.
Although some materials had an intrinsic luminescence, trivalent rare-earth
impurity ions were introduced during the synthesis for more robust lumine-
scence functionality. Moreover, the fine structure analysis of the luminescence
spectra complemented with XRD and Raman-scattering studies allowed
monitoring of the structural evolution of the materials during the post-synthesis
heat treatment period. Several aspects of the influence of high temperatures
(>1000 °C), as well as the peculiarities of rare earth emission centres, have been
clarified for studied oxide materials.

The more detailed results are summarized as follows:

e It was shown that after thermal treatment of pure ZrO, nanopowders beyond
1250 °C, a well-developed monoclinic structure is formed and a strong
broadband intrinsic luminescence emerges around 490 nm. The emission has
eminent thermoluminescence and afterglow properties, which are promising
for phosphor and dosimetry applications.

e Luminescence properties of ZrO,:Sm>" microrolls prepared by sol-gel pro-
cess were studied. Doping of the material with Sm*" fluorescent ions allowed
optical monitoring of the nanoscale tetragonal-to-monoclinic phase transition
during thermal annealing and assess its effects on the integrity of the micro-
rolls.

e Sm-doped binary-oxide fibres of silica/zirconia solid solution were synthe-
sized with an aim to obtain an active optical medium based on RE-doped
crystalline nanoparticles distributed in a transparent glassy matrix. The
formation of small tetragonal ZrO, nanocrystals was verified by XRD and
Raman-scattering studies. The luminescence spectra indicate that the Sm*"
impurity ions are mostly located in a glassy environment, most probably in
the SiO, matrix or at the phase boundaries.

e Luminescence properties of Y,0;(8 mol%)-ZrO, microtubular structures
activated with Eu’" ions were investigated and possible applications
proposed. Optical studies indicated that the tetragonal phase is stabilized up
to 900 °C. Observable dependence of the Eu’" fluorescence lifetime in the
range up to 800 °C enables its application in optical microthermometry for
example in microfluidic systems under extreme conditions.

39



9. SUMMARY IN ESTONIAN

Metalloksiidsed mesostruktuurid optilisteks rakendusteks

Kéesoleva doktoritdd eesmirgi — moningate spetsiaalsete, peamiselt ZrO, po-
histe, metalloksiidstruktuuride sool-geel meetodil valmistamise ja nende raken-
duslikus plaanis oluliste aspektide nagu niiteks uudne funtsionaalne morfo-
loogia, faasikoostis ja selle stabiilsus ning optilised ja luminestsentsomadused —
saavutamiseks viidi 14bi komplekssed uuringud. Peamist huvi pakkusid kvaasi
ithedimensionaalsed mikrostruktuurid — fiibrid, rullid ja torud — mille siintees
vedelkeemia meetodeil on vordlemisi haruldane. Mdned saadud materjalid
omandasid luminestsentsomadused nominaalselt puhtal kujul, kuid stabiilsete
luminestsentsomaduste saavutamiseks lisandati materjalidele siinteesi kéigus
kolmevalentsete haruldaste muldmetallide ioone. Seejuures vdimaldas lisandi-
luminestsentsi spektraalse peenstruktuuri analiiiis kombineerituna rontgen- ja
raman-hajumise uuringutega jélgida materjalide struktuuri arengut siinteesi-
jargse termotootluse kdigus. Selgitati ka mitmeid aspekte temperatuuritootluse
(>1000 °C) mdju kohta materjalide kristallstruktuurile ja lisandtsentrite spekt-
raalseid isedrasusi oksiidmaterjalides.

Uuringute olulisemad uudesd tulemused ja neist tehtud jareldused on jargnevad:

e Nadidati, et nominaalselt lisandivabade ZrO, nanopulbrite termilisel to6tlusel
temperatuuril 1250 °C vo6i enam moodustus materjalis kaugelearenenud
monokliinne kristallfaas, millega kaasnes intensiivne laia spektriga lumi-
nestsentskiirgus 490 nm juures. Kiirgusele olid omased ka termolumi-
nestsents ja jirelhelendus omadused, mis on perspektiivsed fosfoorides ja
dosimeetrilistes rakendustes.

e Madrati kindlaks tingimused, mis viivad mikrorullide moodustumisele sool-
geel protsessi kiigus. Materjali dopeerimine fluorestseeruvate Sm*>" iooni-
dega lubas nanoskaalas optiliselt jdlgida mikrorullide termot6otluse kdigus
toimuvat tetragonaalse kristallstruktuuri {ileminekut monokliinseks.

o Siinteesiti samaariumi ioonidega dopeeritud SiO,-ZrO, segufiibrid, eesmirgiga
realiseerida optiliselt aktiivne keskkond, kus Sm** ioonidega lisandatud ZrO,
nanokristallid on dispergeeritud ladbipaistvas klaasjas maatriksis. Termilise
tootluse kéigus tuvastati tetragonaalses faasis véikeste nanokristallide
moodustumine rontgen-difraktsiooni ja raman-hajumise uuringute kaudu.
Luminestsentsispektrid viitasid Sm® lisandioonide asumisele valdavalt klaasjas
iimbruses, oletatavalt SiO, maatriksis voi faasiiileminekupiirkondades.

e Uuriti Eu’" ioonidega dopeeritud Y,03(8 mol%)-ZrO, mikrotorujate struk-
tuuride luminestsentsomadusi ja sellest tulenevaid voimalikke rakendusi.
Optiliste uuringute kéigus tuvastati, et antud koostise juures on tetragonaalne
faas stabiliseeritud kuni 900 °C-ni. V&imalik oli jilgida Eu®" fluorestsentsi
eluea siistemaatilist muutumist temperatuuri tostmisel kuni 800 °C-ni. Ndh-
tus on perspektiivne optilise mikrotermomeetria rakendustes eksteemsetel
tingimustel (korge rohk, temperatuur) tootavates mikrovedeliksiisteemides.
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