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Summary 

This work is devoted to the synthesis as well as the structural, morphological and 

optical characterizations of barium titanate matrices (BaTiO3) doped with Eu3+, Er3+ and 

Yb3+ ions. Three synthesis ways have been investigated: sol-gel, hydrothermal and solid 

state. 

It has been shown that the hydrothermal one leads to nanometric powders constituted of 

20 nm particles, ten times smaller than the ones obtained in powders prepared by classic 

solid state synthesis. Synthesis dependence of crystallographic structure of titanates has 

been evidenced. Adding of chelating agents during the synthesis of sol-gel process 

enables to modify the morphology of powders and stabilize the sols dedicated to coating 

achievements. Monolayer thick coatings (800 nm) of Er3+ and Eu3+ doped barium 

titanates were obtained through this route. A study of optical properties related to rare 

earth ions in these different matrices was performed by recording the excitation and 

emission spectra. Energy transfer processes between rare earth ions have been 

investigated in co-doped compounds. 

Several characterization techniques have been used to assess the purity, the structure 

and the morphology of powders and films of barium titanates: infrared and Raman 

spectroscopies, X-ray diffraction, thermogravimetric analysis, scanning and 

transmission electron microscopies. 
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Résumé 

Ce travail concerne, la synthèse, la caractérisation structurale, morphologique et optique 

de matrices de titanates de baryum (BaTiO3) activées par les ions Eu3+, Er3+ et Yb3+. 

Trois voies de synthèse sont étudiées : sol-gel, hydrothermale et solide. 

Il a été montré que la synthèse hydrothermale conduisait à des poudres nanométriques 

constituées de particules de 20 nm, dix fois plus petites que celles rencontrées dans les 

poudres obtenues par les techniques classiques de céramisation. L’influence de ce 

paramètre sur la structure cristallographique des titanates a pu être mise en évidence. 

L'ajout d’agents chélatants au cours de la synthèse sol-gel permet de modifier la 

morphologie des poudres et de stabiliser les sols destinés à l’élaboration de revêtements. 

Des films épais monocouche (800 nm) de titanates de baryum dopés Er3+ et Eu3+ ont 

ainsi été obtenus. Une étude des propriétés optiques des ions de terres rares dans les 

différents systèmes synthétisés a été menée en enregistrant les différents spectres 

d'excitation et d'émission. Les phénomènes de transfert d’énergie entre les ions de terres 

rares ont été étudiés dans les matrices co-dopées. 

Plusieurs techniques de caractérisations ont été mises en œuvre pour évaluer la pureté, 

la structure et la morphologie des poudres et films de titanates de baryum préparés : 

spectroscopies infra rouge et Raman, diffraction des rayons X, analyse 

thermogravimétrique, microscopies électroniques à balayage et à transmission. 
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Chapter 1. Introduction 

 

1.1 Host matrix 

Perovskites compounds with formula ABO3 are technologically important materials due to 

their great use in the fabrication of  e lectronic c omponents as capacitors, multilayer 

ceramics, thermistors, etc. [1,2]. BaTiO3, SrTiO3 and CaTiO3, among others are examples 

of perovskite materials; in the case of BaTiO3 systems, the unit cell in ABO3 structure, the 

A atoms are at (0 0 0); the B atoms are at (½, ½, ½)  ante three O atoms at (0, ½, ½); (½, 0, 

½); (½, ½, 0). Figure 1-1 shows the unit cell of BaTiO3 of perovskite structure where atom 

B for Ti4+ sits in the center of cube. 

The stabil ity of  the perovskite compounds arises mainly of  the  electrostatic charge of  the 

ions perfectly integrated [3]. 

 

    
Figure 1-1. Cubic structure of BaTiO3; lattice constant a=4.0165Å with symmetry Oh. 

 

     Ba             Ti               O 
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The perovskite structure of BaTiO3, is recognized due to its dielectric properties, this 

present 5 polymorphic cases. The structural transitions observed are: tetragonalcubic 

hexagonal, theses phases are observed successively from 120 °C to 1460 °C.  

For lower temperatures, the orthorhombic structure is observed in the range 0-90 °C, below 

this, the rhombohedral phase is presented. A general scheme of the structural transitions is 

presented in Table 1-1 including spatial groups for each phase. 

 

 

Table 1-1.  Structural transitions of BaTiO3. 

 Ref. Phase Temperature Spatial Group 

[4] Hexagonal > 1460 °C mmc/P 36  

[5] Cubic 120- 1460 °C mPm
_

3  

[3] Tetragonal 0-120 °C mmP4  

[3] Orthorhombic -90-0 °C 2Amm  

[3] Rhombohedral < 90 °C mR3  

  

 

The pure BaTiO3 system is difficult to obtain, although good quality is obtained when the 

stoichiometric calculations are done and this is the origin of high quality crystalline growth.  

The tetragonal ferroelectric BaTiO3 have been investigated in the last decades due to the 

potential applications in electronics and optics devices, these properties are provided with 

the stable phase at room temperature. However, studies related to the BaTiO3 structure have 

reported the relationship between particle size and crystalline structure, i.e, it has been 

found that it is possible to obtain the cubic phase at room temperature, if particle’s size is 

less than 50 nm as proposed by different authors Strek and Zhang at. al. [6,7] an 

approximately 38 nm by J. Amami [8]. 

The method of elaboration for BaTiO3 represents a crucial aspect related with particle size 

and crystalline structure. The conventional method for preparation of this material is 

generally solid state reaction at high temperature (1100-1300 °C) [9], resulting in cost 

increase. An alternative is to use soft techniques due to the multiples advantages over 
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conventional techniques. The sol-gel process is an appropriate method for the preparation 

of BaTiO3, due to the possibility to produce crystalline materials at low temperatures, 

therefore, powders and films with high homogeneity and purity are possible to obtain. 

However, the hydrothermal and solid state reactions are valuable methods to compare the 

final properties of BaTiO3. 

J. H. Lee et. al [10], synthesized BaTiO3 powders by hydrothermal method using a molar 

ratio Ba/Ti=1, the temperature was fixed at 180 °C. The structure of BaTiO3 obtained was 

tetragonal presenting a particle size of around 0.3 µm. Agglomeration of powders was 

difficult to control using their experimental conditions. 

T. Fukui et. al. [11] prepared BaTiO3 powders using metal alkoxide methods. A complex 

alkoxide used as a precursor was hydrolyzed; to obtain submicrometer powders of 

perovskite compounds were obtained. The simultaneous use of a dipolar aprotic solvent, 

such as acetone with ethanol was found to be effective for the preparation of the nearly 

spherical powders with submicrometer diameter (0.7-1.6 µm). The BaTiO3 powders 

presented cubic structure at 900 °C while tetragonal structure was obtained after 1100 °C. 

The BaTiO3 submicrometer powders were formed through nucleation–aggregation, but not 

by the usual nucleation–grain growth. 

An important investigation was reported by S. Doeuff et. al. [12], in which the molecular 

precursor modification of TiO2 was analyzed, particularly using acetic acid during 

hydrolysis step. TiO2 monolithic gels were obtained during titanium hydrolysis step in 

presence of acetic acid. In this case, the acetic acid was not catalyzed but leads a molecular 

modification of precursor and changed the hydrolysis process. The last process is important 

because, the titanium precursor is the essential component for the elaboration of barium 

titanate and it is indispensable to control due to its high reactivity. 

Another study was reported by Madona Boulos et. al. [13] in 2005, which revealed the 

elaboration of BaTiO3 nanoparticles (20 nm in size) for electronic applications using 

hydrothermal method. In this work the cubic phase of BaTiO3 nanoparticles was obtained, 

in agreement with Amami et. al. studies [8]. Amami proposed that it is possible to obtain 

cubic phase of BaTiO3 when the particle size is less than 30 nm. 
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On the other side, BaTiO3 powder and film studies have been reported at low temperatures 

of synthesis showing good electronic properties. Therefore, when some rare earth ions 

doped barium titanate it is possible to obtain luminescent properties, Nowadays, the rare 

earth ions are added to a wide variety of metallic oxides in order to improve electric, 

electronic, magnetic and optical properties [14,15].  

 

1.2    Emission properties of rare earth ions: ytterbium, erbium and europium 

 

The lanthanide elements are the group of elements with atomic number increasing from 58 

(cerium) to 71 (lutetium). They are termed lanthanide because the lighter elements in the 

series are chemically similar to lanthanum. The electronic structure of the lanthanide 

elements, with minor exceptions is [Xe]6s24fn. In their compounds, the 6s electrons are lost 

and the ions have the configuration [Xe]4fm [16].The chemistry of the lanthanides differs 

from main group elements and transition metals because of the nature of the 4f orbitals. 

These orbitals are "buried" inside the atom and are shielded from the atom's environment 

by the 4d and 5p electrons. All the lanthanide elements exhibit the oxidation state +3. In 

addition Ce3+ can lose its single f electron to form Ce4+ with the stable electronic 

configuration of xenon. Also, Eu3+ can gain an electron to form Eu2+ with the f7 

configuration which has the extra stability of a half-filled shell. The similarity in ionic 

radius between adjacent lanthanide elements makes it difficult to separate them from each 

other in naturally occurring ores and other mixtures. The trivalent lanthanides mostly form 

ionic salts. This makes them suitable for use in lasers as it makes the population inversion 

easy to achieve. The Nd:YAG laser is one that is widely used [17]. Lanthanide ions are also 

fluorescent as a result of the forbidden nature of f-f transitions. Europium-doped yttrium 

vanadate was the first red phosphor to enable the development of color television screens 

[18]. 

Ytterbium, erbium and europium ions of atomic numbers 70, 68 and 63 respectively form 

the rare earths group. The trivalent ions are hard acceptors and form more stable complexes 

with oxygen-donor ligands than with nitrogen-donor ligands [19]. As f-f transitions are 

forbidden, once an electron has been excited, decay to the ground state will be slow [20]. 
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The effect of synthesis method and grain size is very important in the properties of BaTiO3 

and is manifested in the c hange of  all them: phase tra nsition temperature, c rystalline 

structure, no -lineal properties, between other s [ 21]. R ecently, has been r eported the 

efficiency of the europium ion as structural probe in the crystalline structure of BaTiO3 [7]. 

The europium ion was employed due to their properties for structural probe; this property 

allows to stud y the structural ph ase from luminescent view  point in s ynthesis a s 

hydrothermal. From this method nanoparticles are obtained. The europium ion excitation is 

the Uv region, in 356 nm and its characteristic emission is about 611 nm, red region. Figure 

1-2 it is shown the relationship be tween s ynthesis method a nd p article siz e obtaine d 

through each one of them. Also it is presented the excitation source and their characteristic 

emission in the red region. 

 

 
 

(a) (b) 

 

Figure 1-2. Relationship between the methods and particles sizes for elaboration of 

BaTiO3(a): Solid State Reaction (SSR), Sol-Gel (SG) and Hydrothermal (Hydro) after 

excitation in the visible region of BaTiO3:Eu3+(b), for example after using ex=254nm one 

emission is obtained at  611 nm in the red region, being 7F05D2 the characteristic   

transition of Eu3+ions. 

 

Synthesis method

ex=254 nm

em=611 nm

7F05D2

Particle size

SSR>200 nm

SG<200 nm

Hydro<30 nm

BaTTTiO3:Eu3+

Vis
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Erbium doped barium titanate was studied by Jin Jun Hwang and Young Ho Han [22], 

these authors obtained the BaTiO3 host matrix doped through organometallic compounds, 

denominated Pechini method. The as-prepared samples were polymerized and calcined. 

The powders were pulverized and then pressed for 5h at 1380 °C. These materials allowed 

the study of conductivity after doping at different erbium concentrations. The results shown 

that this compound present a minimum conductivity due to the acceptor dopant behavior 

when the erbium ion replace Ti, also it has been observed that an electronic compensation 

occurred in the cation vacancies after doping at 0.5 %mol because to the low solubility of 

the erbium ions in the barium. 

In other report, the erbium doped barium titanate was studied by H. X. Zhang et. al. [23]. In 

this study the synthesis was by a sol-gel modification; specifically the BaTiO3:Er3+ was 

prepared with acetate type precursors. The authors analyzed the luminescent properties, 

specifically the emission after 514 and 980 nm excitations.  The luminescent measurements 

revealed a quenching for erbium concentration lower than 3.0 mol %. The quenching 

process can be explained by the energy transfer and relaxation processes between erbium 

sites presenting close packing. 

W. Strek et. al. [7], prepared europium doped BaTiO3 films by sol-gel method obtaining  

excellent luminescent properties after doping the matrix at 0.5, 1 and 2 % mol, exhibiting 

low decay times, also, it was analyzed the structural transition phase of BaTiO3 

nanocristalline particles by means of fluorescence spectroscopy using Eu3+ ions as optical 

structural probe. 

J. Amami et. al. [8,24] in 2006 and 2007 prepared BaTiO3:Yb3+ powders with particle sizes 

of about 20 and 60 nm by sol-gel method. In this case the luminescent properties were 

studied; the ytterbium ion performed the function of optical structural probe revealing the 

cubic and tetragonal coexistence of structural phases with size between 30 to 60 nm. This 

result was estimated through the second harmonic generation study. 

Nowadays, the decreasing particle size has been the main goal of many researchers, for 

example, Madona Boulos has synthesized BaTiO3 particles with mean size of 20 nm as 

previously mentioned. Ersin E. Oren et. al. [25] in 2007, prepared pure barium titanate 
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particles and Dy doped barium titanate from experimental procedure proposed by Boulos, 

the result shown a pseudocubic phase with particle size of 22 nm, the Dy ions were 

employed to stabilized the cubic structure a room temperature. 

 

 

1.3  Interest on codoped materials 

The codoped materials are candidate for increase some luminescent properties in particular 

visible or infrared combined emission, this behavior is so different if only one ion is present 

as dopant. In a particular case, Er3+-Yb3+ has been studied in some systems as YAG [26], 

obtained by precipitation. In this matrix energy transfers processes were presented in the 

codoped samples, consequently of this fact, red emissions were obtained and up conversion 

took place through a energetic transference of 4I13/2 al 4I9/2 level erbium ions. In this study 

the green emission in 550 nm was the high intense emission when is excited at 973 nm 

while after 816 nm excitation a quenching process was observed in the luminescent 

properties. 

The purpose of the present research is to establish the methodology for the elaboration of 

Er3+, Yb3+ codoped BaTiO3 system to optimize the erbium ion concentration, to obtain high 

efficiency in the optical properties mainly in the luminescent properties, presenting red, 

blue and green emissions after different wavelength excitations. So far, only a few works of 

Er3+ and Yb3+ codoped BaTiO3 powders has been reported [27]. Up conversion process are 

expected in this materials as was observed in YAG matrix [28,29].  

 

1.4  Proposed research 

1.4.1 Main goal 

“Elaboration of rare-earth (Eu3+, Er3+, Yb3+) doped BaTiO3 powders, nanopowders and 

films with high optical efficiency to study the luminescent properties”. 
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1.4.1 Specific goals 

 

• Elaboration of BaTiO3 system by three methods of synthesis: hydrothermal, solid 

state reaction and sol-gel processes. 

• Study and comparison of structural and morphological properties of BaTiO3 system 

prepared by hydrothermal route and solid state reaction. 

• Study of structural and morphological properties of BaTiO3 films obtained  by sol-

gel method and dip-coating technique. 

• Analyses of the luminescent properties of the BaTiO3:Eu3+ powders synthesized by 

hydrothermal route and solid state reaction and BaTiO3:Er3+,Yb3+ powders obtained 

by sol-gel method. 

• Analyses of the luminescent properties of Er3+ and/or Yb3+ doped and codoped 

BaTiO3 films obtained by sol-gel method. 

 

1.5 Organization of the work 

The present work is organized in the following form: in chapter 2 it is described the 

theoretical aspects of the main stages involved in each synthesis method: sol-gel, 

hydrothermal and solid state reaction. In chapter 3, the general aspects about the 

luminescent are presented. In chapter 4, the experimental procedures used to obtain the 

nanopowder, powder, thin and thick films are detailed. In chapter 5, the results and 

discussion of structural and morphological properties of rare earth doped and/or codoped 

BaTiO3 of powders, nanoparticles and thin and thick films are presented. In chapter 6, the 

optical properties of the obtained system are described. Finally, the conclusions of this 

work are given. 
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Chapter 2. Theoretical aspects of “Methods of 

Synthesis” 

 

Previous to begin with the analyses of structural, morphological and optical properties for 

one specific material it is very important to establish the preparation technique since the 

physical and chemical properties depends on of the synthesis route used i.e. the size, 

crystalline structure and morphology of the particles are controlled by preparation method. 

Throughout this chapter, the synthesis methods used in this work are described below. 

 

 

2.1 Sol-gel method 

Sol-gel processing has been known for a long time, the first gels were made in 1845 by M. 

Ebelmen at the “Manufacture of Céramiques de Sévres” in France [30]. However this 

processing technique has known a very important development during the last two decades 

[31]. Sol-gel processes have brought a new view in the domain of glass and ceramics 

fabrication and they have enlightened the importance if chemistry involves the complete 

fabrication lines of materials, from initial chemical precursors to the final products. The 

basic idea is to progressively create an oxide network by polymerization reactions of 

chemical precursors dissolved in a liquid medium. Sols and gels are two forms of matter 

that have been known to exist naturally for a long time. They include various materials such 

as ink, clays, and a number of other substances such as the eye vitrea, blood, serum, and 

milk [32]. Sols and gels have raised scientific interest for a long time. The oldest sols 
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prepared in laboratory were synthesized with gold by Faraday in 1853. They are still stable 

nowadays [33]. 

 

Table 2-1. Advantages and disadvantages of the sol-gel method. [34] 

Advantages Disadvantages 

 High homogeneity of the products compared with 

conventional method.  

 High purity of the products obtained. 

 Low temperatures of preparation: 

 Save energy. 

 Decrease the evaporation losses. 

 decrease air pollution 

 Possibility to control morphology and structural 

phases. 

 Preparation of new amorphous materials out of 

normal range of obtaining temperatures. 

 Formation of crystalline phases from amorphous 

materials.  

 Better crystalline products from special properties 

of gels.  

 Preparation of thin films on different kind of 

substrate with excellent optical quality. 

 Possibility to control doping. 

 Precursor expensive. 

 

 Long time of reaction. 

 

 Fine porous materials. 

 

 Presence of residual hydroxyl 

groups. 

 

 Residual carbon. 

 

 

 

The sol–gel technology started with processing of dense, bulk materials, and great effort 

has been made to densify porous gels into glasses and ceramics. However, recently sol–gel 

processing of mesoporous and macroporous materials has also attracted much attention, 

including materials with well-controlled pore characteristics and highly porous materials, 

which have excellent chemical and photonic functions. So far, the new processes satisfy the 
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requirements to elaborate new and better products [35,36]. By this method it is has been 

possible to produce submicrometer powders with high purity, nuclear fuel, ionic and 

electronic conductors and magnetic materials among others. 

The sol-gel is a very effective and important process when it is required the production of 

homogeneous complexes ceramics reproducible as the new technologies demand. Though 

this, sol-gel process is an excellent option for producing high quality and purity materials, 

since grinding and compression operations are avoided and since temperatures involved 

does not exceed 150 °C, well below those used in conventional processes. For this reason 

the sol-gel method has been called "soft chemistry method." Some of the advantages and 

disadvantages of sol-gel method are presented in Table 2-1. 

