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Abstract 

 
 

The presented study deals with the sol-gel synthesis of nanocrystalline ternary 
phases of the general formula ZnxTiyOz, their characterization and potential application 
in photonics. Achieved results brings new fundamental knowledge about the processes 
leading to the formation of ZnxTiyOz nanocrystals from amorphous xerogels and gives 
novel information about structural and opto-electrical properties of prepared materials. 
Based on the presented results, most of all up-to-date reported ZnxTiyOz compounds 
with tailored nanocrystalline size and structure can be prepared as powders or thin films. 
 Two sol-gel approaches based on the cluster process and direct heteronucleation 
were employed to prepare initial sol. Sols were optionally doped by Eu3+ ions to 
evaluate the effects of rare earth element to crystallization properties of formed 
compounds.  

 
In the first part of our study crystallization properties and structural evolution of 

thermally treated xerogels were analyzed. As a result a versatile method allowing the 
preparation of inverse spinel Zn2TiO4, cubic defect spinel ZnTiO3 and rhombohedral 
ZnTiO3 with tailored nanocrystal sizes was established. Initial composition and thermal 
annealing allow us to prepare selected ternary phase with tailored nanocrystal size 
ranging from tens of nanometers up to micrometric scale. Formed cubic structures can 
be dope by rare earth elements up to their limits of solubility. 
 In the second part of the study, approaches elaborated in the first part were 
successfully exploited for the preparations of thin films with define nanocrystalline 
structure and selected composition. The thickness of prepared films can be varied from 
several tens of nanometers up to few micrometers. Refractive indexes, dispersion curves 
and band gap energies of particular structures were determined. Refractive indexes of 
cubic structures ranging from 1.7 to 1.95 RIU. Determined band gap energy is 
approximately 3.7 eV. Calculated refractive index of rhombohedral ZnTiO3 was around 
2.56 RIU, band gap energy 3.61 eV. 
 

In the third part of our study the zinc oxide nanoparticles doped by Eu3+ ions 
was successfully applied into the silica frit that was thermally collapsed forming a 
preform. The preform was successfully withdrawn into optical fiber. with the outer 
diameter 124 m and the core diameter 15 m has a numerical aperture equal to 0.084. 
Baseline attenuation of prepared fiber was around 0.9 dB·m-1. The concentration of 
particular elements inside the preform was approximately 0.9 at. % of Zn2+ ions and 
0.12 at. % of Eu3+ ions. As was clearly demonstrated zinc oxide nanoparticles prepared 
by the sol-gel process can be successfully employed as a part of host matrixes for rare 
earth element allowing the preparation of active optical fibers with parameters close to 
optical fibers prepared by the standard or modified solution doping method.  



 

 
Abstrakt 

 
 

Tato práce se zabývá přípravou nanokrystalických materiálů ternárních fází 
ZnxTiyOz, jejich charakterizací a potenciální aplikací ve fotonice. Dosažené výsledky 
přinášení nové poznatky o procesech vedoucích ke vzniku nanokrystalických fází 
ZnxTiyOz z amorfních xerogelů a poskytují nové informace o strukturních a opto-
elektrických vlastnostech připravených materiálů. Na základě vypracovaných postupů 
lze připravit většinu z doposud známých ternárních struktur, a to nejen ve formě prášku, 
ale i ve formě tenkých vrstev. 

 
K přípravě byla zvolena metoda sol-gel. Připravené základní soly byly 

připraveny dvěma postupy. V prvním postupu je využito reakce [Zn4O]acetát6 klastrů s 
i-propoxidem titaničitým. Druhý postup je založen na přímé heteronukleaci dihydrátu 
octanu zinečnatého s butoxidem titaničitým v ethanolu. Připravené soly byly 
alternativně dopovány 1 at. % Eu3+ a naneseny jako tenké vrstvy nebo tepelně 
zpracovány na xerogely.  

 
První část práce se věnuje studiu krystalizačních vlastností a teplotnímu vývoji 

vzniklých sloučenin. Na základě dosažených výsledků byly přirpraveny čisté 
nanokrystalické faze inverzního spinelu Zn2TiO4, defektního spinelu ZnTiO3 and 
rhombohedrického ZnTiO3 s definovanou velikostí nanokrystalů. V závislosti na 
zvolených podmínkách tepelného zpracování může být velikost nanokrystalů v 
připraveném materiálu plynule měněna v rozsahu od desítek nanometrů až do řádu 
mikrometrů. Materiály s kubickou mřížkou lze dopovat prvky vzácných zemin. 

 
V druhé části práce jsou poznatky získané v první části práce využity pro 

přípravu tenkých vrstev s definovaným složením a nanokrystalickou strukturou. 
Tloušťku připravených vrstve lze plynule měnit od několika nanometrů, až do několika 
mikrometrů. Pro jednotlivé faze byly stanoveny indexy lomu, disperzní charakteristiky 
a šířky zakázaného pásu. Index lomu materiálů s krychlovou mřížkou se pohybují od 
1,7 do 1,95. Stanovené šířky zakázaného pásu byly přibližně 3,7 eV.  Vypočtený index 
lomu romboedrického ZnTiO3 byl ca 2,56, šířka zakázaného pásu 3,61 eV. 

Třetí část práce je věnována přípravě optických vláken. Nanočástice oxidu 
zinečnatého dopované Eu3+ ionty byly úspěšně naneseny do křemenné frity v 
substrátové trubici, která byla zpracována preformu. Preforma byla vytažena do 
optického vlákna s vnějším průměrem 124 m, průměrem jádra 15 m a anumerickou 
aperturou 0,084. Základní útlum připraveného vlákna činil dB·m-1. Koncentrace 
sledovaných prvků v připravené preformě byla přibližně 0.9 at. % zinečnatých iontů a 
0.12 at. % europitých iontů. Bylo jednoznačně ukázáno, že nanočástice oxidu zinku 
připravené metodou sol-gel mohou být úspěšně využity jako hostitelská matrice pro 
prvky vzácných zemin a být využity pro přípravu aktivních optických vláken. Parametry 
připraveného vlákna jsou srovnatelné s parametry vlákna připraveného standardním 
postupem, který využívá metodiky depozice iontů vzácných zemin z roztoků. 
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Preface 
 

This work arose from the newly established cooperation between the Institute of 
Photonics and Electronics at Prague and Laboratory of nanocolloidal materials, 
Université de Rennes 1, managed by Prof. Dr. Lubomír Špaňhel. The common goal of 
our laboratories was the research of materials that would be exploited in opto-electronic 
and photocatalysis. The original intention was profited from huge experiences of Prof 
Špaňhel in the preparation of metallic nanoparticles. Joint effort would lead to the new 
type of optical sensors based on localized surface plasmon resonance. 

Unfortunately, from financial and operating reason we split our attention to 
novel material based on the nanoparticles of zinc oxide. Because it has proved to be 
unsustainable to kept running two different projects, the originate idea was abandoned 
and we focused our attention to preparation and characterization of ZnxTiyOz 
nanocrystalline structures. That’s the reason why the title doesn’t match the job, which 
is described in this Ph.D. thesis. 

Materials based on ZnxTiyOz structures were in the focus of both research 
institutions. Their possible photocatalytic properties could be widely exploited in the 
fundamental and applied research program of Laboratory of nanocolloidal materials. 
Their crystalline structure make them suitable as matrixes for variety of dopants 
including rare earths elements. For such a reason they could be exploited as novel 
materials for optical waveguides and active optical components. Modus operandi in our 
laboratories is based on the sol-gel method. For this reason the whole study is focused 
to the colloidal approaches and sophisticated physical methods as molecular beam 
epitaxy or metal-organic chemical vapor deposition are slightly disregarded. By this, I 
do not want to deny their enormous importance in the field of nanomaterials. 
 Because the work had been mingling with projects of other colleagues the 
variety of achieved results was very broad. As well the purpose exploitation of prepared 
materials was slightly different in both laboratories. Such a circumstances resulted into 
huge broadening of planned goals and great number of particular results. Thus it was 
difficult to choose data that made a compact topic. After careful consideration I decided 
not to include parts of my work dealing with the preparation and characterization of 
ZnxTiyOz doped by other compounds than rare earth elements. So the whole chapter 
dealing with the photocatalysis was skipped. 
 Continuous movement between two laboratories placed high requirements on the 
temporal stability and reproducibility of prepared samples. As was confirmed in several 
laboratories elaborated methods were practically fully reproducible leading to the 
preparation of samples of excellent quality. 
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Introduction 
 

Photonics and principle of optical fibers 
 Photonics is a science which deals with the generation, transmission, detection 
and processing of light. It covers wide area of interest from fundamental research to 
development of industrial application and commercial products. From historical and 
practical reasons the term “light” isn’t understood as purely visible part of the spectra, 
but it’s extended to the near infrared region where telecommunications frequencies are 
localized ranging from 1250 to 1650 nm[4]. The photonics research covers theoretical 
fundamentals of an interaction of light with other objects, material research and 
application part which exploit acquired knowledges to construct novel optical devices. 
From applicatin point of view photonic’s research take place in the field of light 
sources, detectors, waveguides and sensors including optical fibers. Most of results can 
be found in daily life. Let us mention light emitting diodes (LED), plasma and LED 
screens, or less apparent optical sensors in medicine[5]. Despite they usually stays in 
shadows, optical fibers make a backbone of modern information society. Optical fiber is 
usually defined as an cylindrical optical waveguide whose transverzal lenght is 
significantly higher than a lateral dimension [6]. A structure of optical fiber is 

demonstrated in the Figure 4. The light pas through the fiber by a series of total 
reflections on the core-cladding boundary. From the well known Snell’s law can be 
deduced, that the critical angle c correspond to the ratio of refractive index of the the 
cladding n2 over the refractive index of the fiber core n1 as can be seen from the 
equation : 

cn
n sin

1

2        (1) 

With regard to the effect to the transmitted light, optical fibers can be divided to passive 
or active. The light transmitted through the passive optical fiber is only attenuated due 
to the optical absorption of the fiber. Active optical fibers amplify the light signal 
transmitted through the fiber. They act as fiber lasers. To cause the laser effect the fiber 
core contain suitable element. Usually rare earth elements (REE) such a erbium, thulium 

 

Core

Optical cladding


 n

n

n
c

1

2

0

c

Figure 1 Principle of optical fiber. n0 -surrounding medium (air), n1 -refractive index of the 
fiber core, n2 –refractive index of cladding,  c –critical angle, c –output angle of  emitted light 
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are used as dopant because the energy of their f-f internal transitions corresponds to the 
spectral range from 1250 nm to 1650 nm, where telecomunication frequencies are 
localized. With Er3+ ions, Yb3+ ions are usually introduced into the matrix [2]. The 
energy diagram of REE doped fiber is demonstrated in the Figure 2. Optical fiber co-
doped by Yb3+ions is pumped by the laser operating at 980 nm. Excited electrons are 
tranfered from Yb3+ to Er3+ ions and undergo an non-radiative transition. In Er3+ ions 
the inverse population is created. The wavelength of the signal transmitted through the 
fiber corresponds to the energy difference between the energy level with the inverse 
population and the ground state of Er3+ ions. The transmitted light cause a stimulated 

emission and it’s amplified. 
With increasing requirement to the data transmission novel approaches improving the 
properties of fiber lasers are under research. Beside of development novel arrangement 
of fiber lasers [7], the main attention is focused to exploitation of novel matrixes that 
could improve optical properties of dopants[8]. Last trend is the incorporation of 
ceramic nanoparticles together with REE [9] in order to increase their solubility inside 
the host matrix, suppress the clustering of REE oxides and increase the quantum 
efficiency of radiative transitions.  
 

Nanomaterials 
 For the purpose of our study we will define the nanoparticles and nanomaterials 
as objects which exhibit a particle dimensions or a structural dimensions in nanometric 
scale. Such a dimension may provide lot of advantages due to newly raised quantum 
stated , structural homogeneity , high porosity etc. As an example could be mention an 
exploitation of quantum dots in fluorescence optical sensors and imaging[10]. Increased 
porosity is widely used in the field of photocatalysis[11]. The nanocrystalline structure 
of the material may lead to .better transparency and thus a performance of active optical 
waveguides [12, 13] or to the development of new light sources [14, 15]. 
 

Figure 2 Energy level diagram of Er3+ and Yb3+ ions in silica matrix [2] illustrating the non-
radiative charge transfer to Er3+

  followed by the stimulated emission at 1540 nm. 

 Yb3+ 

 Er3+ 
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Opto-electronic properties of semiconductors 
 Theoretical and practical approaches concerning semiconductors include 
enormous number of particular specialization. It’s completely out of scope of this study 
introduce them even in their simplified form. For this reason only the general concept 
and the definition of basic terms are presented. 
 Opto-electronic properties of nanomaterials often depend on the size of formed 
nanoparticles. The reason should be found in existence of new quantum states that raise 
up in formed nanoparticles. As an example of such a phenomenon may be mention the 
fluorescence of CdSe quantum dots which significantly depends on the size of formed 
nanoparticles [16, 17].  

According to the quantum theory, atomic orbitals in an isolated atom correspond to 
discrete energy levels [18]. The chemical bond between two species may be 
approximated by the theory of molecular orbitals as can be seen in the Figure 3. In case 
of two identical species, the original atomic orbitals are combined to form the same 
number of molecular orbitals. Formed orbitals are hybridized and splitted into two 
levels. Electrons are redistributed into formed molecular orbitals in order to conserve 
the minimum of energy. The filled molecular orbital with the highest energy is called 
highest occupied molecular orbital (HOMO), the first empty orbital is called lowest 
unoccupied molecular orbital (LUMO). They can be characterized by the energy 
difference E. Such a energy difference correspond to the minimal energy that must be 
given to the electron in the HOMO orbital to excite it into the LUMO orbital. With 
further increasing number of aggregated species the polymolecular cluster or 
nanoparticle is formed. Energy sublevels in cluster are further splitted however they still 
appear a discreet character. The energy difference between the LUMO and HOMO 
orbitals is decreasing. A limiting case is achieved for huge number of combined species 
which correspond to the electronic band structure. Combined orbitals form continuous 
bands separated by forbidden band. The band, where electrons are localized, is called 
the valence band and it’s characterized by energy Ev, the formed band unoccupied by 

AN>20000AN=10AN=2

E

cluster
(nanoparticle)

molecular
orbital

atomic
orbital

E Eg

LUMO

HOMO

Ec

EV

semiconductor

AN=1

Figure 3 Schematic chart of changes in electronic structure of a semiconductor compound 
formed by aggregated monomers. AN refers to the aggregation number of monomeric units. 
Adapted from [3] 
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electrons is called conduction band. The energy between the conduction and the valence 
band is characterized by the band gap energy Eg. Conventionally the materials are 
classified by the value of Eg to insulators for Eg < 4 eV and semiconductors for Eg > 4.  
 The fundamental equation assigns to the light with the frequency  the 
corresponding energy E: 


 LchhE       (2) 

through the Planck constant h. Equation can be expressed by the wavelength of the light 
 and the velocity of the light cL. If the energy of the light interacting with the 
semiconductor is higher than energy of band gap then the light can be absorbed by the 
material and eventually excite the electron from the valence band to the conducting 
band. If the excitation of the electron is associated with the conservation of the electron 
momentum, the semiconductor is called direct semiconductor. If the excitation of the 
electron from the valence band to the conduction band is associated with change of the 
electron momentum than the semiconductor is classified as indirect semiconductor. 
 

ZnxTiyOz structures 
 Although the firsts compact work about the phase system based on ZnO-TiO2 
was presented more than fifty years ago, it still holds many uncertainties. The original 
phase diagram evaluated from the solid state approach is demonstrated in the Figure 4. 
It’s relatively simple and predict the existence of five particular species with well 
defined chemical composition. Let’s discuss their structures and properties in details. 

 

Figure 4 Phase diagram of the system ZnO-TiO2. The results were obtained by the solid-state 
approach. Proposed by [1]. 
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Zinc oxide and titanium oxide 
 
 Borders of the phase diagrams are created by zinc oxide and titanium oxide. 
ZnO and TiO2 exhibit semiconductor properties and they are well established in 
industry. Both of them are widely used as pigments, titanium oxide, namely the anatase 
structure, is widely exploited as photocatalyst [19, 20].  
 Despite of the existence of others crystallographic modifications ZnO usually 
occurs as wurtzite with hexagonal lattice. TiO2 provide us by two tetragonal structures: 
anatase and rutile. Properties of particular structures are summarized in the Table 1. 
 In the last decade, the interest about them has increased dramatically with 
increasing concern about nanomaterials. Tailored approaches allowed the formation of 
novel nanomaterials that have found new field of application as transparent 
semiconductors[21], transducer layers in solar cell technology[22, 23] as well as 
materials for novel light sources [14, 24]. They can be readily prepared by sol-gel routes 
allowing the formation of well defined nanoparticles with tailored shape and 
morphology [20, 22, 25].  

