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palavras-chave 

 

Zircónia, iões lantanídeos, monocristais, nanopartículas, ablação laser 

em meio líquido, fusão de zona com laser, combustão em solução, 

luminescência, upconversion, espectroscopia. 

resumo 

 

O progresso observado nas últimas décadas na área da fotónica e 

optoelectrónica, acompanhado de um desenvolvimento exponencial nas 

áreas da nanociência e nanotecnologia, resulta numa constante procura 

por materiais luminescentes eficientes com características cada vez mais 

exigentes.  

Matrizes de largo hiato energético dopadas com iões lantanídeos 

assumem-se, atualmente, como uma classe de materiais luminescentes 

de elevada importância tecnológica. Dentro destas, a zircónia apresenta 

uma combinação de propriedades químicas e físicas que a potenciam 

como matriz para a incorporação dos iões mencionados, tendo em vista 

o seu uso em diversas áreas, destacando-se as aplicações em 

iluminação e sensores óticos, entre os quais sensores de pressão e 

biossensores. Associada à necessidade de materiais luminescentes com 

características superiores, encontra-se a necessidade de técnicas de 

produção rápidas, económicas e com potencial para produção em larga 

escala.  

Tendo em conta estas necessidades, técnicas como a fusão de zona 

com laser, combustão em solução e ablação laser em meio líquido são 

exploradas neste trabalho para a produção de monocristais, nanopós e 

nanopartículas de matrizes à base de zircónia intencionalmente dopadas 

com lantanídeos. Em simultâneo, é realizado um estudo detalhado das 

propriedades morfológicas, estruturais e óticas dos materiais produzidos. 

São estudadas as características luminescentes de matrizes de zircónia 

(ZrO2) e zircónia estabilizada com ítrio (YSZ) dopadas com vários iões 

lantanídeos (Ce3+ (4f1), Pr3+ (4f2), Sm3+ (4f5), Eu3+ (4f6), Tb3+ (4f8), Dy3+ 

(4f9), Er3+ (4f11), Tm3+ (4f12), Yb3+ (4f13)) e co-dopadas com Er3+,Yb3+ e 

Tm3+,Yb3+. Para além da luminescência de Stokes, foi avaliada e 

discutida a emissão anti-Stokes (upconversion e radiação de corpo 

negro) sob excitação no infravermelho. A comparação da luminescência 

em materiais com diferentes dimensões permitiu analisar o efeito do 

tamanho nas propriedades luminescentes dos iões dopantes. A 

discussão do trabalho é acompanhada por uma integração dos 

resultados visando as aplicações destes materiais luminescentes em 

emissores do estado sólido, biossensores e sensores de pressão. 

 

  



 

  



 

  

  

keywords 

 

Zirconia, lanthanide ions, single crystals, nanoparticles, pulsed laser 

ablation in liquids, laser floating zone, solution combustion synthesis, 

luminescence, upconversion, spectroscopy. 

abstract 

 

The strong progress evidenced in photonic and optoelectronic areas, 

accompanied by an exponential development in the nanoscience and 

nanotechnology, gave rise to an increasing demand for efficient 

luminescent materials with more and more exigent characteristics.  

In this field, wide band gap hosts doped with lanthanide ions represent a 

class of luminescent materials with a strong technological importance. 

Within wide band gap material, zirconia owns a combination of physical 

and chemical properties that potentiate it as an excellent host for the 

aforementioned ions, envisaging its use in different areas, including in 

lighting and optical sensors applications, such as pressure sensors and 

biosensors. Following the demand for outstanding luminescent materials, 

there is also a request for fast, economic and an easy scale-up process 

for their production.  

Regarding these demands, laser floating zone, solution combustion 

synthesis and pulsed laser ablation in liquid techniques are explored in 

this thesis for the production of single crystals, nanopowders and 

nanoparticles of lanthanides doped zirconia based hosts. Simultaneously, 

a detailed study of the morphological, structural and optical properties of 

the produced materials is made. The luminescent characteristics of 

zirconia and yttria stabilized zirconia (YSZ) doped with different 

lanthanide ions (Ce3+ (4f1), Pr3+ (4f2), Sm3+ (4f5), Eu3+ (4f6), Tb3+ (4f8), Dy3+ 

(4f9), Er3+ (4f11), Tm3+ (4f12), Yb3+ (4f13))  and co-doped with Er3+,Yb3+ and 

Tm3+,Yb3+ are analysed. Besides the Stokes luminescence, the anti-

Stokes emission upon infrared excitation (upconversion and black body 

radiation) is also analysed and discussed. The comparison of the 

luminescence characteristics in materials with different dimensions 

allowed to analyse the effect of size in the luminescent properties of the 

dopant lanthanide ions. The potentialities of application of the produced 

luminescent materials in solid state light, biosensors and pressure 

sensors are explored taking into account their studied characteristics.   
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Chapter 1.  

Introduction and motivation 

 In this chapter a general introduction to N&N field and the 

motivation behind the realization of this work is presented. 
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Nanomaterials have been used for centuries, with relevant facts indicating their use during 

the Archaic and Classical periods (620–300 BC) [1]. Nonetheless, the first concept of 

nanotechnology occurred for the first time in 1959, in one talk given by the physicist 

Richard Feynman entitled “There is plenty of room at the bottom”, in which he suggested that 

it should be possible to construct tiny machines that can specifically arrange atoms and 

manipulate chemical synthesis [2,3]. Richard Feynman envisioned several aspects of 

nanoscience and nanotechnology field (N&N field), which at that time for many seems as 

science fiction, but today are a major constant. Within other ideas, this physicist suggested 

that it would be possible to use focused electron beams to write nanoscale features on 

materials surface or that it would be possible to improve microscopes resolution to an 

atomic level. Both previsions are nowadays a reality, the first one expressed by the electron 

beam lithography, and the second one by the development of scanning tunnelling 

microscope (STM), and its derivatives such as the atomic force microscope (AFM) [2]. It was 

only in 1974, fifteen years after the famous talk of Richard Feynman, that the actual term 

nanotechnology was employed by the first time by Professor Norio Taniguchi from the 

Tokyo Science University. In a conference paper he wrote: “Nanotechnology mainly consists 

of the processing of separation, consolidation, and deformation of materials by one atom or by 

one molecule” [2,3]. Further divulgation of the concept of nanotechnology was promoted by 

Dr. K. Eric Drexler who wrote two books in the field of nanotechnology entitled Engines of 

Creation: The Coming Era of Nanotechnology in 1987 [4] and Nanosystems: Molecular 

Machinery, Manufacturing and Computation in 1992 [5]. The first book is currently 

considered the first one published in the field of nanotechnology [2]. In the 80’s decade 

important milestones that strongly contributed for the progress in N&N took place. Such 

include, on one hand, the development in cluster science and, on the other hand, the 

aforementioned progresses of microscopes with atomic resolution (invention of STM in 

1981 and AFM six year after [2,3]). These developments opened the door for the discovery of 

many nanomaterials, such as the well-known carbon nanotubes, and to the controlled 

manipulation of materials at an atomic level as well. In 1989, Don Eigler (who shared the 

2010 Kavli Prize in Nanoscience with Nadrian Seeman) was the first to manipulate 

individual atoms in the production of nanostructures. Using the STM, this physicist from the 

International Business Machines (IBM) manipulated 35 individual Xenon atoms on a surface 

of Nickel to write the letters "IBM” [2,3]. The possibility to observe, measure and manipulate 

objects at nanoscale using these and other developed equipments boosted a strong research 

in N&N leading to a wide number of methods for the synthesis, characterization, computer 

simulation and theoretical modelling, manufacturing, and applications of nanomaterials [6]. 

It was only in 2000s that the use of nanotechnology started to be implemented in 
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commercial products. Nowadays, nanomaterials are commonly present in several products 

of our daily use, from cosmetics to electronic devices. Figure 1.1 depicts a schematic 

diagram with the main research categories at nanoscale level along with their principal field 

of applications [3]. 

 

Figure 1.1. The three current categories of research in nanotechnology: examples and 
application fields (adapted from [3]). 

The rapid development of N&N field verified in the last decades opened the door for a large 

variety of nanomaterials and nanodevices with new and/or improved properties [3]. The 

current research in N&N field is essentially focused in three main categories: nanotools, 

nanomaterials, and nanodevices [3]. Nanotools refer to a group of methods and techniques 

that allow the production and evaluation of nanostructured materials and nanodevices. 

Nanodevices are devices formed by nanostructured materials with specific functionalities, 

improved performance and/or new properties [3]. On the other hand, nanomaterials (or 

nanostructured materials) are materials in which at least one of their structural dimensions 

is at the nanoscale (usually considered <100 nm), showing different properties or 

functionalities from the same material in bulk form. Nanomaterials cover a large range of 

materials with different sizes and shapes including nanoparticles (NPs), nanorods, 

nanowires, nanofibers, nanotubes, nanocomposites, nanostructured surfaces, and thin solid 

films (Figure 1.1). 

Within nanomaterials, inorganic NPs such as metal NPs [7–9], metal oxide NPs [10,11], 

semiconductor quantum dots (QDs) [1,12], and many others, are currently under an intense 

research worldwide, due to their potential applicability in different technological fields. 
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Inorganic NPs are commonly used in practical technological applications in different areas, 

from catalysis to medical science [9,13]. Due to their high surface/volume ratio and 

quantum-confinement effect, NPs can present unique and novel electrical, mechanical, 

chemical, optical, magnetic, thermal, and/or biological properties, as well as surface 

reactivity, different from their bulk counterparts [3,14].  

A high number of techniques are now available for the production of these inorganic NPs. 

These are usually categorized as physical and chemical routes [1]. Physical routes includes 

the pulsed laser ablation (PLA), vapour condensation methods and other methods in which 

chemical reactions are not involved, and the NPs are generated by the vaporization/ablation 

and condensation of species from a solid material [15,16]. In contrast, in chemical routes, 

chemical reactions are involved in the formation of NPs. Examples of chemical processes are 

the chemical precipitation and chemical decomposition. The synthesis processes are also 

grouped in top-down and bottom-up approaches. Top-down approaches comprise the 

synthesis methods that involves the thermal, mechanical, or chemical disintegration of bulk 

materials into NPs [9,17]. In contrast, bottom-up approaches include synthesis techniques in 

which single atoms and/or molecules are assembled into larger NPs. Bottom-up include 

most of the chemical processes used nowadays. In addition, the synthesis processes are 

typically categorized according with the reactive medium as vapour phase, solution phase 

and solid phase synthesis. In particular solution-phase colloidal chemistry routes, which 

includes sol-gel process, hot-injection, coprecipitation, hydrothermal and solvothermal 

methods, template synthesis, biomimetic approaches, within others [13] have been widely 

studied in the preparation of inorganic NPs. Chemical synthesis in liquid phase typically 

allow a better control over particle size and shape. However, the amount of material 

produced by these chemical routes is usually limited to milligrams, which hinders its use in 

a large scale production. In addition, this type of approaches, frequently give rise to 

nanoparticle colloids with low purity due to the presence of residual unreacted chemical 

precursors. On the other hand, vapour-phase methods are continuous processes that allow 

high product yield and the production of NPs with high purity and thermal stability. Such 

characteristics contributes to the predominance of vapour-phase techniques in industrial 

production [17]. Currently, research in NPs synthesis is focused in the development of new or 

optimized techniques that combine both the benefits of chemical and physical approaches, 

in order to achieve more efficient, reproducible and economic, large scale manufacturing [2]. 

The progress in N&N field had a strong impact on the field of luminescent materials, 

allowing to extend the range of their technological applications. Luminescent inorganic NPs 

can now be used in applications where materials with higher dimensions cannot be used. 
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This is the case of luminescent NPs used as nanoprobes for bioapplications, including in 

biodetection, bioimaging, diagnosis and therapy. In fact, the study of luminescent 

nanomaterials for biomedicine applications is today one of the strongest focuses of research 

in N&N, attempting to unravel the cure for several societal needs. The spectral features and 

dynamics of luminescence in nanomaterials can be strongly modified by the size reduction 

to the nanoscale, allowing design luminescent biosensors and biomarkers for specific 

disease targets after an appropriate surface functionalization. Understand how these 

properties change with size is crucial for further manipulation and technological application 

of NPs.  