 

2.1.1 Chemistry and stages 

Sols and inorganic gels can be obtained by several methods; these are often synthesized 

from chemical reagents dissolved in a liquid. The chemical reactants which can contain a 

cation M present in the sols or final inorganic gels are called chemicals precursors. Its 

chemical transformations are complex and involve a competition between the reaction at 

the molecular level responsible for the formation of open structures that lead to the 

formation of solids and dense materials. Some of these reactions are responsible for 

controlling the colloidal dispersion of the particles in the sol or avoid the agglomeration in 

the gel. There are two main groups of precursors: metal salts and alkoxides. The general 

formula of a metal salt is MmXn where M is the metal, X is the anion group and m and n the 

stoichiometric coefficients, an example is aluminum chloride, AlCl3. In the case of 

alkoxides, the general formula M(OR)n, which indicates a combination of the cation M 

with n groups of alcohol ROH, an example is the aluminum ethoxide, Al (OC2H5)3.  

 

The solution chemistry of these two precursors is different, but the selection of the solvent 

can be H2O or another organic medium, depending on the selected precursor. Ceramics 

synthesized by sol-gel, for example, are mainly oxides; water is one of the best candidates 

to dissolve the precursor when it comes to sales but not for alkoxide precursors.  Another 
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important factor is that the electronic properties of water are important in the process of 

transforming the precursor to the sol. Precursors other than alkoxides or metal salts have 

also been investigated, as is the case of organometallic compounds in which a metal M is 

directly bonded to a carbon atom.  

 

 

2.1.2 The sol 

A colloid is a suspension in which the dispersed phase is so small (1-1000 nm) that 

gravitational forces are negligible and interactions are dominated for short-range forces, 

such as Van der Waals attraction and surface charges. The inertia of the dispersed phase is 

small enough that it exhibits Brownian motion, a random walk driven by momentum 

imparted by collision with molecules of the suspending medium. A sol is a colloidal 

suspension of solid particles within a liquid.  An aerosol is a colloidal suspension of 

particles in a gas and emulsion is a suspension of liquid droplets in another liquid. All of 

these types of colloids can be used to generate polymers or particles from which ceramic 

materials can be made. A ceramic is usually defined by saying what it is not nonmetallic or 

inorganic; some would also say it is not a chalcogenide. In the sol-gel process, the 

precursors (starting compounds) for the preparation of a colloid consist of a metal or 

metalloid element surrounded by various ligands. In the sol-gel method it is used, as 

precursor metallic salts or alkoxides compounds [37]. 

In the present work, for the preparation of BaTiO3:Er3+-Yb3+ sols, metallic alkoxides were 

used. An alcoxy is a ligand formed by removing a proton from the hydroxyl on an alcohol, 

as in methoxy (OCH3) or ethoxy (OC2H3). A list of the most commonly used alcoxy 

ligands is presented in Table 2-2. Organometallic compounds are defined as having direct 

metal-carbon bonds, not metal-oxygen-carbon linkages as in metal alkoxides, thus, 

alkoxides are not organometallic compounds, although that usage turns up frequently in the 

literature. 
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Table 2-2. Commonly ligands used in the sol-gel process. 

Alkoxy Alkyl  

Metoxi ·OCH3 methyl ·CH3 

Etoxi ·OCH2CH3 ethyl ·CH2CH3 

n-propoxy ·O(CH2)2CH3 n-propyl ·(CH2)2CH3 

Iso-propoy H3C(·O)CHCH3 iso-propyl H3C(·C)HCH3 

n-butoxy ·O(CH2)3CH3 n-butyl ·CH2(CH2)2CH3 

Sec-butoxy H3C(·O)CHCH2CH3 sec-butyl H3C(·C)HCH2CH3 

Iso-butoxy ·OCH2CH(CH3)2 iso-butyl ·CH2CH(CH3)2 

Ter-butoxy ·OC(CH3)3 tert-butyl ·C(CH3)3 

 

The chemical structure of the precursors employed in this work, 2-4, barium pentanedionate 

and titanium isopropoxide are presented in Figure 2-1. In this case, an appropriate solvent 

for iso-propoxi type is isopropyl alcohol. 

 

Figure 2-1. Chemical structure of precursors used for the elaboration of BaTiO3,  2-4, 

barium pentanedionate (a) and  (b) titanium tetraisopropoxide. 

During the sol formation stage several reactions are carried out with the starting materials 

and solvent as is following presented: 

OH)OHC()HOC(BaOHC)OHC(Ba 275273732275                                               (1)    

OH)OCH()HOC(TiOHHC)OCH(Ti 3747373437                                                 (2)    
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a) Hydrolysis 

Metal alkoxides are popular precursors because they react readily with water. The reaction 

is called hydrolysis, because a hydroxyl ion becomes attached to the metal atom, as in the 

following reactions: 

 

OH)OHC()OHC(BaHOOH)OHC(Ba 27527522275                                          (3) 

OH)OCH()OCH(TiHOOH)OCH(Ti 373372437                                               (4) 

Depending on the amount of water and catalyst presents, hydrolysis may go to completion 

(so that all of the OR groups are replaced by OH), or stop while the metal is only partially 

hydrolyzed n-1433 (OH))COCHCH(H , and later hydrolyze adding water to the initial 

synthesis [38]. 

O)OHC (HTi(OH)O HO)CTi(H 3742437 44                                                           (5) 

 

b) Condensation 

The colloidal particles are formed for condensation reaction in the dissolved species. 

Condensation can proceed by either of throw nucleophilic mechanism depending on the 

coordination of the metal. When the preferred coordination is satisfied, condensation occurs 

by nucleophilic substitution. When the preferred coordination is not satisfied, condensation 

can occur by nucleophilic addition [23]. In the case of barium titanate, two molecules 

hydrolyzed partially can be cross linked and generate a condensation reaction as following: 

 

    OH     O)CTi(H-O-TiO)C(H O)CTi(H-HO    O)CTi(H-HO 2337337 337337 
              

(6) 

or 

)OHOH(C )OHBa(C-O-Ba)OH(C
  )OHBa(C-HO)HC(O-Ba)HC(O

37533753375

2757433753




                                         
              (7) 
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In this stage a small quantity of water or alcohol are liberated. This kind of reaction can 

follow up to create long chains of Ba and Ti by means of polymerization process (gel 

formation). 

 

 

2.1.3 The gel 

A gel is a porous 3-dimensionally interconnected solid network that expands in a stable 

fashion throughout a liquid medium and is only limited by the size of the container (Figure 

2-2). The continuity of the solid structure gives elasticity to the gel. The gel structuring is 

showed in Figure 2-3 [39].  

 

Figure 2-2. Gel scheme, solid network imbibed in a liquid phase (solvent). 

 

The nature of gels depends on the coexistence between the solid network and the liquid 

medium. The liquid is presented between the mesh of solid network that composes the gel, 

it does not flow out spontaneously and is in thermodynamic equilibrium with the solid 

network. If the solid network is made of colloidal sol particles the gel is said to be colloidal. 

If the solid network is made of sub-colloidal chemical units the gel is polymeric. There is a 

great diversity of organic and inorganic gels, one of them is presented in Figure 2-3 [23]. 
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Figure 2-3. Gel structuration. In a gel, the bonds can be reversible as in the particulate 

system (c, d) or permanents as in polymeric systems (a, b). 

 

2.1.4 Thermal treatments 

a) Xerogel 

If the liquid is removed, a little brittle solid obtained is either called a xerogel or an aerogel 

depending on the drying method. The solvent are removed at moderate temperatures (<100 

°C) producing a high hydrolized metallic oxide with organic residues. In this step, some 

chemical compounds can be added to the solution in order to increase the yield of the 

reaction, as a catalyzer, a stabilizing additive or a chelating agents with the aim of to 

control of rate of dried. 

 

a 

b 

c 

d 
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BaTiO3 has been studied in the gel form, for example, when it is prepared from acetate and 

titanium alkoxides and dried at 100 °C it produces second compounds like carbonates. The 

carbonates are dif ficult to remove during heat tre atment [40].  In thi s specific case, the 

alkoxide precursor, titanium isopropoxide is similar to utilized in the present work. Figure 

2-4 is shows a transmission electron microscopy (TEM) of BaTiO3 gel obtained by sol-gel 

method.  

 

Figure 2-4. BaTiO3 gel image from acetate y TPOT precursors dried at 100 °C (gel 

analysis). 

 

 

Figure 2-5. IR spectra of BaTiO3 gel dried at 100 °C elaborated by sol-gel method using 

acetic acid during the synthesis. 
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O. Harizanov et. al. [41] studied the BaTiO3 gel using acetic acid as chelating agent, in the 

Figure 2-5 is presented the IR spectrum of BaTiO3 dried at 100 °C. In this figure is 

observed absorption bands situated at 3400 cm-1 associated to the existence of water, the 

bands located at 2930-2960 cm-1 are attributed to aliphatic compounds as CH2 y CH3 and 

the bands at 1580 y 1420 cm-1 revealed the presence of symmetric and asymmetric COO 

groups, the amplitude of this bands are due to the contribution of the chelating agents 

(acetic acid) and the formation of Ti and Ba complex. The absorption bands at 1120 cm-1 is 

characteristic of Ti-O-C groups. 

 

 

2.2 Hydrothermal method 

The term hydrothermal is purely of geological origin. It was first used by the British 

geologist, Sir Roderick Murchison (1792-1871), to describe the action of water at elevated 

temperature and pressure in bringing about changes in the earth’s crust, and leading the 

formation of various rocks and minerals. The largest-known single crystal formed in nature 

and some of the largest quantities of single crystals created in one experimental run are 

both of hydrothermal origin [42].  

Hydrothermal processing can be defined as any homogeneous (bulk material) reaction in 

the presence of aqueous solvents or mineralizers under high pressure and temperature 

conditions to dissolve and recrystallize (recover) materials that are relatively insoluble 

under ordinary conditions. Byrappa and Yoshimura (2001) define hydrothermal as any 

homogeneous or heterogeneous chemical reaction in the presence of a solvent (whether 

aqueous or non-aqueous) above the room temperature and at pressure greater than 1 atm in 

a closed system [42]. However, there is still some confusion with regard to the very usage 

of the term hydrothermal. For example, chemists prefer to use a term, solvothermal, 

meaning any chemical reaction in the presence of a non-aqueous solvent or solvent in 

supercritical or near supercritical conditions. Similarly there are several other terms like 

glycothermal, alcothermal, ammonothermal, carbonothermal, lyothermal, and so on (for 
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different solvents used). Many researchers call this green processing or green chemistry 

[43].  

The hydrothermal technique has a lot of other advantages like it accelerates interactions 

between solid and fluid species, single phase and homogeneous materials can be achieved, 

reaction kinetics can be enhanced, the hydrothermal fluids offer higher diffusivity, lower 

viscosity, facilitate mass transport and higher dissolving power. Most important is that the 

chemical environment can be suitably tailored. Although the process involves a slightly a 

longer reaction time compared to the vapor deposition, or milling processes, it provides 

highly crystalline particles with a better control over its size and shape. A great variety of 

materials like native elements, metal oxides, hydroxides, silicates, carbonates, phosphates, 

sulphides, tellurides, nitrides, selenides, etc., both as particles and nanostructures like 

nanotubes, nanowires, nanorods, and so on, have been obtained using the hydrothermal 

method. The method is also popular for the synthesis of a variety of forms of carbon like 

sp2, sp3 and intermediate types. 

 

2.2.1 Equipment 

In recent years, there is not much of focus on the designing of new instrumentation for 

conventional hydrothermal processing of materials.  

We can divide this aspect into two areas. The first one deals with the geological and 

geophysical studies, where extreme pressure reactors, belt apparatus, piston cylinder and 

anvil type apparatus are popularly used. The second area deals with the materials 

processing in industries and academia, wherein the pressure and temperature conditions of 

processing are becoming more and more environmentally benign through operations under 

milder conditions.  

 

Many researchers and industrialists/commercial manufacturers of materials use large 

volume simple design reactors, flowcells, the Tuttle type batch reactors for higher 

temperature and pressure operations for academic interest, general purpose autoclaves.  In 
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Table 2-5 different types of autoclaves employed in the hydrothermal synthesis are listed. 

Figure 2-6 shows a cold-cone seal, Tuttle Roy type (conventional autoclaves). 

 

 

Table 2-3. List of autoclaves employed in the hydrothermal synthesis. 

Type  Characteristic data 

Pyrex tube 5 mm 6 bars at 250 °C 

Quartz tube 5 mm 6 bars at 300 °C 

Flat plate seal, Morey type 400 bars at 400 °C 

Welded Walker-Buehler closure 2600 bar at 

350 °C 

2 Kbars at 480 °C 

Delta ring, unsupported area 2.3 Kbars at 400 °C 

Full Bridgman, unsupported area 3.7 Kbars at 500 °C 

Cold-cone seal, Tuttle Roy type (used in the 

present work) 

3.7 Kbars at 750 °C 

Piston cylinder 40 Kbars at 1000 °C 

Opposed anvil 200 Kbars at >1500 °C 

Opposed diamond anvil Up to 500 Kbares a >2000 °C 

 

Figure 2-6. Image of a cold-cone seal, Tuttle Roy type (conventional autoclaves). 
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2.2.2 Synthesis conditions 

Nowadays, the hydrothermal route is a soft chemistry method highly efficient in the 

synthesis of advanced materials, as nanomaterials with shape and size controlled. As 

evident from Table 2-4, the hydrothermal technique is ideal for the processing of very fine 

powders having high purity, controlled stoichiometry, high quality, narrow particle size 

distribution, controlled morphology, uniformity, less defects, dense particles, high 

crystallinity, excellent reproducibility, controlling of microstructure, high reactivity/ 

sinterability, and so on. Figure 2-7 shows the major differences in the products obtained by 

ball milling or sintering or firing and hydrothermal methods [44]. 

The important step in the processing of fine particles of advanced materials is the use of 

surfactants and chelates to control the nucleation of a desired phase, such that the phase 

homogeneity, size, shape and dispersibility could be achieved during the crystallization of 

these fine particles. This is in fact the beginning of the study of precursor preparation for 

different systems, the surface interactions with the capping agents or surfactants, and 

polymerized complexes. 

The surfaces of the particles could be altered to hydrophobic or hydrophilic depending 

upon the applications [30, 68]. Today this approach is playing a key role in nanotechnology 

to prepare highly dispersed, oriented and self-assembled particles. 

 

Table 2-4. Advance in oxide powders process comparison [45]. 

Parameter Solid state 

reaction 

Co-

precipitatio

n 

Sol-gel Polymerizable 

complex 

hydrothermal 

Cost Low to moderate Moderate High High Moderate 

State of 

development 

Commercial Demonstration

/commercial 

research research research / 

demonstration 

Compositional 

control 

Poor Good Excellent Excellent Good/excellent 

Morphology 

control 

Poor Moderate Moderate Moderate Good 
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Powder 

reactivity 

Poor Good Good Good Good 

Purity (%) <99.5 >99.5 >99.9 >99.9 >99.9 

Calcination 

step 

Yes (multiple) Yes Yes Yes Yes 

Grinding steps Yes (multiple) Yes Yes Yes Yes 

 

 

 

Raw material 

 

Firing/ Sintering/Treatment by 

other methods 

 
Hydrothermal processing 

 
 

Highly controlled diffusion, size and shape control, grain 

boundary effect minimized, dense particles, higher crystallinity, 

phase purity, etc. 

 

Figure 2-7.  Difference in particle processing by hydrothermal and conventional ball 

milling techniques. 
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2.2.3 Crystal growing 

The focus of hydrothermal technology in the earlier days was exclusively on the growth of 

bulk single crystals. Today much of the commercial production of bulk single crystals 

using hydrothermal technology is still restricted to quartz, colored quartz, emerald, 

corundum, ruby, etc. Hence, since 1970s the use of hydrothermal technology for the growth 

of other large single crystals declined significantly.  

In recent years there is again a growing interest in the use of hydrothermal technology for 

the single crystal growth of ZnO, GaPO4, GaN, and Langesite. We briefly discuss here the 

growth of perovskites ceramic materials obtained by this method. 

 

a) Hydrothermal preparation of perovskita type: BaTiO3 

The general formula for perovskite can be written as ABO3 where A=Ba, Ca, Sr, Pb. Aksay 

et. al. [46] in 1996 have prepared nanometer sized BaTiO3 particles under hydrothermal 

conditions of Ba(OH)2. For the preparation of fine particles of this perovskite type mixed 

oxide, knowledge of stability diagrams under hydrothermal conditions is very important. 

The stability diagram shows the regions of reagents concentration and pH at which various 

species predominate in the system (Figure 2-8). Ecker Jr et. al. [47] in 1996 have proposed 

in situ reaction mechanism and dissolution-precipitation  reaction  mechanism, Figure 2-9 

and 2-10.  
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Figure 2-8. Stability diagram for barium titanate system. 
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.  

Figure 2-9. In situ reaction mechanism. 

 

 

 

Figure 2-10. Dissolution-precipitation reaction mechanism. 
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As evident from these figures, the in situ transformation model assumes that TiO2 reacts 

initially with dissolved barium. This produce a continuous layer of BaTiO3 through which 

additional barium must be diffuse in order to continue reaction until TiO2 supply is 

exhausted. 

 

The product layer may be either a dense or a porous layer of monocrystalline or 

polycrystalline nature. The dissolution-precipitation method involved multiple steps. For an 

anhydrous TiO2 precursor, Ti-O bonds must be broken via hydrolytic attack, to form 

hydroxyl-titanium complexes (Ti(OH)x
4-X) capable of dissolution and reaction with barium 

ions or complexes (Ba2+ o BaOH+) in solution to precipitate BaTiO3. 

 

From the above review, we can conclude that hydrothermal route is a hard tool in the 

elaborations of materials since the used conditions are “soft” in comparison with 

conventional methods which use high temperature, therefore, this method produce fine and 

ultrafine particles with controlled properties. In general, morphology, grain size, and 

quality, can be controlled through several parameters, like temperature, pH of the solution 

at the interface, impurities (dopants) and time of the experiment.  

 

The combination of hydrothermal technology and nanotechnology could solve most of the 

problems associated with advanced materials processing in 21st century. Similarly the 

combination of polymerizing sol–gel and hydrothermal has a great potential to process 

materials under environmentally benign conditions. The gel chemistry of metal alkoxides 

would provide new avenues for precursor preparation for hydrothermal processing of 

advanced materials. Thus, an interdisciplinary approach will be the most effective solution 

for the future materials processing strategies, which would be not only cost effective but 

also environmentally benign.  

 

Al these advantages present a great perspective for hydrothermal technology in the 21st 

century for advanced materials processing. 
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2.3 Solid state reaction 

The synthesis of solid materials, particularly when they are polycrystalline materials in 

powder form, usually takes place through solid-state precursors. This synthetic route 

involves the transformation of the starting reagents in another desired final phase, which 

usually requires high temperatures and pressures. Under these conditions the atoms of the 

reactive species can diffuse through solid materials to react more effectively. The high 

temperatures and pressures used decrease the response time of these processes and help to 

occur full crystallization, ensuring the absence of impurities in the final compound. The 

solid state reaction process can be divided into two stages: the nucleation of reaction 

product and subsequent growth [48,49]. The nucleation process is usually difficult because 

the reagents and the products often have very different structures and therefore this step 

involves a structural reorganization of the crystal lattice of the reagents. The energy cost of 

this structural rearrangement is very high and hence the need to use higher reaction 

temperatures. The nucleation process is simplified when any of the reagents has a 

crystalline structure similar to the reaction product, i.e. bond distances and similar atomic 

structures. Once formed the core, output growth is limited by diffusion of ions from the 

reactants through the product layer already formed, until the end of the reaction. 

An inconvenient of this method of synthesis is the possible formation of secondary phases 

of the final product by reaction with any of the reagents that have not reacted completely. 

To avoid this problem successive heat treatments are performed with processing times 

increasing and grindings between each of these treatments, in order to achieve a complete 

homogenization of the reaction mixture. Table 2-5 details the main features of the reagents 

used in the process of synthesis by solid state reaction. 