 
Table 1 Overview of selected crystallographic properties of pure oxides of system ZnO-TiO2 

 ZnO TiO2 

Used label ZnO a-TiO2 r-TiO2 

Structure wurtzite anatase rutile 

Structure 
type wurtzite -tin rutile 

Lattice 
system hexagonal tetragonal tetragonal 

Space group P63mc I41/amd P42/mnm 

Unit cell 
parameters 

a=0.325 nm 

c=0.521 nm 

a=0.378nm 

c=0.951nm 

a=0.459 nm 

c=0.296 

JCPDS 
datafile N° 36-1451 78-2486 21-1276 

 

ZnxTiyOz ternary phases 
 Up to date three ternary phases with the general formula ZnxTiyOz have been 
reported according to the presented phase diagram. Namely Zn2TiO4 crystallizing in a 
cubic structure as an inverse spinel. ZnTiO3 which was reported in the cubic structure as 
a defect spinel or in a rhombohedral structure as ilmenite. The third compound with the 
general formula Zn2Ti3O8 have been classified into the cubic structure as an defect 
spinel. Because structures derived from the spinel type is quietly complicated 
comparing to hexagonal or tetragonal structure of pure oxide, it deserve a more detailed 
description. Normal spinel structure may be expressed by the general formulation 
AB2O4 [26, 27]. A is a bivalent cation, B is a trivalent cation and O represent an anions, 
usually O2-. An unit cells contains 8 cations of the type A, 16 cations of the type B and 
32 anions where cations A are distributed into tetrahedral positions, cations B occupies 
octahedral positions in the lattice. The general formulation can be expressed by the 
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formula (A8)t(B16)oO32 where t is depict the tetrahedral position and o the octahedral 
position. In so-called inverse spinel, represented by the general formulation B(AB)O4, 
cations A are placed exclusively in octahedral position. Cations B are equally 
distributed between tetrahedral and octahedral position in the lattice. The structure of 
the inverse spinel Zn2TiO4 may be expressed by the formulation (Zn8)t(Zn8Ti8)oO32. 
 In the cubic structure ZnTiO3 the number of zinc cations is reduced. The 
structure can be regarded as a defect spinel (Zn8)t(Zn8/3 8/3Ti32/3)oO32 where part of zinc 
cations is replaced by vacancies labelled by the symbol . Formed vacancies increase 
the space that can be occupied by introduced dopants e.g. Eu3+ ions. Up to date, the 
structure of defect spinel Zn2Ti3O8 hasn’t been clarified. The overview of introduced 
structures and their selected properties are shown in the Table 2. 
 These ternary phases and their compound often shows superior properties than 
pure oxides, which are formed. That is why they have attracted great attention as well as 
their possible industrial application. They were successfully tested as novel catalysers 
for desulphurization [28] and dehydrogenation processes [29], in solar cell research [30-
36], as advanced materials for microwave dielectrics [37-39] and as novel phosphors 
[40, 41]. 

 Various method of their preparation was reported up to date. From solid-state 
and hydrothermal approaches [1, 28, 37, 39, 42-46], leading to the formation of 
powders through elaborated sol-gel routes [30-36, 41, 47-52]allowing the preparation of 
powders and thin films to sophisticated physical approaches, such a chemical vapour 
deposition or magnetron sputtering which allows the preparation of thin films [29, 40, 
53, 54]. Reported approaches which were used to prepare particular phases are listed in 
the Table 2. 

 
Sol-gel approaches leading to ZnxTiyOz structures 
 Comparing to the other approaches, sol-gel allows us to prepare nanocrystalline 
compounds with well defined properties. The purity of prepared material can be choose 
by initial composition of starting materials and appropriate route. Moreover sol-gel 
approaches allow to prepare materials of high at low temperature. 
 Up to date several sol-gel routes leading to zinc titanate compounds of general 
composition and structure were reported. They are depicted in the Table 5. The first 
route is based on the direct heteronucleation of initial compound and it was successfully 
employed in our laboratory to prepare powders and thin films [31, 33]. However it still 
hasn’t been fully explored. The second and the third methods are based on the 
preparation of pre-hydrolyzed polymolecular clusters that are further reacted together 
(method 5) or with the corresponding initial precursor [31, 55]. Formed polymolecular 
clusters can be substituted by the colloidal solution of ZnO or TiO2 [35, 36, 41]. This 
route is widely exploited. The last mention is based on the complexation of initial 
precursor followed by a hydrolysis. This method is labeled by number 4 and it is often 
used [49, 51, 52, 56]. 
 To our best knowledge the versatile sol-gel route allowing the formation of 
selected ZnxTiyOz nanocrystalline structures hasn’t been presented. Moreover, phase 
diagrams obtained as results of solid state chemistry or hydrothermal approach doesn’t 
provide any information about structural evolution of samples prepared by so called 
“bottom-up” approach. In our intention is to elaborate a versatile sol-gel method 
providing ZnxTiyOz nanocrystalline structures with tailored size and structure, 
investigate the crystallization properties of prepared xerogels and extend acquired 
knowledge to preparation of thin films. 
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Table 2 General overview of recently reported zinc titanate phases and their crystal 
structures 

 Zn2TiO4 (c) ZnTiO3 (r) ZnTiO3 (c) Zn2Ti3O8 (c) 

Used label Zn2TiO4 r-ZnTiO3 c-ZnTiO3 - 

Ratio Zn:Ti 2:1 1:1 1:1 2:3 

Structure type inverse spinel ilmenite 
not clarified 

defect spinel-like 

defect spinel-
like 

Lattice system cubic 
hexagonal/ 

rhombohedral 
cubic cubic 

Space group Fd3m R3 Fd3m Fd3m/P4332 

Unit cell 
parameters a=0.846 nm 

a=0.507 nm 

c=1.3927 nm 
a=0.840 nm a=0.843 nm, 

JCPDS datafile N° 25-1164 26-1500 39-0190 
38-3500, 

 73-0579 

Atomic positions in 
the unit cell (Zn8)t(Zn8Ti8)oO32 (Zn2Ti2)oO6 (Zn8)t(Zn8/3 8/3Ti32/3)oO32 (Zn8)t( 4Ti12)oO32 

References 

solid state and 
hydrothermal 

approach 

[28, 37, 38, 57-
59] [39, 47, 58-60] [44, 59] [1, 43, 61] 

sol-gel routes [35, 62] [36, 50, 56] [31, 32, 34, 41, 49, 51, 
55] - 

vapour phase 
deposition [29, 54] [53, 54] [29] - 

Note: c = cubic, r = rhombohedral, t = tetrahedral sites, o = octahedral sites,  = cavity 

Zn2+ salt Ti(IV)alkoxide 

Zn-ligand Ti-ligand 

[Zn4O] clusters TiO2 clusters 

1

2 3

4

5

Figure 5 Overview of refferedr sol-gel routes allowing the preparation of ZnxTiyOz. Method 1) 
direct heteronucleation process. 2 and 3) reaction of polymolecular clusters with initial 
compounds. 4) based on the reaction between complexes. 5) Reaction between pre-hydrolyzed 
clusters 
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Aim of the study 
 
 The main aim of the study is to elaborate a versatile sol-gel route allowing a 
bottom-up synthesis of ternary phases represented by the general formula ZxTiyOz. 
Prepared materials should be widely exploited as thin films for optical, opto-electrical 
and photocatalytic purposes. Therefore well defined structure of formed ternary phases 
and tailored nanocrystalline structure are required. 
 The main aim is devoted to the following objectivities: 

1. To find an appropriate versatile method allowing a reproducible preparation of 
ternary crystal structure on the nanoscale without side-formed phases 

2. To introduce an Eu3+ ions and study the structural evolution and 
photoluminescence properties of formed materials. 

3. To find an approach allowing the preparation of thin films with tailored 
nanocrystalline structure. 

4. To determine optical and opto-electrical properties of prepared nanocrystalline 
ternary structures 

5. Exploit investigated approaches in the technology of active optical fibers. 
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Material and methods 
 

Selected approaches and theoretical backgrounds of used methods 
 Fundamentals of used methods are introduced in following chapter. Because 
most of them are part of common knowledge, general principles and information were 
draw from following literature [6, 63-67] .Once a special method or technique is 
introduced, the adequate reference is cited. 
 

Selected spectral methods 
 

Absorption spectroscopy 
 The intensity of the light passing through the medium is decreasing according to 
the Lambert-Beer Law: 
 

llc eIeII   
00     (3) 

 
where I and I0 mean the intensity of the transmitted and incident light, respectively.  is 
the molar extinction coefficient,  is the absorption coefficient, c is the molar 
concentration and l is the length of the light path. For practical purpose the absorbance 
is defined by relations : 

lc
I
IA  0log      (4) 

l
I
IA  0ln      (5) 

 
widely used for absorption of liquids or thin films, respectively. In fiber optic 
technology the attenuation AA of the optical fiber is defined by the relation[6]: 
 

I
IAA

0log10       (6) 

 
where I and I0 mean the intensity of the light transmitted through the fiber an the light 
entering into the fiber. Absorption coefficients depends on the wavelength thus on the 
energy of the absorbed light. The energy of the light absorbed in the UV-VIS spectral 
region correspond to electronic transitions in the valence bands of atoms or molecules. 
From the position, intensity and shape of absorption bands we can deduce the internal 
structure of particular energy levels of the analyzed material.  
 The fundamental transitions in semiconductors are related to the band-to-band 
transition or to exciton transition. For direct transition the electron momentum is 
conserved, for indirect transition it is changed. The type of the band gap transition can 
be estimated from the curse of optical absorption band. After several simplifications, 
absorption coefficient can be related to the energy of band gap by the relation[68]: 
 

   g
k Ehkh g   ~      (7) 
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where kg is the coefficient acquiring the value 0.5 for indirect transition or 2 for direct 
transitions. 
 Fourier transform infrared spectroscopy deals with the infrared part of spectra. 
The energy of infrared radiation is associated with the rotational, vibrational and 
rotational-vibrational transitions in atoms and molecules. In our study FT-IR spectra 
will be exploited to identify particular compounds. 
 

Luminescence spectroscopy 
 Luminescence is the emission of light from material in electronically exited 
states [69]. Luminescence is divided into two categories, fluorescence and 
phosphorescence. In fluorescence the excited electron is paired to the second electron in 
the ground-state orbital. The electronic transition from the excited state to the ground 
stated is spin allowed. In phosphorescence the excitation and related relaxation of the 
electron is associated with the spin change and both electrons in excited and ground 
states have the same spin. Thus the transition of excited electron to the ground state is 
spin forbidden. The luminescence is associated with the emission of light which 
accompanied radiative transitions. The wavelength of emitted light corresponds to the 
energy of particular transitions. 
 In our study two types of luminescence will be employed. The first is the 
energy-dispersive X-ray spectroscopy (EDS). In EDS the sample is excited by 
accelerated electron beam. The energy of the electron beam is sufficient to excite 
electrons inside the inner shell of atoms that form the analyzed sample. Energy of 
emitted radiation corresponds to inner transitions inside the electron shell. For that 
reason the EDS method can provide us by the information about the chemical 
composition of analyzed sample. 
 The second technique exploit the phosphorescence of Eu3+ ions in visible part of 
spectra. The luminescence spectrum of Eu3+ ions is hyper sensitive to the changes of  
local symmetry[70]. Basically, we can recognize two peaks in luminescence spectrum 
of Eu3+ which correspond to 5D07F1 and 5D07F2 electronic transitions. The first 
mention is associated with the magnetic dipole, the second is associated with the 
electric dipole in the crystal field of Eu3+ ions. A change of local symmetry of Eu3+ ions 
affects the electric dipole while the magnetic dipole remain unaffected. With decreasing 
symmetry of crystal field of Eu3+ ions the intensity of 5D07F2 electronic transitions 
decreased. So the ratio of the D07F2 transition to 5D07F1 transition may provide 
structural information about the site symmetry of Eu3+ ions. For this reason Eu3+ ions 
are widely exploited as useful indicator allowing to evaluate their displacement and 
symmetry of occupied position inside the crystal lattice. This method has been widely 
employed to observe the formation of nanocrystalline materials. As an example let us 
mention the evolution of hexagonal lattices of ZnO [70], tetragonal titania [71], cubic 
YAG garnets [72] etc. 
 

Thermal analysis and mass spectrometry 
From general point of view, thermal analysis investigates the thermal behavior 

of samples (i.e. thermo mechanical properties). In presented work the difference 
scanning calorimetry (DSC), differential thermal analysis (DTA) and thermal 
gravimetry (TG) were employed. Both introduced methods can provide us by set of 
thermodynamical data.  
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The principle of DTA is following: analyzed sample is placed into the crucible 
placed onto the pan which is welded to thermo coupler. The sample pan is heated 
together with the reference pan in a furnace by defined heating rate under defined 
atmosphere. Thermo dynamical properties occurring in sample resulting into 
temperature changes detected by the thermocoupler. The voltage difference between the 
sample and the reference thermocoupler are recording as a function of raising 
temperature.  

DSC method has a similar arrangement. However, the heat flow which is needed 
to compensate caused temperature changes of the analyzed sample is measured. 
Thermodynamical processes can be evaluated from course of the recorded signal and 
namely from appearing peaks. 

TG method measure the mass of analyzed sample during the analysis. In modern 
apparatus is usually coupled with the mass spectrometer allowing to accurately 
determine the physico-chemical composition of liberated matter.  

Mass spectrometry is an analytical method which allows accurately determinate 
the quantitative and qualitative composition of the sample. Sample is ionized liberating 
charged mass fragments. Liberated fragments pass through a mass-separator. 
Electromagnet field inside the separator deflects entering fragments proportionally to 
the ratio of their mass over their charge. The mass-separator is followed by an detector. 
Fragments that pass the separator impinge on the detector causing an recorded signal. 
Changing of electromagnetic field in the separator allows selectively choose fragments 
that pass to the detector and thus provide information about a qualitative composition of 
the sample. The quantitative information is provided by the intensity of recorded signal.  

Methods are well establish in the solid state chemistry allowing the exact 
determination of thermodynamical properties joint with solid state reaction and 
crystallization. However, the complicated composition of sol-gel derived structured, 
usually not fully determined, readily prevent to evaluated correct values of selected 
thermodynamic quantities. Despite the difficulties, noted methods can help us to 
determine several thermodynamical properties of prepared xerogels. 

To evaluate the activation energy of crystallization processes three different 
approximations represented by Ozawa equation (8)[73], Kissinger equation. (9) [74] and 
Augis-Bennett equation (10) [75] , respectively were taken into account: 
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In introduced equations  represents the heating rate, Tp is the peak temperature at the 
exothermal peak, T0 is equal to 273.15K and represents the conversion to Celsius scale, 
EA is the activation energy of the crystallization of the amorphous phase, R is the ideal 
gas constant and A is the integration constant. 

The mechanism of crystallization can be estimated from the value of the Avrami 
parameter nA calculated from the Johnson-Mehl-Avrami equation expressed in the 
Ozawa’s modification for linear heating rates- [76]: 
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where nA represent the Avrami parameter obtained from the slope of the plot 
 log[-ln(1-)] vs. log,  is the volume fraction crystallized at time t and  is the 
heating rate. The value of n was calculated for all fixed temperatures as the ratio of the 
partial integration area of the crystallization peak at the selected temperature T over the 
total integration area of the crystallization peak. Values of Avrami parameter with 
corresponding type of reaction mechanism are listed in Table 3. 
 
Table 3 Values of the Avrami parameter nA for different kind of reaction mechanism  

Growth controlled by 

Type of nucleation Mechanism 
(dimension) 

Phase-
boundary 

growth 
Diffusion 

1-D growth 1 0.5 
2-D growth 2 1 B

ul
k 

3-D growth 3 1.5 
Instantaneous nucleation 

(saturated sites) 
Surface 2-D growth ~2 1 

1-D growth 2 1.5 
2-D growth 3 2 B

ul
k 

3-D growth 4 2.5 
Constant rate growth 

Surface 2-D growth ~3 ~2 
 
 

X-ray diffraction 
 X-ray diffraction could provide us important data about a crystal properties of 
analyzed material including cell parameters. 
 The rays incident to plane-parallel layer could interfere appearing interference 
fringes as is well known from optic. Because atoms in periodic crystal lattice are 
arranged in regular position, the set of plane can be interleaved inside the crystal lattice. 
X-rays are employed since their wavelength is close to the inter-planar distance in 
crystals. Diffraction of X-rays on the crystal lattice occurs  when the well known 
Bragg’s law is satisfied: 

 cos2  dnI      (12) 

where nI is denoted to any integer,  is the wavelength, d is the inter-planar distance and 
 is the angle of incidence. The common reflection setup consist of the X-ray cathode 
emitting the X-rays. Emitted rays fall on the sample at defined angle of incidence , 
interfere with the surface of the sample and then are reflected to the detector. Te angle 
of incidence is varied in wide range and the signal which is proportional to the intensity 
of detected X-rays is recorded. In case, when the Bragg’s law is satisfied, interference 
of X-rays occurs and the peak is recorded in the spectrum.  
Crystallite and grain sizes D can be calculated from the Scherrer’s equation- [77] : 
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where kS is the structural factor equal to 0.89,  is the X-ray wavelength equal to the 
wavelength of excitation X-rays, c is the correlated full width in half maximum 
(FWHM) of analyzed peak and the diffraction angle . In general the smaller is the 
crystal size than the higher is the FWHM of analyzed peak.  
 