An important class of luminescent materials that have received special attention in the last 

decade are the wide band gap inorganic host doped with lanthanide (Ln) ions. The 

luminescent features of Ln ions combined with the intrinsic properties of such hosts (in 

particular oxides) can result in materials with outstanding properties that can be used to 

overcome the current needs in photonics and optoelectronics (including solid state 

lighting), biosensors and theranostics. On one hand, the fast development in lighting 

technologies based on solid state materials leads to a strong demand for alternative 

luminescent materials with high performance. On the other hand, the need of high sensitive 

and less harmful bioassays results in an intense search for alternative luminescent 

bioprobes.  

Zirconia (ZrO2) is an oxide material with a high potential as host for the incorporation of Ln 

ions to produce high performance luminescent materials. Besides its appropriated optical 

properties, including wide band gap energy (4-6 eV, depending on crystalline phase 

nature [18]) and relatively low cut-off phonon energy (with reported energy of stretching 

mode around 470 cm-1 [19]), this oxide has a high chemical, thermal and photostability and is 

also bio-inert. All these characteristics make zirconia an appropriated choice for application 

in harsh environments. For example, thanks to the high photostability, zirconia can resist 

long times to high levels of UV radiation without deteriorate its properties.  

Motivated by the current demands for luminescent materials with improved characteristics, 

and by the huge expectation in the application of inorganic luminescent nanomaterials, this 

work aims to: 

 Explore alternative synthesis technique that allow a simple, rapid  and reproducible 

large scale production of Ln-doped zirconia; 

 Produce Ln-doped zirconia materials in different scales (millimetric, micrometric 

and nanometric crystals); 
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 Explore the luminescent properties of zirconia hosts doped with different lanthanide 

ions; 

 Investigate the nano-size effect on the luminescence characteristics of Ln-doped 

zirconia nanomaterials; 

 Explore the potential applications of the produced materials in lighting and 

bioapplications. 

Two achieve these goals, luminescent materials based on zirconia doped with different 

lanthanide ions were produced using three different techniques: laser floating zone (LFZ), 

solution combustion synthesis (SCS) and pulsed laser ablation in liquids (PLAL), which 

allow the production of bulk crystals, nanocrystalline powders and NPs, respectively. 

Among other reasons, these techniques where selected based on their simplicity and 

potentiality for scale-up. LFZ exhibit advantageous over other crystal growth techniques, 

since it allows the growth of crystals with high purity at higher growth rates, and of 

materials with high melt temperature [20]. SCS allows the rapid and economic production of 

large quantities of nanocrystalline powders [21,22]. PLAL consists in a simple and green 

technique to produce NPs colloids. Before the work herein presented, reports related with 

the production of zirconia NPs by PLAL were limited to a few published data related with 

undoped NPs [23,24]. The work developed in this thesis also intends to contribute for a higher 

comprehension of the benefits and limitations of the studied synthesis processes and to 

evaluate the viability of each one in the production of lanthanide based luminescent 

materials. In addition to the exploitation of the fundamental properties of different 

lanthanide ions incorporated into zirconia based lattices, this work also aims to contribute 

to the comprehension of the size effect on the optical properties of these materials, by 

comparing the properties of the single crystals, powders and NPs. Besides, the downshifted 

luminescence of Ln ions in the trivalent charge state embedded in zirconia host, the 

upconversion luminescence of some of these ions was also explored under different ambient 

environments, upon infrared excitation. The latter is suitable for the development of specific 

devices based on such excitation/luminescence phenomena. 

1.1 Structure of the thesis 

This thesis is organized in 10 chapters. In first chapter, a general introduction to N&N field 

and the motivation behind the realization of this work is presented. A brief introduction to 

the role of the inorganic luminescent materials, with special attention to the luminescence 

based on lanthanide ions embedded in inorganic hosts is given in Chapter 2. At the end of 
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this chapter, the main applications of such luminescent materials are explored, with the 

emphasis placed in solid state lighting and luminescent bioprobes. In Chapter 3 an overview 

of zirconia material properties is presented. The distinct zirconia polymorphs and the 

mechanisms for the stabilization at room temperature (RT) of the high temperature 

crystalline phases are explored. In addition, since in this thesis yttrium was used as 

stabilizer, a brief revision of the ZrO2-Y2O3 phase diagram is also presented. The properties 

and technological applications of stabilized zirconia are also revised. At the end, the 

potentialities of zirconia as an effective host for the incorporation of optically active Ln ions 

are also explored. In Chapter 4, the characterization techniques used to evaluate the 

morphology, structure and luminescent properties of the produced samples are described.  

Chapters 5, 6 and 7 are dedicated to the growth/synthesis of bulk crystals by LFZ, 

nanocrystalline powders by SCS and nanoparticles colloids by PLAL, respectively. These 

chapters follow identical structure and can be dived in two main parts. In the first part, the 

fundaments of respective growth/synthesis technique (LFZ, SCS and PLAL) are explained 

and the used experimental setup is described. In the second part, the results obtained of 

morphological, structural and optical characterization of the produced samples (bulk 

crystals, nanocrystalline powders, and nanoparticles colloids) are presented and discussed.  

Chapter 8 consists in a special section dedicated to the upconversion luminescence. In the 

first part of this chapter the fundaments and mechanisms behind the upconversion 

luminescence are revised. After, the upconversion luminescence of bulk crystal, 

nanocrystalline powders and nanoparticles are detailed and explored.  

In Chapter 9, the perspectives of applications of the produced luminescent materials are 

envisaged. An overview of the work undertaken in this thesis and final conclusions followed 

with new ideas for further developments are presented in Chapter 10. 
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Chapter 2.  

Luminescent inorganic materials 

 A brief introduction to the role of the inorganic luminescent 

materials, with special attention to the luminescence based on 

lanthanide ions embedded in inorganic hosts is given in this 

chapter. 

The main applications of such luminescent materials are explored, 

with the emphasis placed in solid state lighting and luminescent 

bioprobes. 
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As light is essential for the existence of life in a fundamental sense, the development of light 

technologies is also crucial to promote life quality and to revolutionize the society through 

the development of different areas such as medicine, communications, entertainments and 

culture [1]. With such high potentialities, photonics (the science and technology for 

understanding, controlling and exploiting the interaction of light/photons and matter [2]), is 

considered one the most important technologies of the future. Nowadays, the advancements 

in the photonic-based technologies are focused in solving important challenges in our 

society, such as energy generation and energy efficiency, healthy ageing of the population, 

climate changes, and security [1]. 

Photonic technologies represent an economically strong industry (Figure 2.1), with a huge 

impact on the world’s economy with a global market of 300 billion euros in 2011 and the 

roadmap project values over 600 billion euros in 2020, according with the Photonics 

Industry Report 2013, released by photonics21.org [1,3]. 

 

Figure 2.1. World market in photonic in the years 2005 and 2011 and expectations for 
2020 [1,3]. 

Luminescent materials, defined as solid materials that convert absorbed energy into 

electromagnetic radiation rather than thermal radiation [4,5], are key components in several 

photonics applications, mainly in the ones which aim the generation and amplification of 

light [4,5]. These materials, sometimes also named as phosphors, are known from a long time 

and their development and of their technological applications was marked by several 

important landmarks over the years. The luminescence phenomena was first identified in 

natural crystals such as willemite, a zinc silicate mineral (Zn2SiO4), scheelite, a calcium 

tungstate mineral (CaWO4) and calcite, a calcium carbonate mineral (CaCO3) [6]. For a long 
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time, the luminescent materials were only used for decoration purposes [6]. It was in the end 

of nineteenth century that one first important milestone for the development of luminescent 

materials and devices took place. This development was driven by the first realization of gas 

discharge and electron beams in evacuated gas tubes by Geissler and Braun, as well by the 

discovery of the X-rays by Röntgen [6]. The first luminescent devices, including cathode ray 

tubes (CRTs), fluorescent lamps and X-ray intensified screens, were developed only few 

years after these discoveries. An important phosphor used in these applications was the 

CaWO4 that has an efficient blue emission [6]. Further developments in luminescent 

materials and devices were strongly stimulated during the Second World War, with the 

intense research in luminescent materials for CRTs due to the demand for radar screens 

development. Later, in the first half of twentieth century, luminescence materials 

development was motivated by the quick and successful application of fluorescent lamps in 

lighting and of X-rays in medical imaging [6]. The first luminescent devices contained only 

one luminescent material and typically presented a coloured emission. Lamps with white 

luminescence, using only one phosphor, were firstly invented in 1926 by Meyer and et al. [7]. 

These lamps used a doped halophosphate (Ca5 (PO4)3(Cl,F):Sb3+,Mn3+) as luminescent 

material, with the perceived white emission provided by a broad luminescence band 

extended over all the visible spectral region. Other important landmark in the development 

of luminescent materials and devices occurred when Koedam and Opstelten [8] suggested in 

1971 the use of Ln ions for improving the emission characteristics of such materials. This 

was particularly important to the evolution of lighting technologies. In 1972, phosphors 

using a combination of three Ln ions, Sr3(PO4)5Cl:Eu2+, LaPO4:Ce3+,Tb3+ and Y2O3:Eu3+ with 

light emission in blue, green and red regions, respectively, were used in fluorescent lamp to 

produce white light with higher efficiency and lumen equivalency [6]. Since then, the increase 

demand for efficient light sources has driven the worldwide research in undoped and doped 

wide band gap hosts with different dimensionalities, among which are, for instance, the 

nitrides hosts responsible for the efficient blue InGaN light emitting diode (LEDs) used in 

our daily life. The latter, combined with a phosphor (Y2O3:Ce) leads to the white light 

sources currently used in illumination purposes [9].  

Luminescence, i.e. the phenomena in which a material emits light after energy absorption, is 

categorized according with the type of radiation used as excitation [4,10,11]. In Figure 2.2 are 

indicated some of luminescence categories according with the type of absorbed energy. 

Electro-, cathode-, radio- and photoluminescence, in which the material is excited, 

respectively, by an electric field, electron beam, ionizing radiation and photons are 

nowadays highly explored techniques to produce different types of luminescent devices. In 
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this thesis, the emphasis will be placed in the analysis of luminescent materials using 

photons as excitation, the above designated photoluminescence (PL). 

 

Figure 2.2. Overview of several luminescence phenomena according with the type of absorbed 
energy (drawn based in [10]). 

Over the years, a wide variety of both inorganic and organic luminescent materials have 

been explored for photonic applications. Organic luminescent materials, which consist in 

polymers or low molecular weight materials applied as thin films or solid solutions, show 

usually intense luminescence. However, these materials are characterized by low chemical, 

thermal and photostability [12]. In contrast, inorganic luminescent materials can show a high 

stability meaning that they are much more suitable and reliable for practical applications.  

Regarding the inorganic hosts, several types of semiconductor materials, such as SiC, GaN, 

ZnSe, CdS, GaAs, InGaN, AlGaAsP and others, can be found in many light emitting 

technologies taking advantage of their direct band gap and efficient recombination from an 

electron in conduction band (CB) with a hole in the valence band (VB), the so-called 

band-to-band transitions. In addition, intrinsic lattice defects and intentionally introduced 

dopants in a given host, can lead to optically active centres, inducing remarkable 

luminescence properties in semiconductors and insulator materials for the above 
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mentioned applications (Figure 2.3) [13]. In particular, inorganic wide band gap materials 

intentionally modified with a controlled and reproducible doping emerged as a new class of 

luminescent materials with high technological importance for lighting and biomedical 

applications [4,14]. The large band gap of the host lattice makes it transparent to ultraviolet 

(UV) and visible radiation and prevents any electrons from bridging the forbidden gap 

thermally, in such way that the undoped host is expected to be optically and electrically 

inert [13]. The incorporation of the dopant ions on the lattice leads to the introduction of 

electronic energy levels of the ion within the energy gap of the host. In the end, the 

luminescent properties of the doped materials are dependent on the intrinsic properties of 

the host and the dopant ion [13]. In some cases, sensitizer ions, with high absorption cross 

section of the excitation energy, are also intentionally incorporated in the lattice (co-doping 

process) in order to increase the emission intensity of a given activator ion, after energy 

transfer processes (Figure 2.3).  

 

Figure 2.3. Simplified schemes of the luminescence in inorganic materials: a) example of an 
emission in a semiconductor after band to band absorption (VB and CB represent the valence 
and conduction bands, respectively, and A and D the acceptor and donor energy levels); b) and 
c) corresponds to the emission from an activator ion after absorption of the excitation energy 
by itself and after absorption of the excitation energy by a sensitizer ion, respectively. In the 
latter case energy transfer from the sensitizer to the activator occurs. G represents the ground 
state energy level and E1 and E2 excited states of the ions. In a general way, these schemes can 
also be applied to other optically active defects (adapted from [15]). 