Table 2-5.  Raw materials used in the BaTiO3:Eu3+ synthesis by solid state reaction. 

Starting materials Purity 

BaCO3 ≥99 % 

TiO2 99.9 % 

EuCl3 99.99% 
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Figure 2-11. General scheme for the BaTiO3 synthesis by solid state reaction. 
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Chapter 3. Luminescence 

 

The optical behavior of a solid material is a function of their interaction with 

electromagnetic radiation. These interactions include, among other the absorption and 

emission phenomena. To understand the optical behavior of rare earths ions doped barium 

titanate, this chapter presents the theoretical aspects of the emission and absorption 

spectroscopy, so that in the chapter of results will be presented to a large extent.  The 

spectroscopic properties of rare earths ions employed in this work are also described briefly 

in this chapter. 

 

3.1   Introduction 

Ultraviolet (UV) and visible radiation comprise only a small part of the electromagnetic 

spectrum, which includes such other forms of radiation as radio, infrared (IR), cosmic, and 

X rays (see Figure 3-1) [50]. 

 

Figure 3-1. The electromagnetic spectrum. 
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The energy associated with electromagnetic radiation is defined by the following equation: 

E=h, where E  is energy (in joules), h is Planck’s constant (6.62x10-34Js), and  is the 

frequency (s). 

 

a) Wavelength and frequency 

Electromagnetic radiation can be considered a combination of alternating electric and 

magnetic fields that travel through space with a wave motion. Because radiation acts as a 

wave, it can be classified in terms of either wavelength or frequency, which are related by 

the following equation: ν= c/ λ where ν is frequency (in seconds), c is the speed of light (3 

× 108 ms-1), and λ is wavelength (in meters). In UV-visible spectroscopy, wavelength 

usually is expressed in nanometers (1 nm = 10-9 m). It follows from the above equations 

that radiation with shorter wavelength has higher energy. In UV-visible spectroscopy, the 

low-wavelength UV light has the highest energy.  In some cases, this energy is enough to 

provoke undesirable photochemical reactions after measuring sample spectra (remember, it 

is the UV component of light that causes sunburn). When radiation interacts with matter, a 

number of processes can occur, including reflection, scattering, absorbance, 

fluorescence/phosphorescence (absorption and reemission), and photochemical reaction 

(absorbance and bond breaking). From here, the focus will be in the process of 

luminescence. 

 

 

3.2 Luminescence 

A luminescent material, also called phosphorus, is a solid which converts energy in various 

types of radiation with certain characteristics, in the case of luminescent materials is usually 

in the visible range, but can also be in other regions of the spectrum, such as infrared or 

ultraviolet [51]. The luminescence may be caused by different types of energy, a general 

outline of the types of luminescence are shown in Figure 3-2. The photoluminescence 

results of the absorption of photons causing re-radiation of photons, the 

cathodoluminescence of a beam of electrons, the electroluminescence is obtained from of a 

response to an electric current passed through it, triboluminescence is generated when 

http://www.answers.com/topic/photoluminescence
http://www.answers.com/topic/cathodoluminescence
http://www.answers.com/topic/electroluminescence
http://www.answers.com/topic/triboluminescence
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bonds in a material are broken when that mate rial is scratched, crushed, or rubbed; the X 

ray luminescence is produce b y X rays and the chemiluminescence results of a  chemical 

reaction. Among the important, fluorescence and phosphorescence, are briefly described 

below.  

 

Figure 3-2. Different types of energy used for excitation of a luminescent material. 

 

3.2.1   Fluorescence and phosphorescence 

Luminescence is most conveniently defined as the radiation emitted by a molecule, or an 

atom, after it had absorbed energy to go to an excited state. The main types of luminescence 

consist of fl uorescence and phosphorescence. Once a  mol ecule a rrives at the lowest 

vibrational level of an excited singlet state, it can do a number of things, one of which is to 

return to the  ground state by photon e mission. This pr ocess is called fluorescence. The  

lifetime of an excited singlet state  is approximately 10 -9 to 10 -7 s and therefore the decay 

time of fluorescence is of the same order of magnitude. If fluorescence is unperturbed by 

competing processes, the li fetime of fluor escence is the intrinsic li fetime of  the excited 

singlet state. The quantum efficiency of fluorescence is defined as the fraction of molecules 

that will fluoresce. The change in photon energy causes a shift of the fluorescence spectrum 

to longer wavelength, relative to the absorption spectrum; this is referred to as the Stokes 

Shift. 
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http://www.answers.com/topic/chemiluminescence-3
http://www.answers.com/topic/chemical-reaction
http://www.answers.com/topic/chemical-reaction
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If a molecule is placed in a rigid medium where collisional processes are minimized, a 

radiative transition between the lowest triplet state and the ground state is observed. This 

emission is called phosphorescence. As phosphorescence originates from the lowest triplet 

state, it will have a decay time approximately equal to the lifetime of the triplet state. 

Therefore phosphorescence is often characterized by an afterglow which is not observed for 

fluorescence. 

 

Figure 3-3 shows the radiation absorbed by the activator ion, reaching the excited state. The 

excited state returns to basal state through the emission radiation. The main characteristics 

for the measurement of these systems are the energy distribution spectra (emission spectra) 

absorption excitation and radiative and non radiative frequencies when the electron returns 

to the ground stated. Luminescent materials emit radiation only when the excitation energy 

is absorbed. 

Absorption Spontaneous emission 

  

Figure 3-3. Energy diagram for a photoluminescence system. 

 

3.3  Energy level diagrams of rare earth ions 

Rare earth ions (4fn, where n is the atomic number) are characterized because its 4f orbital 

is incomplete. The 4f orbital allows the ion to enter and be protected from the surroundings 

by 5s2 and 5p6 orbitals. The influence of host matrix on the optical transitions in the 4fn 

configuration is small (but essential). Figure 3-4 presents a substantial part of the energy 

levels arising from the 4fn configuration as a function of n for trivalent ions [28,52]. 

 

Energy 
absorption 

e-ground 
state 
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Figure 3-4. Complete 4fn energy–level diagram for the trivalent lanthanides. 
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The allowed optical transitions of rare earth ions are configurational and they consist of two 

different types: 

 Charge transfer transitions (4f n  4 f n-1L-1, where L is a ligand) and 

 Transitions 4f n  4 f n-15d  

 

Both transitions are allowed and appear in the absorption spectrum as a broadband 

connection. 

 

Divalent rare earth ions (Sm2+, Eu2+, Yb2+) show 4f5d transitions, Sm2+ in the visible 

range, while the Eu2+ and Yb2+ appear throughout the ultraviolet region. Less 

electronegative ions such as Nd3+, Dy3+, Ho3+, Er3+ and Tm3+ show charge transfer 

transitions in the region of 30 000 cm-1 approximately. 

 

Trivalent ions with tendency to become tetravalent (Ce3+, Pr3+, Tb3+) reveal the absorption 

bands 4f5d in the ultraviolet region. 

 

3.4 Emission 

Figure 3-5 shows a configurational coordinated diagram, considering that there is a shift 

between the excited state and ground state. The absorption occurs in a broad optical band. 

Luminescent centers (doping ions) firstly return to the lowest vibrational level of the 

excited state providing excess energy to the surroundings. 

Another way to describe this process is that the core adjusts its positions to the new 

situation (excited state) and the fact that interatomic distances are equal to the equilibrium 

distances, which belong to the excited state. This process is called relaxation, during which 

emission usually does not occur. This can be seen with the relaxation rates involved: areas 

exhibiting fast emission with a velocity of 108 ms-1. Finally, the lowest vibrational levels of 

excited states, systems can return to its ground state emitting radiation spontaneously. 
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Figure 3-5. Configurational coordinated diagram. The configurational coordinated 

diagram provides a useful route for qualitative representation of the process of 

luminescence. 

 

For emission, the luminescent centers reach high vibration levels of the excited state. 

Relaxation occurs again, but now for the low vibrational levels of the ground state. The 

emission occurs at a lower energy than the absorption due to relaxation processes. 

 

 

3.4.1 Up-conversion process 

The up-conversion principle is presented in Figure 3-6, this figure shows the energy levels 

of the structure in an ion at ground state A, and excited to B and C level. The energy 

difference between level C and B and the levels A and B are equal. The excitation occurs 

with a radiation energy equivalent to the energy difference between levels, so the ion is 

excited from A to B. If the lifetime of the B level is not to small, radiation excite this ion 

from B to C. Finally, the emission from C to A occurs. It is considered that the energy 

difference BA and CB is 10000 cm-1 (corresponding to the infrared excitation) then, the 

emission is at 20000 cm-1, i.e. in the green region. 
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Figure 3-6. Up-conversion principle. The infrared excitation (10000 cm-1) is converted to 

green emission (20000 cm-1). 

Up-conversion can only occur in materials in which multiphonon relaxation processes are 

not predominant, thus allowing more than one metastable excited state. In rare-earth 

compounds, the 4f or 5f electrons are efficiently shielded and thus not strongly involved in 

the metal-to-ligand bonding. As a consequence, electron-phonon coupling to f-f transitions 

is reduced, and multiphonon relaxation processes are less competitive. The phenomenon of 

up-conversion is therefore most common and best studied in materials containing lanthanide 

ions. But there are also transition-metal systems and rare-earth/transition-metal 

combinations which show this phenomenon. 

A large number of possible up-conversion processes has been discovered. According to 

Auzel, its energy schemes are presented in Figure 3-7 [16]:   

 

Figure 3-7. Up-conversion process according to Auzel [16]. 
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The processes are: 

 Up-conversion by energy transfer also called APTE effect (energy transfer by the 

addition of photons). Here the ions A subsequently transfer its excitation energy to 

another ion B which can now deliver a higher level. 

 Up-conversion by two photon process which needs only the ion B. (Figure 3-6). 

 Up-conversion by sensitive cooperation two ions simultaneously transfer their 

excitation energy to ion C which does not have an energy level in the position of the 

excited level A. The emission occurs from the excited level C. 

 Up-conversion by cooperative luminescence: two ions combine their excitation 

energy to a quantum which is emitted (although there is no real emission of the 

level). 

 

Recently has increased the study of up-conversion processes in rare earth ions doped 

materials with for applications in laser devices [53,54], three-dimensional display [55], 

sensors [56] and biological fluorescent labels [57-59]. The energy radiation of the up-

conversion process can be by intraionic successive absorptions, cooperative energy transfer 

or electron avalanche process [60,61]. The investigation of these mechanisms provides a 

better understanding of the physics of the energy transfer processes and fluorescent 

converters. It has now been studied, radiation green and red up-conversion induced by a 

laser diode excitation at 980 nm in Y2O3: Er3+-Yb3+ nanocrystals and ZrO2:Er3+-Yb3+ 

[62,63]. It is known that the Er3+ ion absorbs a photon of the laser and move from one 

ground state 4I15/2 to state 4I11/2, this process is called the ground state absorption (GSA). So, 

excited state absorption (ESA) may come to populate the state 4F7/2. Subsequently, the Er3+ 

ion in the state 4F7/2 can relax quickly to the 2H11/2/4S3/2 states through a multiphononic 

process, from which the green bottom emission takes place. Thus, the up conversion 

emission green is a result of the process of two-photon excitation (GSA followed by ESA). 

 

When the ytterbium ion is codoped, the ion provides excitation to the 4I11/2 level of Er3+ 

through energy transfer processes due to the fact that Yb3+ ion have a big transversal section 

of absorption compared with the erbium ions [64]. The first example of material which 



 Luminescent system of Ln (Ln=Er3+; Yb3+, Eu3+) doped BaTiO3 nanostructured 
powders and films prepared by soft chemical routes 

 

National Polytechnic Institute 53 

 

LMI-UBP 

presented the up-conversion process was reported in 1966 by Auzel, for the couple Yb3+, 

Er3+ in CaWO4 [16]. Infrared radiation (970 nm) is absorbed by the ytterbium ((2F7/2→2F5/2) 

and transferred to Er3+. During the lifetime of the level 4I11/2 a second photon is absorbed by 

the Yb and the energy transferred to Er. The erbium ion now go to 4I11/2  level to 4F7/2  of this 

rapid non-radiative decay and the 4S3/2 level which occurs green emission (4S3/2 →2I15/2). 

This form of green emission is obtained from the near-infrared excitation. 

 

Similar processes have been observed in YAG ceramic matrices [65], Y2O3 [66] and 

BaTiO3 [67] when it is doped with Er3+ ions and/or Yb3+. The details of the energy transfer 

mechanisms in BaTiO3 when it is doped with Er3+ ions and / or Yb3+ will be discussed in 

chapter 6. 
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Chapter 4. Synthesis of BaTiO3 doped with rare 

earth ions (Eu, Er, Yb) 

 

The reproducibility in the synthesis of ceramic powders is a problem that must be 

confronted in the production of new materials. This chapter describes the experimental 

procedures for the elaboration of rare earth ions doped barium titanate ceramic powders and 

films using solid state reaction and chemical routes (sol-gel and hydrothermal). 

 

4.1  Proposed systems 

Pure and doped barium titanate matrix with different rare earth ions was synthesized using 

three routes. Table 4-1 presents all the system synthesized. It is noteworthy that "key" 

systems to describe synthesis procedures are shadow in the table 4-1. 

 

4.2  Synthesis of Eu3+ doped BaTiO3 

The synthesis of BaTiO3 powders by hydrothermal procedure was carried out with the raw 

materials barium chloride anhydrous [BaCl2] (99.95 %, Aldrich), europium chloride 

anhydrous [EuCl2] (99.99 %, Aldrich), titanium (IV) butoxide, reagent grade Ti[OC4H9]4 

(97 %, Aldrich), potassium, chunk in mineral oil, [K] (98 %, Aldrich), methyl alcohol 

[CH3OH](Fermont). For the solid state reaction synthesis the raw materials used were 

barium carbonate [BaCO3] (99.5%, Aldrich) and titanium (IV) oxide [TiO2] (99.0 %, 

Interchim). 
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 Table 4-1. Rare earth (Er, Yb, Eu, Er-Yb.doped BaTiO3 system prepared in this work.  

BaTiO3   (%mol) Method of 

synthesis Eu3+  

2.5 ,  

5 ,  

 

 Sol-gel: powders and 

films 

 Hydrothermal 

Solid state reaction 

 

 

 

 

BaTiO3(%mol) Method of 

synthesis Er3+ Yb3+ 

- 0.5  

- 1  

- 2  

- 4  

- 5 , ,  

- 6  

- 10  

- 15  

0.5 -  

1 -  

3 -  

5 - , ,  

10 -  

15 -  

 

BaTiO3  (%mol) Method of 

synthesis Er3+ Yb3+ 

0.5 1  

1 1  

3 1  

1 5  

1 10  

1 15  

1 1  

1 2  

5 1  

10 1  

15 1  

5 6  

 

 

a) Solid state reaction 

The BaTiO3 powders were prepared following the solid-state synthesis by firing at high 

temperature a mixture of BaCO3 and TiO2 [68]. Two steps were involved; first ball milling 

for 2 h at 300 rpm and then the product was calcined at 1150 °C for 4 h as is observed in 

Figure 4-1. 
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Figure 4-1. General scheme for the BaTiO3:Eu3+ powders by solid state reaction. 

 

The processing steps were: the precursors were mixed in an agata morter for 15 min, then, 

ball milling for 2 h at 300 rpm in a SPEX homogenizer. Finally the BaTiO3:Eu3+ powders 

were calcined at 1150 °C for 4 h. 

 

The main reaction involved in the formation of BaTiO3 ceramic powders is follows: the first 

part of the formation of BaTiO3 result of the decomposition of BaCO3 into BaO and CO2: 

 

BaCO3(s)  BaO(s) + CO2(g)                                                                                           (9) 

 

Decomposition of BaCO3, is followed by an exothermic reaction between BaO and TiO2 to 

form BaTiO3: 

 

BaO + TiO2 → BaTiO3                                                                                                      (10) 

 

The BaTiO3:Eu3+ powders were obtained from before mentioned precursor using a molar 

ratio of  B a/Ti=1. By s olid state  method it wa s possible obtainin g na noparticles. The 

ceramic powd ers required now are in the range of nanometers. The soft chemical routes 

offer an important alternative of synthesis for the elaboration of powders with high purity, 

homogeneity and ult rafine powders, also, the doped or  no t nanoparticles can be obtained 

with optical properties, specific, luminescent properties like this study case. 

 

BaCO3

TiO2

EuCl3
Ball mixing

300 rpm – 120 m in

Heat treatment 
1150  C – 4h

Powders
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b) Hydrothermal method 

Barium ti tanate was p repared by hydrothermal method according to the pr ocedure 

presented in Figure 4-2. All experiments were carried out under a free-moisture atmosphere 

and room tempe rature. To opti mized the procedure of  ba rium titanate nanoparticles, the 

synthesis was prepared using methyl alcohol (MeOH) as solvent. B aCl2 (1.680 mMoles) y 

EuCl2 (0.884 mMoles) were dissolved in separate flasks in an appropriate amount of MeOH 

under vigorous magnetic sti rring for  2 h. The n, meta llic potassium (2 eq.) which a ct as 

mineralizer wa s dissolved in MeOH, an  exothermic r eaction took  p lace le ading the 

precipitation of potassium  c hloride. P otassium was used rather than sodium be cause the 

size of  K + ions (d=0.266 nm), strongly l arger than of  N a+ ions (d=0.190 nm) make s its 

fixation in the BaTiO3 lattice more difficult [13]. After 2 hours, 1.105 mMoles of titanium 

(IV) butoxide was introduced drop by drop and a milky solution with a pH 14 is obtained. 

Figure 4-2. General scheme for the elaboration of BaTiO3:Eu3+ powders synthesized by 

hydrothermal method. 

The pr ecursor mol ar ratios Ba/Ti=1.6 was fixed a ccording with previous experiments 

proving the formation of  B aTiO3 reported b y M. Boulos e t al. [13]. The reafter, the 

suspension obtained above was transferred into cylindrical autoclave (Teflon lined stainless 

steel) filled at 2/3 of its volume. The autoclave was put inside the oven and the reaction was 

performed for  24  h a t 200 °C . Af ter cooling d own to room temperature, th e insol uble 

reaction products were washed several times using a solution 0.1 M HCl and water. Excess 

Ba2+, C l-, K + ions were removed during washing. Finally the BaTiO3 powders were oven 

dried at 90 °C for 24 h. 

Dry oven: 
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High pressure
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The general reaction for BaTiO3:Eu3+ powders synthesized by hydrothermal route are: 
 ClBaBaCl 22                                                                                                            (11) 

   ClEuEuCl MeOH
3

3                                                                                                   (12) 

  
22 2

1 HO)CH(KK MeOH                                                                                    (13) 

KCl)OCH(BaEuEuO)CH(KClBa  
22

33
2

2                                       (14) 

OHOHCHCOEu:BaTiOCH)CH(OCH(Ti)OCH(BaEu
233

3
3322222

3             (15) 

 

4.3 Synthesis of BaTiO3:Ln3+ (Ln =Yb3+,Er3+, Eu3+) using sol-gel method (Table 4-1) 

Sol-gel process allows synthesizing ceramic materials of high purity and homogeneity in a 

variety shapes: ultrafine powders with controlled shaped, films, fibers, aerogels, between 

others.  In this work, BaTiO3:Ln3+ (Ln =Yb3+,Er3+, Eu3+)powders and films obtained by sol-

gel process are studied, since the concentration of dopant does not affect in the 

experimental procedure only keys system (Table 4-1) will be described. 