Special characterization methods of thin films: Surface profilometry, atomic 
force microscopy, spectral ellipsometry 
 Employed profilometer belong to the group of contact apparatus. A stylus fixed 
on the piezocrystal is brought into the contact with the sample and move along the 
sample surface. Variation of the sample surface moves the stylus up and down, 
deforming the piezocrystal. The electrical voltage induced on the piezocrystal due to the 
deformation corresponds to the surface variation. 
 Atomic force microscopy is based on the existence of general forces (e.g. 
attractive, repulsive and electrostatic) between a sample surface and a tip on the 
cantilever. The cantilever with the tip scans the sample. From the upper side of the 
cantilever is reflected a laser beam which pass into a detector array. Resultant of the 
forces deflect the tip and so the cantilever. The deflection of the cantilever is transferred 
to the deflection of the laser beam increasing the angular resolution. The modulation of 
the deflection of the laser beam owing to the scanning of the cantilever along the sample 
corresponds to the surface profile of the sample. The surface profile of the sample is 
reconstructed from individual scans and from measured deflection of the laser beam. 
 Spectral ellipsometry is an optical method based on the changes of polarization 
of linearly polarized light passing through analyzed sample. Changes of properties of 
polarized light reflecting on the thin films can be expressed by the equation [78]: 
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where  is denoted to the amplitude of polarized light reflected on the films,  phase 
difference of the light ray before and after the reflection, RP and RS are the Fresnel’s 
coefficients of reflection for P and S polarization respectively. Parameters  and  are 
depending on the film thickness , refractive index n and absorption coefficient of 
optical losses kL and wavelength of the employed light. Acquired data (see example in 
the Figure 6) can be theoretically analyzed and optical constant can be evaluated by 
employing suitable mathematical and physical model. Absorption coefficient of the film 
is related to the absorption coefficient of optical losses kL by the relationship[78]: 
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where  is denoted to the absorption coefficient of thin film introduced previously,  is 
the wavelength, kL is the coefficient of optical losses resulting from ellipsometric 
analysis. 

Microscopic methods 
 Despite its simplicity the drawback of the common light microscopy is in low 
resolution on the micrometric level. The reason lies in the wave character of the light. 
When the observed objects have a comparable dimensions as used light, the diffraction 
of light occurs, preventing the observation of objects smaller than a micrometer. 
Resolution of visualization techniques based on wave propagation can be improved by 
decreasing the wavelength of used light. Such an improvement provides electron 
microscopy.  
 Electron beam is accelerated by electrostatic field. As is well known, the energy 
of electron is inversely proportional to the wavelength of accelerated electrons. By such 
way we can create an electron beam with selected wavelength. In transmission electron 
microscopy (TEM) the accelerated electron beam passes through the sample similarly to 
the light in optical microscope. In the scanning electron microscopy (SEM) the 
accelerated electron beam is reflected from the surface sample and then detected. The 
beam is scanned around the sample surface allowing the imaging of the surface. The 
SEM is routinely combined with EDS analyzer. Increased energy of the incidence 
electron beam can impact electrons from the sample surface. The emission of electron is 
followed by a realignment of electrons in atomic shell that is followed by radiation of 
characteristic rays. The composition of the sample can be determined from properties of 
characteristic ray. 

Preparation of optical fibers 
 The technology of active silica optical fibers is based on three step process. In 
the first step the porous frit is prepared inside the silica tube by the modified chemical 
vapor deposition. Rare earth elements are introduced into formed frit that is collapsed 
into preform. Finally, the prepared preform is withdrawn into optical fiber. 
 The general concept of introducing of rare earth elements inside the silica frit 
follows from the widely used solution doping method. The solution containing 
dissolved ions of rare earth elements is soaked inside the silica frit usually doped by 
other oxides, i.e. aluminum oxide[79], silica frit is dried and collapsed into preform. 
The final local displacement, physico-chemical properties and concentration of rare 
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Figure 6 Experimental ellipsometric data for Zn2TiO4 thin film on silica substrate expressed in 
the a) S1 and b) S2 functions and corresponding fits. Analyzed at the angle 65 degrees. 
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earths elements incorporated into frit depend on the affinity to the frit that can be 
modified by further dopants[80]. Because the preform and optical fibers pass are 
processed at temperatures above 2000 °C the high thermal stability of formed 
compounds is required. 
 In presented research the particular attention was paid to the cubic inverse spinel 
Zn2TiO4. Such an interest was invoked for its high thermal stability and suitable matrix 
allowing an incorporation of rare earth elements. In our primary intention was 
exploiting the noted inverse spinel as a part of a novel matrix with incorporated rare 
earth elements for active optical fibers. The initial sol with the ratio of Zn:Ti equal to 
2:1 doped by Eu3+ was prepared in order to study the displacement of rare earth 
elements inside the formed matrix. Sol was soaked into the silica frit and processed to 
preform. However during the thermal treatment formed compound undergoes the side 
reaction and decomposition leading to crystal structure of zinc silicate and pyrochlore 
structure of europium titanate. Hence other thermally stable compounds should be 
exploited. From the phase system ZnO-TiO2 only the pure oxides fulfill requirements to 
the thermal stability. As is well known, despite its possible utilization as a host matrix 
[81], Ti4+ ions distributed inside silica matrix partially pass to Ti3+. Although the 
concentration of Ti3+ is on the level of several ppm, their intensive and broad absorption 
reduces the transparency of formed material practically to zero in whole visible and near 
infrared part of spectra. From such a reason the zinc oxide nanoparticles doped by Eu3+ 
ions were finally tested in the fiber technology. 

Characterization of preforms and optical fibers 
 Refractive index profile is a fundamental parameter of preform and optical 
fibers. It can be calculated from the deflection of light scanning transversally through 
the preform immersed into the solution with standard refractive index. The preform core 
act as an optical lens deflecting the light according to the lens maker’s equation. The 
final deflection depend on the refractive index of the preform core and local curvature 
of the core. The results of the measurement is the so called deflection function 
expressing the deflection between the detected position of the beam captured by the 
detector and the initial axial position of the laser beam. The refractive index profile is 
calculated from deflection function. 
 Numerical aperture is a principal parameter of optical fibers representing the 
maximal angle below which the wave guided light pass out of the fiber. It can be 
calculated from the difference between the refractive indexes of the core and cladding 
of optical fiber according to the equation: 

22
claddingcore nnNA       (16) 

where NA mean numerical aperture, n (core/cladding) is the refractive index of the fiber 
core and cladding respectively. For standard technology of silica optical fibers, 
refractive index of the cladding is equal to the refractive index of the silica glass, i.e. 
1.457. Angular distribution of optical fiber was measured by the custom-made 
apparatus. The front face of analyzed fiber is situated into rotation axis of the 
goniometric cantilever with fixed laser diode. The end-face of analyzed fiber is fixed 
inside the photo detector. Cantilever rotates around the rotational axis varying the angle 
of incidence of light illuminating the front face of the fiber. Detected signal is recorded 
as a function of the intensity on the angle of incidence of rotating laser diode. 
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Preparation of samples 
 
 From many approaches resulting into the formation of ZnxTiyOz structures, the 
cluster process and direct heteronucleation approach were choose. The cluster process 
was choose for its relative simplicity. The process based on the direct heteronucleation 
extend the method previously elaborated in our laboratory[33]. Extended elaborated 
method allowing to prepare ZnxTiyOz structures with any required ratio of zinc to 
titanium. The general chart of selected approaches is depicted in the Figure 7. 

List of used chemicals and materials 
 All chemicals used in our work were purchased from standard providers. Highly 
pure precursors were used as received without further purification. They are listed in 
Table 4. 
 Pyrex glass substrates were purchased from Optic-C company (France). Finely 
polished silicon wafers (P-type, doped by bore, orientation <100> , resistivity >10 
k∙∙cm) were purchased from Si-Mat company (Germany). 
 Substrates were carefully cleaned before use. They were subsequently sonicated 
in the solution of Elma cleaner (Sigma-Aldrich) mixed with deionized water in the 
volume ratio 1:5. Prepared substrates were sonicated and washed up by copious amount 
of deionized water followed by the rinsing by ethanol and blowing by nitrogen to 
prevent irregular evaporation of solvent. 
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Figure 7 Schematic flow chart of employed synthesis and sample processing 
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 Silica frit, optical preforms and optical fiber were prepared in the Institute of 
Photonics and Electronics by standard procedure according to the recipe N SG 1069 
(not included as part of the thesis). 
 
 
Table 4 List of chemicals used for synthesis  

Name Used 
formula/abbreviation Purity/Grade Provider 

ethanol C2H5OH Spectranal, absolute Sigma-Aldrich 
europium nitrate 

pentahydrate Eu(NO3)3·5H2O 99.9% Aldrich 

erbium nitrate 
pentahydrate Er(NO3)3·5H2O 99.9% Aldrich 

thulium nitrate 
pentahydrate Tm(NO3)3·5H2O 99.9% Aldrich 

tetramethylammonium 
hydroxide TMAH 25 wt. % solution in 

methanol Aldrich 

titanium(IV)i-propoxide  purum Fluka 
titanium(IV)butoxide  purum Fluka 
zinc acetate dihydrate Zn(acetate)2∙2H2O ACS reagent Fluka 

 

Synthesis of precursors 
 

Synthesis of [Zn4O](acetate)6 clusters 
 Zinc oxy-acetate clusters of the general formula [Zn4O](acetate)6 were prepared 
by the thermal dehydratation of zinc acetate dihydrate in ethanolic solution[82].  
 In this process the Zn(acetate)2∙2H2O was dispersed in ethanol. Formed mixture 
was heated up to 85 C in the evaporator under regular stirring forming transparent 
solution. The solutions was evaporated to the half of the initial volume, than cooled 
down and diluted by ethanol to the concentration 0.1 mol∙l-1. Initial amounts of 
particular components are summarized in the Table 5. 
 
Table 5 Initial conditions employed in the synthesis of precursors 

Precursor  
[Zn4O](acatate)6 clusters ZnO nanoparticles 

m Zn Acetate·2H2O (g) 4.38 4.4 
V ethanol (ml) 200 40 
mEu(NO3)3·5H2O (mg) - 452 
V TMAH (ml) - 9 
 
Synthesis of ZnO nanoparticles doped by Eu3+ ions 
 Zinc oxide nanoparticles doped by Eu3+ ions were prepared by the modified 
method employing thermal condensation of Zn(acetate)2∙2H2O into zinc oxide particles 
followed by the desaggregation of formed particles by tetramethylammonium 
hydroxide[83]. In our approach the europium salt was dissolved in ethanol. Than 
Zn(acetate)2∙2H2O was dispersed in the solution in an ultrasonic bath. Formed mixture 
was overheated up to 130 C. Approximately one tenth of formed mixture was 
evaporated, then the mixture was cooled down. Finally, 25 wt. % methanolic solution of 
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tetramethylammonium hydroxide was added into the mixture. The mixture was 
regularly stirred at ambient temperature forming transparent solution. Initial amounts of 
particular components are summarized in the Table 5. 
  

Synthesis of heterosols 
 
Cluster process 
 The cluster process route is based on the condensation of highly reactive 
[Zn4O](acetate)6 clusters with titanium(IV)i-propoxide at ambient temperature. To the 
freshly prepared solution of [Zn4O](acetate)6 clusters the required volume of 
titanium(IV)i-propoxide was drop wised under regular stirring. The formed solution was 
heated at 50 C under regular stirring for 30 minutes and aged at ambient temperature 
for 24 hours. Aged sols were purified by the filtration trough 0.2 m PTFE membrane 
and concentrated under vacuum to required concentration. 
 Optionally, 1 at. % of europium nitrate pentahydrate (with respect to the overall 
content of Zn and Ti) was dissolved in the solution of [Zn4O](acetate)6 clusters prior to 
the addition of titanium(IV)i-propoxide. Reaction parameters of such a synthesis are 
summarized in the Table 6. 
Table 6 Initial composition employed in the cluster process 

Ratio Zn:Ti 2:1 1:1 2:3 
Vclusters (ml) 50 50 50 
V ethanol (ml) 4,29 3,52 2,78 
V Ti(IV)(i-propoxide) (ml) 0.74 1.48 2,22 
mEu(NO3)3·5H2O (mg) 32,7 43,1 66,5 
cmax  (mol∙l-1) 0,3 0,3 0,5 
 
Direct heteronucleation process 
 Direct heteronucleation process is a single batch process based on the reaction of 
zinc acetate dihydrate with titanium(IV)butoxide in ethanolic solution. Zinc acetate 
dihydrate dissolved in ethanolic medium undergoes the thermal decomposition 
according to the following reaction[20, 33, 84]: 
 
4 Zn(Acetate)2·2H2O   →   [Zn4O](Acetate)6 + 7 H2O +  2 HAcetate  
 
Liberated acetic acid enabling the complexation of titanium ions. Simultaneously the 
esterification of liberated acetic acid occurs. Liberated water allow the hydrolysis of 
titanium butoxide followed by the heteronucleation. 
 In this approach the titanium(IV) butoxide was dissolved in the ethanol. and 
required amount of zinc acetate dihydrate was suspended inside the solution. Formed 
mixture was refluxed at 85 C for 24 hours passing into transparent solution. Formed 
solution was cooled down to ambient temperature.  
Optionally, 1 at. % of europium nitrate pentahydrate was added into solution. Prepared 
sol sols were purified by the filtration trough 0.2m PTFE membrane and concentrated 
under vacuum to required concentration. Details about the concentration of particular 
components are indicated in the Table 7.  
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Table 7 Initial composition employed in the direct heteronucleation process 

Ratio Zn:Ti 2:1 1:1 2:3 
m Ti(IV)butoxide (g) 2.23 5.38 16 
Vethanol (ml) 125 60 60 
m Zn Acetate·2H2O (g) 2.88 3.47 6.89 
mEuNO3·5H2O (mg) 85.0 136.8 339.1 
cmax  (mol∙l-1) 0,57 0,75 >1 
 To estimate solubility limits in the Zn2TiO4 structure, the initial sols were 
optionally doped by varying amount of europium, erbium or thulium nitrate 
pentahydrate reaching the concentration of REE from 0 to 5 at. % (with respect to the 
overall content of cations). 
 

Preparation of xerogels 
 Prepared sols were used for the deposition of thin films or evaporated under the 
vacuum forming xerogels. Chemical composition of prepared xerogels was verified by 
EDS analysis. Results, summarized in the Table 8, are in a good agreement with the 
chemical composition of started sols. Xerogel were heated with the constant heat-rate 
10 C∙min-1 to the selected temperature where were kept for 30 minutes according to the 
chart in the Figure 9a and then cooled down to ambient temperature. 
 
Table 8 EDS analysis of sintered zinc titanate pellets  

Ratio Zn:Ti 2:1 1:1 2:3 
c Zn (at.%) 67.2 51.4 39.7 
c Ti (at.%) 32.8 48.6 60.3 Cluster process 
Ratio Zn:Ti 2.05 1.06 1.98 
c Zn (at.%) 65.74 52.41 40.52 
c Ti (at.%) 34.26 47.59 59.48 Direct 

heteronucleation 
Ratio Zn:Ti 1.92 1.1 2.04 

 

Deposition of thin films 
 Films were deposed on pre-cleaned substrate by the dip-coating method 
employing the commercial dip-coater (ID-Lab) allowing to precisely control the 
withdrawing speed. The substrate was immersed into the sol for 60 seconds, 
withdrawed by the speed varying from 10 to 30 cm∙min-1 according to the viscosity of 
deposed sol. Films were annealed with the constant heating rate 10 C∙min-1 at 350 C 
for 10 minutes in order to burn out remaining organic matter and cooled down to the 
ambient temperature. The deposition was two times repeated. Finally, prepared films 
were annealed at 650 C for 10 minutes. The chart of the multideposition process is 
demonstrated in the Figure 9b. 
 

Preparation of optical fibers 
 Sol of ZnO nanoparticles doped by 5 at. % Eu3+ ions was soaked into the 
preform and aged for 12 hours. Than the sol was removed and the frit was heat treated 
with the constant heating rate 10 C∙min-1 to 350 C and annealed for 3 hours. Than the 
preform was cooled down and the process was repeated. Finally the preform was 
annealed at 650C for 24 hours under the oxygen flow 50 ml∙min-1 in order to burn out 



25 

remaining parts of organic matter. Chart of the deposition process is summarized in the 
Figure 9c  
 Prepared preform was treated according to the internal recipe N SG 1069. The 
recipe includes the sintering at 1800 C and the preform collapse at the temperature 
range 2200-2300 C . Prepared optical preform was characterized and withdrawed into 
the optical fiber. 
 

 
 

T °C 

30min 
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c) Optical preforms 

200°C 10°C/min 
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b) Thin films 
350°C 10°C/min 

10min 
deposition of sol 

10min 

650°C 10°C/min 

Figure 8 Flow chart of thermal processing of a) powder , b) thin films, c) optical preforms 
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Experimental equipment and methods 
 

Data processing 
 Except denoted cases, acquired data were processed and evaluated by the 
Origin8.1 software. Error bars of calculated values were evaluated as a standard 
deviation of collected data or standard deviation of fitted curves.  
 

Thermal analysis and mass spectrometry 
The burnout and crystallization properties of the prepared powders were analyzed by 
thermal analysis (TA), thermogravimetry (TG) and differential scanning calorimetry 
(DSC) followed by mass spectrometry (MS) and infrared spectroscopy (FT-IR). The 
TA, TG, DSC and MS measurements were carried on Netzsch STA449C 
multifunctional apparatus. To determine the liberation of organic compounds during the 
heat treatment some powder samples were analyzed by DSC method coupled with MS 
at a heating rate of  10°C∙min-1 up to 800°C under a nitrogen flow of 50ml∙min-1. 
Crystallization properties of the prepared powders were determined by the DSC analysis 
of the powder samples pre-treated at temperatures to  300°C in air in order to evaporate 
volatile fractions of organic compounds. These samples were further treated at different 
heating rates from 15 to 30°C∙min-1 under an oxygen flow of 50ml∙min-1. In all these 
experiments approximately 10mg of powder samples was used. 
 