Transition metals (TM) and Ln ions are the most common dopants that are deliberately 

incorporated into wide band gap materials to confer specific luminescence characteristics to 

the host material [13]. Within the TM ions, the ones with an 1s2 2s2 2p6 3s2 3p6 3dn (n=1 to 9) 

electronic distribution, called the 3d elements, are the most used as optically active dopants. 

The positive valence of these ions in solid materials depends on the host nature. 

Additionally, since the electrons involved in the optical transitions are the 3d electrons 
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placed in the outer shell, the electronic energy levels are strongly influenced by the 

surrounding crystal field. [11]. Typically, absorption and emission spectra of TM ions in 

crystalline hosts are characterized by broad emission bands due to the strong 

electron-phonon coupling to the lattice phonons, even though sharp lines (zero phonon 

lines, ZPL) are sometimes observed. Additionally, TM optically activated ions are 

characterized by a large Stokes shift between the absorption and emission bands [11].  

Despite the interest of the properties of TM ions as activators, the main research on 

phosphors for photonics and bioapplications has been placed on Ln ions, considering such 

ions in different charge states. In particular, the trivalent Ln ions (Ln3+) show particular 

photophysical properties which give rise to peculiar luminescent features, as will be 

described in next subsection. The dopant Ln ions are known to frequently substitute some 

of the lattice cations. As a result of the incorporation of Ln3+ in the host lattice, well-localized 

energy levels belonging to the 4fn ground state configuration and 4fn−15d excited state 

configuration of the Ln3+ dopant (see next subsection) are introduced between the valence 

and the conduction bands of the hosts [13,16]. Therefore, under proper excitation, and 

depending on the used Ln3+, the materials can emit a widespread of photons covering all the 

electromagnetic spectrum, from UV, visible and infrared.  

Besides the transparency in the UV and visible spectral range, effective inorganic hosts for 

the incorporation of optically active Ln3+, should have a low phonon cut-off energy in order 

to achieve intraionic efficient luminescence by minimizing the nonradiative deexcitation 

through multiphonon relaxations. In addition, materials with high photostability that can 

resist to high energy photon irradiation by a long period of time are also advantageous. 

Moreover, for many photonic applications, materials with high chemical and thermal 

stability, and in some cases with high mechanical resistance, are also required. Intraionic 

luminescence of Ln3+ embedded in several inorganic hosts, including fluorides, oxides, 

oxynitrides, sulphides, selenides, halides or silicate alkaline halides, chlorides, tungstates, 

phosphates, and others have been reported [13,14]. Within these materials, doped fluorides 

and oxides are among the most promising hosts for phosphors and bioapplications.  In a 

general way, fluorides hosts usually lead to a higher efficiency of the dopants luminescence, 

mainly due to their lower vibrational energy which decreases the probability of the 

nonradiative paths. On the other hand, oxides, including zirconia, generally have a better 

photo and chemical stability, which is a major issue for phosphor technologies. In addition, 

oxides are usually synthesised by more simple, fast and less expensive techniques [17]. These 

issues strongly motivated the study of the luminescence of Ln ions in wide band gap oxides. 
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2.1 Luminescence of Ln ions  

The lanthanides are constituted by 15 consecutive chemical elements of the sixth row in the 

periodic table, starting in lanthanum (La), with atomic number 57, until lutetium (Lu), with 

atomic number 71 [18]. As aforementioned, when incorporated in solid state materials, these 

elements can be found in the trivalent (Ln3+), divalent (Ln2+), or either in a tetravalent 

charge state (Ln4+) [4,19]. Both the trivalent and divalent lanthanide ions are important 

optically activators used nowadays in several photonic applications. 

Table 2.1. Electronic configuration of lanthanide elements and respective trivalent ions. The 
ionic radius of the ions is also indicated [20]. 

Ln atom 
Atomic 
number 

Ln electronic configuration  

 
Ln3+ ion 

Ln3+ electronic 
configuration 

(Ground state) 

Ln3+ ionic 
radius (Å) 

La 57 [Xe] 5d1 6s2 La3+ [Xe] - 

Ce 58 [Xe] 4f1 5d1 6s2 Ce3+ [Xe] 4f1 (4F5/2) 1.034 

Pr 59 [Xe] 4f3 6s2 Pr3+ [Xe] 4f2 (3H4) 1.013 

Nd 60 [Xe] 4f4 6s2 Nd3+ [Xe] 4f3 (4I9/2) 0.995 

Pm 61 [Xe] 4f5 6s2 Pm3+ [Xe] 4f4 (5I4) 0.980 

Sm 62 [Xe] 4f6 6s2 Sm3+ [Xe] 4f5 (6H5/2) 0.964 

Eu 63 [Xe] 4f7 6s2 Eu3+ [Xe] 4f6 (7F0) 0.950 

Gd 64 [Xe] 4f7 5d1 6s2 Gd3+ [Xe] 4f7 (8S7/2) 0.938 

Tb 65 [Xe] 4f9 6s2 Tb3+ [Xe] 4f8 (7F6) 0.923 

Dy 66 [Xe] 4f10 6s2 Dy3+ [Xe] 4f9 (6H15/2) 0.908 

Ho 67 [Xe] 4f11 6s2 Ho3+ [Xe] 4f10 (5I8) 0.894 

Er 68 [Xe] 4f12 6s2 Er3+ [Xe] 4f11 (4I15/2) 0.881 

Tm 69 [Xe] 4f13 6s2 Tm3+ [Xe] 4f12 (3H6) 0.869 

Yb 70 [Xe] 4f14 6s2 Yb3+ [Xe] 4f13 (2F7/2) 0.858 

Lu 71 [Xe] 4f14 5d1 6s2 Lu3+ [Xe] 4f14  (1S0) 0.848 

Ln3+ and Ln2+ have very different spectroscopic features, which are particularly related with 

their electronic configurations. In both oxidation states, the ions have an 4fn ground state 

electronic configuration, in which n is the number of electrons and includes one more 

electron for the Ln2+ when compared with the Ln3+ based on the same element [11]. However, 

while for the divalent lanthanide ions the 4f(n-1) 5d excited configuration is not far in energy 

from the 4fn ground state configuration, in the case of Ln3+ the energy separation between 

the excited configuration and the ground state configuration is high. As result, typically 

4fn⟶4f(n-1) 5d interconfigurational transitions of Ln2+ ions occur in the visible range of the 

electromagnetic spectrum [11]. On the other hand, in Ln3+ the 4fn⟶4f(n-1) 5d 

interconfigurational transitions typically occur at higher energies, in the UV or vacuum 
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ultraviolet (VUV) spectral regions [11]. Nevertheless, for Ln3+ a wide range of electronic states 

are incorporated in the material forbidden band gap. Therefore UV, visible and 

near-infrared (NIR) emissions are usually observed and commonly assigned to electronic 

transitions between the energy levels within the 4fn configuration. The dominance of the 

intraconfigurational electronic transitions in the case of Ln3+ and of the interconfigurational 

electronic transition in the case of Ln2+ leads to very distinct spectroscopic properties when 

the material is excited with UV or visible radiation, as it will be explored in the following 

sections. 

2.1.1 Effect of crystal field on the dynamics of Ln3+ luminescence  

The number of electrons in the unfilled 4fn shell in Ln3+ increases between 0 and 14 from 

La3+ to Lu3+ (see Table 2.1). In these ions, the filled 5s2 and 5p6 subshells are located farther 

from the nucleus than the incomplete 4fn shell [13]. This displacement is schematic illustrated 

in Figure 2.4 a) for a Ln3+ embedded in a given crystal and by the radial probability 

distribution functions of the 4f valence and core electrons for Nd3+, shown in Figure 2.4 b). 

As a result of this displacement the electrons in the incomplete 4fn shell are shield from the 

surrounding environment by the electrons of the outer 5s2 e 5p6 subshells and there is little 

or no overlap between their wavefunctions with those of the electrons of ligand ions [11,21]. 

As a consequence, when a Ln3+ is incorporated in a solid state material, the energy levels of 

the free ion are weakly disturbed by the local crystalline field. Therefore, the optical intra-4f 

transitions maintain almost its atomic character, resulting in absorption and emission 

spectra with well-defined and narrow lines, very similar to the ones expected for the free 

ions [2,20,21]. In addition, due to the weak interaction between the ion and the surrounding 

medium, the energy positions of the intra-4f transitions are practically independent of the 

host in which the ion is embedded. Such means that the absorption and emission bands 

assigned to a specific intra-4f electronic transition appear almost at the same wavelength 

for a given ion incorporated in different matrixes. In addition, since the intra-4f electronic 

transitions are forbidden by parity in accordance with Laporte rule [22], the intra-4f 

emissions of Ln3+ are characterized by long lifetimes. In contrast, the energy levels of the 

electron in the 5d shell are significantly affected by the crystalline field generated by the 

surrounding environment. Hence, the spectral positions of the 4fn⟶4f(n-1) 5d electronic 

transitions in Ln2+ ions are very sensitive to the type of crystalline lattice and, therefore to 

the local crystalline field in which the ion is inserted. As a result, the same ion inserted in 

different hosts can show very distinct energy emission colours. For example, Eu2+ 

incorporated into Sr2P2O7 shows intense emission in the violet region, while the same ion 

inserted in SrAl2O4 emits in the green spectral region [11]. In general, Ln2+ visible emission is 
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characterized by broad and intense bands, associated to the electric dipole (ED) allowed 

4fn⟶4f(n-1) 5d electronic transitions, while the intra-4f transition in Ln3+ give rise to sharp 

emission lines and to low Stokes shifts. 

 

Figure 2.4. a) Schematic representation of the electronic structure of a Ln3+ when incorporated 
in a crystalline lattice (adapted from [21]). b) Radial probability distribution functions of 
valence 4f electrons (green line) and core electrons (black line) of Nd3+ (adapted from [23]). 

When compared with the free ion, the effect of the local crystalline field in the electron 

energy levels of the Ln3+ incorporated in a solid host, can be summarized by a slight shift in 

energy with further level splitting due to the decrease of the ions local symmetry [2]. For a 

Ln3+ incorporated in a solid material the Hamiltonian H that describes all the electron 

interactions in the ion is given by Eq. 2.1, in which HFI, HL and HCF are the Hamiltonian for the 

free ion, lattice and crystal field, respectively [13].  

𝐻 = 𝐻𝐹𝐼 +  𝐻𝐿 + 𝐻𝐶𝐹                                                                  𝐸𝑞. 2.1 

The free ion Hamiltonian, HFI, describes all the electric and magnetic interactions in the ion. 

In the case of ions with high number of electrons, as is the case of Ln3+, the most important 

terms of the interactions can be described by [13] 

𝐻𝐹𝐼 = 𝐻𝑂 +  𝐻𝐶 + 𝐻𝑆𝑂.                                                                𝐸𝑞. 2.2 

HO includes the kinetic energy of the electrons and the electrostatic interaction of each 

electron with an average potential due to the nucleus and the other electrons in the inner 

and outer shells. As the all valence electron are under the same potential, for a particular 

electron configuration, the eigenstates of HO are degenerated [13]. For the free ion, the 

degenerated states in an electron configuration are further splitted as a result of Coulombic 
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interaction (described by the HC) and spin-orbit coupling (described by the HSO). The 

splitting of the energy levels of the electrons in the 4f configurations, due to different 

electronic interactions, is schematically represented in Figure 2.5, where the [Xe] 4f6 

configuration of Eu3+ is taken as an example. The stronger electronic interaction is the 

Coulombic interaction that represents the electron-electron repulsion within the 4f orbitals. 

These interactions lead to different 2S+1L terms, separated between them by energies in the 

order of 104 cm-1, in which 2S+1 represents the total spin multiplicity and L the total angular 

orbital momentum [2]. Each one of these terms is further unfolded into several energy 

J-levels due to the spin-orbit coupling. As a result of the heavy nucleus of Ln3+, the spin-orbit 

coupling splitting is relatively large, leading to energy separations between J-levels in the 

order of 103 cm-1. Each one of these J-levels is represented by the symbols 2S+1LJ, in each J is 

the total angular momentum of the 4f electrons, and these are the free Ln3+ energy levels [2]. 