 

a) Sol elaboration of BaTiO3:Ln3+ (Ln =Yb3+,Er3+, Eu3+) 

Ln3+ (Ln =Yb3+,Er3+, Eu3+) doped BaTiO3 powders were prepared, using the sol-gel 

process, from barium 2,4-pentanedionate (Ba(C5H7O2)2, Alfa Aesar), titanium tetra-iso-

propoxide (Ti(OPri)4, 97 %, Aldrich), ytterbium chloride hydrate (YbCl3·6H2O, 99.9%, 

Alfa Aesar) and erbium (III) nitrate hydrate (Er(NO3)3·5H2O, 99.9%, Alfa Aesar). 

Isopropylic alcohol (C3H7OH; 99.9%, Fermont) and water were used as solvents. The 

chelating chemical stabilizing agents were: glacial acetic acid ((C2H4O2), 99.8%, Fermont) 

and acetylacetone (2,4-pentanedione, C5H8O2, ≥99%, Aldrich). The two experimental 

routes employed to obtain BaTiO3:Er,Yb sols (with and without chelating agents)  are 

depicted in Figs. 4-3 a and b respectively. 
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Figure 4-3. Scheme synthesis for the elaboration of Ln3+ (Ln =Yb3+,Er3+, Eu3+) doped 

BaTiO3. 

In the first experimental pr ocedure without  c helating a gents (Fig. 4 -3a), both ytterbium 

chloride hydrate and/or erbium nit rate hydrate were mi xed with isopropylic a lcohol. The  

barium 2,4 -pentanedionate is a more  stable  pr ecursor to ambient moisture than barium 

alkoxides, and was dissolved with ytterbium chloride hydrate, erbium nitrate hydrate, and 

isopropylic alcohol solutions in molar ratios 0.89:0.06:0.05:20 after Ti(OPri)4 was added. 

The solut ion was stirred for  24h a nd lef t to rest for 4 da ys at room temperature. W hen 

distilled water was added to the precursor solution as droplets under constant stirring, the 

hydrolysis r eaction oc curred im mediately. At t his stage, a  c lear yellowish sol with a 

concentration of 0.9 M was obtained. A portion of the sol was then maintained at 90 °C to 

yield a xerogel. 

In order to elaborate BaTiO3:Er,Yb s ystems (powders and films , F ig. 4 -3b), it  is of 

technical importance to  obtain pr ecursor solutions with long -term stability. For thi s 

purpose, the sol was obtained a ccording to the first experimental pr ocedure. Before the 

addition of water, the precursor solution was stabilized by adding acetylacetone and acetic 

acid. Chemical modification of  th e tra nsition metal a lkoxide with chelating li gands was 

used to control the condensation route and the evolution of the polymer [69]. (AcAc)H and 

 
 
             
 
              (b) 
 

(a) 
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H-(OAc) were added in a complexation molar ratio Ti:(AcAc)H=1:10 and Ti:OAc=1:8. 

Then, distilled water was added to the precursor solution in a molar ratio of Ti:H2O=1:40 

and the hydrolysis occurred immediately. When we used acetic acid to chelate titanium 

isopropoxide to obtain a highly condensed product, an exothermic reaction took place, with 

the formation of (AcAc)H-Ti bonds.  

By this method, stable transparent sols were obtained to produce reproducible films [70]. 

The pH was maintained at 5 for both experimental routes. The solution was stable for more 

than 4 months. Erbium nitrate was used instead of erbium chloride, erbium nitrate 

contributed to decrease the homogenization time in the solution. The main reactions of this 

synthesis are presented in Figures 4-4 and 4-5. 

 

 

Hydrolysis of the barium precursor 

 

Hydrolysis of titanium precursor 

 

 

Figure 4-4  General reaction of hydrolysis for the BaTiO3 by sol-gel method. 
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Condensation 

 

 

Figure 4-5. General reaction of condensation for the BaTiO3 by sol-gel method. 

 

From these sols, powders and films were elaborated. To include the study of powders is 

essential to know the material properties. The preparations of powders cheaper than to 

prepare films for this reason, it is convenient to work first with powders, considering the 

hypothesis that optical properties of the powders will be the same as for the films. 

 

b) BaTiO3:Ln3+ (Ln=Yb3+,Er3+, Eu3+) ceramic powders 

Precursor solutions and thin films synthesized with and without chelating agents were dried 

at 90 °C for 24h to evaporate the organic compounds and yield the BaTiO3:Er,Yb xerogels. 

Finally, different thermal treatments were carried out on the xerogels prepared by the 

different routes at 300 °C, 500 °C, 700 °C, 950 °C and 1150 °C for 1h. Also, un-doped 

BaTiO3 powders were prepared with chelating agents, using a similar procedure, as a 

reference. A general scheme for the powder elaboration is presented in Figure 4-6. 
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Figure 4-6. Heat treatments of BaTiO3:Ln3+ (Ln=Yb3+,Er3+, Eu3+)powders by sol-gel  

method. 

 

c) BaTiO3:Ln3+ (Ln=Yb3+,Er3+, Eu3+) thin films elaboration 

BaTiO3:Ln3+ (Ln=Yb3+,Er3+) thin films  [71] were obtaine d b y the dip-coating tec hnique, 

using sols with and without chelating agents (CA) and coated onto fine-polish optical silica 

substrates (Herasil from ®Heræus). To obtain op tical and reproducible films, prior to the 

deposition stag e the substrate wa s carefully cleaned usin g a  sp ecial protocol [72]. 

Thereafter, silica substrates were wet unifor mly with the precursor solution, whic h was 

previously, filter ed using a  0.22 µ m filter. The  subst rates were dip -coated usin g a 

withdrawal speed of 40 mm min-1 and annealed at 300 °C for 10 min between each coating 

until achieving 10 la yers, with thermal tre atments similar to those of xerogels. The dip -

coating equipment used in the preparation of films is presented in figure 4-7. 
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Figure 4.7. Dip-Coating equipment. 

 

d) BaTiO3:Ln3+ (Ln=Yb3+,Er3+, Eu3+) thick films elaboration 

The experimental route used to obtain BaTiO3:Ln3+ (Ln=Yb3+,Er3+, Eu3+) thick films was as 

following. Barium 2,4-pentanedionate was dissolved in previous solutions (described in 4.3 

(a)) by using chelating agents to decrease the reactivity of titanium alkoxide and to stabilize 

the sol. Ti(OPri)4 was chosen because transition metal alkoxides are highly reactive due to 

the presence of strongly electronegative OR groups that stabilize the metal in the highest 

oxidation state and make nucleophilic attack on the metal possible [73,74]. The resulted 

stabilized sol was stirred for 2h, then water was added.  At this stage, a clear yellowish sol 

with a concentration of 0.9 M was obtained. For the second experimental procedure with 

PVP, the sol was obtained according to the first experimental procedure, incorporating PVP 

in the initial solution in a molar ratio Ba/PVP= 0. 25 to elaborate rare earth doped BaTiO3 

thick films in a single step. This molar ratio was established from preliminary experimental 

work, the results of which showed that molar ratios higher than 0.25 resulted in non- 

transparent films. 

Rare earth doped BaTiO3 films were obtained by the dip-coating technique, using sols with 

PVP, and coated onto fine-polished optical silica substrates (Herasil from ®Heræus). To 

obtain optical and reproducible films, prior to the deposition stage the substrate was 

(a) 
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carefully cleaned using a special protocol [72]. Thereafter, silica substrates were wetted 

uniformly with the precursor solution. The substrates were dip-coated using sols with PVP, 

and using a withdrawal speed of 0.0843 cm min-1, respectively. The single layer obtained 

using the sol with PVP was annealed from room temperature up to 700 °C at 0.5 °C min-1, 

resting 5 min at this temperature. The furnace was cooled at the same rate.  The rare earth 

doped BaTiO3 films were analyzed using different techniques, with the aim of studying the 

structural, morphological and luminescent properties. 
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Chapter 5. Results and discussion 

Previously we have discussed the Eu3+ doped BaTiO3 powders and films prepared by two 

routes: the solid state reaction and hydrothermal method. In this work, this matrix was also 

synthesized using the sol-gel method; this fact was supported by the reported studies which 

were specifically focused on the preparation of pure BaTiO3 system by the hydrothermal 

method. Recently, many studies of the preparation of europium doped barium titanate have 

been carried out using the solid state reaction, to synthesize this system using the 

hydrothermal process it was important to optimize the synthesis conditions taking into 

account numerous reports to realize a comparative study. 

 

Finally in this work, the sol-gel process was used to elaborate Yb and Er monodoped 

BaTiO3 powder and film. For this purpose, in the sol-gel process, the use of chelatings 

agents was an important factor. The the incorporation of acetic acid, acetylacetone and the 

polyvinylpirrolidone allows us the preparation of optical films exhibiting 800 nm in 

thickness.    

 

 In this chapter the first results correspond to the thermogravimetric analyses corresponding 

to europium doped barium titanate synthesized by hydrothermal method. 

 

 

5.1 BaTiO3:Eu3+ synthesized by hydrothermal method 

 

5.1.1 TG – TD analyses 

Figure 5-1 shows the TG analysis of BT hydrothermal powder revealing some mass losses 

arising from the decomposition occurred in two steps.  
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Figure 5-1. DTA and TGA curves of BaTiO3:Eu3+ 5 mol% obtained from hydrothermal 

method. 

 

The TG curve revealed an amount of weight loss found out up to 800 °C which is lower 

compared than that observed for powders synthesized by solid state reaction. The first loss 

was found below 200 °C and this weight loss was attributed to the release of physisorbed 

OH-, and chemisorbed OH- at ranging temperature 200-420 °C. This chemisorbed water is 

considered as defects such as hydroxyl ions (OH-), protons (H+) and the carbonates (CO3
2-) 

which are defectively incorporated into the lattice during the hydrothermal process 

achieved at high water pressure [1,75]. These defects stabilize the cubic phase, and hence 

decrease the tetragonality of the powder [75,76].  

 

5.1.2  FT-IR analyses 

Figure 5-2b shows the FT-IR spectrum of the (Ba-Ti) hydrothermal powder. The 

hydrothermal powder is characterized by a fundamental stretching band of hydroxyl (free 

and bonded) group in the BaTiO3:Eu3+ powder in the range 3600-3100 cm-1 and 1632 cm-1 

arising of bending vibrations of coordinated H2O as well as Ti-OH [77]. 
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Figure 5-2. IR spectra of BaTiO3:Eu3+ 5% mol of hydrothermal powders. 

 

Figure 5-2a, presents two strong important bands, related to the (Ti-O) bond observed in the 

vicinity of 600-480 and 480-350 cm-1 and the center positions of 565 cm-1 and 414 cm-1. 

This bands were found to almost agree with those of the Ti-OI stretching vibration to the 

vertical and the OI-Ti-OII bending vibrations [78], respectively, of a TiO6 (Figures 5-3 a-b 

shows symmetric and asymmetric vibrations) octahedron in the crystalline BaTiO3 

hydrothermal powders.  

 

  
(a) (b) 

Figure 5-3. Vibration modes of octahedricTiO6 (a) symmetric and asymmetric 

(b) of Ti-O in BaTiO3. 
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5.1.3  X-Ray diffraction 

The phases present in the BaTiO3 powders after hydrothermal treatment were identified by 

recording the XRD pattern at room temperature. Fig. 5-4 shows the full XRD for the 

crystallized powder characterized by large diffraction peaks. This figure present also the 

peak situated at 2 = 45° enlarged, in this case no splitting of the peak was observed. The 

crystallized phase of BaTiO3 system is characteristic of a cubic perovskite structure formed 

at 200 °C and dried at 90 °C. The mean crystallite size was calculated from the broadening 

of the XRD peaks using the Scherrer formula [79]. 




cosB
KD   

Where, λ (nm) represents the wavelength of the Cu K radiation (1.54056 Å), θ is the 

Braggs’s angle and B represents the full with at half maximum (FWHM), where
2/122 )( equipmeas BBB  . Bmeas= measured FWHM and Bequip = FWHM due to instrumental 

broadening, K is Scherrer constant (it value depends on the crystal shape and the diffraction 

line indexes). Analyses of XRD peaks for various samples showed that crystallite size is 

approximately 20 nm.  
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Figure 5-4. XRD patterns of BaTiO3:Eu3+(5%) synthesized by hydrothermal process. 
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To evaluate the stability of the barium titanate at high temperature, a sample from the 

Ba/Ti=1.6 molar ratio was heat treated from room temperature to 1200 °C in the HT-XRD 

chamber (Figure 5-5). The XRD patterns were taken every 30 min from room temperature 

since each pattern required approximately 30 min, the total calcination time for each 

temperature was one hour. Thus, for the specimen heat treated at 800 °C time around was 8 

h. The cubic structure formed immediately after hydrothermal treatment was stable up to 

800 °C. 

 

 
Figure 5-5. HT-XRD patterns of  BaTiO3:Eu3+ 5 mol % synthesized by hydrothermal 

process. 

 

At higher temperatures from 800 °C to 1200 °C, this structure reveals a mixture of cubic, 

hexagonal, BaTi2O5 indicating powder with poor purity as reported by S. Lee [80]. 
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5.1.4  Raman spectroscopy 

The Raman spectrum shown in Fig. 5-6 for hydrothermal BaTiO3 powders reveal spectral 

features at 715, 515, 306, 260 and 185 cm-1. [8,15]. Although, according to the selection 

rules, only active bands of BaTiO3 with perfect cubic symmetry should be Raman inactive, 

predicting only infrared bands [81]:  

 

optical = 3F1u (IR) + 1F2u (inactive) 

 

and in the tetragonal symmetry, 12 fundamental optical modes with the following 

irreducible representation are expected: 

 

optical= 3A1 (IR & R) + 4E (IR & R) + B1 

 

thus, all of the optic modes of tetragonal structure should be Raman active modes [82], the 

relation between Raman-active modes and wavenumber is still a matter of controversy as 

could be observed in Table 1. 

 

In this investigation, the Raman spectrum of the hydrothermal BaTiO3 powder present 

bands situated at [A1, E(LO4)] 718 cm-1, A1(TO4) at 515 cm-1 can be assigned to the 

characteristic phonon modes of the tetragonal phase [83].  The peaks situated (B1,TO1-

LO1) at 305 cm-1 is suggested to be characteristic of the tetragonal phase [83-87], and its 

absence could be related with the cubic crystal structure [13,83,88]. However the presence 

of this sharp peak is considered the tetragonal phase is not the dominant phase by some 

authors [8,89]. The Raman active mode A1(TO1) at around 260 cm-1 is ascribed to cubic 

phase when the  [B1, E(TO1LO)] peak at  305 cm-1 is not present [88,90,91], according to 

Boulos [13], the bands at 272 and [A1(TO), E(LO)] at  183 cm-1 are highly related to the 

presence of cubic phase. Referring to Amami et al. [8] two sharp peaks (185 and 235 cm-1) 

are associated to cubic phase. Nevertheless, it is accepted by many researchers that the 

Raman peak at around 260 cm-1, which is somewhat variable, in relation to particles size, 

shape, and aggregation, is due to the characteristics of tetragonal BaTiO3 [83, 85-87].  
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Table 5-1 Raman modes presented in different BaTiO3 crystallines structure. 

Method Struc-

ture 
1(cm-1) 

[A1(TO), 

E(LO)] 

2(cm-1) 

[A1(TO)] 

3(cm-1) 

[B1, 

E(TO1LO)] 

4(cm-1) 

[A1, 

E(TO) 

5(cm-1) 

[A1, 

E(LO)] 

Ref. 

Hydro-

thermal 

“Cubic-

rich” 

185 260 306 515 715 This 

work 

Hydro-

thermal 

Tetra-

gonal 

175 260 305 515 715 [83] 

Sol-Gel Cubic 185 260  519 720 [88] 

Sol-Gel Cubic 189  303 517 721 [89] 

Hydro-

thermal 

Tetra-

gonal 

  306 518 715 [84] 

Sol-Gel Tetra-

gonal 

 245 303 510 710 [85] 

Hydro-

thermal 

Cubic 183 272  516 707 [13] 

Hydro-

thermal 

Tetra-

gonal 

187 260 300 515 716 [86] 

Sol-gel  cubic 185 235 305 515 720 [92] 

Hydro-

thermal 

Tetra-

gonal 

 260 305 515 715 [87] 

Sputtering Pseudo-

cubic 

185 270  519 718 [90] 

 

 

Finally, the origin of the above described bands in the cubic phase has been disputed due to 

the presence of Raman modes in this phase indicating that it does not have perfect cubic 

symmetry but with small distortions [93]. The origin of these bands observed in cubic 

phase has been disputed whether if they are disorder-induced first- or second-order Raman 

scattering. Recent temperature-dependent Raman studies on single-crystalline BaTiO3 

systems has shown that those bands are characteristic of first-order [94,95] due to the fact 
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that the cubic-to-tetragonal phase transition when cooling down the sample through the 

Curie temperature has not obviously taken place.  
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Figure 5-6 Raman spectra of BaTiO3:Eu3+ 5 mol% of hydrothermal powders. 

 

The presence of first-order Raman bands in BaTiO3 nanopowders is explained by the 

occurrence of the distortion of the TiO6 octahedra from the displacement of Ti along the 

cubic diagonals destroying the perfect symmetry and thus allows Raman activity in the 

cubic phase [96]. Also X. Zhu [83] suggest that the presence of structural defects in the 

small grains of the BaTiO3 nanopowders, lead to high strains within the crystals and 

prevent the completion of the structural transition. The structural defects of BaTiO3 

nanopowders synthesized by hydrothermal method are accordingly to some authors [97] 

which are compensated by the creation of compensating defects like barium vacancies 

(      on the surface of individual particles [75, 98-100]. By using these Raman-active 

modes discussed above, it could be concluded that tetragonal phase is present in the 

powders synthesized by hydrothermal method, nevertheless taking into account the 

observations related on the Raman mode situated at 305 cm-1 and the size of hydrothermal 

nanopowders, the dominant phase was not the tetragonal [83] resulting a “cubic-rich” 

BaTiO3 structure, containing more amount of OH- ions than that of the “tetragonal-rich” 

BaTiO3 observed in the solid state reaction powders. 
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5.1.5  Scanning and transmission electron microscopy 

 

The particle size and morphology were analyzed by SEM. Fig. 5-7a shows the SEM 

micrograph of BaTiO3:Eu3+ nanoparticles just after the product was washed and dried in an 

oven at 90 °C during 24 h. The particles produced using this route retain an expanded 

structure and the surface morphology is smoother and rounder which is typical of powders 

synthesized by hydrothermal route [83,101,102]. From this figure, it is observed the 

coalescence of nanocrystals. The basic forces responsible for agglomeration process are 

Van der Waals forces. To reduce surface energy, the primary particles have tendency to 

form agglomerates. By forming nearly spherical or equi-axed agglomerates, maximum 

packing density, minimum ratio of surface to volume and hence minimum surface energy 

can be achieved [103]. 
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Figure 5-7. SEM micrographs of BaTiO3:Eu3+ 5% mol of hydrothermal powders and their 

b) particle distribution. 

 

The average particle size distributions measured by image analyzer software, was 

statistically estimated to be 25 nm as observed in Fig. 5-7b. From this result, it is stated 

that the surfaces of the nanoparticles were incorporated within the BaTiO3 particle during 

the hydrothermal treatment, acted as lattice defects then hindered the transformation to 

tetragonal phase. 

200 nm 
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Fig. 5-8a shows TEM micrograph of BaTiO3:Eu3+ hydrothermal powders. In Fig. 5-8b it 

can be observed monosized distribution equi-axed particles of size 20 nm. The particle size 

as estimated by TEM micrographs was consistent with the Scherrer calculation from XRD 

analysis. 
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Figure 5-8. TEM micrographs of 

BaTiO3:Eu3+ 5% mol of hm powders a), 

and particle distribution b). 