UV-VIS spectroscopy 

Absorption spectroscopy 
 Optical absorption spectra of prepared sols and thin films were measured using a 
Varian CARY 5 apparatus operating in transmission set-up. Diffuse reflectance spectra 
of the powder samples were recorded with a UV-VIS CARY 100 spectrophotometer. 
Absorption spectra of optical fibers were measured by the proportional method in the 
fiber optic set-up including the Ocean optics PX-2 xenon lamp and Ocean optics SD 
2000 CCD double channel spectrometer. The reference signal was coupled out form the 
light source, attenuated and joint into the reference channel of the detector. 
  

Fluorescence spectroscopy 
 Nanopowder photoluminescence spectra were recorded at room temperature 
using a Jobin-Yvon HR1000 double grating monochromator equiped with a 
photomultiplier. A 450W xenon lamp with light that passed through a monochromator 
(Jobin, HR320) was used as the excitation source. The emission spectra of heat-treated 
powders were recorded between 400 nm and 800 nm to proof the lack of Eu2+ ions in 
heat-treated samples. Asymmetry factor R(J2/J1) was calculated as the ratio of integral 
intensity belonging to peaks of electronic transitions 5D07F2 and 5D07F1. 
 

Vibrational spectroscopy 
 The FT-IR spectra of the prepared powders were recorded  with a Bruker Vector 
22 spectrometer operating in transmission set-up. At these measurements, 
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approximately 4 mg of the powder was mixed with 200 mg of KBr finely pulverized in 
a mortar and pressed into a pellet. The blank sample made of pure KBr was used as the 
reference. 
 

X-ray diffraction analysis 
 The XRD structural analysis of the prepared powders were performed on 

a Bruker D8 diffractometer with the Bragg-Brentano geometry operating with the Cu-
K radiation (=1.54056 Å, operating voltage 40 kV, current 40 mA, integration time 
200 ms). Recorded data were evaluated by the Origin8. Diffraction peaks were fitted by 
the Gaussians curves to calculate the full-width at half-maximum (FWHM) values. The 
instrumental broadening of the peaks was correlated to the diffraction (200)-plane peak 
of KCl (ACS, Sigma-Aldrich). Crystallite and grain sizes D were calculated from the 
Debye-Scherrer’s equation. Particular phases were identified by JCPDS database. In 
addition to JCPDS data files listed in the Table 2, following records were utilize to 
identify formed structures:  
N° 23-1072, 18-0499 and 23-0590, for Eu2Ti2O7, Er2Ti2O7 and Tm2Ti2O7 , respectively. 
To clarify crystallization processes, the volume fraction of  a particular crystalline phase  
was evaluated from the measured XRD spectra by using [85]: 

100(%)_ 
allpeaks

phase

S
S

fractionVolume      (17) 

where Sphase is the integral area of XRD peaks belonging to the evaluated phase and 
Sallpeaks is the integrated area of all XRD peaks of overall XRD record. 
 

Characterization by electron beams 
  SEM images of the sintered powder samples and thin films were taken with a 
JOEL JSM 6301 F or Philips XL30 ESEM electron microscope. The images taken on 
the Phillips microscope are marked by the black labels. The overall chemical 
composition was verified by elemental analysis on a JEOL JSM 6400 electron 
microscope equipped with an Oxford instrument EDS analyzer. The chemical 
compositions of individual grains were measured on the powders heat-treated to  
1200 °C for 24 hours by a Cameca SX100 electron microprobe. A thin palladium layer 
was sputtered onto the samples prior to the analysis to prevent samples charging. 
 

Other characterization of thin films 
The thickness of films was measured on the edge between the film and the 

uncovered substrate by a stylus-based surface profiler Tencor Alfa step 500.  
The surface morphology was analyzed by an AFM (Digital Instruments/Veeco, 

Woodbury, NY) in the contact mode using a Dimension 3100 AFM operated in air. 
Commercial Si3N4 cantilevers (DI) with an elastic modulus of 0.56 ∙N∙m-1 were used. 
The surface variation was evaluated by the RMS factor representing the standard 
deviation of the Z-axis. Acquired data were evaluated and visualized by nanoscope 
6.13R1 software. 
 Spectral ellipsometry measurements were carried on a Sentech 850SE spectral 
ellipsometer equipped with focusation micro objectives. Heat treated thin films were 
analyzed in the spectral range from 300 to 800 nm with an 1 nm step at angles of 
incidence of 60, 65 and 70°. The refractive index and absorption coefficient were 
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calculated employing the build-in Spectraray software.  Acquired data were analyzed 
using a model of a single layer  on a silica glass substrate and the Cauchy’s dispersion 
relations expressed by the equations [66]: 

  42 
 cc

c
CBAn       (18) 

  42 
 cc

c
FEDk       (19) 

where n represent the refractive index of the layer, k is the coefficient of optical losses, 
 is the wavelength and Ac, Bc, Cc, Dc, Ec and Fc are fitted constants. The roughness of 
the surface at the level of  5 nm  was taken into account in calculations. 
 

Other characterization of preforms and optical fibers 
 Refractive index profile of preforms was measured on the A2600, Photon 
Kinetics apparatus using the HeNe laser beam. 
 Angular distribution of optical fiber was measured by the custom-made 
apparatus equipped with laser diode operating at 633 nm. The rotation step was  
0.05 degrees. Signal passing trough the fiber was detected by the PIN photo detector. 
Typically 5 m of optical fibers were employed in analysis. 
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Results and discussion 
 

Preparation and properties of ZnxTiyOz nanostructures 
 

Properties of formed heterosols 
 Both selected approaches, i.e. cluster process and direct heteronucleation, 
provide us by fully transparent sols which are stable in the long term. They can be 
concentrated up to the maximal concentration indicated in the Table 6 and Table 7. 
Over exceeding of the maximal concentration leads to the formation of white colloidal 
solution which is followed by the aggregation and sedimentation of white powder which 
was identified as the zinc oxide. Because the formed sols are relatively complex 
mixtures, classical techniques of vibrational spectroscopy failed in the attempt to clarify 
binding properties of particular components. However, several conclusions can be 
deduced from analysis of xerogels as will be discussed later. 
 The critical concentration of sols prepared by the cluster process is practically 
halved comparing to the sols prepared by the direct heteronucleation. Such a behavior 
should be attributed to the presence of free aggregated [Zn4O](acetate)6 species and to 
the preferred complexation of acetates to titanium ions (see chapter 5.1.2.). 
 UV-VIS absorption spectra of prepared sols are demonstrated in the Figure 9. 

Determined values of extinction coefficients are significantly smaller than values 
observed for colloidal solutions of nanocrystalline materials [20, 33, 82], reflecting that 
formed sols consists of polymolecular clusters nor aggregated nanoparticles. Absorption 
edges appear a significant red shift with increasing contain of titanium ions and this 
phenomena is more obvious for the sols prepared by cluster process. These observation 
indicates the higher aggregation of Ti-Ti chains in the mixture which naturally reflect 
the higher reactivity of titanium(IV)i-propoxide employed as the precursor..  
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Figure 9 Optical absorption spectra of sols prepared by the cluster process (CP) and by the 
direct heteronucleation (DH). Concentration was 1 mol∙l-1 related to the sum of cations 
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Burn-out behavior of xerogels and thin films 
 The thermal treatment of sol-gel based materials is complex process including 
the decomposition of organic compounds, various chemical reactions and crystallization 

 processes. The thermogravimetric analysis of powder with the ratio Zn:Ti equal 
to 2:1 are demonstrated in the Figure 10a. The thermogravimetric curve indicates two 
main mass losses which can be linked with two endothermic peaks on the DSC curve. 
According to the MS results (see Figure 10b) the first step bellow 130 °C  can be 
attributed to the evaporation of water (m/Z=18) and volatile compounds such as residual 
ethanol. The second step in a temperature range from 224 to 430 °C can be related to 
the second broad endothermic peak and it’s accompanied by liberation of water 
(m/Z=18) and organic ligands based on acetate fragments such as acetic acid (m/Z=43, 
45, 60) and butyl acetate (m/Z=43, 56). The decomposition of organics is followed by  
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Figure 10 a) DSC-TG curves of Zn2TiO4 sample containing 1at.% of Eu and b) corresponding 
MS spectra for selected fragments. Heating rate 10 K∙min-1. N2 flow 50 ml∙min-1. 
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slow dehydratation and can be related to the third endothermic peak at 456 °C. Finally, 
the crystallization of Zn2TiO4 occurs at 613 °C. 
 The MS record was followed by the FT-IR measurements to verify the character 
of liberated organics and coordination modes of organic ligands toward central atoms 
(see Figure 11). As expected the prepared powders contain large amount of organic 
materials. Absorption bands linked with CH3- organic group can be found at 1026,  
1052 cm-1 representing CH3 rock vibrations, at 1343 cm-1, 1414 cm-1 representing 
s(CH3), as(CH3)[86] respectively. Bands at 522, 613 and 692 cm-1 can be attributed to 
(COO), (COO) and (COO) respectively.[33, 86].Two broad bands centered around 
1450 and 1571 cm-1 are attributed to stretching vibrations of carboxylic groups 
coordinated on metal ions[87]. From the difference between the position of bands 
corresponding to asymmetric (1565, 1550-1590 cm-1 for Zn and Ti respectively) and 
symmetric (1450, 1414 cm-1 for Zn and Ti resp.) vibrations of COO- groups we can 
estimate the presence of bridging bidentate ligands bonded to Ti and chelating bidentate 
ligands bonded to Zn ions[86, 87]. Partial charge- calculations on acetate capped Zn- 
and Ti-oxyacetates show that (Ac) connected to less electropositive Zn is around -0.2 
whereas (Ac) connected to Ti drops to -0.5 indicating a higher thermodynamic stability 
of Ti-acetate complexes. The FT-IR spectra show that by increasing the temperature, 
organic ligands are gradually burned out and corresponding absorption bands diminish 
Figure 12. Acetates coordinated to Zn ions are burn out at lower temperatures than 
ligands attached to Ti ions which can be drawn from the practically disappeared 
absorption band at 1450 cm-1 attributed to acetates bonded to Zn ions and from 
comparison with the absorption band of acetates bonded to Ti ions at 1414 cm-1 at  
300 °C Thus, at this temperature mainly bridging bidentate ligands bonded to Ti ions 
remain in the mixture. These measurements explain why the traces of ZnO can be 
formed prior to the crystallization of Zn2TiO4 due to the easier accessibility of zinc ions. 
Once the crystallization takes place and periodic structure of crystal lattice is formed 
bellow 600 C, new sharp absorption bands related to [TiO]6 and [ZnO]4 groups [62, 88, 
89] appear in FT-IR spectra. These conclusions are in excellent correlation with the 

DSC-TG measurements demonstrated in the Figure 12. The increasing amount of Ti 
ions in the initial xerogel regularly shifts the position of DSC peaks to higher 
temperatures. The evaporation of volatile organic compounds bellow 150 C is followed 
by burnout of organic ligands. The peak appearing at 240 C should be attributed to 
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Figure 12 Thermal analysis of amorphous xerogels  prepared by cluster process for different 
Zn:Ti ratios. a) DSC data and b) corresponding TG and DTG curves. Heating rate 10 K∙min-1. 
N2 flow 50 ml∙min-1. 



32 

burnout of acetates coordinated to Zn and it is followed by the peak about 300 C which 
correspond to the burnout of acetates coordinated to Ti. All organic materials are burned 
out bellow 400 C and the nanocrystallization process of ternary structures is initiated. 
 Although the presented data explicitly clarify the burnout behavior of prepared 
xerogels, the question remains about the burnout behavior of thin films. Despite the 
same chemical composition of deposed layers and xerogels, the different structure of the 
sample can significantly modify the physico-chemical properties occurring during the 
thermal annealing. Namely the mass transfer will be significantly different in bulk 
powders and thin films. To estimate the difference between the powder and thin films 
the sol was dropped to the fragment of the silicon wafer forming the thin layer with the 
thickness about 200 nm and broken apart. The part of the sample was thermally 
analyzed by the DSC method. The other part was subsequently heat-treated up to  
350 C and analyzed by the FT-IR spectroscopy. Despite the fuzzy course of the DSC 

curve for the sample with the ratio Zn:Ti equal to 2:3 demonstrated in the Figure 9a, the 
TG curve appears a slight shift about 20 °C to lower temperature comparing to the 
analyzed powder. Peak appearing at 631 C belong to the crystallization of TiO2 as will 
be discussed later. Although the thickness of analyzed layer is relatively small, FT-IR 
spectra in the Figure 9b show strong absorption peaks of acetates groups and remaining 
organic matter which regularly disappear with increasing heat-treating temperature. All 
organic material contained in the layer is completely burned out bellow 350 °C. From 
the practical point of view we can estimate such a temperature as an optimum for a 
thermal annealing of particular layers in the multideposition process of thin films. 
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Figure 13 Burnout behaviors of thin films. Approximately 200 nm thick layer of the initial 
composition Zn:Ti=2:3 coated on the silicon substrate. a) DSC-TG analysis. Heating rate  5 
K∙min-1. O2 flow 100 ml∙min-1., b) FT-IR spectroscopy of the heat-treated film 
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Thermal evolution of ZnxTiyOz nanostructures 
In following chapters the global thermal evolution of ternary structures followed 

by the XRD analysis will be discussed. Since it has been found that the global evolution 
of formed structures is similar for both selected sol-gel approaches, i.e. cluster process 
and direct heteronucleation, the general results will be demonstrated on the XRD data 
achieved for the samples prepared by the direct heteronucleation process for particular 
ratios of zinc over titanium in compounds. Moreover the cluster processing leads to 
ternary phases containing indispensable traces of side formed structures such a ZnO and 
exhibit worse morphology of formed nanocrystals. The XRD data for samples prepared 
by cluster process are presented in the appendix 1. Because the presence of 1 at. % of 
Eu3+ ions in starting xerogels dramatically change the crystallization properties, the 
graphs representing the thermal evolution of undoped samples and samples containing 1 
at. % of Eu3+ ions will be compared. Following abbreviations are denoted to particular 
sol-gel approaches leading to the starting xerogels: DH –direct heteronucleation, DDH –
direct heteronucleation with introduced 1 at. % of Eu3+ ions, CP –cluster process, DCP 
–cluster process with introduced 1 at. % of Eu3+ ions. 
 

Ratio Zn:Ti equal to 2:1, Zn2TiO4 nanocrystals growth 
 The crystallization of amorphous xerogels prepared by the direct 
heteronucleation take place around 500 °C as can be seen in the Figure 14a. Heat-
treated powders contain the inverse spinel phase Zn2TiO4.and negligible amount of 
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Figure 14 XRD patterns depicting the nanocrystals evolution of xerogels prepared by the direct 
heteronucleation for the ratio Zn:Ti=2:1. a) undoped xerogels, b) xerogels doped by 1 at.% of 
Eu ions. Denoted symbols: () Zn2TiO4, (x) ZnO, (L) Eu2Ti2O7. 
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ZnO. With consecutively raising temperature the spinels phase progressively growth 
without any further phase separation process. At the same time, the amount of the 
hexagonal wurtzite ZnO practically completely disappears.  

The presence of europium ions in quantities around 1 at. % partially changes the 
evolution of the xerogels crystallization as can be seen in the Figure 14b. The 
crystallization of ternary phases is shifted to higher temperature and the amount of side 
formed ZnO is significantly increased. At 800 °C appears a new crystalline phase of 
pyrochlore type Eu2Ti2O7. Finally the slight shift of the diffraction lines of Zn2TiO4 to 
smaller 2 values can be observed. This shift can be explained by the expansion of 
interplanar distances due to the incorporation of Eu3+ ions inside the Zn2TiO4 lattice. 
The solubility of rare earth elements inside the inverse spinel lattice is particularly 
discussed in the chapter 5.1.3.2. 
 Figure 15 displays sizes of formed Zn2TiO4 nanocrystals calculated on the basis 
of the Debye-Scherrer’s equation as the function of annealing temperature. Calculated 

sizes were verified by the SEM analysis demonstrated in the Figure 16. Inherently the 
nanocrystals size regularly grows with increasing temperature. The average size of 
nanocrystals formed at 600°C is around 30 nm (see Figure 16a). for the sample prepared 
by the DH process. In addition to shifting the crystallization to higher temperature, the 
presence of Eu3+ suppresses the nanocrystals growth and increase the uniformity of 
prepared nanocrystals. Such a phenomena is obvious at higher temperature where the 
size of formed grains exceed a micrometer (see Figure 16b,c), however the size of 
doped samples remains on the level of three hundreds of nanometers (see Figure 16d). 
 Although from calculated sizes in the Figure 15 can be deduced that smaller 
nanocrystals can be achieved by the cluster process, the results show high portion of 
side formed phases and worse uniformity of formed nanocrystals (see chapter 5.2). 
Several phases such a ZnO, c-ZnTiO3 and r-TiO2 were detected in the formed material. 
Such an observation combined with the observed low grow rate of formed nanocrystals 
suggest a hypothesis that the introduced cluster process have a character of solid state 
reactions between ZnO and TiO2 clusters. Such a clusters can be formed by incomplete 
reaction between [Zn4O](Acetate)6 and its higher homologues with titanium(IV) i-
propoxide during the nucleation processes in the initial sol. Titanium(IV) i-propoxide 
partially condensate together forming polymolecular TixOy(OH)z species which co-exist 
with pre-formed [Zn4O](Acetate)6 clusters. Consequently, after burning out of organic 
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ligands from xerogels, the crystallization of hexagonal form of ZnO take place at 
450°C. Concurrently to the formation of inverse spinel Zn2TiO4 the crystallization of 
defect spinel c-ZnTiO3 occurs. Such a compound is decomposed above 900 °C to 
Zn2TiO4 and r-TiO2 according to our observation. 
 