When the ion is inserted in a crystalline environment an additional splitting of the 2S+1LJ 

levels, due to the interaction of the 4f electron with the neighbouring ions (generating a 

local crystalline field in the Ln3+ place) is observed. As explained above, the latter interaction 

is weak due the shielding of the valence electrons, giving rise to sublevels with energy 

separations in the order 102 cm-1 [2]. The result of the crystalline field splitting in the 

absorption/emission spectra of a Ln3+ in a crystal is identified by the presence of a fine 

structure in the individual band of the 2S+1LJ⟶2S’+1L’J’ transitions.  

 

Figure 2.5. Partial representation of the splitting of the electron energy levels, due to different 
interactions in Ln3+. The [Xe] 4f6 configuration of Eu3+ was taken as example (adapted from [2]). 

The maximum number of split sublevels for each 2S+1LJ multiplet is given by (2J+1) for an 

integer J and by (J+
1

2
) for a half integer J [24]. In fact, the number of unfolded components is 
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determined by the local symmetry around the Ln3+ in the crystal. The maximum number of 

sub-levels splitted by the crystalline field as a function of J quantum number and for 

different lattice symmetries is indicated in Table 2.2 [22]. A complete split of the 2S+1LJ in its 

maximum components is only observed when the ion is placed in an environment with very 

low symmetry. On the other hand, when the ions are placed in high symmetry environments 

the number of unfolded components is low. As such, important information about the 

symmetry of the coordination environment of the Ln3+ can be obtained by the analysis of the 

number of splitted components observed in the emission or absorption spectra [2]. However, 

the identification of the local symmetry of the ion taking into account the number of splitted 

components observed in a spectrum is not always easy. First, a high resolution spectrum, 

with all the lines well resolved should be considered. Second, the mixing of splitted 

components due to the Ln3+ in different local symmetries (e.g. different site locations in the 

host) will difficult the analysis. 

Table 2.2. Maximum number of sub-levels splitted by the crystalline field as a function of J 
quantum number [22]. 

Symmetry Site symmetry 
Integer J 

1 2 3 4 5 6 7 8 

cubic T, Td, Th, O, Oh 1 1 3 4 4 6 6 7 

hexagonal C3h, D3h, C6, C6h, C6v, D6,D6h 1 2 5 6 7 9 10 11 

trigonal C3, S6, C3v, D3, D3d 1 2 5 6 7 9 10 11 

tetragonal C4, S4, C4h, D4, D2d,D4h 1 2 5 7 8 10 11 13 

low C1, Cs, C2, C2h, C2v, D2, D2h 1 3 7 9 11 13 15 17 

Symmetry Site symmetry 
Half-integer J 

1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2 17/2 

cubic T, Td, Th, O, Oh 1 1 2 3 3 4 5 6 6 

All others*  -- 1 2 3 4 5 6 7 8 9 

*All ligand-field sub-levels are doubly degenerated 

In the 1960s, Dieke and co-workers reported a first overview of the 4fn energy levels for all 

the Ln3+ [25]. The energy level diagram, known as the Dieke diagram, was built based on 

systematic measurements of the optical spectra of the different Ln3+ incorporated in a 

particular lattice, the lanthanum chloride (LaCl3). The diagram shows the 2S+1LJ energy states 

of the Ln3+ in this host, in the near UV, visible and NIR spectral regions. Figure 2.6 shows an 

adaptation of the Dieke diagram for the ions between Ce3+ and Yb3+. The width of each 

energy state indicates the magnitude of the crystal field splitting and the energy states that 

are marked with a semicircle or triangle correspond to light emitting levels, in other words, 

to levels for each the direct depopulation originates luminescence [11]. Due to the weak 

influence of the crystal filed in the energy levels, the Dieke diagram is currently used to 

extrapolate the energy levels of Ln3+ in other lattices. As such, the Dieke diagram remains 
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nowadays an important guide to predict, in a roughly way, the energy location of the Ln3+ 

multiplets and to help for a proper assignment of the emission spectra corresponding to the 

Ln3+ in crystals [11]. The most intense radiative intra-4fn transition of each Ln3+ in LaCl3 host 

is highlighted in the Dieke diagram shown in Figure 2.6. The widespread of the 

Ln3+electronic energy levels allows tuning the emission from the UV (Gd3+), visible (Eu3+, 

Tb3+, Dy3+, Pr3+, Sm3+, Tm3+, etc.) to the NIR (Pr3+, Nd3+, Ho3+, Er3+, Yb3+), by a proper choice of 

the dopant ion or mixture of ions [22].  

 

Figure 2.6. Dieke energy levels diagram of trivalent lanthanide ions from cerium to 
ytterbium [26]. 

Even though the Dieke diagram is an extremely useful tool for the assignment of the 

emission lines in an emission spectrum, no information regarding the relative intensity (and 

exact energy) of the emission lines of the ion in a specific material can be obtained from 

these diagrams. Theoretical works developed independently by Judd and Ofelt in 1962 were 

an important contribution in this subject. The so-called Judd-Ofelt [27,28] theory allows the 

calculation of the intensity of the ED induced transitions between the multiplets of the Ln3+, 

often used to forecast the luminescent properties of Ln3+ in crystals or glasses using well 

resolved absorption spectra [21]. 
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While the crystal field interaction has a weak effect on the energy states of the system, the 

dynamic of the luminescence processes can be strongly affected when the ions are placed in 

a given host [13]. The relative intensity between different intra-4f transitions and also the 

overall intensity of the emission is strongly dependent on the local symmetry in which the 

Ln3+ is placed. In an hypothetical free Ln3+ ion, only magnetic dipole (MD) intra-4f transition 

are allowed. As mentioned above, the ED transitions are forbidden by parity (Laporte rule). 

However, when the Ln3+ is placed in a coordinated environment a relaxation of the selection 

rules occurs and induced ED transitions can be observed as the ligand field mixes odd-parity 

wavefunctions [2]. While the strength (probability) of the allowed MD transitions are 

practically independent of the crystalline environment where the ions are inserted, in the 

case of the ED transitions, since these are induced by the ligand fields, their probabilities are 

very sensitive to the crystal field interaction. Strong and asymmetric ligand fields lead to ED 

transitions with relatively high intensities [2]. In fact, some transitions are extremely 

sensitive to the Ln3+ coordinating environment, called the hypersensitive transitions. In this 

case, depending on the ligand field the transitions can be either completely absent or very 

intense [2]. One example of these hypersensitive transitions is the emission line assigned to 

the 5D0⟶7F2 transition of Eu3+. Comparatively to the completely allowed transitions of other 

luminescent materials, the probability of both MD and the induced ED transitions of Ln3+ 

ions are weak. This is reflected in long radiative lifetimes, usually in the order of 

milliseconds, depending on the Ln3+ and on the host where the ions are inserted. As it will be 

explored further, emission with long lifetimes are of particular interest in some applications, 

including those related with bioimaging and biodetection. 

A negative consequence of the induced ED nature of intra-4f transitions in solid materials is 

the weak absorption of Ln3+, usually with extinction coefficient (ability for a material to 

absorb light of a specific wavelength) in the order of 1 M-1cm-1 and bandwidths lower than 

0.2 nm [2]. As such, the Ln3+ emission upon resonant excitation in their excited multiplets is 

not a very efficient process. The emission efficiency of these ions can be improved by 

increasing the absorption of the excitation light, which can be made using different 

approaches. For example, a second dopant ion, a sensitizer, with high cross section 

absorption, which efficiently absorbs the excitation energy and transfers it to the Ln3+ 

activator, can be used. Other alternative for efficient excitation into the intra-4f energy 

levels of Ln3+ is via parity allowed absorption, either by 4f⟶5d transitions or by charge 

transfer (CT) transition. In comparison with intra-4f transitions, the parity allowed 4f⟶5d 

absorption are much more intense, with extinction coefficients in the range of 200-1000 M-

1cm-1, which in principle can be seen as an efficient alternative to excite the trivalent 
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lanthanide ions [22]. However, besides their strongly dependence of the surrounding 

coordination environment, 4f⟶5d transitions of Ln3+ have large energies, usually above 

6.2 eV (λ < 200 nm), with the exception of Ce3+ (> 4 eV, λ < 312 nm), Pr3+ and Tb3+ 

(> 5 eV, λ < 250 nm) [22]. As such, 4f⟶5d transitions of Ln3+ are rarely observed in 

coordinated compounds. These high energies invalidate, in most of the cases, the practical 

applications of Ln3+ doped phosphors excited via 4f⟶5d transitions. As for the 4f⟶5d 

transitions, ligand-metal ion CT transitions also have huge energies that, with the exception 

of Eu3+, Tb3+, Sm3+ and Tm3+, usually appear at wavelengths lower than 200 nm [22].  

Beyond an efficient route for Ln3+ excitation, the intensity of the Ln3+ emission spectra 

depends on the competition between the radiative and nonradiative mechanisms for the 

electron deexcitation. The high number of the electronic energy levels within the 4f 

configuration, allows for multiple sequential (cascade) radiative and nonradiative relaxation 

in the excited ion [2]. The knowledge of the radiative and nonradiative pathways for the ions 

relaxation is important to understand the emission of the lanthanide ions and to optimize 

the luminescent properties of the materials. The direct radiative emission probability of an 

excited energy level of Ln3+ is strongly related with the energy mismatch between this level 

and the next lower multiplet. Usually, a low energy gap between an excited state and the 

next lower energy level results in a nonradiative deexcitation of the excited state. In 

contrast, excited levels with wide energy gap next to the lower multiplet are usually light 

emitting levels [11]. In solid materials, the nonradiative deexcitation occurs typically by the 

dissipation of energy through lattice vibrations/phonons, in a process called multiphonon 

relaxation. The phonons involved in this process, the effective phonons, are the ones with 

higher energy and with high density of states. The multiphonon emission rate (Anr) of a 

specific excited energy level decreases exponentially with the energy gap between the 

excited state and the energy of the level below. This dependence is expressed by the Eq. 2.3, 

in which Anr (0) and a are constants that depend on the host lattice and ΔE is the energy gap 

between the two electronic states [13].  

𝐴𝑛𝑟 = 𝐴𝑛𝑟(0) × 𝑒−𝑎∆𝐸                                                              𝐸𝑞. 2.3 

This equation represents the experimentally known energy gap law that gives the 

nonradiative deexcitation rate of each energy level of a Ln3+ in a solid lattice, only through 

the knowledge of the energy gap, independently of the ion or the nature of the electronic 

emitting level [13]. As such, only knowing the energy level diagram of the Ln3+ ion it is 

possible to have a prevision of the nonradiative deexcitation rates of the energy levels of 

different trivalent lanthanide ions. The exponential decrease in the nonradiative relaxation 
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with increase in the forbidden energy between the multiplets is strictly related with the 

number of lattice phonons that are necessary to overpass the energy gap between the two 

levels. In the case of a high energy difference a high number of phonons will be required to 

overpass such gap, and consequently the probability of nonradiative deexcitation is low. The 

number of phonons (p) involved in a multiphonon emission process of a specific energy 

level can be calculated by dividing the energy gap (ΔE) by the energy of the effective phonon 

(ℏω0). Thus, the nonradiative deexcitation rate in Eq. 2.3 can be rewritten as a function of 

the number of phonons (Eq. 2.4) [11]. 

𝐴𝑛𝑟 = 𝐴𝑛𝑟(0) × 𝑒−(𝑎ℎ𝜔0)𝑝                                                             𝐸𝑞. 2.4  

Results from experience shows that, if energy of more than five effective phonons are 

required to overpass the energy gap between the two multiplets, the deexcitation from the 

high energy level occurs radiatively [11]. In Ln3+, as a result of the nonradiative deexcitation 

mediated by multiphonons, the emission originates preferentially from the excited energy 

level with the higher energy separation to the next lower energy level. Once again, the 

coordinated environment of the Ln3+ plays an important role in the emission spectra of the 

Ln3+ [2]. The development of efficient luminescent materials doped with Ln3+ requires an 

appropriated selection of the host lattices. As mentioned before, hosts with low effective 

phonons energies are essential to achieve efficient emissions. 

Other important aspect that should be taken into account during the engineering of efficient 

Ln3+–doped inorganic phosphors is the solubility of a specific Ln3+ in a given host. Above a 

critical concentration value, the ions tend to form precipitates in the solid matrix [19]. These 

can be ions clusters or compounds and alloys formed with a component of the host. 