(b)  
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5.2  BaTiO3:Eu3+ synthesized by solid state reaction 

 

5.2.1 TG – TD analyses 

To understand the synthesis process for BaTiO3, TGA/DTA measurements were performed 

for the BaTiO3 solid state reaction powders (Fig. 5-10).  
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Figure 5-9. DTA and TGA curves of BaTiO3:Eu3+ 5% mol obtained from solid state 

reaction method. 

 

The first endothermic phenomenon appearing in the range 20-300 °C, is accompanied by a 

minimal mass loss interpreted as a physical transformation. The next important event reveal 

an important mass loss starting from  600 to 800 °C corresponding to a large endothermic 

peak observed at around 800 °C arising to the transition from witherite orthorhombic 

BaCO3 to the rhombohedral phase and the formation of BaTiO3 occurring from 800 to 

1000°C according to the reaction: BaCO3+TiO2→BaTiO3+CO2. 
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5.2.2 FT-IR analyses 

 

FTIR spectrum of the BaTiO3 solid state reaction powder is presented in Fig. 5-10. Two 

weak bands attributed to the vibrations in       situated at 1430 cm-1 and 860 cm-1 are 

assigned to asymmetric stretching vibrations s(COO-) and bending out of plane vibrations 

of carboxylic groups respectively [104]. Also a weak large absoption band at about 1021 

cm-1 is attributed to the alcoholic C-O stretching vibrations [105]. 
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Figure 5-10. IR spectra of BaTiO3:Eu3+ mol% of solid state reaction powders. 

 

 

The characteristic infrared bands of BaTiO3:Eu3+ are situated at 1410 cm-1 and 615 cm-1 

corresponding to Ba-Ti groups and the occurrence of the TiO6 octahedral connected with 

each other [106] and also is due to Ti-OI stretching normal vibrations [107] of TiO6 

octahedra, while the weaker and broad peak at around 472 cm-1 can be attributed to Ti-OII 

bending normal vibrations [108]. The weak peak situated around 560 cm-1 is attributed to 

the TiO6 stretching vibrations connected to the barium [41]. 
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5.2.3 Structural and microstructural analyses of BaTiO3:Eu3+ powders. Raman 

spectroscopy, X-ray diffraction and scanning electron microscopy 

 

Raman characterization 

There are detailed studies related to description of the Raman spectroscopy dependence on 

the temperature to probe local structure and symmetry changes on BaTiO3 [109,110]. 

Raman scattering has been used as a powerful tool to investigate the evolution of Raman 

spectrum as a function of grain size, broadening of bands, frequency shifts and absence of 

some Raman active modes [111]. Also, Raman spectroscopy has been used to determine 

the coexistence of different multiphase in BaTiO3 nanocrystalline ceramics [76,112,113].  

To characterize the evolution of bonding and structure in BaTiO3 solid state powders, the 

Raman spectrum of the sample with Eu/Ti= 5 % mol was collected at room temperature 

and is shown in Fig. 5-11. 
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Figure 5-11. Raman spectra of BaTiO3:Eu3+ 5 mol % of solid state reaction powders. 

 

According to Busca [99] and Lu [86], for cubic BaTiO3 only infrared active bands without 

first-order Raman activity were predicted being only the three triply degenerate IR-active 

modes, while for tetragonal eight Raman-active modes (7 are IR active) were detected. 

From this figure it was observed the Raman fundamental modes (P4mm) 4E(TO+LO) + 

3A1(TO+LO) + 1B1(TO+LO) [88] expected for tetragonal BaTiO3 powders [114,115]. 
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According to Kaiser et al. [116] and Asiaie [87], the weak shoulder below 300 cm-1 belongs 

to a A1(TO+LO) phonon mode. The peak at 307 cm-1 corresponds to a E(TO+LO) phonon 

mode of tetragonal BaTiO3 [117].  The strong band peaking at  515 cm-1 is attributed to a 

A1(TO) phonon mode of tetragonal and cubic [118].The weak peak at  718 cm-1 has been 

associated with the highest frequency longitudinal optical mode (LO) of A1 symmetry. 

 

XRD studies 

To investigate the structural characteristics of the BaTiO3:Eu3+ synthesized by solid state 

reaction, the sample were put directly in the HTXRD chamber just after the ball milling 

(without 4 h heat treatment at 1150 °C). Figure 5-12 shows the HTXRD diffraction 

patterns.  

 
 

Figure 5-12. HTXRD patterns of BaTiO3:Eu3+ 5 mol% of solid state reaction powders. 
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The first scan corresponds to the pattern for the as-synthesized BaTiO3:Eu3+ powder at 

room temperature. However, this powder reveals the presence of the BaCO3 and TiO2 up to 

700 °C as can be observed in this figure. In the following scans between 700 and 1100 °C 

the powder began to crystallize, displaying some traces of BaCO3. The complete 

crystallization of BaTiO3 powder occurs above 1100 °C. Alternatively, the XRD pattern of 

BaTiO3:Eu3+ powders heat-treated at 1150 °C were recorded at room temperature. Figure 

5-13 reveals fully crystallized and high purity barium titanate powders after 4h, confirmed 

by the absence of any BaCO3 in both IR spectrum and XRD proving the completion of 

reaction.  

44 45 46 47

10 20 30 40 50 60 70

Intensity
 (a. u.)

2  (°)

Intensity
 (a. u.)

2  (°)
 

Figure 5-13. XRD pattern of BaTiO3:Eu3+ 5mol% of solid state reaction powders. 

 

Fig. 5-13 shows the full XRD 2 range of the crystallized powder and to solve the peaks 

for (0 0 2) and (2 0 0) planes at the peak was enlarged as shown in Fig. 5-13. This splitting 

is characteristic of tetragonal BaTiO3 [119].  
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Morphological studies SEM  

Fig. 5-14 shows SEM results for the BaTiO3:Eu3+ powders obtained by solid state reaction 

method calcined 4 h at 1150 °C.  

 

 
Figure 5-14. SEM micrographs of BaTiO3:Eu3+ 5 mol% of solid state reaction powders. 

 

As shown, the morphology of the resulting product consist of cube like BaTiO3 particles 

well crystallized in tetragonal structure, in general the particles show noticeable 

agglomeration and basically present regular shape with average size of about 200 nm. 

 

 

5.3 Comparative analyses of BaTiO3:Eu3+ results synthesized by hydrothermal and 

solid state reaction methods 

 

From infrared and structural studies carried out on BaTiO3:Eu3+ powders obtained from 

hydrothermal and solid state reaction methods some aspects are important to point out. 

Both systems present adsorbed water in the lattice situated on the particles surface [120]. 

Additionally, the powders obtained by hydrothermal process present OH- groups. These 

OH- groups are considered as structural defects of BaTiO3 and those are included on the 

lattice, these defects are compensated by the barium vacancies (    ) created on particles 

surface to maintain the neutrality [121-124]. Viekanandan et al. [97] suggest that the 

presence of crystal stress are related with punctual defects in the lattice and also by the 

                      200 nm 
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presence of metastable cubic phase at room temperature resulting of compensation of 

residual hydroxyls ions in the oxygen lattice by cations vacancies. Shi et al. [125] reported 

the stabilization of cubic phase by the hydrothermal method, provoked by the presence of 

OH- on the surface and by the barium vacancies. In both systems it is possible to observe 

the characteristic Ti-O infrared bands of BaTiO3 presented at 565 cm-1 y 414 cm-1 [23]. 

The crystalline structure of BaTiO3 reveals that the powders elaborated by hydrothermal 

process are characterized for presenting cubic structure and spherical particles with mean 

diameter size of 25 nm, characterized by only one diffraction peak situated at 45°, while 

the samples obtained by solid state reaction present a splitting of the 45° peak attributed 

with the presence of tetragonal phase. Additionally the mean particle size characterizing the 

solid state powders correspond to approximately 200 nm with cubic morphology. By using 

the Raman spectroscopy it was possible to confirm that tetragonal structure is not the 

dominant phase in the powders prepared by  hydrothermal method due to the presence of 

Raman mode at 305 cm-1 and particle size [119]. This fact shows that hydrothermal 

powders reveals a BaTiO3 “cubic phase” matrix rich with more OH- ions than those 

observed for solid state reaction powders. 

 

 

5.4 BaTiO3:Ln3+ (Ln =Yb3+,Er3+) system synthesized by sol-gel method  

 

5.4.1 FT-IR study  

Thermal evolution of the organic compounds on both chelating and non-chelating xerogels, 

heat treated at 90, 300, 500, 700, 950 and 1150 °C for 1h were detected by FT-IR and the 

results are shown in Figs. 5-15, and 5-16. Both experimental procedures displayed the 

evolution of the organic compounds at the evaluated temperatures. Fig. 5-16 shows the 

infrared spectra of the BaTiO3:Er,Yb without complexing agents (WOCA).  
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Figure 5-15. Infrared spectra of BaTiO:Er,Yb powders heat treated at different 

temperatures without chelating agents (WOCA). 
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The band situated at 3400 cm-1 corresponds to the symmetric and asymmetric vibrations 

of weakly bonded water interacting with its environment via hydrogen bonding, and to the 

stretching vibrations of hydrogen-bonded OH groups [74]. The intensity of the infrared 

band in the sol is stronger than that of the xerogel; this is probably due to the fact the O-H 

bonds form a chelate organic complex. The absorption bands at 3000-2800 cm-1 are related 

to C-H stretching vibrations; the decreasing intensity of these bands, from sol to gel, is due 

to the evaporation of the isopropylic alcohol and other organic solvents in the system. The 

infrared spectra of the BaTiO3 without chelating agents indicates that the two absorption 

bands at around 1534 and 1401 cm-1 are due to the organic groups, but these bands are 

almost masked by the carboxylate bands assigned to the asymmetric and symmetric –C-O–

Ti and –C-O–Ti stretching vibrations, respectively. Kamalasan et al. [74] reported that the 

bands of the BaTiO3 infrared spectrum are due to the titanium-acetilacetone ligands which 

are overlapped by carboxylate bands.  It is noted that these peaks are overlapped by the 

C=C-C resonance peak. These bands are situated at 1565 and 1423 cm-1 in the xerogel. In 

the spectra of the gel (Fig. 5-15), the IR absorption bands due to titanium isopropoxide at 

656 cm-1 are assigned to (Ti-O-Pri)  and to CO stretching metal (Ti, Ba) alkoxides at around 

1000 cm-1. The peaks situated at 860 and 463 cm-1 are attributed to Ba-O and Ti-O 

stretching vibrations. The bands around 800 and 400 cm-1 are ascribed to the formation to 

metal oxide bonds (M-O) and appear wider and flatter in sol and powders heat treated up to 

500 °C, while the bands become sharper and narrower at higher temperatures (e.g. 700 and 

950 °C). When the temperature increased up to 700 °C, this compound disappeared, due to 

the crystallization of the BaTiO3 structure. Due to the decreasing number of vibration 

molecules with the transformation of amorphous TiO2 to the TiO6-octahedra characteristic 

of the perovskite lattice, the typical band due to TiOI stretching appeared at 564 cm-1.  

 

Figure 5-16 shows the IR spectra of BaTiO3:Er,Yb powders with chelating agents. The 

region situated around 3420 cm-1 displayed O-H stretching vibrations and bands related 

with the C-H stretching vibrations in the range 3000-2800 cm-1; for both regions, infrared 

bands displayed much lower intensity, and  a significant reduction of organic content in 

xerogels was observed as the temperature increased.  
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Figure 5-16. Infrared spectra of BaTiO:Er,Yb powders heat treated at different 

temperatures with chelating agents (WCA). 
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The main infrared bands between 1800 and 1300 cm-1 (sol), and in gel powder thermally 

treated at 90 and 300 °C, were produced by the intermediate products of Ti (O-iPr)4 

reacting with (AcAc)H and H-(OAc); the intensity of these bands becomes weaker as the 

temperature increases. For example, the two regions of bands situated at 1718-1530 cm-1 

and 1420-1350 cm-1 changed to distinct bands located at 1565 cm-1 (s) and 1433 cm-1 (as), 

indicating the formation of a COO−-Ti (s) complex coupled with O-H bending vibrations 

and C-O stretching vibrations. These C-O-Ti vibrations are attributed to the asymmetric 

and symmetric stretching modes of COO− (s) and COO− (as).  

 

The -C-O- groups come from the (AcAc)H and H-(OAc), confirming the existence of a 

substitution reaction with chelatings agents. The presence of the (AcAc)H allows the 

decrease of titanium alkoxide and the stabilization of the sol as follows: 

 

M(OR)4 + (AcAc)H  M(OR)3(AcAc) + R-OH                                                           (1) 

 

Ti(OPri)4 was chosen because it is known that the transition metal alkoxides are highly 

reactive due to the presence of strongly electronegative OR groups that stabilize the metal 

in the highest oxidation state and make the nucleophilic attack on the metal possible 

[126,127]. Such alkoxides are used as precursors in sol-gel processing because  they are 

strongly electrophilic and thus less stable in hydrolysis, condensation, and other 

nucleophilic reactions. According to Thiele et al. [128], the frequency separation () 

between these two peaks strongly depends on the bonding modes of the acetate (-COO-) 

group, and four types of bonding modes of the acetate group to metal ions are possible: (a) 

mono-dentate, (b) chelating, (c) bridging ligands and (d) ionic bond; the largest (425 cm-1) 

is in the monodentate ligand mode, and the smallest (135 cm-1) is in the chelating one. For 

the present study, titanium isopropoxide Ti(OPri)4 with a  value of 138 cm-1 is more 

likely to exist in chelating acetate groups [129].  The ring of the acetylacetone ligands is 

very stable. The reduction of the number of functional groups and presence of the bulky 

(AcAc)H ligands of the titanium ions prevent the condensation of the  titanium (AcAc)H 

molecules. Acetic acid (OAc) decreases the kinetics of hydrolysis and polycondensation via 

an esterification reaction [130].  
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M(OR)4 + H-(OAc)  M(OR)3(OAc) + R-OH                                                  (2) 

 

This process depends on charge distribution in the alkoxide and the transition states. As a 

simple criterion, both the metal atom M and the leaving group ROH have to be positively 

charged to ensure repulsion. An estimate of the charge distribution can be deduced from the 

PCM (Partial Charge Model) [131]. As previously mentioned for the synthesis of 

BaTiO3:Er,Yb systems, titanium isopropoxide, isopropylic alcohol and acetylacetone were 

used. Then, the calculations performed for Ti(OPri)4 and H-(OAc) show that in the 

transition state (AcOH) = -0.7, while (C3H7OH) = +0.1. The negatively charged acetate 

group remains bonded to titanium (eq. 2). In the case of Ti(OPri)4 and (AcAc)H,  in the 

transition state (AcAc)H = -0.46, while (C3H7OH) = +0.09. Acetylacetone is strongly 

bonded to the metal atom and cannot be removed upon hydrolysis. In both cases, the 

positively charged alcohol molecules are removed. 

 

Only one band was observed in the region 1020-1050 cm-1 in samples dried at 300 and 500 

°C. It means the C-O-C bonds have broken up, indicating that hydroxyls and organics 

present in the precursor were removed. The bands around 860 cm-1 of the samples dried at 

300 and 500 °C are related to the formation of carboxylate during the oxidative 

decomposition of the alkoxide radicals. These bands, as well as those associated with the 

chelating ligands, disappear after heat treatment at temperatures equal to or above 700 °C, 

clearly revealing the formation of a residual carbonate phase in calcined gels related to an 

absorption band at around 1450 cm-1 at 700, 950 °C and 1150 °C.  The band present at  

421 cm-1 can be attributed to normal TiOII bending vibrations [108]. The weak peak around 

564 cm-1 is due to the TiOI stretching vibrations connected to the barium [41]. The most 

important infrared characteristic regions present for the three temperatures are related to the 

Ti-O bond and are observed in the vicinity of 600-480 and 480-400 cm-1, attributed to the 

TiOI  stretching vibration and the OITiOII bending vibration, respectively, of a TiO6 

octahedron in the crystalline BaTiO3:Er,Yb [88].  
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5.4.2 X-Ray diffraction analyses  

Figs. 5-17 a-c show the characteristic X-ray diffraction patterns of BaTiO3:Er,Yb powders 

obtained with and without chelating agents.  
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Figure 5-17. XRD patterns of BaTiO3 (a), non chelating (b) and chelating BaTiO3:Er, Yb 

(c) powders heated at different temperatures. 
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Figure 5-17. XRD patterns of BaTiO3 (a), non chelating (b) and chelating BaTiO3:Er, Yb 

(c) powders heated at different temperatures (contin.) 

 

As a reference, un-doped powders (BaTiO3) in the presence of chelating agents have been 

analyzed in relation to thermal treatment temperatures (Fig. 5-17a). In this figure, it is seen 

that the change of the peak intensity is not significant, which could indicate that the fully 

crystalline BaTiO3 powders had already formed at 700 ºC. However, it can be seen that 

peaks split at around 2 = 45, 75, 79, and 84º as a result of the tetragonal phase in this 

figure, which may imply that the crystalline tetragonal phase of BaTiO3 particles is better 

formed at higher temperatures. The tetragonal phase was detected in addition to the cubic 

phase (Fig. 5-17a), indicating the coexistence of the tetragonal phase and the cubic phase, 

as was observed by Cernea et al. [132].  

 

The Rietveld refinement of the XRD provides precise information about the amount and the 

lattice parameters of the tetragonal and cubic phases in annealed treatment BaTiO3 

powders. The weight fractions of the tetragonal and cubic phases, based on the refined scale 

factors for the two structural phases, were 26.70% and 73.30%, respectively, at 700 °C. At 

higher temperatures (950 and 1150 °C), the tetragonal phase is the predominant one (52.17 
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and 59.74 %, respectively) as revealed by the peaks splitting at around 2 = 45° in the X-

ray diffraction pattern presented in Fig. 5-17a. 

 

Fig. 5-17 also shows XRD diffraction patterns of doped BaTiO3:5%Er, 6%Yb powders 

prepared at different temperatures without (Fig. 5-17b) and with (Fig. 5-17c) chelating 

agents. The peaks of BaTiO3 powders, including cubic-tetragonal transformation, are 

present in both figures. It is well known that the presence of dopants has an effect on the 

crystal structure, and in this erbium concentration the Er2Ti2O7 compound appears as a 

secondary phase. This erbium stoichiometric pyrochlore has three characteristic peaks at 

around 2=32, 36 and 61º. The pyrochlore Yb2Ti2O7 is only detected when single crystal 

fibers of nanocrystals of BaTiO3 are doped equal to or more than 5 at.% Yb3+ [93]. The 

secondary phase of Er2Ti2O7 could have an optical effect on the SHG generation presenting 

its signal, which is related to the presence of BaTiO3 tetragonal phase particles and the 

grain size [89]. Additionally, traces of BaTi2O5 and Ti8O15 compounds were observed, this 

fact is attributed to the chemical reaction between TiO2 and the BaTiO3 matrix itself (as 

observed by Yu et al. [133]).  Annealed samples showed an increase of the tetragonality 

concurrent with the increase of calcining temperature, which could be a direct consequence 

of the particle size [134-136].  

 

 

5.4.3 Microstructure of powders  

 

The microstructure of the un-doped BaTiO3 powders with chelating agents at the heat- 

treated conditions was investigated by high-resolution SEM (Figure 5-18 a-c). In general, 

barium titanate has a relatively equiaxed shape, with particle size ranging from 80-110 nm, 

which increased in relation to calcination temperature, as was observed by Wei Li et al. 

[137]. 