Solubility of rare earth elements in the Zn2TiO4 nanocrystals 
The presence of europium pyrochlore -Eu2Ti2O7 in the samples opens the question 
about limits of solubility of europium inside the Zn2TiO4 lattice. To clarify solubility of 
Eu3+ ions, initial sols were doped by different amount of Eu3+ and thermally treated. The 
thermal evolution of the crystallite fraction of the Zn2TiO4 for different Eu3+

 
concentration can be seen in Figure 17. This figure shows that the crystallite fraction of 
undoped Zn2TiO4 is practically constant and close to 100% with respect to low 
concentrations of the residual ZnO. In samples containing Eu ions the growth of zinc 
titanate is blocked the relative amount of ZnO isn’t negligible at lower temperatures. 
Consequently, the crystallite fraction of such samples at low temperatures is rather 
lowered comparing to the undoped sample. The crystallite fraction continuously grows 
up with increasing temperature. This result holds only for samples where the 

Figure 16 SEM images of overall surface of heat-treated powders.  Undoped Zn2TiO4 heat-
treated at a) 600C, b) 1000C and the zoom of c) undoped  Zn2TiO4 , d) Zn2TiO4 doped by 1 
at.% of Eu3+ heat-treated at 1000C. 

a 

c  

b 

d 
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concentration of Eu3+ ions doesn’t exceed the limits of solubility (i.e. about 0.5 at. %). If 
the concentration of Eu3+ exceeds the limit of solubility (e.g. 1 at. % Eu3+), the break 
corresponding to the crystallization of new phase Eu2Ti2O7

 appears on the curve.   

 Similar processes were observed with erbium and thulium ions forming 
corresponding pyrochlores. To confirm the displacement of REE elements in the matrix 
and their solubility, local microanalysis of individual grains were carried out and the 
results are summarized in the Table 9. The overall elementary analysis employing the 
EDS method  
Table 9 Results of the local chemical analysis of particular grains of Zn2TiO4 sintered at 1200 °C 
for 24 hours 

Zn Ti REE Dopant 
(at.%) (at.%) (at.%) 

undoped 
Zn2TiO4 

65,95±0,30 34,05±0,36 - 

Eu 59,86±0,37 39,60±0,42 0,54±0,05 
Tm 63,63±0,37 35,82±0,43 0,55±0,05 
Er 63,96±0,34 35,60±0,38 0,44±0,06 

 
determined contents of 66.48 and 33.53 at. % of zinc and titanium, respectively. 
However, the content of zinc in individual grains is slightly decreased particularly in 
samples containing rare earth elements. Such concentration difference and 
crystallization behavior can be explained on the basis of a mechanism that REE 
elements particularly substitute zinc in the matrix and that concentrations higher that the 
limits of solubility of REE lead to the decomposition of doped zinc titanate into zinc 
oxide and corresponding REE pyrochlore. This hypothesis is supported by results of 
referred paper [62] where the introduction of vanadium, tin and chromium into the 
Zn2TiO4 lattice caused the substitution of Zn2+ inside the lattice. In agreement with this 

Figure 17 Thermal evolution of the crystallite fraction for undoped and Eu-doped Zn2TiO4 
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mechanism and quantitative chemical analysis zinc titanates doped by 0.5at.% of RE 
elements were prepared. Their XRD spectra are shown in Figure 18. An increase of 
REE in concentrations to 0.75 at. % is followed to the formation of REE pyrochlores as 
can be seen in the same figure.  
 

  

Ratio Zn:Ti equal to 1:1, ZnTiO3 nanocrystals growth 
 As was presented in the introduction the system with the ratio Zn:Ti equal to 1:1 
should provide us by two forms of ZnTiO3 phases. The cubic forms c- ZnTiO3 
crystallizing as the defect spinel structure and the rhombohedral phase r- ZnTiO3 
crystallizing as the ilmenite structure. For undoped samples the crystallization starts by 
the formation of c- ZnTiO3 which is stable up to 800 °C as can be seen in the Figure 19. 
Than the phase transformation take place. Formed cubic defect spinel c- ZnTiO3 is 
partially transformed into the rhombohedral form and partially into inverse spinel 
liberating the r-TiO2. Above 900 °C the decomposition of rhombohedral ZnTiO3 
occurs. The presence of Eu3+ ions in the xerogels does not only block the crystallization 
process but significantly stabilize the cubic structure extending it’s persistence up to 
900 °C. As can be seen in the Figure 20a, the average grain size doesn’t exceed 40nm. 
Corresponding SEM image demonstrated in the Figure 20 shows that the sintered 
powders are formed by homogenous uniform crystallites with fine structure. 
 Rather complicated is the formation of pure rhombohedral ZnTiO3. It has been 
successfully prepared by heat-treating of the undoped xerogels at 800 °C for 48 hours. 
Recorded XRD patterns of prepared samples are demonstrated in the Figure 18. Its can 
be successfully formed only in narrow temperature interval. Relatively small increasing 
of temperature leads to the formation of undesirable inverse spinel Zn2TiO4. 
 
 
 

Figure 18 XRD patterns of REE doped Zn2TiO4 and r-ZnTiO3 powder. Denoted symbols: () 
Zn2TiO4, (#) r-ZnTiO3, (r) r-TiO2, (c) c-ZnTiO3, (L) Eu2Ti2O7. 
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Figure 19 XRD patterns depicting the nanocrystals evolution of xerogels prepared by the direct 
heteronucleation for the ratio Zn:Ti=1:1. a) undoped xerogels, b) xerogels doped by 1 at.% of 
Eu ions. Denoted symbols: (c) c-ZnTiO3, (x) ZnO, (#) r-ZnTiO3, (r) r-TiO2, () Zn2TiO4, (L) 
Eu2Ti2O7. 
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Ratio Zn:Ti equal to 2:3 
 On the basis of the literature retrieval, the formation of reported defect spinel 
Zn2Ti3O8 was expected. As can be seen in the Figure 21 the crystallization of undoped  

samples starts below 600 °C by the formation of r-TiO2 and rhombohedral structure of 
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Figure 21 XRD patterns depicting the nanocrystals evolution of xerogels prepared by the direct 
heteronucleation for the ratio Zn:Ti=2:3. a) undoped xerogels, b) xerogels doped by 1 at.% of 
Eu ions. Denoted symbols: (#) r-ZnTiO3, (r) r-TiO2, () Zn2TiO4, (c) c-ZnTiO3, (L) Eu2Ti2O7. 

Figure 22 Temperature dependence of nanocrystals size on the sintering temperature for 
formed structures and particular sol-gel approaches. Sizes calculated by the Debye-Scherrer’s 
equation. a) ZnTiO3 , b) r-TiO2. 
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ZnTiO3. By raising the temperature the quantity of r- ZnTiO3 and r-TiO2 progressively 
increases as can deduced from the integrated intensity of XRD peaks. The size of r-TiO2 
nanocrystals is almost doubled from 40 to 80 nm at 900 °C. However the size of r- 
ZnTiO3 nanocrystals remains practically constant in whole temperature range as can be 
seen in the Figure 22. The last mentioned compound remains stable above 900 °C when 
it’s decayed to inverse spinel Zn2TiO4 and r-TiO2. The sintered powder, demonstrated 
in the Figure 23, containing compound of r- ZnTiO3 with r-TiO2 is composed by 
relatively large grains. Some of them are slightly elongated or form fibrous aggregates 
composed of primary 60 or 80 nm nanocrystals. Such a tendency is characteristic for the 
rutile and ilmenite expansion in space[43]. Analogous to previous results achieved for 
the ratio Zn:Ti equal to 1:1, the presence of Eu3+ ions leading to the formation of  
r- ZnTiO3 which regularly growth up and the r-TiO2. 

 
 -Despite the expectation, any of selected approaches lead to the defect spinel 
Zn2Ti3O8. Our conclusions give a strong support to the published hypothesis that the 
referred structure cannot be prepared by a wet chemical approaches[47]. 
 

Optical properties of sintered xerogels 
 Optical properties of prepared ternary nanocrystals could provide us by 
important information about electronic transitions inside prepared materials and 
especially with the information about energy of the bandgap. Moreover we can 
conclude important information about the REE displacement inside formed lattices from 
Stark splitting of hypersensitive electronic transition 5D0 7Fj belonging to Eu3+ ions. 
Xerogels doped by 1at. % of Eu3+sintered at 800 °C were analyzed. 

As can be seen in the Figure 24a, absorption edges of all prepared structures 
ranging from 300 to 420 nm. The highest bandgap 3.8 eV was observed at prepared c-
ZnTiO3 ternary structure. More complicated situation raises in case of other compounds. 
Even in the case of undoped Zn2TiO4 the sample contains traces of side formed ZnO. 
As the result the absorption edge of pure Zn2TiO4 observed below 325 nm is superposed 
by the absorption edge of ZnO which raising a shoulder at 365 nm. Corresponding 
bandgaps for Zn2TiO4 and ZnO are 3.6 and 3.25 eV. The compound of the general ratio 
of Zn:Ti equal to 2:3 appears an absorption edge at 410 nm with corresponding value of 

Figure 23 c-ZnTiO3/r-TiO2 heat-treated at 800°C. 



41 

bandgap 3.02 eV. Such a result is in a good coincidence with the value for r-TiO2. 
However the absorption edge of r- ZnTiO3 is completely overlapped.  

 
 Excitation photoluminescence spectra recorded for the emission at  

615 nm are demonstrated in the Figure 24b. The normalized intensities of electronic 
transition at 460 and 530 nm are practically invariant. The intensity of electronic 
transitions around 390 nm is significantly decreased according to the shift of absorption 
edges of particular samples. A part of absorbed energy is consumed in non-radiative 
transitions inside semiconductor structure of occurring oxides and doesn’t contribute to 
luminescence of Eu3+ ions. All samples appears a characteristic emission spectra with 
electronic transitions characteristic to the energy diagram of Eu3+ ions as can be seen in 
the Figure 25a. According to the course of excitation spectra the intensity of emission 
spectra excited at 394 nm dramatically fall down for the Zn2TiO4 phase and for the 
compound r- ZnTiO3/ r-TiO2 comparing to the cubic ZnTiO3. To suspend the charge 
transfer from TiO2 and ZnO lattices to Eu3+ ions, samples were excited at 464 nm, i.e. 
beyond the band gap transitions of mentioned semiconductor oxides. Although the 

Figure 25 Room temperature luminescence spectra of prepared xerogels doped by 1 at.% of 
Eu3+sintered at 800°C recorded for the excitation wavelength 394 nm. a) Normalized emission of 
the global 5D07FJ transition, b) zoom on the position of J=0 and J=1 transitions. 

570 600 630 660 690 720
0.0

0.2

0.4

0.6

0.8

1.0

5 D
0

7 F 0

 Zn2TiO4

 c-ZnTiO3

 c-ZnTiO3+ r-TiO2

5D
0
7F

45D
0
7F

3

5D
0
7F

2

5D
0
7F

1

 

 

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength (nm)

 

 

a b 

570 575 580 585 590 595 600 605 610

5D0
7F0

5D0
7F1

 

 

Zn2TiO4

c-ZnTiO3

 

c-ZnTiO3+ r-TiO2

 

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)

350 400 450 500 550

7F1
5L6

7F0
5L6

7F0
5D1

7F0
5D2

 

 

Zn2TiO4

c-ZnTiO3

 

c-ZnTiO3+ r-TiO2

 

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)
250 300 350 400 450 500

0.0

0.3

0.6

0.9

1.2

Ratio Zn:Ti
 2:1, Zn2TiO4+ZnO
 1:1, Eu c-ZnTiO3

 2:3, r-ZnTiO3+ r-TiO2

A
bs

or
ba

nc
e

Wavelength (nm)

 

 
 a b 

Figure 24 Optical spectra of prepared xerogels sintered at 800°C. a) Kubelka-Munk corrected 
diffuse reflectance spectra, b) fluorescence excitation spectra of samples doped by 1 at. % of 
Eu3+ recorded at the emission wavelength 612 nm 
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difference in photoluminescence intensity isn’t so profound, the red luminescence in 
cubic ZnTiO3 remains the most intensive comparing to other samples. Summarize 
results of photoluminescence analysis are displayed in Table 10. It should be noted that 
any photoluminescence transitions indicating the presence of Eu2+ ions hasn’t been 
found in global luminescence spectra.  

 
Table 10 Relative intensities of radiative 5D0→5FJ (J=1,2) transitions and asymmetry factors 
R(J2/J1) for ZnxTiyOz structures doped by 1 at. % of Eu3+ prepared by the cluster process and 
sintered at 800°C. 

Ratio Zn:Ti 2:1 1:1 2:3 

Detected phases 
Zn2TiO4 

c-ZnTiO3 trace 
ZnO trace 

c-ZnTiO3 
c-ZnTiO3/r-TiO2 
h-ZnTiO3 trace 

Average crystallite size (nm) 25 30 20 
ex = 393 nm 0.89 1 0.02 I (612nm) 
ex = 464 nm 0.53 1 0.33 
ex = 393 nm 2.7 3.1 3.44 R (J2:J1) 
ex = 464 nm 4.1 4.9 4.3 

  
 
Recorded spectra of all samples show broad emission bands including the 
symmetrically forbidden 7F0 transition. The bulk spectra are superposed by sharp 
narrow peaks in particular cases. Such a observation implies a hypothesis that the Eu3+ 
ions are mainly displaced in low symmetry sites, and narrow peaks should be related to 
the positions with a high coordination symmetry of Eu3+ polyhedrons. The phenomena 
is most obvious for Zn2TiO4 lattice when the 7F0 transition is superposed by two weak 
but sharp single transitions at 577 and 579 and one doublet at 581 nm indicating the 
presence of at least two discrete lattice sites as can be seen in the Figure 25b. The 
modulation of emission peaks of the c-ZnTiO3 is less conspicuous reflecting the 
decrease of local symmetry of Eu3+ ions inside the matrix. The asymmetry factors 
R(J2/J1) calculated as the ratio of integrated intensity of 5D07F2 over 5D07F1 
transitions appear a lowest value, corresponding to highest crystal field symmetry of 
Eu3+ ions, for inverse spinel lattice of Zn2TiO4.  
 From the general point of view, Eu3+ ions can be dislocated in a) a regular 
crystalline lattice of formed ternary phases, b) on the boundary of formed nanocrystals 
or c) in other side-formed phases or clusters. Since the solubility of Eu3+ ions inside the 
Zn2TiO4 lattice was establish below 0.5 at. % the sample is approximately two times 
over doped. Consequently, Eu3+ ions should be partially distributed into side formed 
Eu2Ti2O7 or at the boundary of nanocrystals. The referred solubility of Eu3+ ions inside 
c-ZnTiO3 was estimated to 5 at. % [55] and the solubility in tetragonal rutile was 
estimated to 0.3 at. % [71]. As was mentioned in the introduction, the inverse spinel 
Zn2TiO4 can be expressed by the formula (Zn8)t(Zn8Ti8)oO32, and introduced Eu3+ ions 
partially substitute zinc ions in the inverse spinel lattice as was demonstrated in 
previously. The cubic ZnTiO3 can be regarded as a defect spinel 
(Zn8)t(Zn8/3 8/3Ti32/3)oO32 possessing free octahedral cavities which can be occupied by 
introduced Eu3+ ions. In the concentration around 1 at. % all Eu3+ ions should be fully 
incorporated into the lattice. We can deduce that Eu3+ ions are particularly distributed 
inside the octahedral cavities. Since the occupation of individual atomic position in unit 
cell is less regular in the cubic ZnTiO3, the local symmetry of Eu3+ ions is reduced. The 
presence of r-TiO2 nanocrystals further increase the scale of accessible positions on the 
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rutile boundary, raising up the disorder of crystal field of incorporated Eu3+ ions. Such a 
conclusions are in good coincidence with the calculated values of asymmetry factor 
R(J2/J1) noted in the Table 10. However the full explanations of dislocation of 
europium ions inside investigated lattices require further analysis based on advanced 
low-temperature spectroscopy combined with advance physical methods such a X-ray 
photoelectron spectroscopy.  
 