Aggregates formation usually induce a quenching in the luminescence, which can be 

originated by the formation of optical inactive lanthanide compounds or due to ion-ion 

interactions [19]. As such, the establishing of ion concentration limits is important to improve 

the intraionic luminescence intensity. Ion-ion interactions can occur between ions of the 

same species, for example in a cluster, or between different ions, for example in co-doped 

hosts with sensitizers. Usually, the interaction between ions of the same nature constitutes a 

loss mechanism, since it leads to an increase in the nonradiative deexcitation channels or in 

luminescence from unwanted transitions. Such interactions are dependent on the ion 

concentration, since high concentrations lead to shorter distances between the ions 

embedded in a given host. A high number of ion–ion interactions can occur. Figure 2.7 

shows a schematic representation of two different ion-ion interactions between ions of the 

same species, Er3+ is taken as an example. The first example, energy migration (Figure 2.7 a) 
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is strongly dependent on the ion concentration, and occurs when one ion in an intermediate 

excited state (ion 1 in the example) interacts with a neighbour ion in the ground state (ion 

2) promoting this to an intermediate excited state. Even though radiative deexcitation can 

occur for the ion 2, this process consists in a loss mechanism, since the probability of 

nonradiative deexcitation increases with each successive energy transfer [19].  

 

Figure 2.7. Schematic representation of energy migration and cross-relaxation processes 
between Er 3+ ions (adapted from [19]). 

In the cross-relaxation process (Figure 2.7 b) the deexcitation energy from an ion (ion 1 in 

the example) decaying from a high energy level promotes the excitation of a neighbour ion 

(ion 2) from the ground state to an intermediate excited state. In order to observe this 

process, the energy difference between the upper excited state and the intermediate one, of 

the ion 1, should be close to the energy difference between the two energy levels involved in 

the energy absorption of the second ion [19]. This is for instance the case of the Er3+ ions 

indicated in Figure 2.7 where the energy difference between the 4I9/2 and 4I13/2 levels is 

similar to the energy difference between 4I13/2 and 4I15/2 levels. Therefore, the population of 

the intermediate excited state may be increased by the cross-relaxation process, namely in 

samples with high ion concentrations. Although cross-relaxation is a loss mechanisms, in 

some cases this process is induced purposely. For example in Er3+ doped materials the 

cross-relaxation processes can be used to tune the emission colour from green to red as will 

be discussed latter on in Chapters 7 and 8 with the presentation of the experimental results 

in erbium doped zirconia samples. 

The interaction between ions of different elements can be used to promote new excitation 

schemes of Ln3+ ions. In such cases, the host needs to be intentionally doped, in a 

controllable way, with two or more different ions. As introduced in the beginning of the 

current chapter, assuming a simple co-doping (considering two distinct ions), one of the 

ions - the sensitizer - which can be a Ln3+ or other type of ion, absorbs the energy of the 

excitation radiation. The absorbed energy is transferred to the activator, in this case the 
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Ln3+, which is promoted to an excited state. This type of interaction allows, on one hand, the 

use of a wide range of excitation energies while, by the other hand, leads to the 

improvement of the luminescence efficiency of the Ln3+ ion [13,20]. 

The luminescence of trivalent lanthanide ions in inorganic materials is frequently classified 

into three categories, named downshifting (DS), downconversion (DC) and upconversion 

(UC) luminescence, according with the relative energy of excitation and emission light 

[15,18,29]. In DS luminescence, an absorbed photon with high energy gives rise to one emitting 

photon with a lower energy (Stokes emission) [18]. The DS luminescence, which is maybe the 

most common process, is usually simply called as luminescence and, typically, the 

conversion efficiency is lower than the unit due to the occurrence of nonradiative 

relaxations. Even if in theory, visible DS luminescence is expected for the most of Ln3+ ions 

due to their high abundant energy level diagrams, usually strong visible emission at RT is 

only observed for a few Ln3+ in solid state hosts. As already stated, typically, intense 

emission at RT can be achieved in phosphors doped with Eu3+, Tb3+ or Dy3+ activators, which 

possess a high energy gap between the emitting energy level and the next low-lying state [18]. 

As such, practical applications of DS luminescence from Ln-doped phosphors are mainly 

restricted to phosphors doped with these ions. In addition, the characteristic long lifetime of 

DS emissions of Ln3+ is particularly important for specific practical applications, including in 

biodetection assays, as it will be explored in the section 2.2.2.  

The downconversion (DC) luminescence is a similar mechanism to the DS. However, in the 

DC process the high energy excitation photon is converted into two or more low energy 

photons. This phenomenon is commonly termed as quantum cutting and in some materials, 

leads to a conversion efficiency higher than 100% [30].  

 

Figure 2.8. Schematic diagram illustrating the processes downshifting, downconversion and 
upconversion luminescence (adapted from [31]).  
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UC is a luminescence phenomenon in which two or more low energy excitation photons are 

sequentially absorbed to give rise to an emission photon with a higher energy (anti-Stokes 

emission), via long lived intermediate states [18]. Efficient UC luminescence is mostly 

produced in inorganic hosts doped with specific trivalent Ln ions, in particular Er3+, Tm3+ 

and Ho3+ [18]. The high UC luminescence efficiency in these Ln3+ is related with their 

ladder-like energy level configuration together with the long lifetime of the emission of the 

intermediate states which allows the promotion of the electron to a superior high energy 

level by the successive absorption of the excitation photons. The mechanism involved in UC 

luminescence will be further explored in Chapter 8 where a detailed analysis of this 

phenomena in the co-doped samples prepared in this work will be presented and discussed. 

Taking advantage of their UC luminescence, Ln3+-doped inorganic materials are currently a 

challenge in several light-based technological fields (e.g. lighting and displays, photovoltaics, 

solid state laser, infrared quantum counters and optical telecommunications [32,33]). As a 

consequence of the advances and development in nanoscience and nanotechnology, UC NPs 

with improved properties can be produced by new strategies of nanomaterials synthesis. 

Nowadays, inorganic UC NPs are among the most promising candidates as luminescent 

bioprobes for biomedical applications, including in optical biodetection and bioimaging (see 

section 2.2.2), being one of the greater worldwide research topic in this field. 

As referred above, nanomaterials frequently present different physical properties from the 

ones observed in its bulk counterparts [4,20]. In the particular case of luminescence, the 

decrease of the materials particle size to a nanometric scale can strongly modify their 

luminescence properties. A concrete and well-known example is the high energy shift of the 

band edge emission in semiconductors QDs, when the particle size is reduced bellow a 

critical value (the exciton Bohr radius) due to quantum confinement effects. In such case, a 

three dimensional spatial confinement of the electron and hole carriers arises in the CB and 

VB, respectively, breaking the translational symmetry. This leads to size-dependent discrete 

electronic energy levels in a similar way to the atomic systems with enhanced band to band 

transition probabilities due to an higher overlap of the electron and hole wavefunctions. 

In the particular case of Ln3+-doped nanophosphors, no quantum confinement effect is 

expected to the intra-4f transitions, due to the localized nature of the electronic states of the 

lanthanide ions [29]. However, the high surface to volume ratio, structural disorder and 

surface defects in NPs play an important role in the luminescence dynamic of these 

materials, as well as the local environment in which the Ln3+ is inserted in the matrix [20,34]. 

Luminescence quantum efficiency, radiative lifetimes, nonradiative relaxation or excitation 

energy transfer processes in Ln3+-phosphors have been reported to be dependent on 
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particle size [20]. A proper understand of the size effects in the luminescence properties of 

Ln3+-doped nanomaterials is essential for the use of efficient nanophosphors in the 

aforementioned applications [34].  

2.2 Applications of Ln3+ phosphors  

Ln3+ doped inorganic hosts constitute a class of luminescence materials with an important 

role in photonics. Since the early applications of luminescent Ln ions in lighting at the end of 

19th century, followed by the discovery of the efficient red emitting Y2O3:Eu3+ phosphors in 

the beginning of 20th century, the discovery of YAG:Nd3+ laser in 1964 and the use of Er3+ 

doped optical fibres for telecommunications in 1987, the number of applications of 

luminescent materials based on Ln3+ increased significantly [22,35]. Today, luminescent 

Ln3+-doped inorganic materials in the form of bulk crystals, glasses, films, powders or NPs 

are used in daily applications from lighting and displays, lasers, optical amplifiers and 

waveguides for optical telecommunications, photovoltaics, sensors, luminescent coatings, 

security ink, night vision, guiding systems, counterfeiting tags, and others, by making use of 

both downshifting and upconversion luminescence of these ions (Figure 2.9) [35]. In addition, 

Ln3+-doped phosphors show a high potential as bioprobes for high sensitive bioassays. An 

increasing research is this field has been observed in the last decade.  

 

Figure 2.9. Some examples of the applications of Ln3+-doped luminescent materials. 
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2.2.1 Lighting applications  

One of the most important and explored applications of Ln3+-doped phosphors is in lighting 

technologies. Artificial light sources are indispensable in our daily life, not only for lighting 

purposes when illumination by natural sun light is not possible, but also for other aspects 

including health and security. Over the years, a great effort has been applied in the 

development of light sources with high efficiencies that can contribute for the decrease in 

global electric energy consumption, which constitutes a huge challenge faced by our society 

[36]. Ln3+-doped phosphors strongly contributed for the development of more efficient 

lighting sources, firstly in fluorescent lamps and more recently in LEDs [36]. 

White light based on the emissions of Ln3+ was firstly achieved in the fluorescent lamps, 

where a mixture of phosphor powders, with emission at different wavelengths in the visible 

spectrum, is deposited in the inner wall of the lamp glass. The phosphor layer converts the 

UV light, generated by electric discharge of the gas inside the tube (mercury in the case of 

typical compact fluorescent lamps) into visible radiation (Figure 2.10 a). The emission 

spectrum of mercury is non-continuous being characterized by several narrow emission 

bands, wherein one of the strongest emissions occurs in the UV spectral region at 254 nm 

(Figure 2.10 b). Phosphors usually used in fluorescent lamps efficiently absorb this light. 

This type of light technology, emerged as efficient alternative to the incandescent lamps that 

are now almost completely removed from the market due to its very low efficiency [36]. 

However, the used mercury gas is very toxic, therefore their use in fluorescent lamps 

represents an environmental and public health problem [12]. Moreover, an additional 

problem assigned to this type of lamps, is the possible emission of UV radiation, mostly if the 

phosphors do not absorb all the UV excitation, which can be dangerous for our eyes and 

skin.  
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Figure 2.10. Photo of a fluorescent compact lamp and schematically representation of the 
process of white light generation on this type of lighting technology (left) (adapted from [37]). 
Discrete emission spectrum of a mercury gas discharge (right) [38].  

Recently, LEDs emerged as an alternative lighting technology already in use in our daily life. 

This technology is now under fast progress and is considered the light technology of future 

[39,40]. Solid state light technology, which is based in electroluminescence, results from the 

high development in semiconductors field in the middle of 20th century. In a LED, the light is 

emitted as result of electron-hole recombination at the semiconductor p-n junction when a 

forward bias is applied. Under this bias condition, electrons flow into the p-type part of the 

junction while holes flow into the n-type, allowing the electron-hole recombination process 

in the depletion zone (Figure 2.11 a). Typically, the emitted radiation of a LED is 

characterized by a narrow bandwidth (few dozens of nanometres) and the emission 

wavelength is dependent of the semiconductor materials used in the device [41]. Single and 

multiple quantum wells (QW) based on thin films of gallium nitride (GaN) and their alloys, 

namely the InGaN (which constitutes the LED active layer), are nowadays the most used 

materials for the production of visible LED. 

Over the years, the development of LED technology was marked by several important 

contributions. One of the most important was given by Isamu Akasaki, Hiroshi Amano, and 

Shuji Nakamura, between 1980s and 1990s, who solved the problem related with the p-type 

doping in GaN allowing the further developments for the production of efficient blue LEDs 

[42]. After that, an exponential progress in solid state light technology occurred and still 

persists. The achievements of the mentioned researchers were crucial to the actual state of 

the art in lighting technologies and their work was worldwide recognized through their 

nomination and award to the Nobel Prize in Physics in 2014. Currently LEDs with different 

shapes and characteristics are available on the market and found different lighting 

applications, ranging from backlight units for liquid crystal displays (LCD), general outdoor 
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and indoor illumination, automobile lighting or even for illumination of special places such 

as museums [41,43,44]. Figure 2.11 b) shows a representation of a typical LED and Figure 2.11 

c) shows a photograph of several LEDs emitting different light colours and a photo of a 

white LED strip. 

 

Figure 2.11. a) The p-n junction in a diode (adapted from [45]). b) Schematic representation of a 
LED (adapted from [46]). c) Photography of LEDs emitting different light colours (left) and 
white LEDs strip (right) [47]. 