 

It was also observed that the average particle size and shape of the particle was controlled 

by the temperature of heating treatment. In this case, non-equiaxed powders (nanorod 

shaped structures) can reach ~800 nm in length. On the other hand, the rod-shape structure 
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particles (related with cubic structure) diminish at 950 °C and disappear at 1150 °C. On the 

other hand, equiaxed particles consisted of the approximately spherical type of particle 

(~84 nm in diameter). For example, the shape of BaTiO3 powders at 700 °C and 950 °C 

results in a combination of non-equiaxed and equiaxed morphology due to the coexistence 

of the tetragonal phase beside the cubic phase (the tetragonal phase is dominant at higher 

temperatures). The chelating agents act as a surface ligand and have the ability to control 

the shape and size of the growing particles. In this case, if a face of a primary nanoparticle 

docks against a face of another primary nanoparticle, the two crystallites will naturally be 

oriented at a particular angle. Meanwhile, the chelating agents absorbed on some special 

crystalline surfaces of the nanoparticles will modify their growth direction [119]. 

Therefore, the shape and size of the growing particles in the system can be modified by 

oriented attachment of the primary nanoparticles. Depending on the orientation, further 

oriented attachment will result in the formation of a rod-shaped structure. Certainly, there is 

a strong thermodynamic driving force for further oriented attachment because the surface 

energy is reduced substantially when the interface is eliminated [138].  

 

The typical high resolution SEM micrographs and the size distribution for BaTiO3:Er,Yb 

samples without chelating agents are shown in Figure 5-19a-c. Apparently, the 

BaTiO3:Er,Yb synthesized without chelating agents exhibits a higher particle size than that 

shown for BaTiO3 powders in the presence of chelating agents. It can be seen that powders 

display agglomerates consisting of very irregular and faceted shapes, with an average size 

of 137, 254, and 312 nm at  700 °C, 950 °C and 1150º C, respectively. High-resolution 

SEM micrographs of BaTiO3:Er,Yb powders with chelating agents  heat treated at 700 °C, 

950 °C and 1150 ºC are shown in Figures 5-20 a-c.  
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Figure 5-18.  Evolution of particle morphology of undoped BaTiO3 powders with chelating 

agents (WCA) heat treated at 700 ºC (a), 950 ºC (b) and 1150 ºC (c). 
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Figure 5-19. Evolution of particle morphology of BaTiO3:Er,Yb powders without chelating 

agents (WOCA) heat treated at 700 ºC, b) 950 ºC and c) 1150 ºC. 
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Figure 5-20. Evolution of particle morphology of BaTiO3:Er,Yb powders with chelating 

agents heat treated at 700 ºC (a), 950 ºC (b) and 1150 ºC (c). 

 

BaTiO3:Er,Yb particles display a relatively equiaxed shape with a particle size ranging 

from 96 to 337 nm. An increase in the average particle size was observed as a function of 

the calcination temperature, as previously observed for un-doped BaTiO3 particles.  
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For example, particle size for BaTiO3:Er,Yb synthesized at 700 ºC was approximately 96 

nm, which increased to 110 nm at 950ºC.  The particle size of powders after a 950 °C heat 

treatment presented a small increase, as a consequence of an aggregation of small particles 

on the surface of bigger particles, compared with that observed at 700 °C. Finally, at 1150 

ºC further coarsening of the particles occurs with the formation of aggregates (337 nm). 

Inside the aggregates, partial sintering has occurred, even though the morphology appears 

to be dominated by coarsening. Coarsening is evident in samples doped with transition 

metal ions [41]. This result confirms that the powders prepared by the acetylacetone/acetic 

acid sol-gel method are perovskite phase materials with a more spherical shape than that 

observed for BaTiO3:Er, Yb without chelating agents. These results suggest a relationship 

between the morphology of the precursor gel and calcined powders. The frequency 

separation () determined from FTIR results obtained  for the asymmetric and symmetric 

modes of –COO- is 138 cm-1 indicate a more highly chelated ligand, which leads to a lower 

rate of cross-linking and easier pyrolization of the Ti-C-O bonds. As a result, a finer 

powder can be expected. In contrast, the absence of chelated ligands reveals that the 

BaTiO3:Er, Yb gels were relatively difficult to convert to a perovskite phase, and a bigger 

particle size was produced. Textural analyses results obtained for BaTiO3:Er,Yb WOCA 

(without chelating agents) and WCA (with chelating agents) and calcined at 700, 950 and 

1150 °C are presented in Table I.  

 

Table 5-2. Textural analyses results of BaTiO3:Er, Yb powders. 

 Without chelating agents With chelating agents 

Parameters Temperature (°C) 

700 950 1150 700 950 1150 

Sa (m2g-1) 19.26 29.59 7.42 9.20 12.34 5.42 

rb (nm) 19 16 8 10 90 54 

Vc(cm3g-1) 8.9X10-2 1.2X10-1 1.5X10-2 2.3X10-2 5.6X10-2 1.5X10-2 

       
a The specific surface area was calculated using BET method. 
b Pore radius. 
c  Pore volume measurement. 
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As observed from these values, the BET surface areas decrease for samples in presence of 

chelating agents, which can be probably attributed to the bigger pore radius than that 

exhibited by the samples without chelating agents size, and thus the collapse of pores in 

BaTiO3:Er,Yb WOCA powders. 

 

 

5.4.4 Microstructure of BaTiO3:Er3+, Yb3+ films  

 

The surface morphology of the BaTiO3:Er,Yb films with and without chelating agents at 

700 °C, 950 °C and 1150 °C was investigated by high-resolution SEM (Figures 5-21 a-f) at 

two different magnifications.  

 

The microstructures of the BaTiO3:Er,Yb films in presence of chelating agents were 

controlled by the calcination temperatures and are presented in Figures 5-21a-c. For 

example, the films heat treated at 700 °C, 900 °C and 1150 °C consist of fully grown and 

crack-free structures. The images for the films calcined at 700 °C and 950 °C (Figures 5-21 

a-b) show the surfaces are constituted by homogeneous networks. The morphology does 

not reveal well-formed grains, as was confirmed by AFM studies. The surface morphology 

revealed by the film annealed at 950 °C (Fig. 9b) is denser than the film annealed at 700°C. 

The particles are packed closely and well-distributed. Finally, at 1150 °C (Figure 5-21c) the 

film is characterized by a crack-free structure and the microstructure consists of large and 

irregular shaped aggregates (mean diameter 1.5 µm). 

 

The microstructures of the BaTiO3:Er,Yb films without chelating agents are presented in 

Figure 5-21 d-f. In general, the surface morphologies change dramatically from those 

observed when chelating agents were used. BaTiO3:Er,Yb films heat treated at 700 °C 

consisted of separate, nearly monodisperse particles (Figures 5-21d). 
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(a) (d) 

(b) (e) 

(c) (f) 

Figure 5-21. Influence of the chelating agents (with: WCA and without: WOCA) on SEM 

images of BaTiO3:Er,Yb films heat treated at different temperatures: WCA-700°C (a),  WCA-

950°C (b), WCA-1150°C (c), WOCA-700 ºC (d), WOCA-950 ºC (e), WOCA-1150 ºC (f). 

 

The structure is very porous, formed by granular networks, and shows poor adhesive 

properties toward the substrate. It can be seen that these networks present nearly spherical 

particles. The surface microstructure related to the film calcined at 950 °C (Figure 5-21e) 

had many large cracks along the reticulate parts of the film surface. The SEM images of 

BaTiO3:Er,Yb films heat treated at 1150 °C are shown in Figure 5-21f . The films present a 

huge porosity, which is similar to that reported by J. Yu et al. [134]. BaTiO3:Er,Yb films 

with chelating agents (Figure 5-21 a-c) exhibited particles uniformly distributed, in contrast 

20 µm 200 nm 20 µm 200 nm 

20 µm 1 µm 20 µm 200 nm 

20 µm 5 µm 20 µm 200 nm 
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with those observed for films without chelating agents (Figure 5-21 d-f). We postulate that 

the uniformity of the microstructure of the films mainly involves the chemical properties of 

the chelating agents [139]. Regarding the role of H-(OAc) and (AcAc)H in the processes of 

the gel formation, H-(OAc) in the sol has the ability to strongly adjust the balance of 

hydrolysis and condensation speeds based on its weak acidity [88].  Moreover, (AcAc)H 

inhibits the process of condensation, extends the gel time, and leads to the  formation of 

smaller gels. The presence of both (AcAc)H and  H-(OAc) results in the formation of 

highly cross-linked, crack-free, and uniform films. 

 

 

AFM studies  

 

Roughness measurements were performed on BaTiO3:Er,Yb films WCA in order to 

determine secondary growth effects and the quality of films. Unfortunately, layers dip-

coated without chelating agents displayed a high opacity and were not analyzed by AFM. 

AFM topography images of the BaTiO3:Er,Yb films heat treated at different temperatures 

are shown in Figure 5-22 a-f.  

 

The height of the particles forming the film increases with the temperature of the thermal 

treatment and can be estimated directly from AFM height images (Figure 5-22 a, c, e); 

however the section analysis and, particularly, the particle analysis, allows more precise 

quantification (as is shown in Figure 5-22 b, d, f) which indicates that the mean height 

varies from 4.1 nm, 15.4 and 30.1 nm. In general, the surface morphologies of sol-gel films 

have a porous structure, and the surface has a larger fluctuation, as shown in these figures. 

The mean surface roughness is 7.1, 12.4 and 62.8 nm at the range of evaluated 

temperatures, respectively. The results in mode phase (Figure 5-22 a) also show a non-

uniform chemical distribution, with two phases forming the BaTiO3:Er,Yb compound; in 

contrast, at temperatures higher than 700 ºC (Figure 5-22 c, e), only one homogeneous 

phase can be observed. 



 Luminescent system of Ln (Ln=Er3+; Yb3+, Eu3+) doped BaTiO3 nanostructured 
powders and films prepared by soft chemical routes 

 

National Polytechnic Institute 98 

 

LMI-UBP 

 

 

(a) (b) 

 

 

(c) (d) 

 

 

(e) (f) 

Figure 5-22.  AFM images of BaTiO3:Er,Yb thin films with chelating agents heat treated at 

700 ºC (a)(b), 950 ºC (c)(d) and 1150 ºC (e)(f). 
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These results can be explained in terms of the internal Ti-OH bond surface, which 

decreased in relative intensity in the case of heat-treated samples at 950 °C and 1150 ºC, as 

was observed by the FTIR results. It seems to be that the shape and size of the grains are 

more uniform at 950 ºC than those observed at 700 ºC and 1150 ºC. This interesting 

observation could indicate that good control of the sintering temperature allows for  good 

homogeneity in the morphology and composition of the BaTiO3: Er, Yb compound for the 

preparation of films. At 1150 ºC, some islands of coarsening particles with the same 

composition of the matrix and an average pore size of 2.3 µm have been obtained, which 

corroborates the observations made by high resolution SEM.  
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Figure 5-23.  XRD patterns of BaTiO3:Er,Yb films with chelating agents heat treated at 

700 ºC. 

Due to the fact that BaTiO3:Er,Yb systems prepared with chelating agents were those which 

presented optical quality, additional measurements (XRD and thickness evaluation) were 

performed on it. The phase structure of erbium and ytterbium codoped barium titanate films 

heat treated at 700 ° C was confirmed by X-ray analysis revealing the well-crystallized 

structure (Figure 5-23). The thickness of the erbium and ytterbium codoped barium titanate 

films was measured by using m-lines spectroscopy [140,141]. The BaTiO3:Er,Yb presents a 

thickness of 710 nm after 700 °C heat treatment. 
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5.5 BaTiO3:Eu3+ thick films  

 

Transparent BaTiO3:Eu3+ films were prepared via a sol-gel method and  

dip-coating technique, using barium acetate, titanium butoxide, and polyvinylpyrrolidone 

(PVP) as modifier viscosity. BaTiO3:Eu3+ films ~500 nm thick, crystallized after thermal 

treatment at 700 ºC. The powders revealed spherical and rod shape morphology. The 

optical quality of films showed a predominant band at 615 nm under 250 nm excitation. A 

preliminary luminescent test provided the properties of the Eu3+ doped BaTiO3. 

 

 

5.5.1 DTA-TGA analyses 

 

TG and DTA curves of the europium-doped BaTiO3 powders dried at 100 °C for 24 h are 

presented in Figure 5-24. In the first temperature region up to 200 °C, the endothermic peak 

situated at 115 °C results from the evaporation of alcohol and excess water. One 

endothermic peak situated at ~350 °C represents the decomposition of organic compounds. 

The third weight loss at 700-750 °C, associated with an exothermic peak, points out the 

transformation of amorphous decomposition products in BaTiO3.  

 

During decomposition, there is not significant loss of titanium according to Madarász [142] 

for the TiO(acac)1.0 hydroxo complexes for samples with acetylacetone content higher than 

0.49. The acetylacetone anion deficiency is compensated with hydroxide ions considered 

products of hydrolysis (acac-Ti, + H2O-Ti.. + acacH) according to the following reaction 

[143]:  M(OR)4 + (AcAc)H  M(OR)3(AcAc) + R-OH where M represent the metal atom 

M and ROH the leaving group. According to the XRD results, crystallization of barium 

titanate starts at 700 °C Moreover, the weight loss is minimal and the weight remans 

unchanged afterwards. 
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Figure 5-24. DTA and TGA curves for BaTiO3:Eu xerogel powder. 

 

It was stated that Ba2+ ions in the A site are mainly replaced by rare earth elements [144]. 

Eu3+ ions (0.098 nm) are most probably replaced Ba2+ (0.156 nm) cations rather than Ti4+ 

(0.065 nm). When Eu3+ was introduced to BaTiO3, three Ba2+ sites were substituted by two 

Eu3+ neighbors to maintain electrical neutrality, and so one vacancy was created, then the 

composition expected is Ba(1-0.05)Eu0.05TiO3, as observed by Rath [145].  

 

5.5.2 FT-IR study 

Figure 5-25 shows the FTIR spectrum of BaTiO3:Eu powders, calcined at 700 °C for 2 h. 

The IR spectrum consisted mainly of three regions: the first region (Figure 5-25 inset) 

shows bands at 3,428 and 1,630 cm-1, which are due to the OH stretching vibration () and 

OH deformation vibration (), respectively, arising from the water and isopropanol present 

in the porous structure of the barium titanante xerogel.  
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 Figure 5-25. FTIR spectrum of BaTiO3:Eu3+ sol-gel powder calcined at 700 °C. 

 

The second region corresponds to the absorption bands at 1,423 and 869 cm-1, characteristic 

for the symmetrical vibrations and bending vibrations (in plane) of COO- groups arising 

from two types of ligands (the acetylacetone and acetic acid). The third region, 600 - 380 

cm-1, represents the characteristic infrared absorptions of the Ti-O vibrations. The band 

situated around 565 cm-1 is due to TiO6 stretching vibration connected to the barium [41]. 

Finally, the peak at 414 cm-1 can be attributed to normal TiOII bending vibrations [108].  

 

 

5.5.3 Raman and X-ray diffraction analyses 

 

Raman studies 

To complete the investigations of the local structure of the sol-gel BaTiO3:Eu3+ derived 

powders (Figure 5-26a) and films (Figure 5-26b), Raman spectra were used to measure the 

samples annealed at 700 °C.  
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Figure 5-26. Raman spectra of BaTiO3:Eu3+ powder (a) and film (b). 

 

Both recorded spectra contain characteristic bands: (a) one weak band [A1(TO), E(LO)] at 

192 cm-1, and (b) two intense broad bands A1(TO1) at ~253 cm-1 and A1(TO4) at 524 cm-1, 

with sharp peaks at ~313 cm-1 (TO3-LO3) and for the LO4 band at ~723 cm-1. The origin 

of the above described bands in the cubic phase has been disputed due to the presence of 

Raman modes in this phase, indicating that it does not have perfect cubic symmetry but has 

small distortions [93]. By using the Raman-active modes discussed above, it was observed 

that the tetragonal phase is present in both BaTiO3 powder and film. However, the Raman 

band positions in the powder spectrum do not exactly match the peak positions in the films, 

which could be attributed to the internal stresses from the surface tension in the 

nanocrystals [146]. 

 

 

HT-XRD and XRD Studies  

HT-XRD is used to follow in situ the formation of the BaTiO3:Eu3+ oxide from the BaTiO3 

precursor gel as powder and film (see Figures 5-27a and b, respectively). The first scan is 

the pattern for the as-synthesized xerogel at room temperature, along with the intense peaks 

at 2 values of about 40, 46 and 67 (results from the Pt sample holder).  
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Figure 5-27. HT-XRD patterns of BaTiO3:Eu3+ powders (a) and films (b). Diffraction peaks 

related to the platinum ribbon are noted with a cross. 
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In the scan corresponding to 600 °C (Figure 5-27a), it is shown that some barium carbonate 

is formed during the decomposition of the precursor into  

the BaTiO3. This carbonate decomposes between 650 and 700 °C. This led to our 

conclusion that pure BaTiO3 is fully crystallized after 2 h at 700 °C. Figure 5c shows the 

full XRD 2 range of the crystallized powders, showing that two distinct peaks characterize 

BaTiO3 tetragonal structure [147]. Additionally, in situ HT-XRD experiments were 

performed to understand the phase stability of nanocrystalline BaTiO3:Eu3+ sol-gel films. 

Figure 5-28b shows the multiple plots of the barium titanate gel films scanned in air at 

various temperatures; from room temperature to 1000 °C, and again at room temperature 

after cooling.  
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Figure 5-28. XRD patterns of BaTiO3:Eu3+ film calcined at 500 °C (a), 700 °C (b) and 

powder calcined at 700 °C (c). 

 

The gel film patterns indicate presence of an amorphous structure character up to 600 °C 

(Figure 5-28a) and the crystallization of BaTiO3:Eu3+ after the films were heated to 700 °C 
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(Figure 5-27b and Figure 5-28b), in agreement with DTA analyses. The patterns of films 

calcined from 700 °C to 1000 °C are characterized by nanocrystalline BaTiO3 samples. Due 

to the very broad diffraction peaks attributed to the presence of the support or to the film 

thickness, it is not a sensitive enough technique to easily distinguish between ferroelectric 

tetragonal and paraelectric pseudocubic structure (Figure 5-28b). Nevertheless, it was found 

that after cooling from 1000 °C to room temperature, the BaTiO3:Eu3+ films transform from 

(1 1 0) orientation dominated to (1 0 0) dominated orientation, probably due to the textured 

densified films. The rates of cooling are mainly responsible for the high preferential 

orientation achieved in the BaTiO3 films. The transformation of orientation has been also 

observed in the case of PBxT layers films deposited on MgO (1 0 0) substrates [139]. 

 

 

5.5.4 Scanning electron microscopy 

 

The morphology of BaTiO3:Eu3+ powder and film calcined at 700 °C was investigated by 

SEM and is shown in Figure 5-29.  The SEM images of BaTiO3:Eu3+ powders shown in 

Figures 5-29a and 5-29b reveal closely-packed fine equiaxed particles, about 100 nm in 

size. Aditionally, non-equiaxed powders (nanorod shaped structures) reaching ~800 nm in 

length were observed. On the other hand, equiaxed particles consisted of the approximately 

spherical type. For example, the shape of BaTiO3:Eu3+ powders at 700 °C results in a 

combination of non-equiaxed and equiaxed morphology due to the coexistence of the 

tetragonal and cubic phase. From the surface images of BaTiO3:Eu3+ films shown in 

Figures 5-29c and 5-29d, the microstructures were homogeneous, continuous and crack-

free.  

At high magnification, as shown in Figure 5-29d, there was no evidence of cracks; 

however, the presence of pores can be associated with the presence of PVP. Kozuka et al. 

[148] have reported that when the film is heated directly at 700 °C, the decomposition of 

PVP and the crystallization of the film may occur concurrently.  
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Figure 5-29. SEM micrographs of BaTiO3:Eu3+ of films (a), (b) and powders (c), (d) 

calcined at 700 °C. 