Crystallization properties of prepared materials 
 Presented XRD results provide us by important information about global 
structural evolution in studied ternary system. Together with DTA analysis we can 
estimate the thermal stability of particular phases and evaluate new phase diagram for 
studied structures. Special attention will be paid to the inverse spinel structure Zn2TiO4 
for its high thermal stability and potential application in the fiber optic technology of 
optical fibers. 
 Selected DTA analysis of xerogels pre-treated at 400 °C are displayed in the 
Figure 26. For the ratio Zn:Ti equal to 2:1 the crystallization occurs at 573 °C (see 

Figure 26a). The introduction of REE into the xerogels shift the crystallization peaks to 
higher temperatures, and so does, naturally, the increasing heat rate as is clearly 
demonstrated in the Figure 26b. For the system containing the ratio of Zn:Ti equal to 
1:1 the crystallization peak appears at 624 °C. Unfortunately technical parameters of 
used apparatus haven’t allowed us to correctly evaluate the phase transformation from 
the cubic to the rhombohedral structure. Peak at 1023 °C should be attributed to the 
decomposition of ZnTiO3

 into r-TiO2 and Zn2TiO4. The crystallization peaks for the 
ratio Zn:Ti equal to 2:3 appears at 567 °C and it’s followed by the sharp crystallization 
peak of r-TiO2 at 660 °C. Formed ZnTiO3 is decomposed at 986 °C. The correct 
positions for particular peaks were evaluated from the dependence of peaks temperature 
versus the heat rate extrapolated to zero value of heat rate. Calculated data are 
summarized in the Table 11. As was predicted from the results of XRD analysis, the 
presence of REE shifts the crystallization to higher temperatures. The crystallization of 
all pure ternary phases occurs bellow 600 °C, except the pure r-ZnTiO3 which could be 
prepared by phase transformation of cubic form at 800 °C. 
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 Figure 26 DTA analysis of powders pre-treated at 300°C. a) DTA analysis for different Zn:Ti 
ratio. Heating rate 10 K∙min-1. O2 flow 50 ml∙min-1. b) DTA analysis of Zn2TiO4 structure 
demonstrating effects of the REE dopation and heating rate to the crystallization peak of 
Zn2TiO4. 
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Crystallization energy of prepared nanocrystals was evaluated from Kissinger, 
Augis-Bennett and Ozawa’s equation. Activation energy were calculated from the linear 
fits of introduce functions versus the reciprocal thermo dynamical temperature 
corresponding to the position of crystallization peak as can be seen in the Figure 27 and 
the results are summarized in the  Table 11. All three approximations provide us by 
similar results for particular samples. Except the Zn2TiO4 the introducing of Eu3+ ions 
increases the activation energy of crystallization.  
Table 11 Crystallization temperatures and activation energy of crystallization calculated for 
particular samples using different approximations 

Crystallization 
temperature 

Kissinger 
approximation 

Augis-Bennett 
approximation 

Ozawa 
approximation 

Ratio Zn:Ti 
Dopant 

Detected phase (°C) (kJ·mol-1) (kJ·mol-1) (kJ·mol-1) 
2:1 

Zn2TiO4 
546±2 250±19 242±12 252±12 

2:1 
0,5at.% Eu 

Zn2TiO4 
568±3 228±46 232±46 242±21 

2:1 
0,5at.%Tm 

Zn2TiO4 
585±2 212±47 216±47 227±47 

2:1 
0,5at.% Er 
Zn2TiO4 

578±4 191±25 195±25 205±25 

1:1 
c-ZnTiO3 

582±2 207±3 215±24 221±24 

1:1 
1at.%Eu 
c-ZnTiO3 

584±3 376±45 339±73 390±45 

2:3 
h-ZnTiO3 

520±2 109±13 120±13 124±14 

2:3 
1at.%Eu 
c-ZnTiO3 

553±4 218±17 210±26 232±16 
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Figure 27 Determination of crystallization energy. Experimental data and corresponding fits for 
the undoped and 0.5 at. % Eu3+ doped Zn2TiO4. a) Plots of Kissinger (left scale) and Augis–
Bennett (right scale) approximations, b) Ozawa`s approximation 
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From the course of DTA curves, we can estimate the reaction mechanism of the 
formation of Zn2TiO4 inverse spinel structure. The analysis was carried out for pure 
ternary phase and for the sample containing 0.5 at. % Eu3+ ions and the results are 
extended to other investigated rare earth elements. Calculated Avrami parameter nA is 

displayed in the Figure 28. Results show that in the case of Zn2TiO4 large values of nA 
parameter rapidly decrease with the increased heat-treatment temperature to values 
calculated for the REE- doped samples. The high values of nA at the beginning of the 
crystallization of Zn2TiO4 are typical for the homogeneous nucleation with the three-
dimensional growth at the constant nucleation rate[76]. Once uniform nanocrystals are 
formed filling the volume of the initial material, the crystallization mechanism is 
changed and the cellular recrystallization takes place. As a result nanocrystals regularly 
grow together as one can see from the Figure 16c and Figure 16d; this growth is limited 
by the diffusion through the crystal boundary and nA parameters are accordingly 
decreased. Despite the lower crystallization energies calculated for REE elements doped 
samples, the crystallization is shifted to higher heat-treatment temperatures. The 
calculated values of the Avrami parameters are typical for the site saturated nucleation 
followed by the three dimensional grow controlled by the diffusion which rapidly pass 
into the cellular recrystallization [76]. Such phenomena can be explained by the 
incorporation of REE ions into the pre-formed Zn2TiO4 clusters. As shown above REE 
ions particularly substitute zinc ions inside the zinc titanate structure forming nucleation 
centers for generated zinc titanate and block the crystallite grow till they are fully 
incorporated into the crystalline lattice.  Once REE elements are integrated inside the 
crystalline lattice the crystallization is facilitated that is characterized by the calculated 
activation energies of crystallization. Thus, the formation of smaller uniform crystallites 
is more favorable in the case of doped zinc titanates. On the other hand the crystallite 
growth is more favorable in the case of undoped zinc titanate. These effects are 
explicitly remarkable for the samples heat-treated to 1000°C in which Zn2TiO4 grown 
up nearly to micrometric grains and the Eu doped zinc titanate still remained in the form 
of nanocrystalline powder as one can clearly see in the SEM pictures Figure 16c and 
Figure 16d. 
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Summary 
 Two sol-gel approaches based on the reaction of [Zn4O](Acetate)6 clusters with 
titanium(IV)i-propoxide and on the direct heteronucleation of zinc acetate dihydrate 
with titanium(IV)butoxide were employed to prepare stable heterosols. The 
concentration ratios of Zn:Ti in initial sols were 2:1, 1:1 and 2:3. Prepared heterosols 
were alternatively doped by 1 at. % of Eu3+ ions and evaporated at ambient temperature 
under vacuum atmosphere to xerogels. 
 Initial sols were analyzed by the UV-VIS spectroscopy. Prepared xerogels were 
analyzed by the difference thermal analysis coupled with the mass spectrometry, FT-IR 
spectroscopy, X-ray diffraction analysis, photoluminescence spectroscopy and scanning 
electron microscopy. The chemical compositions of prepared xerogels were verified by 
energy-dispersive X-ray spectroscopy. 

It was found that acetate presented in the samples are primary coordinated to 
titanium ions as bidentate organic ligands and the increasing amount of titanium inside 
the initial sol shifts the burn-out temperature of organic ligands to higher temperatures. 

Xerogels were subsequently thermally annealed up to 1000 °C and the structural 
evolution of formed phases was followed by the XRD analysis. For the ratio of Zn:Ti 
equal to 2:1 the formation of inverse spinel Zn2TiO4 was observed. The composition 
with the ratio Zn:Ti equal to 1:1 gives cubic defect spinel ZnTiO3 which is partially 
transform to rhombohedral ZnTiO3. Finally, both ZnTiO3 structures undergo the thermal 
dissociation to inverse spinel Zn2TiO4 and rutile r-TiO2 at 990 °C. Despite to the 
referred literature the composition with the ratio of Zn:Ti equal to 2:3 doesn’t provide 
us by the expected cubic defect spinel of the general formula Zn2Ti3O8. The formed 
compound contains rhombohedral ZnTiO3 and rutile r-TiO2 in case of undoped samples 
and the compound of cubic ZnTiO3 and rutile r-TiO2 in case that Eu3+ions were 
introduced into initial sol. Both mentioned compounds undergo the thermal dissociation 
to inverse spinel Zn2TiO4 and rutile r-TiO2 above 900 °C. Sizes of formed phases were 
calculated on the base of the Debye-Scherrer’s equation and verified by SEM 
observations. Crystallization temperatures of all formed ternary phases occur below 600 
°C. The proper initial composition and thermal annealing allow a formation of selected 
phase with tailored nanocrystals size ranging from tens of nanometers up to micrometric 
scale. 
 The direct heteronucleation approach leads to bigger nanocrystals comparing to 
cluster process and allows the formation of pure phases. Cluster process leads to smaller 
nanocrystals, however prepared samples contains indispensable amount of side-formed 
phases. The explanation can be found inside the formation of polymeric clusters from 
TixOy(OH)z species in initial sols. Hence the cluster process partially appears a character 
of solid state reaction. 
 The introducing of Eu3+ ions into initial sols significantly changes the 
crystallization process initiating the formation of cubic spinel structures and block the 
cubic-rhombohedral transformation. As the result crystallization temperatures are 
increased, nanocrystals growth is suppressed and annealed xerogels appear more 
homogenous and uniform shape comparing to undoped samples. The strong red 
fluorescence and significant Stark splitting of 7FJ peaks in emission spectra of Eu3+ ions 
confirm the successful incorporation of Eu3+ions into the cubic spinel lattices. The 
comparison of photoluminescence intensities and asymmetric factors support the theory 
that the cubic ZnTiO3 crystallize in the defect spinel lattice. The presence of Eu3+ ions 
above the limits of solubility of formed compound leads to the formation of cubic 
pyrochlore structure Eu2Ti2O7.  
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 .The solubility of Eu3+, Er3+ and Tm3+ inside prepared inverse spinel Zn2TiO4 
was experimentally determined to 0.5 at. %. The nucleation process of pure Zn2TiO4 has 
the character of homogenous nucleation followed by the three dimensional growth at a 
constant nucleation rate which finally pass into the cellular recrystallization controlled 
by the diffusion of matter. The crystallization process of Zn2TiO4 doped by Eu3+ ions 
has the character of the site saturated nucleation followed by the three dimensional grow 
and cellular recrystallization 
 From the results of XRD analysis combined with the DTA analysis following 
phase diagram demonstrated in the Figure 29 for particular samples prepared by the 
direct heteronucleation was proposed. 
 

 

Figure 29 Proposed phase diagram for ZnxTiyOz structures prepared by the “bottom-up” sol-gel 
route. a) undoped samples for the selected ratios of Zn:Ti = 2:1, 1:1, 2:3. b) Samples doped by 1 
at. % of Eu3+ ions for selected ratios of Zn:Ti = 2:1, 1:1, 2:3. Side formed Eu2Ti2O7 is not shown 

30 35 40 45 50 55 60 65
450

600

750

900

1050

r-ZnTiO
3

r-TiO2

c-ZnTiO3

r-ZnTiO
3

Zn2TiO4+ r-TiO2

r-ZnTiO3
c-ZnTiO

3

amorphous phase

 

 

Te
m

pe
ra

tu
re

 (
C

)

Zn
2
TiO

4

30 35 40 45 50 55 60 65
450

600

750

900

1050

molar fraction Ti (%)

r-ZnTiO
3

r-TiO
2

c-ZnTiO
3

c-ZnTiO3

amorphous phase

 

 

Zn2TiO4+ r-TiO2Zn
2
TiO

4

molar fraction Ti (%)

 

 

a b 



48 

Preparation and characterization of thin films 
 
 Prepared ternary nanocrystalline materials provide us by several interesting 
properties that could be fruitfully exploited in the field of optic, opto-electronic and 
photocatalysis. Several possible applications have been illustrated in the introduction. 
However, most of application prefers or implicitly requires the material in the form of 
thin films rather than powders. In followed chapter the preparation and characterization 
of nanocrystalline ternary phases will be presented with the aim to prepare 
nanocrystalline ternary phases in optical quality and acquire corresponding optical 
properties of prepared thin films. 
 As was found by DSC analysis, thermo dynamical properties of thin films 
doesn’t significantly differs from the properties of xerogels. Since the materials 
prepared by the direct heteronucleation process appears better properties and lead to 
pure stable ternary phases, initial sols prepared by direct heteronucleation process were 
mainly employed in deposition of thin films. Although the selected approach allows us 
to prepare thin films with any ratio of Zn:Ti, followed experiments are limited to the 
ratio of Zn:Ti equal to 2:1, 1:1, 2:3 and 1:9 which should provide us by inverse spinel 
Zn2TiO4, cubic defect spinel ZnTiO3 and the compound of rhombohedral ZnTiO3 with 
rutile (r-TiO2). The ratio 1:1 was stabilized by introducing 1 at. % of Eu3+ ions to 
stabilize the cubic structure ZnTiO3 and to prevent side crystallization. The 
crystallization of first two mentioned occurs at 546 °C and 584 °C, respectively. The 
crystallization of r- ZnTiO3 starts at 520 °C however it’s accompanied by the side 
formed r-TiO2 which should crystallize at 636 °C. Since the transmission optical spectra 
of prepared films were recorded on samples deposed on the Pyrex glass substrate, the 
annealing temperature shouldn’t dramatically exceed 650 °C to prevent the deformation 
of the substrate. The thickness of prepared films on the Pyrex substrate could be varied 
from hundreds of nanometers up to few micrometers and depend on the viscosity and 
concentration of initial sols and withdrawing speed. 
 
 As was introduced in the experimental section, thin films were prepared by the 
multideposition of starting heterosols with subsequential annealing at 350 °C in air 
atmosphere in order to burn out remaining organic material, namely acetate ligands, and 
to densified formed films. The deposition process can be easily followed by recording 
transmission spectra of formed films. With increasing number of layers increase the 
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Figure 30 Effect of the thermal annealing to deposed film. Sample of the ratio Zn:Ti =1:1 doped 
by 1 at. % Eu3+. a) Absorption spectra of prepared film In the inset is the zoomed area with the 
absorption edge. b) SEM image of the cross-section of prepared film annealed at 650°C 
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number of interference fringes in absorption spectra and absorption edges is shifted to 
higher wavelengths. As can be seen in the Figure 30a representing optical absorption 
spectra of c-ZnTiO3 as a function of annealing temperature. With increasing 
temperature the densification of thin films occurs appearing two important phenomena 
in optical transmission spectra. Interference fringes are shift according to the variation 
of film thickness and refractive index changes. The absorption edge is shift with the 
variation of film thickness going closely to the value corresponding to the fully 
densified film. In consequent annealing is the shift of the absorption edge practically 
linear function of annealing temperature as can be seen from the inset in the Figure 30a. 
Once the crystallization takes place, new crystalline phase with different optical 
properties from the initial amorphous material is formed appearing corresponding shift 
of the optical edge. Prepared films was investigated by SEM microscopy allowing 
verify the film thickness and crystalline structure as can be seen in the Figure 30b. The 
presence of formed ternary phases was confirmed by the XRD analysis demonstrated in 
the Figure 31. Calculated crystallite sizes are displayed in the Table 12. According to  

 
 
Table 12 AFM analysis of annealed thin films with corresponding nanocrystalline 
structure and average crystallite size calculated by the Debye-Scherrer’s equation 
 

Ratio Zn:Ti  Synthesis Temperature 
(°C) 2:1 1:1,Eu 2:3 
550 0.520 0.669 1.10 Cluster process 
650 1.12 0.807 1.32 RMS 

factor Direct 
heteronucleation 650 0.636 0.418 0.87 

Detected phases 650 Zn2TiO4 c-ZnTiO3 
r-ZnTiO3 

r-TiO2 

Average crystallite size (nm) 650 20 9 46 (r-ZnTiO3) 
36 ( r-TiO2) 
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Figure 31 XRD patterns of thin films prepared for different ratio Zn:Ti annealed at 650°C. 
Denoted symbols: () Zn2TiO4, (#) r-ZnTiO3, (r) r-TiO2, (c) c-ZnTiO3. 
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the increasing difference between the annealing temperature and the crystallization 
temperature of particular phases displayed in the Table 11 the c-ZnTiO3 crystallizing at 
584 °C gives the smallest nanocrystals with the average size around 9 nm. However the 
compound of r-ZnTiO3/r-TiO2 formed bigger crystals with the size around 46 nm 
according to the observed crystallization temperature at 520 °C. Such an observation 
should be exposed into surface morphology of prepared films. AFM scans of prepared 
layers are displayed in the Figure 32. All prepared samples appear relatively regular and 
homogenous morphology with the surface variation below 10 nm. Surfaces of films 
containing formed Zn2TiO4 and c-ZnTiO3 demonstrated in the Figure 32a, c consist of 
regularly associated mostly spherical crystallites with the lateral dimension around 20 
and 10 nm, respectively. The surface of the film formed by the compound of  
r-ZnTiO3/r-TiO2 (see Figure 32d) appears highly irregular structure of the surface that 

should be attributed to the coexistence of two different type of nanocrystals. 
Nanocrystals size can be partially correlated with the variation of the surface 
represented by the RMS factor indicated in the Figure 14. The smaller nanocrystals lead 
to the smaller variation of the surface and lower value or RMS factor. However, the 
general application of this statement should be carefully considered. According to our 
previous conclusions and to the results depicted in the Figure 15, thin films deposed 
from sols which were prepared by the cluster process are formed by nanocrystals with 
the size comparable with that one produced by the direct heteronucleation. With the 

b a 

c d 

Figure 32 Surface morphology of films annealed at 650°C. a) Ratio Zn:Ti=2:1 prepared by DH, 
b) Ratio Zn:Ti=2:1 prepared by CP, c) Ratio Zn:Ti=1:1 doped by 1 at. % Eu3+, d) Ratio 
Zn:Ti=2:3. 
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increasing temperature the RMS factor for particular samples is increased according to 
the beginning crystallization. However, despite the comparable size of formed 
nanocrystals, RMS factor of films deposed from initial sols prepared by cluster process 
(see Figure 32b) is almost doubled than the RMS factor of films prepared from the 
directly heteronucleated sols. The surface is formed by almost oriented elongated 
nanocrystals. This observation confirms our previous hypothesis that xerogels prepared 
by cluster process contain several types of pre-condensated polymolecular clusters. 
Their presence and different physico-chemical properties should be exposed to the 
deposition process. Observed oriented structure can be explain by the preferential 
absorption of polymolecular species to the surface of formed structures leading to the 
preferable nanocrystals growth. However such a hypothesis requires further 
experimental confirmations. 
 Absorption coefficient of prepared nanocrystalline thin films calculated from 
optical transmission spectra and film thickness evaluated from SEM analysis are 
demonstrated in the Figure 33. Prepared films containing pure nanocrystalline phases 

Zn2TiO4 and c-ZnTiO3 appear absorption edges around 300 nm. The curse of absorption 
edges and the fit of corresponding Tauc function [90] displayed in the inset indicate that 
the band gap transition of formed structure have a character of indirect transitions. 
Determined band gaps for Zn2TiO4 and c-ZnTiO3 are 3.72 and 3.69 eV, respectively. It 
should be mention, that slow heat rates during the thermal annealing of Zn2TiO4 films 
could be accompanied by side formation of ZnO which raise a new strong absorption 
edge around 365 nm. Such an edge is often confused with the absorption edge of 
inverse spinel Zn2TiO4. Two different results can be achieved for compounds prepared 
for the ratio of Zn:Ti equal to 2:3. If the starting sol was doped by Eu3+ ions, the c-
ZnTiO3 nanocrystalline phase has been stabilized appearing corresponding band gap 
and fine nanocrystalline structure as can be seen from Figure 33b and Figure 34a. The 
annealing of undoped samples is accompanied by the crystallization of side-formed  
r-TiO2. The formation of r-TiO2 nanocrystalline phase raise a new absorption edge at 
410 nm superposed to the absorption edge of r ZnTiO3. The nanocrystalline growth of 
formed r-TiO2 can be observed by SEM (see  Figure 34b). From the beginning of the 
crystallization, r-TiO2 tend to form elongated, fiber like nanocrystals that rapidly growth 
up introducing the opaque look of film due to the scattering phenomena. Estimated 
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Figure 33 Optical properties of thin films annealed at 650°C. a) Films formed by nanocrystalline 
Zn2TiO4 or c-ZnTiO3. In the inset is the fit allowing the estimation of the nature of electronic 
transition. b) Films formed by nanocrystalline c-ZnTiO3 and the compound of c-ZnTiO3 with r-
TiO2. 
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values of band gap energy are 3.01 and 3.61 eV for r-TiO2 and r-ZnTiO3, respectively. 
All demonstrated results achieved on prepared thin films confirm the results concluded 
from analysis carried on sintered powders. Energy of band gaps for particular phases are 
summarized in the Figure 35. 
 