As each semiconductor material in a LED chip emits light in a narrow region of the visible 

electromagnetic spectrum, the most used approach to the generation of the perceived white 

light in LEDs is based on strategies that involve the combination of different colours. The 

first strategy considers the combination of multiple LED chips emitting at different 

wavelengths in a single device, frequently in the blue, green and red and so denominated a 

RGB LED (Figure 2.12. a). Other possible strategy, is the use of a phosphor or mixture of 

phosphors emitting in different wavelengths, on the top of a LED chip (Figure 2.12. b). The 

light emitted by the LED chip can be totally or partially absorbed by the phosphor(s) and 

converted into light with a higher wavelength (downconversion). The combination of the 

light colours emitted by the LED chip and the phosphor(s), is perceived as white light. These 

type of white-LEDs are called phosphor converted LED (pc-LEDs). The third approach is a 
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combination between the first and second ones, in which a combination between the 

emissions from a LED chip and a pc-LEDs is used to produce white light (Figure 2.12.c) [48,49]. 

The evolution of lighting technologies from the incandescent lamps to fluorescent lamps and 

more recently to LEDs constituted a major breakthrough to decrease the global electrical 

energy consumption. In an incandescent lamp only around 10% of the emitted radiation is 

in the visible range and 90% of electric energy is loss as heat [50]. In contrast, phosphors 

used in LEDs and fluorescent lamps emit predominantly in the visible range and high 

luminance efficiency can be achieved in these light technologies. In addition, LEDs bulbs are 

characterized by much longer lifetimes. In Table 2.3 the characteristics of a conventional 

halogen incandescent lamp, a compact fluorescent lamp and a white LED bulb, used in 

domestic illumination are compared. The information was obtained from the data sheet 

specifications of three commercial products from OSRAM GmbH [51]. White LEDs show a 

combination of characteristics, including high brightness, long durability, good colour 

rendition, low power consumption, mercury-free composition and easy manufacturability, 

which make them very attractive over other white light sources [43]. 

 

Figure 2.12. Different approaches to achieve white light using LEDs (adapted from [48]). 

The white light generated by a light source is mainly characterized by its chromaticity 

coordinates, colour correlated temperature (CCT), colour rendering index (CRI) and 

luminous efficiency. The chromaticity coordinates (x,y) are defined based on the 

Commission Internationale de l’Eclairage (CIE) system, which is the most common method 

to describe the composition of any colour in terms of tristimulus values (X,Y,Z) [49]. In the CIE 

system any colour is characterized by a luminance parameter Y and two colour coordinates 
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(x, y), which locate the emission colour in the chromaticity diagram. In this diagram the 

perfect white light has CIE coordinates (0.33, 0.33) [45]. 

The CCT of a light source is defined as the absolute temperature at which a blackbody 

radiator (such as the tungsten filament of an incandescent lamps) should be operated in 

order to have a chromaticity equal to that of the test light source [49]. The blackbody 

radiation consists in a continuum emission spectrum that can cover all the visible range. As 

is well known, the increase of the temperature in a blackbody radiator induces a shift of the 

maximum of the emission for higher energies. As such, as the temperature of a blackbody 

radiator is raised from 2000 K to 10000 K, the emitted white light moves from reddish 

(warm) to bluish (cold) [52]. In the same way, a luminescent light source (fluorescent lamp or 

white LEDs) can produce a cold or warm white light depending on the intensity ratio 

between the blue and yellow/red emission components. In fluorescent lamps and white 

pc-LEDs, the used phosphor(s) strongly define the CCT of the light source [52]. Therefore, the 

choice of an appropriated combination of phosphors emitting in different parts of visible 

electromagnetic spectrum allows to manipulate the colour temperature of the white light, 

according with the envisaged applications and in order to create the desirable atmospheres. 

Other important parameter of a light source is its colour rendering index. The CRI expresses 

the ability of a light source in reproduce the colours of an object in the same way as they are 

seen under an ideal white light source, such as the sun light [52]. The CRI of a white-light 

source is determined by comparing the deviation in the reflection spectra of eight standard 

coloured reference samples illuminated first with an ideal white light source and then with 

the tested white light source. Both the reference and the test light sources should have the 

same CCT. Due to its continuum emissions spectra, the colour of any object can be well 

reproduced when irradiated with sunlight or an incandescent lamp. As such, the CRI has a 

maximum value of 100 for this type of light sources. Since the emission spectrum of the 

combination of phosphors used in fluorescent lamps and white pc-LEDs, is hardly a 

continuous spectrum in all the visible range, the CRI value of these light sources are lower 

than 100 [49]. As it will be further explored, the CRI of a pc-LEDs can be improved by the use 

of a mixture of phosphors that emits in a wide range of wavelengths in the visible spectrum.  
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Table 2.3. Comparison of the characteristics of three commercial white light lamps used in 
domestic illumination (halogen incandescent bulb, fluorescent compact bulb and a white-LED 

bulb) with the same CCT [51].  

2.2.1.1 White phosphor converted LEDs 

In principle, the best strategy to produce white light in LEDs is by the combination of RGB 

LEDs chips, since the energy conversion of the light emitted by an LED through a pc-LED 

consists in an energy loss mechanism due to the Stokes shift [45]. However, the low efficiency 

of green and yellow LEDs chips limits the high efficiency of a multi-chip white-LEDs. 

Moreover, even though the CCT of a multi chip-LED can be tuned by varying the power of 

each individual component, such requires additional costs and complexity. This type of 

white LEDs are also characterized by a low CRI due to the narrow emission bands of each 

component. In addition, the different response of each individual chip of the RGB LED to 

variations in voltage and temperature, together with their differential aging can lead to a 

low stability of the white colour [45,53]. As such, white pc-LEDs are nowadays considered best 

alternatives for the white light generation. Nowadays, through a proper LEDs design, 

luminous efficacy as high as 150 lumens/W operated at 1 W can be reached in pc-LEDs [39]. 

Even so, some limitations are also associated to this type of white LEDs, which includes the 

non-tuneable emission and absorption, inflexibility of form (since the phosphors need to be 

placed in the emission path of the LED chip), and the necessity to guide the light emitted by 

the phosphor in the desired direction. In addition, the high reflectivity of the powder 

 

 
 

 

Features Incandescent Fluorescent LEDs 

Wattage  20 W 11 W 5 W 

Luminous flux 235 lm 600 lm 470 lm 

Luminous efficacy 12 lm/W 55 lm/W 94 lm/W 

CCT  2700 K 2700 K 2700 K 

Light colour designation Warm white Warm white Warm white 

CRI 100 ≥ 80 ≥ 80 

Starting time  0.0 s < 0.3 s ≤ 0.5 s 

Warm-up time 0.0 s < 40.0 s ≤ 1.0 s 

Lamp lifetime  2 000 h 6 000 h 15 000 h 

Nº of switching cycles 50 000 6 000 10 000 

Lamp mercury content 0 mg 0.9 mg 0.0 mg 

Energy efficiency class D A A+ 

Energy consumption 20 kWh/1000 h 11 kWh/1000 h 5 kWh/1000 h 
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phosphors can induce significant reflected light back-toward the LED chip. Such causes a 

significant increase in the temperature of the chip and a demand for complex and rigorous 

heat dissipation designs [45]. 

White light can be generated in pc-LEDs using different combinations of LED chip and 

phosphor emissions. Next it will be discussed the most usual approaches explored to 

produce white light in a pc-LED. The most popular approach consists in a blue LED chip 

(440-470 nm [45]) covered with a yellow phosphor layer. Part of blue light that is emitted by 

the LED chip (usually with a InGaN active layer) is absorbed by the phosphor layer and 

converted into yellow light. The phosphor layer must be semi-transparent to the blue light 

emitted by the LED chip. For that, the phosphor layer thickness and density should be 

carefully selected [45]. The combination of blue and yellow complementary emissions colours 

is perceived as white light to our eyes. A typical yellow phosphor used in this kind of LEDs is 

the yttrium aluminium garnet doped with trivalent cerium (YAG:Ce3+) [12,45,49]. Figure 2.13 a) 

presents a schematic representation and a typical emission spectrum of such pc-LEDs. Due 

to the intense emission in the blue region, these pc-LEDs are characterized by a cool-white 

light, with high CCT (CT > 4000 K). Moreover, this type of solid state light sources present a 

low CRI (< 80%), since only the yellow and blue colours of objects are properly reproduced 

when exposed to such source of light [45]. Even so, these are currently the most produced 

white LEDs, since it is the most inexpensive and simple approach to produce solid state 

white light and due to the high efficiency of the blue LEDs and the YAG:Ce phosphors 

currently available in the market. Therefore, these LEDs are used as white light sources in a 

wide range of applications, that does not require high CRI, including traffic lights, cycle 

lights, car headlights, outdoor lighting, flashlights and marking lamps in tunnels [12]. 

However, sophisticated applications, as indoor lighting, require white light with excellent 

CRI. Moreover a warm-white light, with a lower CCT, is desired to create a comfortable 

atmosphere.  

Warm white light can be achieved in pc-LEDs if the emission in the red spectral region is 

enhanced. A second approach to generate white light in a pc-LED consists in a LED emitting 

blue light covered with two phosphors emitting in the red and green/yellow regions (Figure 

2.13. b). Due to the higher emission in the red region, comparatively to blue LED covered 

with a yellow phosphor, this has lower CCT, a warmer white light and a higher CRI. 

However, comparatively to the white LED constituted by the blue chip and yellow phosphor, 

these LEDs are characterized by a low luminous efficacy [45]. 
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Figure 2.13. Different strategies to produce white light in pc-LEDs (adapted from [49,54]) . 

Other possibility is the use of a UV LED chip (350-410 nm [45]) combined with RGB 

phosphors. In this case, the white light is produced by the combination of blue, green and 

red light emitted by three phosphors that are excited by the UV radiation of the LED chip [45]. 
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The emission of the LED chip does not contribute to the white light and, as a result, higher 

colour stability can be achieved since changes in the UV emission wavelength will not affect 

the colour output of the pc-LEDs. This type of LEDs can be advantageous if both the 

efficiency of the UV LEDs chip, as well as efficiency of the energy conversion in the 

phosphor, overpass the efficiency of the blue LEDs. Nevertheless, the use of multiple 

phosphors can reduce the efficiency of the LEDs if the emission of one phosphor is 

reabsorbed by the other ones, which consist in an energy loss mechanism [45]. 

Besides the approaches mentioned above, other combinations of LEDs chips and phosphors 

have been studied in order to obtain white light with higher CRI value and luminous efficacy 

and desirable CCT. One example is the white pc-LED registered and produced by ALLIX 

Company with the name XENOLED™ 400 [54]. This pc-LED uses a combination of RGB 

phosphors plus a yellow one to convert the light from a monochromatic near-UV LED 

(399-400 nm) into visible light (Figure 2.13 d). The idea is to broad the emission spectrum 

along all visible range in order to obtain a more continuum spectrum. White light with CRI 

between 90-99 % and wide range of CCT, between 2700 and 6700 K, can be produced using 

this approach. These pc-LEDs can be used as light sources for biological and medical 

applications such as stereomicroscope, endoscope, medical examination rooms, production 

line of pharmaceutical factory, and museum applications including art gallery shops, art 

drawing rooms and any other application which needs enhanced spectrum characteristics 

with ultra-high CRI [54]. 

Phosphors used in a pc-LED should fulfil several requirements in order to produce efficient 

white light with appropriated colour characteristics according with the envisaged 

applications [41]. A first request to have into consideration in the selection of a phosphor is 

its luminescence features, including the emission and excitation spectrum. On the other 

hand, intrinsic properties of the phosphor such as the emission quantum efficiency, the 

phosphor absorption cross section at the same wavelength range as the light emitted by the 

LED chip (blue and near UV) and the thermal stability of the luminescence will determine 

the phosphor performance [41]. At least part of this light should be absorbed by the 

phosphors, which is valid in the case of blue LEDs. In the case of UV LEDs, all the emitted 

light must be absorbed. It is also advantageous if the material absorption spectra 

correspond to wide absorption bands rather than narrow lines in order to compensate small 

variations on the emission wavelengths of the LED chips. In addition, emission saturation 

for high excitation powers is also undesirable since it will contribute for the decrease in the 

quantum efficiency. This phenomenon is especially important in the case of phosphors with 

high absorption strength and relatively large decay time. As such, the absence of saturation 
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requires an appropriated balance between the two characteristics. During the working time 

of a LED, the phosphor layer can easily reach temperatures above 150 0C. Whereby 

phosphors with stable luminescence, which do not suffer thermal quenching in this range of 

temperature, are mandatory. Phosphors with high thermal stability of the luminescence at 

higher temperatures with a lumen maintenance higher than 90% of its value at room 

temperature are usually required [41]. To meet this requirement, refractory and high melting 

temperature phosphor host materials should be selected [41]. The phosphors should also 

present a high chemical, photo and thermal stability. During the working time, the phosphor 

material is subjected to high levels of radiation and temperature variations. Taking into 

account the long projected lifetimes of a LEDs that can reach 100000 hours, it is important 

that the phosphor material present a long term stability and does not deteriorate during this 

time in order to ensure the colour stability. Furthermore, the usage of inexpensive materials 

is also an important requirement that should be taken into account as it will reduce the 

overall production cost of the pc-LED and enabling further implementation of solid state 

lighting. In addition, environmentally benign composition should be selected. Materials that 

contain toxic elements in its composition should be ruled out [41]. Some of the current 

phosphors used in pc-LEDs are indicated in Table 2.4. 