 

 

Figure 5-30. Cross section SEM micrograph of BaTiO3:Eu3+ film calcined at 700 °C. 
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This can lead to crystallization with much less densification, which provides higher 

porosity and smaller tensile stress. Profilometry is a very common method of post-process 

measurement of films thickness [149]. The thickness of BaTiO3:Eu3+ calcined at 700 °C 

thin film was about 500 nm is in agreement with the determined by cross section SEM, as 

can be observed in Figure 5-30. 

 

 

5.6 BaTiO3:Er3+ films 

 

5.6.1  XRD studies of films with and without PVP   

 

Figures 5-31a-d show the characteristic X-ray diffraction patterns of BaTiO3:Er (0.5 % 

mol) films obtained with and without polyvinylpirrolidone (PVP). X-Ray difractograms of 

Er3+ doped BaTiO3 film without PVP corresponding to 15, 17 and 19 layers are shown in 

Figs. 5-29a, 5-29b and 5-29c, respectively. The presence of diffraction peaks can be used to 

evaluate the structural order at long-range [150]. BaTiO3:Er3+ phase was confirmed by 

comparing XRD patterns with the respective Joint Committee on Powder Diffraction 

Standards (JCPDS) card # 05-0626.  

 

All the diffraction peaks are related with tetragonal structure [151]. The percentage (0.5%) 

in BaTiO3 does not promote the transition from “tetragonal” to “cubic” phase. By 

increasing the number of coated layers, the optical quality of the film decreases, as is 

shown in Fig. 5-31c. However, the Er3+ doped BaTiO3 single-step film showed optical 

quality and well-defined crystallization peaks, as shown in Fig. 5-31d. In all cases, there 

was no additional peak representing a second phase, as with the pyrochlore-type RE2Ti2O7 

(RE=doping ion) observed by Garcia-Murillo in ytterbium doped BaTiO3 [147].  
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Figure 5-31.  XRD patterns of BaTiO3:Er3+ films with 15 (a), 17 (b), and 19 (c) layers 

without PVP and single step layer with PVP (d). 

 

 

5.6.2  Influence of PVP on films structure  

 

The crystallite sizes D (nm) in films were deduced and estimated by the Debye-Scherer 

equation [79] from the width of the (1 1 0) diffraction peak line at 2 = 31.8° of multilayer 

(17 coatings) and monolayer crystallized BaTiO3:Er3+ films. The crystallite sizes of the 

BaTiO3:Er3+ films were 12 and 30 nm for multilayer and single-step films, respectively. 
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These results revealed that when multilayered BaTiO3:Er3+ film was thermally treated at 

intermediate temperatures without PVP, the crystallite size was 12 nm, while that of the 

single-step BaTiO3:Er3+ film with PVP was 30 nm (using a continuous heating rate). Both 

films revealed different crystallization behaviors depending on the heating patterns. The 

crystallite size is larger in the single-step film with PVP, thus it is hypothesized that when 

the gel films are heated using a continuous heating rate from room temperature up to 700 

°C, the crystallization of BaTiO3:Er3+ can occur after the loss of PVP and/or 

[(CH3)2CH(CO)2]-. Consequently, the organic blocking species do not hinder the growth of 

the crystallites, thus resulting in bigger crystallite size. The crystallization process of the gel 

films without PVP thermally treated at intermediate temperature (300-500, 700 °C) occurs 

simultaneously with the loss of organic remnants. In this situation, the organic compounds 

(i.e., C5H8O2) hinder the growth of the crystallites, resulting in smaller crystallite size. 

Previous work has demonstrated that when PVP is incorporated in coating solutions, film 

thickness increases, leading to the formation of crack-free coatings [148,152-156]. 

 

It has been reported that heat treatment patterns influence the transparency of coatings; e.g., 

transparent Lu2O3:Eu3+ waveguiding films were obtained using annealing treatments with 

intermediate temperatures [141]. In the present study, the determination of film thickness 

was performed by m-lines spectroscopy [157] due to the films’ waveguide properties. This 

method requires the production of high quality thin films; i.e., films that are crack-free, 

transparent and with as few defects as possible, so as to support low-loss light propagation. 

Optical quality film is obtained by ensuring uniform wetting and good film adhesion onto 

the substrate via the formation of –OH groups on the cleaned substrate surface [158]. In the 

present study, one- and seventeen-layer BaTiO3:Er3+ films, with and without PVP, 

respectively, were necessary to obtain at least 2 transverse electric (TE) modes and two 

transverse magnetic (TM) modes to perform thickness evaluation according to m-lines 

spectroscopy [159]. For single and multilayer coatings, the measured thicknesseses of 

BaTiO3:Er3+ calcined with different heating patterns were 828 and 510 nm, respectively. 

The differences in thickness of 1 and 17 stacked layers of erbium doped barium titanate are 

related with the presence of PVP, which allows an important increase in thickness. Due to 
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this feature, the addition of PVP to elaborate BaTiO3 films, has been extensively studied 

(Table 5-3).  

 

Table 5-3. Studies related with the synthesis of BaTiO3 thick films. 

System Starting 

materials/ 

Chelating 

agents 

PVP 

(FW) 

Mole 

Ratio 

Tech-

nique 

Coa-

ting # 

Thick-

ness 

/ µm 

Com-

ments 

Ref. 

 

BaTiO3 

Ba(CH3COO)2 

Ti(OPri)4 / 

H-(OAc) 

 

630000 

 

PVP/Ti=1 

 

Dip 

coating 

 

1 

 

1.2 

Structural and 

morphological 

studies 

[148] 

 

BaTiO3 

Ba(CH3COO)2 

Ti(OC2H5)4 / 

H-(OAc) 

 

630000 

 

PVP/Ti=1 

 

Spin 

coating 

 

1 

 

0.56 

 

Dielectric 

properties 

[160] 

 

 

BaTiO3:

Er3+ 

 

Ba(C5H7O2)2 

Ti(OPri)4 / 

H-(OAc) 

(acac)H 

- -  

 

Dip 

coating 

 

17 

 

0.5 

 

 

Luminescent 

properties 

 

 

This 

work 
 

1300000 

 

Ba/PVP=0

.25 

 

1 

 

0.82 

 

BaTiO3 

Metallic Ba 

Ti(OC2H5)4  

(reflux 

method) 

 

360000 

 

Ba/PVP 

=0–85 

wt% 

 

Spin 

coating 

 

- 

 

1 

Dielectric 

properties 
[161] 

 

BaTiO3 

Ba(CH3COO)2 

Ti(OPri)4 

 

630000 

 

Ba/PVP 

=0.6 

 

Dip 

coating 

 

1 

 

1.2 

Structural and 

morphological 

studies 

[148] 

 

BaTiO3 

Ba(CH3COO)2 

Ti(OPri)4/ H-

(OAc) 

 

630000 

 

Ba/PVP 

=0.6 

 

Dip 

coating 

 

1 

 

0.9 

Dielectric 

properties 
[162] 

 

 

As can be observed in Table 5-3, previous studies are related with the synthesis of non-

doped BaTiO3; moreover, the synthesis of BaTiO3 in those studies was based on the use of 

Ba(CH3COO)2  as a precursor. The maximum thickness without cracks was 1.2 μm at 
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PVP/Ti(or Ba) molar ratios ranging from 0.6 to 1.0 [152]. This behavior can explained as 

follows: PVP can be hybridized with metalloxane polymers, and this hybridization inhibits 

stress-induced film cracking due to structural relaxation occurring when the gel films are 

fired [153, 163]. The most important difference between our results and the results of other 

studies is the preparation of BaTiO3:Er3+ in presence of PVP for the first time, using 

Ba(C5H7O2)2 as a barium precursor, with a molar ratio Ba/PVP=0.25. In this case, the 

crack-free film (820 nm thick) was achieved with a single-step process. Figure 5-32 shows 

the cross-section SEM micrograph appearance of the BaTiO3:Er3+ films with PVP thermally 

treated at 700 °C for 10 min.  

 

 
Figure 5-32. Cross-section SEM micrograph of BaTiO3:Er3+ films with PVP. 

 

The film thickness was found to be about 0.8 m, in agreement with that determined using 

m-lines spectroscopy. The obtained thickness was effectively lower than that observed by 

other authors [152,153]. In this situation, the strategy to increase the thickness of films is to 

use a higher content and/or higher-molecular-weight of PVP/Ti (or Ba), incorporated into 

the sol in order to achieve an increased sol reaction time. It must be noted that an excess 

amount of PVP is harmful; it leads to crack formation [164] and films become opalescent 

[152] or non-transparent [165]. The microstructure and optical transmission depends on the 

PVP content; the experimental conditions for BaTiO3:Er3+ single-step film discussed here 

result in dense, crack-free and transparent films. Multilayer films showed lower thickness; 
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however, the optical quality was maintained in spite of more rapid structural relaxation than 

that exhibited by a single BaTiO3:Er3+ layer. These optical features were taken into account 

for film thickness and optical evaluation.      

 

 

5.6.3  Microstructure of BaTiO3:Er3+ films 

The surface morphology of the Er3+ doped BaTiO3 (both 17 and 1 layers) was investigated 

by high-resolution SEM, as shown in Figs. 5-31b-d.  The top view of FE-SEM micrographs 

for crystalline Er3+ (0.5 %mol) doped BaTiO3 films without PVP (Figures 5-33 a-c) showed 

a greater surface smoothness than that observed for PVP films (Figures 5-33d); 1, 15 and 

17 layer films were transparent and crack-free. Nevertheless, films without and with PVP 

(Figures 5-33 b and d, respectively) are composed of crystallites with nanometric grain 

size; the grain size is in agreement with XRD results. The particle grain size (~12 nm) 

provokes the stabilization of the cubic phase and blocks the formation a tetragonal structure 

[109]. Similar morphology for BaTiO3 sol-gel thin films has been reported by Lee et. al. 

[1]. This morphology results in a homogeneous and uniform surface, which can be 

attributed to a higher volatilization rate (when the films were thermally treated at 

intermediate temperatures) of the organic materials than that observed for gel films with 

PVP. SEM images (Figures 5-33d) of film with PVP show significant qualitative 

differences between films grown without PVP. This film showed entangled flower-like 

grains with diameters ranging from 0.8–1.2 µm and with variable lengths. They contain 

particles around 100 nm in size constituted by the agglomeration of nanocrystallites. The 

flower-like morphology is apparently caused by crystal twinning at the onset of growth, and 

their shape and size are related with the Ba/PVP=0.25 molar ratio and by [Ba(C5H7O2)2]; 

this is contrary to the film morphology derived from the use of barium acetate 

[Ba(CH3COO)2][152]. These films also exhibit homogeneity and transparence on the 

surface, attributed to strong hydrogen bonding interactions between C=O groups of PVP 

and the OH groups of the metalloxane Ti-O polymers from BaTiO3. Such C=O groups can 

be regarded as the capping agent for the OH groups of the metalloxane polymers (Fig. 5-

34); they suppress the condensation reaction and promote structural relaxation. 
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Figure 5-33. SEM micrographs of BaTiO3:Er3+ films without (a)(b) and with (c)(d) PVP 

and EDS mapping images of BaTiO3:Er3+ films with PVP (e). 

(e) 

2 µm 2 µm 

2 µm 2 µm 
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Figure 5-34. Structure of intermediate alkoxide complexes of barium and titanium in 

presence of PVP. 

 

 

The BaTiO3:Er3+ films were dispersed well in the PVP matrix and demonstrated no 

aggregation or phase separation, as was confirmed previously by XRD studies. Because the 

efficiency of the up-conversion process depends on the spatial distribution of the dopant 

ions [167], EDS mapping images were obtained on the film with PVP. Figure 5-33e shows 

the bright colors which represent Ba, Ti, O and Er elements, respectively. The films with 

PVP (single-step) revealed the high homogeneity of element distribution in BaTiO3:Er3+.  
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Chapter 6. Luminescent properties 

 

6.1 Luminescent properties of BaTiO3:Yb3+ powders  

The absorption spectra of BaTiO3 doped 2, 4 and 8 mol% Yb3+ powders annealed at 1200 

°C is shown in Figure 6-1; the absorption spectrum of BaTiO3:Yb3+ 4 mol % heat-treated at 

700 °C is also shown for comparison. The broad absorption band between 900 and 950 nm 

(splitting of the multiplet 2F5/2) on the BaTiO3 crystallized in cubic phase (700 °C) changed 

to a single band situated around 900 nm in the powder heat-treated at 1200 °C. This 

absorption of Yb3+ is similar to that observed in many other Yb3+ doped crystals and is 

related to the electronic transitions 2F5/2 2F7/2 within 4f electronic shell of Yb3+ ions. 

Notice that in Figure 6-1 the absorption intensity increases with the doping concentration. 

 

The fluorescence spectra of BaTiO3:Yb3+ (2, 4, and 8 mol%) powders heat-treated at 1200 

°C after 940 nm excitation are presented in Figure 6-2. This figure also shows the emission 

spectrum of the BaTiO3:Yb3+ (4 mol%) annealed at 700 °C. The emission spectrum of the 

cubic barium titanate gel powder (700 °C) shows an emission peak at 980 nm; nevertheless, 

when the structure is heat-treated at 1200 °C (presence of the tetragonal phase), the 

emission spectra consists of a broad band from 970 to 1010 nm, with a maximum at 980 

nm corresponding respectively to the 2F5/2  2F7/2 transitions (51). Changes in emission 

spectra due to the Yb3+ ions concentration are shown in Figure 6-2. 

 

In Figure 6-3 are presented the emission spectra of the BaTiO3:Yb3+ (4, 6 y 8 mol%) 

powders heat treated at 700 °C. In this figure it is observed that the powder with 
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concentration of 6 mol% of Yb is the most intense. At high concentration values occurs a 

quenching in the luminescent effect. 
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Figure 6-1. Absorption spectra of BaTiO3:Yb3+powders. 
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Figure 6-2 Emission spectra of 2, 4 and 8 mol% Yb3+ doped BaTiO3 powders heat treated 

at 1200 °C and 4 mol% heat treated at 700 °C. 
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Figure 6-3. Emission spectra of BaTiO3:Yb3+ (4, 6 y 8 mol%) powders                              

heat treated at 700 °C. 

From this results were prepared codoped BaTiO3:Er, Yb system taking into account that the 

best emission intensity obtained was 6 % mol. In the same form, films were prepared using 

these results.  

 

4.1 Luminescent properties of BaTiO3:Er3+,Yb3+ powders 

BaTiO3:Er,Yb powders heat treated at 700 °C were chosen to analyze luminescent 

properties for the concentrations presented in the Table 6-1. The sample were excited at 

wavelength of 485, 520, 970, 940 y 800 nm, all the measurement were performed at room 

temperature. 
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Table 6-1. Concentrations of doped and codoped BaTiO3 sample studied by absorption and 

emission spectroscopies. 

BaTiO3 

Doping ion concentrations / 

% molar 

Er Yb 

2.5 - 

5.0 - 

10.0  

- 2.0 

- 4.0 

- 6.0 

2.5 6.0 

5.0 6.0 

10.0 6.0 

 

 

Single erbium doped samples showed the characteristic bands associated with trivalent 

erbium spectrum in the 450–1600 nm region, while co-doped samples showed the same Er3+ 

absorption bands, but the band at about 1.0 lm is modified by the presence of Yb3+ ions, as 

expected, (Figure 6-4 and 6-5), shows the absorption spectra for samples with 10.0 mol% of 

Er3+ and 6.0 mol% of Yb3+. That is, in this region the band was broadened due to the 

addition of those ions. According to the absorption spectrum, we pumped at four 

wavelengths to study the fluorescence, up-conversion and energy transfer processes, i.e. at 

485, 970, 940 and 800 nm with the tuneable pulsed laser system. 
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Figure 6-4. Absorption spectra of the BaTiO3:Er3+ powders heat treated at 700 °C. 

 

6.2.1 Excitation at 485 and 520 nm 

a) Doped sample. 

When pumping at 485nm the 4F7/2 state of erbium is populated. We found that the emission 

spectra from this state were similar to the recorded when the 2H11/2 state was pumped 

directly at 520 nm. 
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Figure 6-5. Absorption spectra of BaTiO3:Er3+,Yb3+ powders heat treated at 700 °C. 

Thus, it can be assumed that from the 4F7/2 state of erbium a fast non-radiative decay occurs 

to the 2H11/2 and 4S3/2 states, which are thermally coupled. The visible emissions of erbium 

single doped and erbium-ytterbium codoped BaTiO3 samples are shown in Figure 6-6 when 

pumped at 520 nm. The five spectra in this figure correspond to BaTiO3 :Er3+ (2.5 and 5 

mol%) and BaTiO3: Er3+ (2.5, 5 y 10 mol%), Yb3+(6 mol%). 
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Figure 6-6.  Emission spectra of BaTiO3:Er3+,Yb3+ powders heat treated at 700 °C, 

exc=520 nm. 

 

The two former bands are ascribed to the 2H11/2, 4S3/24I15/2 Erbium transitions and the later 

band to 4F9/24I15/2.  Figure 6-6 shows that the peak intensity of the green band is different 

for the single and codoped samples, the former have higher peak intensity than the codoped 

samples.  The single doped spectra in the green region in Figure 6-6 have similar peak 

intensities even when the erbium concentration was doubled.  This is a concentration 

quenching process.  Stronger quenching of the luminescence in the spectra shown in Figure 

6-6 can be observed in codoped samples and it is due to the presence of ytterbium ions.  

Furthermore, the peak intensity for these three spectra diminishes as the erbium 

concentration increases.  In contrast, Figure 6-6 also shows that the peak intensities of the 

red band do not change for any of these cases.  That is, for the single doped and codoped 

samples the peak intensity of the red band look unchanged no matter if the erbium 

concentration is increased.  
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To understand the concentration quenching for the green band of the single doped 

samples in this figure, one might consider a cross-relaxation process of the type 
4S3/2+4I15/24I9/2+4I13/2; see Figure 6-7 for all transitions considered for this discussion. 

This process depends on the erbium concentration as shown below. As the erbium 

concentration increases the 2H11/2 and 4S3/2 states populate and then emit, but their green 

emission diminishes as the erbium concentration increases. Due to the cross relaxation 

mechanism the 4I9/2 populates and a fast non-radiative decay occurs down to the 4I11/2; at 

the same time the 4I13/2 state of Erbium gets populated. When the 4I11/2 state populates, it 

might non-radiatively decay to the lower 4I13/2 and/or emit at about 974 nm. 

 
  

(a) (b) (c) 

Figure 6-7. Energy level diagram showing the most relevant transitions of BaTiO3:Er3+ y 

BaTiO3:Er3+,Yb3+powders heat treated at 700 °C. Red and green emission (a), Schematic 

of cross-relaxation mechanisms and energy transfer process between erbium ions (b), 

energy transfer process between erbium and ytterbium ions (c). 

 

Figure 6-8 shows the emission of the single (with a peak intensity at about 972 nm) and co-

doped (with a peak intensity at about 981 nm) samples in the 940-1030 nm region.  This 

figure clearly shows that for the single doped samples the higher peak intensity corresponds 

to the BaTiO3:Er(5%mol) sample. That is, the emission from the 4I11/2 is strong and 

increases as the dopant concentration increases. Similarly, due to the assumed cross 

relaxation the 4I15/24I13/2 transition populates the 4I13/2 state and emits at about 1500 nm.  
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Figure 6-9 shows the emission in the 1425-1700 nm region for single and double doped 

samples.  The peak intensity for the single doped erbium with higher concentration is 

higher. Therefore, we have proved that the assumed cross mechanism that quenches the 

green emission depends on the erbium concentration and the emission of the 4I11/2 and 4I13/2 

energy levels increase as the erbium concentration increases. 
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Figure 6-8. Emission spectra of BaTiO3:Er3+ and BaTiO3:Er3+,Yb3+ powders. 
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If we now look the emission in the 1.5mm region for codoped samples in Figure 6-9, the 

peak emission for the BaTiO3:Er3+(2.5),Yb3+(6)  sample is higher when compared to the 

other peaks of the other two codoped samples.  This behaviour is in contrast to the single 

doped samples where the reverse behaviour is observed. We can explain this behaviour 

based on our previous results for single doped samples and the presence of Ytterbium ions.  