 
 
 Refractive index and dispersion curves were evaluated from ellipsometric 
measurements of films deposed into intrinsic (100) silicon wafers. Thickness of 
prepared films analyzed by surface profilometer and spectral ellipsometry differ around 
3 %. Spinel –like structures provides us by refractive indexes ranging from 1.69 to 1.95 
at 633 nm as can be seen from the Figure 36a. The values are significantly lowered for 
the inverse spinel Zn2TiO4. Despite the fine surface structure and high morphological 
homogeneity of formed film, the absorption coefficient is almost ten times higher than 
that which were observed at other samples. The reason of such an anomaly still hasn’t 
been successfully explained and could be attributed to the formation of non-uniform 
boundaries during the deposition of individual layers. The value of refractive index of c- 
ZnTiO3 evaluated at 550 nm is 1.98 and it’s significantly higher than that samples 
prepared by another sol-gel approach [55]. Samples prepared by the magnetron 
sputtering give the value close to 2.2 [53]. The decrease of the refractive index of sol-
gel derived film can be distributed among two main contributions. The first is the 
porosity of formed films and the second is the presence of remaining amorphous phase. 
Both mention phenomena are supported by the high fraction of nanocrystalline 

a b

Figure 34 Structure of prepared nanocrystalline thin films annealed at 650°C. a) Cross-section 
of film formed by nanocrystalline c-ZnTiO3. b) Surface of film formed by the compound of r-
ZnTiO3 with r-TiO2 
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Figure 35 Summarization of experimentally determined values of energy gap for prepared 
ZnxTiyOz ternary phases and pure oxides. 
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boundary in formed material. We can estimate that the values of determined refractive 
indexes are approximately about 10 % lower than the values obtained in bulk samples. 
 Despite our effort, nanocrystalline films of pure rhombohedral ZnTiO3 haven’t 
been successfully prepared. Although the annealing regime leading to the successful 
formation of pure r-ZnTiO3 has been employed, the cubic phase of ZnTiO3 was 
immediately transform into the inverse spinel Zn2TiO4 and r-TiO2. The reason of the 
suppression of cubic to rhombohedral transformation could be found in the interaction 
of silicon substrate crystallizing in the cubic lattice with the cubic crystal lattice of 
formed spinel like type. Although by using of pure silica glass substrates the compound 
of cubic and rhombohedral ZnTiO3 with Zn2TiO4 and r-TiO2 was prepared, the ratio of 
formed rhombohedral ZnTiO3 didn’t exceed 40 at. %. Moreover, long thermal annealing 
around 800 C scale-up the sizes of formed nanocrystals and formed films appear high 
scattering of lights and became practically non-transparent. However, the properties of 
r-ZnTi03 could be estimated from optical properties of thin films with different ratios of 
Zn:Ti varying from 1:1 to 0:1. 
 According to theory of effective media [78]we can presume that the refractive 
index of the alloyed compound can be expressed by the linear combination of squares of 
refractive indexes of particular constituents, refractive indexes of pure r-ZnTiO3 and 
were calculated r-TiO2. The results of calculated refractive index for r-ZnTiO3 and r-
TiO2 determined for the wavelength 550 nm are 2.60 and 2.05, for the wavelength 633 
nn 2.56 and 2.01. Concerning the r-TiO2, the calculated value are about 20 % smaller 
than the referred value of bulk material[91]. The refractive index of r-ZnTiO3 
significantly exceeds the values of other prepared ternary phases. Such a conclusion 
clearly result from the properties of rhombohedral crystal lattice and calculated value 
doesn’t exceed typical values determined for similar structures[92] 
 Properties of prepared thin films including the EDS analysis are summarized in 
the Table 13. 
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Figure 36 Results of ellipsometric measuments. Calculated refractive indexes and coefficient of 
optical losses for a) nanocrystalline Zn2TiO4 and c-ZnTiO3, b) for different compounds of c-
ZnTiO3 with r-TiO2.  
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Table 13 Composition and physico-chemical properties of prepared nanocrystalline films 

Ratio Zn:Ti 2:1 1:1, Eu 2:3 1:9 pure phase 

detected phases Zn2TiO4 c-ZnTiO3 
r-ZnTiO3 

r-TiO2 
r-ZnTiO3 

r-TiO2 
r-ZnTiO3 

thickness (nm) 
(SE calculations) 428 883 529 279 - 

n633 nm (RIU) 1.690 1.949 2.361 2.134 2.56 
Eg (eV) 3.72 3.69 3.49 3.25 3.61 

c Zn (at.%) (EDS) 65.31 52.05 59.76 11.54 - 

c Ti (at.%) (EDS) 34.69 45.78 
(1.17 Eu) 40.24 88.46 - 

 
 
 

Summary 
 Initial sols with varying concentration of Zn:Ti were used to prepare thin films 
formed by nanocrystalline ternary phases ZnxTiyOz. Thin films were prepared by the 
dip-coating methods and subsequently annealed up to 650 C. The annealing 
temperature and time can be used to tailor the size of formed nanocrystals. 
 The formation of ternary phases ZnxTiyOz and their physico-chemical properties 
were investigated by the difference thermal analysis, UV-VIS spectroscopy, X-ray 
diffraction analysis, atomic force microscopy, scanning electron microscopy, surface 
profilometry and spectral ellipsometry. The chemical compositions of prepared films 
were verified by energy-dispersive X-ray spectroscopy. Absorption coefficients, 
refractive indexes, dispersion curves and band gaps of prepared films and pure phases 
were determined. 
 Thin films containing selected nanocrystalline ternary phases were successfully 
prepared. The thickness of prepared films can be varied from several tens of nanometers 
up to few micrometers depending on viscosity, concentration of initial sols, 
withdrawing speed and number of deposition cycles. All films formed by pure ternary 
phases appear an excellent structural and surface homogeneity with the variation of the 
surface bellow 6 nm. Nanocrystal sizes ranging from 8 to 46 nm, according to the film 
composition and to the difference between the annealing temperature and the 
crystallization temperature of particular phases. 
 Inverse spinel Zn2TiO4 and cubic defect spinel ZnTiO3 appear an absorption  
edge around 310 nm, band gap energy around 3.7 eV and band gap transition have a 
character of indirect semiconductors. Determined values of refractive indexes at the 
wavelength 633 nm were 1.690 and 1.949 nm for inverse spinel Zn2TiO4 and cubic 
defect spinel ZnTiO3. The rhombohedral ZnTiO3 hasn’t been successfully prepared 
probably due to the interaction of the substrate with formed films. Optical properties of 
rhombohedral ZnTiO3 were estimated from its compound with rutile TiO2. The band 
gap energy was estimated to 3.61 eV, calculated refractive index at 633 nm reach the 
value 2.56. All determined refractive indexes appear a significant decrease comparing to 
bulk samples. These phenomena should be attributed to the high fraction of 
nanocrystalline boundary of formed nanocrystals which increase the porosity of formed 
films and to the presence of remaining non-crystallized phases. 
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Preparation and characterization of optical fibers 
 

The preparation of optical preform and optical fibers is sophisticated process. 
From sets of experiment was evaluated the approach leading to the preparation of defect 
free homogenous preform. Several examples of unsuccessful experiments are presented 
in the appendix.  Adequate results were achieved by two times repeated deposition of 
the initial sol inside the silica frit with consecutive annealing at 200 °C. Prepared layers 
were annealed at 650 °C for 24 hours under the oxygen flow 50 ml·min-1. 

Prepared preform labeled SG 1069 was without observable defects, i.e. bubbles, 
cracks, and appears a good transversal and longitudinal homogeneity. The refractive 
index profile of the preform demonstrated in the Figure 37 correlates with the 

concentration profile of zinc and europium. The highest achieved concentration inside 
the preform core was around 1 at. % and 0.12 at. % for zinc and europium ions, 
respectively and dopants are distributed symmetrically around the preform central axis. 
The concentration of europium ions related to the concentration of zinc is approximately 
two times higher than that in the starting solution. The presence of doped zinc oxide 
sols in combination with the silica frit support the absorption and incorporation of Eu3+ 
ions inside the frit.  
 Prepared preform was withdrawn to optical fiber with standard outer diameter 
125 m as was verified by the optical microscopy on the cross-sections of prepared 
fiber demonstrated in the Figure 39a. Experimentally determined value of fiber diameter 
124 m is within the technological tolerance. Experimentally determined core diameter 
was about 15 m. Longitudinal homogeneity of prepared fibers was about 10 m. Than a 
small capillary was observed at the cladding-core boundary indication a formation of 
small bubbles during the drawing process or submicron defects of the preform. The 
length of such a capillary defects was several centimeters. Presuming the conservation 
of the values of refractive index in preform and in the withdrawn fiber, the difference of 
refractive index between the cladding and core of optical fiber should be around 0.025 
RIU. From the equation (16) the numerical aperture of optical fiber was calculated 
resulting to the value 0.084. Such a value was confirmed by the experimental 
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measurement of angular fiber distribution demonstrated in the Figure 39b. Achieved 
values correspond to the values of standard commercial or laboratory prepared single 
mode optical fibers. However, high concentration of dopants several times over exceed 
the concentration achieved by commonly used solution doping method [79], or 
modified solution doping method based on the deposition of nanocrystalline 

powders[80]. 
 Absorption spectra of prepared fiber evaluated as spectral attenuation are shown 
in the Figure 38. The background attenuation at 850 nm is around 0.9 dB·m-1. In the 
spectra are obvious typical optical transitions of Eu3+ ions superposed over the leading 
edge of the absorption band below 450 nm. Because the position of the absorption edge 
bellow 450 nm strongly depends on the fiber length while the baseline attenuation 
remains constant, it should be attributed to the electronic transition of formed structures 
based on zinc oxide or silicate. Similar properties have been observed on Eu3+ doped 
zinc oxide powders [93]. 
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Figure 39 Properties of prepared optical fiber. a) Microscopic image with inserted dimensions. 
b) Angular distribution 
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Properties of prepared optical fibers are summarized in Table 14 together with 
the properties of multimode optical fiber prepared by the modified solution doping 
method. It can be conclude that introduced method allow us to prepare optical fiber with 
novel matrixes with high concentration of rare earth elements. The approach will be 
extended to other REE, such an erbium and thulium, in a very close future. 
 
Table 14 Parameters of prepared optical fiber and referred multi-mode fiber prepared by solution 
doping technique. 

 Matrix Dopant 
Dopant 

concentration 
(ppm) 

Core 
diameter 

(m) 

Numerical 
aperture 

Attenuation 
(850 nm) 
(dB∙m-1) 

SG 1069 Zn Eu 1200 15 0.084 0.9 
Referred MM 

fiber [80] Al Er 740 14 0.143 0.005 

 
 
 

Summary 
 The sol containing zinc oxide nanoparticles doped by Eu3+ ions was successfully 
applied into the silica frit deposed inside the silica tube that was thermally collapsed 
forming a preform. The preform was successfully withdrawn into optical fiber. 
 Prepared preform and optical fiber was analyzed by refractive index 
profilometry, energy-dispersive X-ray spectroscopy, optical microscopy, angular 
distribution analysis and UV-VIS spectroscopy, 

Selected approach allows us to prepare optical fibers with high level of rare earth 
element dopation. The ZnO nanoparticles in combination with silica frit increase the 
absorption of Eu3+ ions from the sol. The concentration of particular elements inside the 
preform was approximately 0.9 at. % of Zn2+ ions and 0.12 at. % of Eu3+ ions. Prepared 
optical fiber with the outer diameter 124 m and core diameter 15 m has a numerical 
aperture equal to 0.084. The concentration of particular elements inside the preform was 
approximately 0.9 at. % of Zn2+ ions and 0.12 at. % of Eu3+ ions. Baseline attenuation 
of prepared fiber was around 0.9 dB·m-1. Parameters of prepared fiber correspond to 
that of standard single mode optical fiber. 

 As was clearly demonstrated zinc oxide nanoparticles prepared by the sol-gel 
process can be successfully employed as a part of host matrixes for rare earth element 
allowing the preparation of active optical fibers with parameters close to optical fibers 
prepared by the standard or modified solution doping method. Presented experimental 
work will be extended to other rare earth elements, such an erbium and thulium, in a 
very close future, allowing the preparation of novel active optical fibers. 
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Conclusions 
 The presented study deals with the sol-gel synthesis of nanocrystalline 

ternary phases of the general formula ZnxTiyOz, their characterization and potential 
application in photonics. Achieved results brings new fundamental knowledge about the 
processes leading to the formation of ZnxTiyOz nanocrystals from amorphous xerogels 
and gives novel information about structural and opto-electrical properties of prepared 
materials. Based on the presented results, most of all up-to-date reported ZnxTiyOz 
compounds with tailored nanocrystalline size and structure can be prepared as powders 
or thin films. 
 
 Two sol-gel approaches based on the cluster process and direct heteronucleation 
were employed to prepare initial sol. Sols were optionally doped by Eu3+ ions to 
evaluate the effects of rare earth element to crystallization properties of formed 
compounds. In the first part of our study crystallization properties and structural 
evolution of thermally treated xerogels were analyzed.  

Direct heteronucleation approach leads to formation of uniform nanocrystals that 
readily grows up with increasing temperature. The method can be used to prepare pure 
phases. Cluster process leads to nanocrystalline material with the size ranging from 10 
to 70 nm. However prepared samples contain a significant amount of side-formed 
phases. The explanation can be found in the formation of polymeric clusters from 
TixOy(OH)z species in initial sols next to ZnO aggregates. Hence the cluster process 
partially appears a character of solid state reaction. 
 Crystallization of prepared ternary phases occur between 500 and 600 °C. 
Selected ratio Zn:Ti equal to 2:1 leads to the thermally stable Zn2TiO4. The composition 
with the ratio Zn:Ti equal to 1:1 gives cubic defect spinel ZnTiO3 which is partially 
transform to rhombohedral ZnTiO3. Finally, both ZnTiO3 structures undergo the thermal 
dissociation to inverse spinel Zn2TiO4 and rutile r-TiO2 at 990 °C. The composition 
with the ratio of Zn:Ti equal to 2:3 provide us by the compound of rhombohedral 
ZnTiO3 and rutile r-TiO2 in case of undoped samples and the compound of cubic 
ZnTiO3 and rutile r-TiO2 in case that Eu3+ions were introduced into initial sol. Both 
mentioned compounds undergo the thermal dissociation to inverse spinel Zn2TiO4 and 
rutile r-TiO2 above 900 °C. Sizes of formed phases were calculated on the base of the 
Debye-Scherrer’s equation and verified by SEM observations.  
 The introducing of Eu3+ ions into initial sols significantly changes the 
crystallization process initiating the formation of cubic spinel structures and blocks the 
cubic-to-rhombohedral transformation. As the result crystallization temperatures are 
increased, nanocrystal growth is suppressed and formed nanocrystals appear more 
homogenous and uniform shape comparing to undoped samples. The strong red 
fluorescence and significant Stark splitting of 7FJ peaks in emission spectra of Eu3+ ions 
confirm the successful incorporation of Eu3+ions into the cubic spinel lattices. The 
comparison of photoluminescence intensities and asymmetric factors support the theory 
that the cubic ZnTiO3 crystallize in the defect spinel lattice. The presence of Eu3+ ions 
above the limits of solubility of formed compound leads to the formation of cubic 
pyrochlore structure Eu2Ti2O7.  
 Crystallization properties of inverse spinel Zn2TiO4 and its possible dopation by 
other rare earth elements were further investigated. It was shown, that results received 
for Eu3+ ions can be extended to other rare earth elements, namely Er3+ and Tm3+. 
Limits of solubility of introduce rare earth elements inside prepared inverse spinel 
Zn2TiO4 was experimentally determined to 0.5 at. %. From analysis of crystallization 
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peaks was deduced, that the crystallization process of pure Zn2TiO4 has the character of 
homogenous nucleation followed by the three dimensional growth at a constant 
nucleation rate which finally pass into the cellular recrystallization controlled by the 
diffusion of matter. The crystallization process of Zn2TiO4 doped by Eu3+ ions has the 
character of the site saturated nucleation followed by the three dimensional grow and 
cellular recrystallization resulting into formation of smaller and more uniform 
nanocrystals. 