Table 2.4. Some phosphors used in pc-LEDs. 

Phosphor Emission colour Ref Phosphor Emission colour Ref 

YAG:Ce3+ Yellow [55] Na2SnF6:Mn4+ Red [56] 

BaMgAl10O17:Eu2+ Blue [14] Cs2SnF6:Mn4+ Red [56] 

(Ce,Gd)MgB5O10:Tb3+ Green [14] Na2SiF6:Mn4+ Red [57] 

Y2O2S:Eu3+ Red [14] Na2GeF6:Mn4+ Red [57] 

K2SiF6:Mn4+ Red [58] β-sialon:Pr3+ Red [59] 

CaAlSiN3:Eu3+ Red [60] β-sialon:Ce3+ Green [61] 

Br2Si5N8:Eu3+ Red [62,63] SrSi2N2O2:Eu2+ Green [64] 

Ca-α–sialon:Eu2+ Yellow [65,66] K2TiF6:Mn4+ Red [58] 

La3Si6N11:Ce3+ Yellow [67] Sr3 Y2(BO3)4:Dy3+ Yellow/white [49] 

Phosphors used in pc-LEDs are frequently applied in the form of powders. These powders 

have been produced by different synthesis techniques including solid state reaction, sol-gel, 

solution combustion synthesis and many others [49]. The simplicity, cost effectiveness and 

time saving characteristics of the SCS combined with the possibility to produce powders in 

large scale, results in an attractive and effective technique to produce phosphors for 

pc-LEDs [68–70]. The SCS technique was used in this thesis to produce zirconia based 

phosphors powders as will be discussed in the Chapter 6. 



38 

Nowadays a number of pc-LEDs products are available on the market with different package 

designs. The efficiency, durability and colour homogeneity of white pc-LED are strongly 

determined by the features of the used phosphor, including their optical properties, grain 

size, morphology, density, among other properties, as well as by the way how these powders 

are applied in the top of LED chip [50,71]. Usually, phosphors are placed on the top of the LED 

chip using two different configurations: proximity or contact layer and a remote layer. In the 

contact layer configuration, the phosphor particles are in direct contact with the LEDs chip. 

In this configuration, the phosphors can be either randomly dispersed or conformably 

dispersed in the LED chip surface. Figure 2.14 shows some of the configurations explored to 

apply phosphors in the LED chips [72]. 

 

Figure 2.14. Examples of approaches studied for the application of the phosphor layer 
(represented in yellow) on the top of LEDs chip (represented in blue), placed in the substrate 
(grey component): a)-d) different contact layer configurations; e)-g) different remote layer 
configurations (adapted from [72]). 

A contact layer with phosphor particles randomly dispersed is, in a simple way, prepared by 

mixing phosphors powders with a transparent encapsulating resin (usually epoxy resin or 

silicon, depending on the LED power). The mixture is then dump on the top of a LED chip 

and baked to harden encapsulates [71]. This type of approach has been widely used in mass 

production since, beyond its simplicity, it offers high conversion efficiency. However, the 

resulting phosphor layer thickness is usually inhomogeneous relatively to the surface of the 

LEDs that can lead to problems in angle colour uniformity. A strong research has been 

dedicated to the increase of light extraction and improvement of colour homogeneity in 

white pc-LEDs by the development of new designs for the phosphor layer. The use of 

conformal phosphor coating, in which a phosphor layer with uniform thickness is applied on 

the top surface and sidewalk of the LED chip, revealed to improve the colour uniformity. An 

additional problem of the use of contact layer is the high percentage of light that is directed 

backward and reabsorbed by the chip or the package, leading to a reduction in the device 
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efficiency and contributing to the heating of the LED chip. The application of a remote, 

which means non-contact phosphor layer, demonstrated to increase the light extraction and 

colour uniformity [71]. 

The use of LEDs in lighting applications, including general illumination, automotive 

illumination, or in backside illumination in LCDs, requires the combination of multiples 

white LEDs to achieve the required lumen intensity. Regarding the general illumination, and 

as mentioned above, several bulbs with different designs are now commercially available. 

Figure 2.15 a) and b) shows a photo of a typical white pc-LEDs lamp constituted by 24 LEDs 

chips and a schematic illustration with the indication of their constituents, respectively.  

 

Figure 2.15. Photo of a common white LED lamp (left). Schematic representation of a pc-LED 
lamp and their constituents (right) (adapted from [73]). 

Even if until nowadays very interesting results were already achieved in field of solid state 

light technology, with the currently available phosphors allowing the production of pc-LEDs 

with luminous efficacy exceeding that of fluorescent lamps, there is still a long way to go in 

order to fully realizing the expected potential benefits of LED lighting technology [41,74]. The 

colour performance, light output, luminous efficacy, reliability, cost, lifetime, and 

manufacturability are pc-LEDs characteristics that need be further improved in order to 

achieve an attractive value in the marketplace [41]. The enhancement of many of these 

characteristics is strictly dependent on the performance and availability of phosphors, 

which leads to a continuum research for phosphor materials with outstanding 

characteristics for pc-LEDs. Zirconia, as it will explored in the next chapter, shows a set of 

physical and chemical properties that foster it as an effective host for the incorporation of 

Ln ions to be used as phosphors in pc-LEDs [75]. On the other hand, simple, fast and low cost 

techniques are required for large scale phosphor production. As already mentioned, SCS, 
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which can fulfil these requirements, is a powerful technique to produce high quality 

phosphors.  

2.2.2 Bioapplications: biodetection, bioimaging and therapy  

The rapid advance in nanoscience and nanotechnology strongly contributed to the 

exploration of simple, cheap and more sensitive analytical biological techniques through the 

use of luminescent nano-bioprobes. Particularly, Ln3+-doped inorganic NPs are seen of huge 

importance for several bioapplications [20]. These NPs constitute an interesting alternative to 

the conventional materials used nowadays as luminescent bioprobes for sensitive 

biodetection, high-contrast bioimaging, as well as effective treatment of diseases like 

cancer [76]. Conventional bioprobes, which includes organic dyes, lanthanide chelates and 

semiconductor QDs show a set of drawbacks which limit their use as bioprobes. In 

particular, organic dyes, besides their poor photostability, show broad absorption and 

emission bands that limit the use of different coloured dyes to monitor different biological 

processes at the same time (multiplexing) [18,29]. On the other hand, lanthanide chelates, have 

as a major disadvantage, low photostability and low resistance to photobleaching. As 

already stated, semiconductor QDs have high photostability and enhanced optical 

characteristics, however, the use of UV light as QDs excitation results in a strong limitation 

to their applicability in live cells. By one side, UV light can causes deoxyribonucleic acid 

(DNA) damage and cell death and, on the other hand, induce significant auto-fluorescence 

from the biological tissues, resulting in a high background signal. In addition, UV light has 

limited penetration depth on the biological organisms limiting the use of QDs for in vivo 

bioimaging [29]. Moreover, some semiconductor QDs as the ones with Cd element in their 

composition, show long-term toxicity [18,32]. 

In contrast to these materials, luminescent Ln3+-doped inorganic NPs (mainly based on 

fluorides and oxide hosts) have higher chemical stability, excellent photostability, high 

resistance to photobleaching and low toxicity [76,77]. Additionally, as aforesaid, these 

materials show superior optical characteristics, such as the narrow intra-4f lines, large 

Stokes and/or anti-Stokes shifts, long-lived luminescence and emission colour that can be 

tuned by the change of lanthanide ion and its concentration, as well as the proper selection 

of host lattice [77,78]. Such characteristics are advantageous for the envisaged bioapplications 

[79]. The characteristic long lifetimes (µs-ms range) of the intra-4f emission of Ln3+ ions can 

be used to avoid the background noise from the auto-fluorescence of biological tissues by 

applying time resolved photoluminescence (TR-PL) measurements. As it will be discussed, 

the use of TR-PL assays leads to an increase of the signal-to-noise ratio and consequently in 
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a higher sensitivity of the assay. In particular, upconversion luminescent Ln3+-doped 

inorganic NPs emerged recently as a very promising class of bioprobes for biodetection, 

bioimaging, therapeutics and diagnostics (theranostics) [32,80,81]. The use of NIR radiation as 

excitation source of UC luminescence in nano-bioprobes constitutes a strong advantage over 

UV or visible excitation [22,29,32,33]. In comparison with UV light excitation, NIR light 

excitation, with wavelength within the biological optical window (from 650 to 1000 nm), is 

less absorbed by the biological medium. As such, NIR light induces weak auto-fluorescence 

of the biological tissues promoting a better signal-to-noise ratio and consequently an 

improved sensitivity of the assay. Moreover, NIR light can penetrate tissues more deeply 

than light with lower wavelength which is beneficial for the in vivo applications [18]. In 

addition, the photodamage induced by NIR light irradiation is negligible [76,82]. Due to the 

negligible background signal together with the large wavelength separation between the 

excitation and emission, there is no need for time-resolved detection. In addition, the 

possibility to excite simultaneously UC NPs emitting different visible colours, by using the 

same NIR excitation laser, allows a simultaneous detection of multiple analytes [83]. All these 

advantages make the UC NPs highly promising for in vitro and in vivo bioapplications, 

resulting in a worldwide search for UC NPs with enhanced characteristics.  

In order to be used in bioapplications the Ln3+-doped inorganic luminescent NPs should 

fulfil a set of characteristics. First, the NPs must exhibit intense luminescence, 

biocompatibility and low toxicity and have a good colloid stability in water and biological 

solutions [18,20]. In addition, NPs with small size and narrow size distribution which can be 

easily functionalized with specific functional groups for posterior conjugation with 

biomolecules, are also required [20,29].  

Several synthesis techniques have been explored in order to prepare luminescent Ln-doped 

inorganic NPs with controlled crystalline phase, shape and size. Within the synthesis 

methods available for the preparation of NPs, wet chemical approach revealed to be more 

appropriated for the production of inorganic NPs for bioapplications. Several chemical 

methods, including thermal decomposition [84], high temperature co-precipitation, 

hydro(solvo)thermal, sol-gel, combustion synthesis, cation exchange, and other techniques, 

have been used in the production of Ln3+-doped inorganic nano-bioprobes [18,29]. In 

particular, since stable liquid suspension of NPs is required for the most of bioapplications, 

chemical synthesis methods that lead to the production of stable colloidal suspensions are 

preferred [85]. 
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Typically, in the majority of these chemical synthesis processes, capping ligands with 

hydrophobic nature are used during the process to control crystal growth, leading to NPs 

with hydrophobic surface. These as-synthesised NPs, which are not soluble in water or in 

biological solutions, cannot be directly applied in bioapplications in which hydrophilicity is 

a prerequisite [20]. Additionally, the surface of as-synthesised NPs is free of biocompatible 

groups that are required for further bioconjugation. As such, before the use of these 

luminescent NPs in any one of these applications, steps of surface modification and 

bioconjugation need to be usually performed [20]. 