That is, the 4I13/2 state is mainly populated by the assumed cross relaxation mechanism 

through the transition 4I15/24I13/2; nevertheless one additional channel contributes to 

populate such state and as we will see its contribution cannot be neglected.  The 4I13/2 state 

is also populated through a fast relaxation from the 4I11/2 state.  
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Figure 6-9. Emission spectra of BaTiO3:Er3+ and  BaTiO3:Er3+,Yb3+ powders heat treated 

at 700 °C, exc=520 nm (region: 1425-1650 nm).  
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However this channel is cut off when the ytterbium ions are present in the sample. This is so 

because there is a very efficient energy transfer from erbium to ytterbium ions, as shown 

previously.  We now recall that for single doped samples we could not rule out the up-

conversion process when the erbium concentration is increased and have two ions in the 
4I13/2 state. For this case one of the two ions is promoted to the 4I9/2 state. When this energy 

transfer mechanism occurs, the emission of the 4I13/2 state also takes place but this emission 

diminishes since that state is not fed anymore from the above state.  The experimental data 

in Figure 6-9 shows that indeed this emission diminishes as the Erbium concentration 

increases.   

The nature of the red emission for all cases shown in Figure 6-6 can be assumed to take 

place by a non-radiative decay from the 2S3/2 to the 4F9/2 and then radiatively from the 4F9/2 

to the ground state of the Erbium ions.  As observed in Figure 6-6, this transition is not 

affected by the presence of Ytterbium ions and its corresponding intensity peak does not 

change by changing the Erbium concentrations.     

 

6.2.2 Pumping at 970 and 940 nm 

When pumping at 970 nm both rare earth ions are excited and, when pumping at 940 nm the 

ytterbium ions are the only ones that are excited.  The emission spectra for the former case 

are shown in Figure 6-10 and the latter in Figure 6-11; notice that in the latter figure we 

only show the emission spectra for codoped samples.  The observed green and red 

emissions can be assigned to the 2H11/2, 4S3/24I15/2 and to the 4F9/24I15/2 erbium 

transitions, respectively.  The 2H11/2 and 4S3/2 states get populate through a two photon up-

conversion process, that is, with a 970 nm wavelength laser source the 4I11/2 state of erbium 

ions gets populated; one ion in that state can absorb one photon from the pumping source 

and be promoted to such excited states. Also, it might happen through a non-radiative 

energy transfer process between two excited Erbium ions in the 4I11/2 state; one ion transfers 

its energy to another ion and populates the 2H11/2 and 4S3/2 states, see Figure 6-7. To explain 

the quenching of the luminescence of the green band as the Erbium concentration increases 
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for single and doped samples, one should consider the cross relaxation of the type 
4S3/2+4I15/24I9/2+4I13/2 as before for the case when pumping at 520 nm. 

For codoped samples the quenching of the green emission is stronger than for the single 

doped samples and the red band emission peaks higher than the peak emission observed for 

single doped samples.  To give account for the change of the red emission one should 

consider an additional process besides the up-conversion and cross relaxation mechanisms 

discussed above.  We recall that for codoped samples pumped at 520 nm the 4I13/2 state of 

the erbium ions gets populated by the assumed cross relaxation and that this state is not fed 

anymore trough the 4I11/2 since most of the energy goes to the 2F5/2 state of the ytterbium 

ions.  It was also shown that the up-conversion process from the 4I13/2 state to the 4I9/2 takes 

place as the erbium concentration increases.   
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Figure 6-10. Emission spectra of BaTiO3:Er3+,Yb3+ heat treated at 700 °C, exc=970 nm.  
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Figure 6.11. Emission spectra of  BaTiO3:Er3+,Yb3+ heat treated at 700 °C, exc=940 nm. 

All these mechanisms are also valid when pumping at 970 nm but there is also a back 

energy transfer process from ytterbium ions. This interaction between erbium and ytterbium 

ions promotes the erbium ions at 4I13/2 state to the 4F9/2 state and from there the red emission 

takes place.  Therefore, since the assumed mechanism takes place through the ytterbium 

ions and the emissions of these ions diminish (see Figure 6-6) as the erbium concentration 

increases we do expect that the red emission from the 4F9/2 to the ground state of erbium 

also diminishes.   

The above discussion to explain the changes of the peak intensity of the green and red bands 

in Figure 6-10 for codoped samples can also be considered for Figure 6-11.  The emission 

spectra shown in this figure correspond to the codoped samples when pumped at 940 nm, i.e 

the ytterbium ions are the only ions that are excited with the laser source.  The general 

behaviour of the green and red bands is similar to those for Figure 6-11, however it should 

be notice that in Figure 6-11 the peak intensity of the red band has been enhanced when 

compared to the green band.  That is, the intensity of the red band is comparable to the 

intensity of the green one.  This is so because we now are pumping the ytterbium ions and 

therefore the non-radiative energy transfer from ytterbium to erbium ions is more efficient 
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than for the previous case when pumping at 970 nm and where a back energy transfer was 

considered.   

 

6.2.3 Pumping at 800 nm    

We did also pump the codoped samples at 800 nm and Figure 6-12 shows the emission 

spectra. Therefore, for highly doped samples (single and double doped) with erbium and 

ytterbium ions in a barium titanate matrix the quenching process plays the main rule.  This 

is in contrast to the results reported by Capobianco with yttrium oxide matrix [66].  The 

fluorescence emission and up-converted luminescence reported by these authors do not 

show quenching at all.  That is, when pumping at either 4F7/2 or 4I11/2 states the observed 

luminescence increases as the dopant concentration increases. From the experimental data 

and the above discussion we can summarize our results in the following way.  
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Figure 6.12. Emission spectra of BaTiO3:Er3+,Yb3+ heat treated at 700 °C, exc=800 nm. 
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For the green emission of the single and codoped samples the cross relaxation mechanism of 

the type 4S3/2+4I15/24I9/2+4I13/2 depletes the 2H11/2 and 4S3/2 states and it depends on the 

erbium concentration.  Due to this mechanism and for single doped samples the 

fluorescence emissions from the 4I11/2 and 4I13/2 states become stronger as the erbium 

concentration increases.  Further, two weak up-conversion processes take place from such 

levels to the 2H11/2 and 4S3/2 and, 4I9/2 states, respectively; these emissions also depend on 

erbium concentration.  However, when the ytterbium ions are present for the codoped 

samples the fluorescence emission at 1500nm becomes weaker as the Erbium concentration 

increases.  This is so because the 4I13/2+4I13/24I9/2+4I15/2 and 4I13/2(Er)+2F5/2(Yb) 

4F9/2+2F7/2 up-conversion processes deplete the 4I13/2 Erbium state.  In addition to these 

processes the erbium (4I11/2) to ytterbium (2F5/2) energy transfer is very efficient and no fast 

non-radiative decay from the 4I11/2 to the 4I13/2 states of erbium occurs.  Therefore, it is clear 

from this depicted picture of the involved mechanisms in our codoped samples that most of 

the input energy to our samples goes to ytterbium ions.  So, it is pertinent to wonder where 

all this energy ends up.  That is most of the involved processes cycle the input energy and 

two main exits for the input energy can be observed, one is the quenched emissions and the 

other is the ytterbium ions.   

However, Figure 6-12 shows that the fluorescence emission from ytterbium ions diminish as 

the erbium concentration increases.  The expected result should be the reversed behaviour. 

On the other hand, Boulon et al. reported, recently, that ytterbium ions pairs are formed in 

barium titanate single doped ytterbium.  They show that the emission of these ions pairs is 

the 500 nm region.  We had at hand three samples BaTiO3: Yb with Ytterbium at 2, 4 and 6 

mol%.  These samples were shines at different wavelengths in the 900 nm region and the 

Ytterbium ions pairs emission was observed, see Figure 6-13. Therefore, one might consider 

that this emission is also present in our codoped samples but it is screened by the erbium 

emission in the 500 nm region, and our detectors could not register it.     
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Figure 6-13. Emission spectra of BaTiO3:Yb3+ powders heat treated at 700 °C, exc=915 

nm. 

 

 

6.3 Luminescent properties of BaTiO3:Er3+ films 

Figure 6-14 shows the up-conversion spectra of Er3+ doped BaTiO3. Figure 6-14a shows 

two emission transitions corresponding to 4S3/24I15/2 at 548 nm and 4F9/24I15/2 at 670 nm; 

at 974 nm, excitation was observed. For the 974 wavelength, the green emission at 548 is 

more intense because the 4S3/24I15/2 is spin-allowed; consequently, the emission is bright 

even to the naked eye. When pumped at 973 nm excitation, cooperative energy transfer 

(CET) also takes place and results in green up-conversion emission. It is known that 4I11/2 

has zero emission probability to the ground state. As shown in Figure 6-14 (inside), an Er3+  

ion in the 4I11/2 state relaxes to the ground state non-radiatively and transfers its energy to 

another neighboring one (also in 4I11/2 state), promoting the latter to 4F7/2. The 4I11/2 state has 

a much longer lifetime than others [56, 168], which favors the excitation of Er3+ from this 

level to 4F7/2 through cooperative energy transfer. 
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Figure 6-14.  Emission spectra of BaTiO3:Er (0.5 %mol) after 974 nm excitation. 

 

Furthermore, Figure 6-14b shows that there is no emission at 800 nm from the 4I9/2 level, 

but an intense luminescence was observed at 860 nm for BaTiO3:Er (0.5 mol%), as was 

detected by Meneses-Nava in BaTiO3:Er3+,Yb3+ powders [67] .This is expected because the 
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4S3/2 level depopulates by  means of a cross-relaxation mechanism from 4S3/2 + 4I15/2  
4I9/2 

+ 4I13/2. It is important to note that the green and infrared emissions were detected despite 

the low concentration of Er3+ ions (0.5 %mol) in the BaTiO3 matrix; these features prevent 

the quenching effect in the luminescence (mainly in the region of 860 nm). Unfortunately, 

Er doped BaTiO3 multilayer film (without PVP) displayed low thickness, and it was not 

possible to analyze its luminescent properties. 

 

6.4 Luminescent properties of BaTiO3:Eu3+ films 

The room temperature of photoluminescence emission spectra of BaTiO3:Eu3+ (5 mol%) 

film in the range 550-700 nm exited at 250 nm wavelength is shown in Figure 6-15. Red 

emission from the film doped with 5 mol% can see with the naked eye when excited with a 

254 nm Uv lamp on the film.  
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Figure 6-15. PL spectrum of BaTiO3:Eu3+ of films heat treated at 700 °C and BaTiO3:Eu3+ 

under UV excitation (inside). 
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For the emission spectra of the BaTiO3:Eu3+ films, the peaks at 595, 615 and 645 nm are 

assigned to 5D0 7F1, 
5D0 7F2 and 5D0 7F3, respectively, arising from the lowest excited 

5D0 level into the split by the crystal field 7FJ (where J=0, 1, 2, 3, 4, 5, 6) as observed by 

other authors [147-149]. In most cases, transitions to the higher laying levels (7F5, 7F6) are 

difficult to detect due to their low intensity [149]. The dominating peak is observed around 

615 nm, corresponding to 5D0 7F2 transitions of the europium ions. This fact can be 

explained by the fact that the sample heated at 700 °C has higher level of crystallization, 

which directly leads to the narrow emission bands. It must be mentioned that the emission 

lines of the BaTiO3:Eu3+ films are weak, probably due to the final thickness, influencing 

directly the suitable effective value of providing high emission [27].  Additionally, the 

sample sintered at 700 °C shows the silica substrate contribution (see XRD patterns), where 

the peaks are superimposed on the glass support. This indicates, probably, that some of the 

Eu3+ ions are placed in the amorphous surroundings, indicating the symmetry of the system 

is not too high.  

 

6.5 XPS characterization of BaTiO3:Er3+ films 

The XPS technique was used in this study for investigating valence states of elements in Er 

doped BaTiO3 by means of photoelectron peaks connecting with core-level binding energy. 

Figure 6-16a shows the XPS spectrum of the typical Er-doped BaTiO3. The XPS peaks 

show that the particles contain only Ti, Ba, O and Er and a trace amount of carbon and 

nitrogen. No other element is detected. The Ti 2p XPS spectrum for the Ba1-xErxTiO3 is 

shown in Figure 6-16b. In this spectrum, two main peaks are identified: Ti 2p3/2 at 459.4 eV 

and Ti 2p1/2 at 465 eV, in agreement with other reports on Ti 2p XPS for BaTiO3 [169], and 

SrTiO3 [170] with a Ti4+ profile. In these samples, the presence of a Ti3+ 2p XPS peak was 

not observed; nevertheless, the Ti3+ ion exists if the FWHM value of the Ti 2p3/2 main peak 

is wider than that of TiO2 (1.9 eV) and BaTiO3 (<2.0 eV) [1, 171]. The measured value of 

FWHM for our sample was 2.73 eV, suggesting that mixed Ti4+/Ti3+ ions co-exist.  
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Figure 6-16. XPS spectra for the  BaTiO3:Er (a), Ti 2p (b), Er 4d (c) and Ba 3d (d). 

 

Particularly, the XPS spectra of Er 4d (Figure 6-16c) at about 169.6 eV, indicate that Er 

ions in the Ba1-xErxTiO3 are in valence of Er3+. Ba 3d XPS spectra in Figure 6-16d showed 

the core-level binding energies of Ba 3d5/2 and Ba 3d3/2 situated at 781.4 eV and 796.8 eV, 

respectively. Taking into account the XPS observations, the substitution of Er3+ for A-site 

Ba in BaTiO3 let us to establish that the compensating mechanism in the Ba1-xErxTiO3 

system occurs by the formation of titanium vacancies, due to the fact that         as charge 

compensation defects is preferred over the formation of barium vacancies when the donor 

dopant concentration 0.5[15] and can be expressed by the dynamic equilibrium:                                                  . 
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Conclusions 

 

This work was focused to the preparation of BaTiO3 powders, nanoparticles and films 

synthesized by solid state route, hydrothermal and sol-gel methods as well as to the study to 

structural and optical properties. BaTiO3 perovskite has the capability to incorporate rare 

earth ions of different size exhibiting luminescent properties, specifically when is doped  by 

Eu3+, Er3+ and Yb3+ ions, also, these ions can be employed as optical probe in this matrix. 

 

Europium doped barium titanate prepared by hydrothermal route and solid state reaction 

presented cubic and/or tetragonal phases depending of the used method. The size of the 

powder obtained by hydrothermal route was 25 nm meanwhile by using the solid state 

reaction the particle size was increased up to 200 nm after 1150 °C heat treatment. 

The presence of the erbium and ytterbium ions in the BaTiO3 matrix provokes red, green 

and blue emissions which are originated by 4S3/2 and 4F9/2 transitions. 

In this work emission spectra and lifetime decays of single and co-doped Er3+ and Yb3+ ions 

in BaTiO3 polycrystalline sol–gel matrix were measured to describe the mechanisms that 

drive the fluorescence and the observed quenching. For both systems single and co-doped 

samples were a cross-relaxation mechanism, 4S3/2 + 4 I15/2 4 I9/2 + 4I13/2, which quenches 

the green fluorescence and it was demonstrated that this mechanism depends on Er3+ 

concentration. The enhanced concentration quenching in co-doped samples is due to energy 

transfer between neighbouring Er3+ –Yb3+ ions. For this case, emission of the 4I13/2 and 4I11/2 

levels diminished as Er3+ concentration increases; but this behavior is the contrary for 

single doped Er3+ samples. The lengthening of the lifetime decay of 4S3/2 level, in co-doped 

samples, is due to an energy back transfer, which also affects the quenching of the 4I11/2 

level. Further, when single doped Yb3+ samples were pumped at 940 nm, an emission from 

Yb3+ pairs was measured at about 500 nm. This process should be present in co-doped 

Er3+–Yb3+ samples and contributes to the quenching of emission at about 1.0 m. 
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The heat treatment at intermediate temperature and the use of chelating agents allows to 

control the shape of the particles in the sol-gel systems. The particle shape and size could 

be tailored in the un-doped and codoped BaTiO3 system by tailoring the chelating agents 

and the heat treatment temperature. The morphology of BaTiO3 (undoped and codoped) 

compounds with and without chelating agents differs greatly. The microstructure of the 

derived materials is more spherical than non-chelating agents and the size of the particles is 

lower (96–337 nm) than that obtained without (AcAc)H and acetic acid (137–312 nm). 

Further, the morphology of the undoped and codoped BaTiO3 particles in presence of 

chelating agents at 700 and 950 °C results in a combination of nanorods and nearly 

spherical structures associated with the cubic and tetragonal phase, respectively. At 1150 

°C, the BaTiO3 and BaTiO3:Er, Yb powders exhibit a tetragonal phase (predominant), and 

only nearly spherical particles were observed. Isolated cubic structure un-doped and co-

doped BaTiO3 nanorods, with diameters ranging from 100 to 120 nm and reaching 800 nm 

in length, presenting for both undoped and codoped system. From the addition of chelating 

agents as the acetylacetone and acetic acid were observed an important change in the 

morphology of the powders was observed, i.e. the presence of the chelating agents allow to 

form quasi spherical particles (tetragonal structure). Tetragonal structure, can be fabricated 

by this route when Ba(C5H7O2)2, Ti(OPri)4 are selected as starting materials and (AcAc)H, 

H–(OAc) are chosen as chelating agents. The influence of calcination temperature and 

chelating agents on the surface area, pore radius and pore volume of BaTiO3:Er, Yb were 

also investigated  

A notable result associated with the elaboration of BaTiO3:Er, Yb films was the influence 

of the chelating agents in the synthesis on the films. BaTiO3:Er, Yb optical thin films are 

only obtained in the presence of chelating agents, in contrast with the films prepared 

without them, which were characterized by granular networks showing poor adhesive 

properties toward the substrates and cracks. The best film, in terms of homogeneity in 

morphology, was obtained using chelating agents at 950 °C, resulting in the formation of 

highly cross-linked and uniform films, composition, low porosity, and a mean surface 

roughness of 12.4 nm.  
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The good optical films formation of BaTiO3:Er, Yb system concerning the high quality, do 

not allow the high thickness, so it was establish the addition of polyvinylpirrolidone (PVP) 

during the process arising for the first time monolayer of high thickness (828 nm), value 

determined by m-lines spectroscopy technique. Using PVP the morphology resulted in a 

flower-like morphology characterized by high homogeneity, low porosity, and even 

distribution of doping ions. XPS analysis indicates that the compensating mechanism in 

BaTiO3:Er3+ can be expressed by the dynamic equilibrium                                                 . The optical studies showed the up-conversion properties 

of Er3+ doped BaTiO3 films upon 974 nm infrared excitation and demonstrated that the 

green emission at 548 nm was predominant under this excitation. This effect was explained 

in terms of cooperative energy transfer between two Er3+ ions. 

 

Finally, BaTiO3:Eu3+ systems were obtained in powders and films using sol-gel method 

incorporating a viscosity modifier (PVP) in the sol. Both systems exhibited crystalline 

BaTiO3 phase at 700 °C within 2 h as revealed the HT-XRD studies. The powders were 

mainly spherical with some rod shapes; however, the films presented good surface 

morphology as detected by SEM. The obtained films exhibit the room temperature 

photoluminescence of the europium ions, with the predominant band at 615 nm (5D07F2) 

transition). The obtained thickness (~500 nm) of BaTiO3:Eu3+ films must be optimized to 

be promising for luminescent applications. 
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