As a result a versatile method allowing the preparation of inverse spinel 
Zn2TiO4, cubic defect spinel ZnTiO3 and rhombohedral ZnTiO3 with tailored 
nanocrystal sizes was established. Initial composition and thermal annealing allow us to 
prepare selected ternary phase with tailored nanocrystals size ranging from tens of 
nanometers up to micrometric scale. Formed cubic structures can be dope by rare earth 
elements up to their limits of solubility. 
 
 In the second part of the study, approaches elaborated in the first part were 
successfully exploited for the preparations of thin films with define nanocrystalline 
structure and selected composition. Initial sols prepared by the direct heteronucleation 
process with varying concentration of Zn:Ti were used to prepare thin films by the dip-
coating methods and subsequently annealed up to 650 C. Prepared films containing 
selected nanocrystalline ternary phases were successfully prepared. The thickness of 
prepared films can be varied from several tens of nanometers up to few micrometers 
depending on viscosity, concentration of initial sols, withdrawing speed and number of 
deposition cycles. 

All films appear an excellent structural and surface homogeneity allowing to 
determinate selected optical and opto-electrical parameters of particular nanocrystalline 
phases. Inverse spinel Zn2TiO4 and cubic defect spinel ZnTiO3 appear an absorption 
edge around 310 nm, band gap energy around 3.7 eV. Band gap transitions have a 
character of indirect semiconductors. Determined values of refractive indexes at the 
wavelength 633 nm were 1.690 and 1.949 nm for inverse spinel Zn2TiO4 and cubic 
defect spinel ZnTiO3. The rhombohedral ZnTiO3 hasn’t been successfully prepared 
probably due to the interaction of the substrate with formed films. Optical properties of 
rhombohedral ZnTiO3 were estimated from its compound with rutile TiO2. The band 
gap energy was estimated to 3.61 eV, calculated refractive index at 633 nm reach the 
value 2.56. All determined refractive indexes appear a significant decrease comparing to 
bulk samples. These phenomena should be attributed to the high fraction of 
nanocrystalline boundary of formed nanocrystals which increase the porosity of formed 
films and to the presence of remaining non-crystallized phases. 
 

In the third part of our study the potential application of selected compounds in 
the field of optical fibers was investigated. Despite the decomposition of inverse spinel 
Zn2TiO4 during the thermal annealing of prepared preform, zinc oxide nanoparticles 
were successfully exploited. The sol containing zinc oxide nanoparticles doped by Eu3+ 
ions was successfully applied into the silica frit deposed inside the silica tube that was 
thermally collapsed forming a preform. The preform was successfully withdrawn into 
optical fiber. Selected approach allows us to prepare optical fibers with high level of 
rare earth element dopation. The ZnO nanoparticles in combination with silica frit 
increase the adsorption of Eu3+ ions from the sol. The concentration of particular 
elements inside the preform was approximately 0.9 at. % of Zn2+ ions and 0.12 at. % of 
Eu3+ ions. Prepared optical fiber with the outer diameter 124 m and the core diameter 
15 m has a numerical aperture equal to 0.084. Mentioned parameters correspond to 
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that of standard single mode optical fiber. Baseline attenuation of prepared fiber was 
around 0.9 dB·m-1. Evaluated parameters of prepared optical fiber were compared with 
properties of optical fiber prepared by the solution doping approach  
 
  Because prepared spinel derived structures appear a relatively wide band gap, 
they cannot be directly employed in the field of photocatalysis. However, prepared films 
formed by r-ZnTiO3/r-TiO2 compounds were successfully tested as photocatalytic 
materials for degradation of fatty acids as was demonstrated elsewhere[94]. 
As was confirmed spinel derived structure allows introducing of rare earth elements 
inside the crystal lattice. Together with height optical transparency and excellent surface 
quality of prepared films, spinel-derived structures can be employed as material for 
passive and active planar optical waveguides. Notably the c-ZnTiO3 where the 
concentration of rare earth elements can reach several percent [55]. Recently, new 
materials based on nanocrystalline Zn2TiO4 films with high quality factor were 
prepared, making them promising materials for application as microwave dielectric 
[95]. 
 

As was clearly demonstrated zinc oxide nanoparticles prepared by the sol-gel 
process can be successfully employed as a part of host matrixes for rare earth element 
allowing the preparation of active optical fibers with parameters close to optical fibers 
prepared by the standard or modified solution doping method. Presented experimental 
work will be extended to other rare earth elements, such an erbium and thulium, 
allowing the preparation of novel active optical fibers. 
 
 By comparing the results with the aims of this study, we can conclude that all 
objectives were successfully completed. 
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Résumé 
 

L'étude examine la préparation de phases ternaires de formule générale ZnxTiyOz 
par la voie sol-gel, leur caractérisation et l'application éventuelle dans la photonique. 
Résultats obtenus apporte des nouvelles connaissances fondamentales sur les processus 
de formation de nanocristaux ZnxTiyOz de xérogels amorphe et donne des nouvelles 
informations sur les propriétés structurales et opto-électrique de matériaux préparés. Sur 
la base des résultats présentés, la plupart de toutes de phase reportée composant de 
ZnxTiyOz avec la taille et la structure nanocristalline façonner peuvent être préparés 
comme des poudres ou des couches minces. 

Deux approches sol-gel sur la base des processus de cluster et heteronucleation 
direct ont été utilisées pour préparer sol initial. Sols ont été éventuellement dopé par 
ions Eu3+ pour évaluer les effets de l'élément terre rare de propriétés de cristallisation de 
composés formés. Dans la première partie de notre étude des propriétés de cristallisation 
et l'évolution structurelle de xérogels de traitement thermique ont été analysés. 

Approche directe heteronucleation conduit à la formation de nanocristaux 
uniforme qui agrandi régulièrement avec la température augmente. La méthode peut être 
utilisée pour préparer les phases pures. Cluster processus conduit à matériau 
nanocristallin avec la taille allant de 10 à 70 nm. Cependant préparé des échantillons 
contient une quantité importante de phases secondaires formées. L'explication peut être 
trouvée dans la formation de cluster de polymère TixOy(OH)z de sols initiales à côté de 
ZnO agrégats. Ainsi, le processus cluster apparaît partiellement un caractère de réaction 
à l'état solide. 

La cristallisation de phases ternaires préparés se produire entre 500 et 600 ° C. 
Certaines Zn: Ti égal à 2:1 conduit à la Zn2TiO4 qui est thermiquement stable. La 
composition avec le rapport Zn: Ti égal à 1:1 donne cubes spinelle défaut ZnTiO3 qui 
est partiellement transformée à ZnTiO3 rhomboédrique. Enfin, les deux structures 
ZnTiO3 subir la dissociation thermique de Zn2TiO4 spinelle inverse et rutile r-TiO2 à 
990 °C. La composition avec le rapport de Zn: Ti égal à 2:3 nous fournir par le composé 
de ZnTiO3 rhomboédrique et rutile r-TiO2 dans le cas des échantillons non dopés et le 
composé de ZnTiO3 cubes et le rutile r-TiO2 dans le cas où Eu3+ ions ont été introduit 
dans sol initial. Les deux composés mentionnés subissent la dissociation thermique à 
spinelle inverse Zn2TiO4 et rutile r-TiO2dessus de 900 °C. Tailles des phases formées 
ont été calculés sur la base de l'équation de Debye-Scherrer et vérifiée par les 
observations SEM. 

L'introduction de Eu3+ ions en sols initiale de manière significative le processus 
de cristallisation des changements d'ouverture de la formation de structures spinelle 
cubique et bloque la transformation cubes à rhomboédrique. Comme le résultat 
températures de cristallisation sont augmentés, la croissance des nanocristaux est 
supprimée et formé nanocristaux semblent forme plus homogène et uniforme comparer 
à des échantillons non dopés. La fluorescence rouge fort et significatif de dédoublement 
Stark 7FJ pics dans les spectres d'émission des ions Eu3+ confirmer l'incorporation 
réussie des ions de Eu3+ dans un réseau de spinelle cubique. La comparaison des 
intensités de photoluminescence et les facteurs asymétriques appuyer la théorie selon 
laquelle le cubes ZnTiO3 cristallise dans le réseau de spinelle défaut. La présence d'ions 
Eu3+ au-dessus des limites de solubilité du composé formé conduit à la formation de la 
structure cubique de  pyrochlore Eu2Ti2O7. 

Propriétés de cristallisation de spinelle inverse Zn2TiO4 et son dopation possible 
par d'autres éléments des terres rares ont été davantage étudiées. A été démontré, que les 
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résultats reçus pour Eu3+ ions peut être étendu à d'autres éléments des terres rares, à 
savoir Er3+ et Tm3+. Limites de solubilité des introduire éléments de terres rares à 
l'intérieur de spinelle inverse Zn2TiO4 a été déterminée expérimentalement à 0,5 à. %. 
De l'analyse des pics de cristallisation a été déduit que le processus de cristallisation de 
Zn2TiO4 pure a le caractère de la nucléation homogène suivie par la croissance en trois 
dimensions à un taux de nucléation constante qui finissent par passer dans la 
recristallisation cellulaire contrôlée par la diffusion de la matière. Le processus de 
cristallisation de Zn2TiO4 dopé par des ions Eu3+ a le caractère de la nucléation site 
saturés suivie par la recristallisation en trois dimensions croître et cellulaires résultant en 
la formation de plus petites et plus uniformes nanocristaux. 

En conséquence, une méthode souple qui permet la préparation de spinelle 
inverse Zn2TiO4, cubes spinelle défaut ZnTiO3 et rhomboédrique ZnTiO3 avec des 
tailles de nanocristaux a été créé sur mesure. Composition initiale et recuit thermique 
nous permettent de préparer sélectionnés phase ternaire avec nanocristaux adapté à la 
grandeur allant de quelques dizaines de nanomètres à l'échelle micrométrique. Formé 
structures cubique peut être dope par des éléments de terre rare à leurs limites de 
solubilité. 

 
Dans la deuxième partie de l'étude, les approches élaborées dans la première 

partie ont été exploitées avec succès pour la préparation des couches minces à définir la 
structure et la composition nanocristallin sélectionné. Sols initial préparé par le procédé 
heteronucleation direct avec variation de la concentration de Zn: Ti ont été utilisés pour 
préparer des couches minces par les méthodes de trempage puis recuit à 650 °C. Des 
couches contenant une nanocristallin phases ternaires sélectionés ont été préparé avec 
succès. L'épaisseur des couches préparé peuvent varier de quelques dizaines de 
nanomètres à quelques micromètres selon la viscosité, la concentration des sols initiale, 
la vitesse de retrait et le nombre de cycles de dépôt. 

Tous les films semblent une excellente homogénéité de structure et de surface 
permettant de déterminé certains paramètres optiques et opto-électrique de certaines 
phases nanocristallines. Spinelle inverse Zn2TiO4 et cubique spinelle ZnTiO3 défaut 
apparaît un seuil d'absorption autour de 310 nm, l'énergie de bande interdite d'environ 
3,7 eV. Transitions écart de la bande ont un caractère indirect des semi-conducteurs. Les 
valeurs déterminées des indices de réfraction à la longueur d'onde 633 nm ont été 1.690 
et 1.949 nm pour spinelle inverse Zn2TiO4 et cubique spinelle ZnTiO3. Rhomboédrique 
ZnTiO3 n'a pas été préparé avec succès probablement dû à l'interaction du substrat avec 
des films formés. Les propriétés optiques de ZnTiO3 rhomboédrique ont été estimées à 
partir de son composé avec rutile TiO2 . L'énergie de bande interdite a été estimée à 
3,61 eV, calculée indice de réfraction à 633 nm atteindre la valeur 2,56. Tous les indices 
de réfraction déterminé apparaître une diminution significative comparés à des 
échantillons en vrac. Ces phénomènes doivent être attribués à la fraction de la limite 
haute nanocristallin de nanocristaux formés qui augmente la porosité des films formés 
et à la présence d'autres phases non cristallisé. 

 
Dans la troisième partie de notre étude de l'application potentielle des composés 

sélectionnés dans le domaine des fibres optiques a été étudiée. En dépit de la 
décomposition de spinelle inverse Zn2TiO4 pendant le recuit thermique de la préforme 
préparée, les nanoparticules d'oxyde de zinc ont été exploitées avec succès. L'oxyde de 
zinc sol contenant des nanoparticules dopées par des ions Eu3+ été appliquée avec 
succès dans la fritte de silice déposé à l'intérieur du tube de silice qui a été 
thermiquement effondré formant une préforme. La préforme est retirée avec succès en 
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fibre optique. Cette méthode nous permet de préparer des fibres optiques à haut niveau 
de dopation par des élément de terre rare. Les nanoparticules de ZnO en combinaison 
avec fritte de silice augmentation de l'adsorption des ions Eu3+ à partir du sol. La 
concentration d'éléments particuliers à l'intérieur de la préforme était d'environ 0,9 à. % 
des ions Zn2+ et de 0,12 à. % de Eu3+ ions. Préparé fibre optique avec le diamètre 
extérieur 124 m et le diamètre de base 15 m a une aperture numérique égale à 0,084. 
Paramètres mentionnés correspondent à celle de la fibre optique unique mode standard. 
Atténuation de base de fibres a été établi autour de 0,9 dB·m-1. Paramètres évalués de la 
fibre optique préparés ont été comparés avec les propriétés de la fibre optique préparé 
par la solution de dopage approche 

 
Parce préparé spinelle structures dérivées apparaissent une largeur de bande 

relativement large, ils ne peuvent pas être directement utilisés dans le domaine de la 
photocatalyse. Cependant, les couche préparés formé par r-ZnTiO3/r-TiO2 composés 
ont été testés avec succès en tant que matériaux photocatalytiques pour la dégradation 
des acides gras comme l'a montré ailleurs[94]: Comme on a confirmé spinelle structure 
dérivée permet d'introduire des éléments de terres rares à l'intérieur du réseau cristallin. 
Avec la transparence hauteur optique et excellente qualité de surface des films préparés, 
structures spinelles dérivés peuvent être utilisés comme matière active et passive pour 
guides d'ondes optiques planaires. Notamment le c-ZnTiO3 où la concentration 
d'éléments de terres rares peuvent atteindre plusieurs pour cent [55]. Récemment, de 
nouveaux matériaux basés sur des films nanocristallins Zn2TiO4 avec le facteur de 
qualité ont été préparés, ce qui les rend matériaux prometteurs pour une application 
comme micro-ondes diélectrique [95]. 

 
Comme il a été clairement démontré nanoparticules d'oxyde de zinc préparé par 

le procédé sol-gel peut être utilisé avec succès dans le cadre des matrices d'accueil pour 
l'élément terre rare permettant la préparation des fibres optiques actives avec des 
paramètres près de fibres optiques préparé par la solution standard ou par la méthode de 
dopage modifiée. Présenté travail expérimental sera étendu à d'autres éléments des 
terres rares, notamment erbium et thulium, permettant la préparation de nouvelles fibres 
optiques actives. 

 
En comparant les résultats avec les objectifs de cette étude, nous pouvons 

conclure que tous les objectifs ont été obtenus. 
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Appendixes 
 
Appendix 1. Mass spectrometry spectra of selected fragments[96] 

Supplementary figure 1 MS spectra for selected compounds 
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Appendix 2. XRD patterns for samples prepared by cluster process 
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Supplementary figure 2 XRD patterns depicting the nanocrystals evolution of undoped xerogels 
prepared by the cluster process for the ratio Zn:Ti=2:1. 
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Supplementary figure 3 XRD patterns depicting the nanocrystals evolution of xerogels  doped 
by 1 at. % Eu prepared by the cluster process for the ratio Zn:Ti=2:1. 
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Supplementary figure 4 XRD patterns depicting the nanocrystals evolution of  xerogels doped 
by 1 at. % prepared by the cluster process for the ratio Zn:Ti=1:1 
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Supplementary figure 5 XRD patterns depicting the nanocrystals evolution of  undoped xerogels 
prepared by the cluster process for the ratio Zn:Ti=1:1. 
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Supplementary figure 6 XRD patterns depicting the nanocrystals evolution of  undoped xerogels 
prepared by the cluster process for the ratio Zn:Ti=2:3. 
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Supplementary figure 7 XRD patterns depicting the nanocrystals evolution xerogels doped by 1 
at. % prepared by the cluster process for the ratio Zn:Ti=2:3. 
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Appendix 3 Examples of unsuccessfully prepared optical preforms 
 
  

 
Supplementary figure 8 Example of unsuccessfully prepared optical preforms. From the lef: 1) 
delamination of prepared frit during the sintering, 2)  delamination of prepared frit during the 
thermal collapse, 3) side crystallization of the core, 4) side crystallization of the core accompanied 
local evaporation of dopants 
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