Surface modification and functionalization of hydrophobic NPs allows on one hand, the 

production of water soluble NPs, and on the other hand provides reactive groups (e.g. 

carboxylic acids, amines, etc.) on NPs surface, that are necessary for further bioconjugation 

with specific biomolecules including peptides, proteins or DNA [20,32,76,79]. Several strategies 

for the modification and functionalization of the surface of luminescence NPs have been 

developed and extensively applied [20,32,76,79]. These include ligand exchange, ligand 

oxidation, ligand-free synthesis, ligand attraction, electrostatic layer-by-layer assembly or 

surface silanization strategies (Figure 2.16). Additional information about each one of these 

surface modification strategies can be found in the works of Chen and DaCosta [20,32]. Within 

these strategies, ligand exchange is the most frequently applied. In this approach the NPs 

shape, morphology or composition are unaffected during the process. The original capping 

ligand linked to NPs surface is replaced by a bifunctional organic molecule or polymer. One 

of the functional groups of the new ligand should bind to the NPs surface while the other 

functional group, in the other end of the molecule, needs to be hydrophobic and appropriate 

for further conjugation with specific capture biomolecules or analytes molecules [20].  

It should be referred that, in some cases, surface modification of NPs leads to a decrease in 

the emission intensity of NPs due to the presence of some functional groups with high 

vibrational frequencies, such as OH and NH2. Additionally, surface modification steps are 

complicated and time consuming. As such, high efforts have been applied in the developing 

of one-step processes for production of monodisperse, water-soluble, 

surface-functionalized, and biocompatible Ln3+-doped luminescent NPs. Some chemical 

synthesis methods, including hydrothermal microemulsion synthesis [86,87] or one-pot 

hydrothermal synthesis assisted by hydrophilic and/or binary cooperative ligands [88–98], 

have been successfully used for the production of water soluble and functionalized 

luminescent NPs. 
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Figure 2.16. Different strategies for NPs surface modification (adapted from [20]). 

2.2.2.1 Ln3+-doped inorganic nanoprobes for biodetection 

Regarding the biodetection using luminescent Ln3+-doped nanoprobes for in vitro biological 

analysis and clinical diagnosis different assay protocols have been proposed and explored. 

In general, these protocols can be divided in two categories according to signal detection 

format: the heterogeneous PL and homogeneous PL assays [18,20,76]. Both these types of 

assays involve the attachment of biomolecules on the NPs surface for probing target 

molecules (analytes) through highly specific binding affinity between biological molecules, 

such as an antigen and an antibody [76]. 

Heterogeneous PL consists in high sensitivity assay methods that has been highly explored 

for biological and clinical analyses [18]. In heterogeneous PL assays trace amounts of a target 

analyte are detected by taking the advantage of the specific recognition and high binding 

affinity between the analyte and a capture molecule anchored to a solid substrate. Two 

different types of heterogeneous assays have been proposed: the sandwich-type assay and 

the competitive assay, which differ in the way how the analyte is connected to the bioprobes 

and consequently in the way how it is quantified. The procedure used in these two types of 

assays is schematically represented in Figure 2.17.  
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Figure 2.17. Schematic representation of two types of heterogeneous assays based on 
Ln3+-doped nanoprobes: a) sandwich assay, and b) competitive assay (adapted from [33,79]). 

In the sandwich-like assay (Figure 2.17 a), capture molecules previously immobilized in a 

solid substrate by incubation, are conjugated with the analyte solution. In order to prevent 

negative effects from other biological species the sample is washed. After, a solution 

containing NPs-labelled/capture molecules is added in order to mark the analyte. The 

analyte is then captured between the molecules immobilized in the substrate and labelled to 

the NPs. Further separation and washing steps are needed to remove the excess of 

unbounded NPs-labelled/capture molecules before the PL measurement [18,76]. The analyte 

concentration can be quantified by the direct measurement of NPs luminescence, since this 

is directly proportional to the analyte concentration. In the case of heterogeneous 

competitive assays (Figure 2.17 b), instead of the addition of a solution of 

NPs-labelled/capture molecules, it is added a solution of NPs-labelled/analyte. The 

NPs-labelled/analyte will compete with the free analyte to bind to the capture molecules in 

the substrate. In this case the measured luminescence intensity of NPs varies inversely with 

the analyte concentration [20].  

Heterogeneous PL assay based on both downshifting and upconversion luminescence have 

been explored for biomolecules detection. Conventional DS luminescence based 

heterogeneous assays were explored for the detection of several biomolecules using 

different types of inorganic bioprobes [20,79]. However, in this assay UV light is used as 

excitation source. As stated before, the use of UV light in bioassays constitutes a limitation 

since it induces light scattering and auto-fluorescence of cells and biological tissues. The 

recent development of assay methods based on DS time-resolved PL measurements, called 

heterogeneous TR-PL bioassay (Figure 2.18 a), contributed to the minimization of the 
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negative effects associated with UV light excitation. Since the lifetimes of Ln3+ transitions is 

much longer than those of the scattered light and the tissue auto-fluorescence (in the order 

of ns), a TR-PL signal free of short–lived background noise can be acquired by setting a 

proper delay time after the excitation pulse and proper gate time, during which the PL signal 

is acquired. Comparatively to the conventional DS heterogeneous assays, TR-PL 

heterogeneous assays offer higher detection sensitivity together with a better 

signal-to-noise ratio. Other effective strategy that leads to an high suppression of the 

background noise consists in the use of lanthanides doped NPs with upconversion 

luminescence that are excited by NIR light. In a UC-PL bioassay (Figure 2.18 b), as discussed 

above, the measured PL signal is free of background noise since the NIR light does not 

induce light scattering and auto-fluorescence from the biological sample.  

Even if in general, heterogeneous TR-PL and UC-PL constitute high sensitive assays for 

biodetection, the separation and washing steps required in the processes before the PL 

measurement are complicated and time consuming, hampering a rapid biodetection, 

especially in clinical applications [18,20,76]. Moreover, this restricts this type of protocols to be 

used only in high-affinity binding system where the probe-analyte are not destroyed during 

the separation and washing steps [18].  

Contrary to the heterogeneous PL assays, homogeneous PL assays can be easily performed 

in one step without the need of complicated and prolonged periods of time for the 

separation and washing steps. Homogeneous PL assays are directly performed in a 

biological solution and are usually based on fluorescence resonance energy transfer (FRET) 

mechanism [18]. FRET based assays, make use of the distance dependent energy transfer 

between an excited donor and a neighbour acceptor molecule to detect analyte 

biomolecules in a solution. The donor excitation by irradiation with a light source with 

appropriated energy triggers the energy transfer to the acceptor promoting this to an 

excited energy state. The deexcitation of the acceptor results in the emission of light. The 

energy transfer will, apparently, lengthen the emission lifetime of acceptor, which is 

intrinsically short-lived. In this system, Ln3+-doped NPs act as donors and the most common 

used acceptor are organic dyes, however other type of materials including metallic NPs 

[78,82], graphene, graphene oxide or carbon NPs have been explored as acceptors in FRET 

assays [20]. Ln3+-doped inorganic NPs are considered ideal donors for FRET assays due to its 

long-lived luminescence. 
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Figure 2.18. Schematic representation of different proposed detection protocols based on 
Ln3+-doped luminescent bioprobes: heterogeneous TR-PL (a) and UC PL (b) bioassays and 
homogeneous TR-FRET (c) and UC-FRET (d) bioassays (adapted from [18]). 

A careful selection of the pair donor-acceptor should be made in order to obtain efficient 

FRET detection. A spectral overlap between the absorption of the acceptor and the emission 

of the donor is essential. In a homogeneous FRET assay the quantification of an analyte 

biomolecule in a solution is performed taking into account the PL intensity of the acceptor 

and the PL intensity of the donor. Both donor and acceptor are labelled to capture 

molecules, which easily link to the specific analyte. As such, if the target analyte is present in 

the solution, it will bound to the capture molecule linked to the donor and capture 

molecules linked to the acceptor. In this case, the distance between acceptor and donor will 

be enough short and FRET will occurs. As a result, the emission intensity of the acceptor at 

the expense of the donor emission intensity it will be strictly dependent on analyte 

concentration, constituting an effective strategy to its quantification [77].  

Recently, different FRET homogeneous assays methods based on Ln3+-doped NPs have been 

proposed and extensively explored in the detection of biomolecules. Comparatively to 

heterogeneous assays, homogeneous FRET allows simple, rapid, reliable and sensitive 

biodetection [18]. Following the previous discussion, conventional FRET assays with 

steady-state detection mode, in which DS luminescent bioprobes excited with UV light are 

used, show limited practical applications due to the low sensitivity of PL detection imposed 

by the autofluorescence interference. In order to improve the detection sensitivity, novel 
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FRET assay techniques have emerged [77]. Two well explored homogeneous protocols are 

the TR-FRET assays and UC-FRET assays. In homogeneous TR-FRET assays, Figure 2.18 c), 

like in the heterogeneous TR-PL assays discussed above, the PL signal is acquired after an 

appropriated time delay after the pulse excitation leading to a high suppression of the 

short-lived background signal (see Figure 2.19 a). Homogeneous UC-FRET bioassays 

concept, Figure 2.18 d), was firstly validated by Kuningas et al. [99]. In this work the authors 

used streptavidin-conjugated La2O2S:Yb3+, Er3+ or Y2O2S:Yb3+, Er3+ UC luminescent probes, as 

energy donors, for the sensitive detection of biotin by using biotinylated phycobiliprotein 

(bio-BPE) as acceptor. In both these protocols the background noise from the scattered light 

and the auto-fluorescence from biological tissues were minimized, in the first case by time 

resolved PL measurements and in the second one by using UC NPs that were excited with 

NIR light. 

Both TR-FRET and UC-FRET assays have been increasingly explored in the last few years for 

the detection and quantification of different types of analyte biomolecules, using several 

Ln3+-doped inorganic NPs as bioprobes. An high effort has been applied in order to decrease 

the limit of detection (LOD) of these analytes by using bio-conjugated luminescent 

nanoprobes with proper properties. Table 2.5 shows some examples of the homogeneous 

FRET assays based on Ln3+-doped inorganic NPs reported in literature for the detection of 

several analytes, such as avidin [77,97,100], glucose [101], immunoglobulin G (IgG) [82], DNA [102] 

and others [103]. 

Concerning the bioprobes used in downshifted luminescence assays, including the 

homogeneous TR-FRET or heterogeneous TR-PL assays, different types of inorganic NPs, 

including fluorides and oxides doped mostly with Tb3+ and Eu3+ ions have been used [20]. The 

preferential choice of these two ions is related with the long lifetimes of the intra-4f 

emission together with the high quantum efficiency of the Tb3+ and Eu3+ luminescence in 

different inorganic lattices. Relatively to upconversion nanoprobes used in biodetection 

assays based on upconversion luminescence of Ln3+-doped inorganic NPs, such as the 

heterogeneous UC-PL and homogeneous UC-FRET assays, co-doped NPs with Tm3+ or Er3+ 

and Yb3+ are the most explored [20]. This is explained by an intense UC emission of Tm3+ and 

Er3+ ions, when sensitized by Yb3+ ions, when excited with NIR light (~980 nm). Particularly, 

Er3+,Yb3+ co-doped fluoride NPs show efficient UC luminescence, which leads to a strong 

research of these materials as UC bioprobes. However, as aforementioned, comparatively to 

oxides NPs, fluorides exhibit low photo, chemical and thermal stability that in some cases 

can be limitative for practical applications [17].  
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Figure 2.19. a) and b) Schematic illustration showing the principle of TR-FRET detection of 
avidin by employing biotinylated ZrO2:Tb3+ NPs as donor and FITC-labelled avidin as acceptor. 
c) TR-FRET spectra of the bioassays as a function of avidin concentration. All the spectra were 
normalized to unity at the maximum emission peaked at 547 nm corresponding to the most 
intense line of the Tb3+ emission (5D47F5 transition), and each data point represents average 
of triplicate measurements. (d) Calibration curve of TR-FRET detection for the integrated PL 
intensity ratio FITC (520 nm)/Tb (492 nm) versus avidin concentration [100]. 

Regarding the application of Ln3+-doped zirconia luminescence nanoprobes in biodetection, 

the work reported in literature is very limited. Nevertheless, in a recent published work, Y. 

Liu and co-workers [100] reported interesting and promising results that validate the use of 

Ln3+-doped zirconia NPs in biodetection. In that work, amine-functionalized Tb3+ doped 

zirconia NPs (size < 5 nm) were conjugated with biotin molecules for avidin detection by 

using a TR-FRET bioassays. Tb3+ NPs were used as energy donors, while FITC dyes were 

used as energy acceptors in FRET (Figure 2.19 b, c and d). A limit of detection of avidin 

molecules of 3 nM was achieved by using the zirconia bioprobes in the FRET assay. In 

addition, the same amine-functionalized NPs, when bioconjugated with amino-terminal 

fragment (ATF), exhibit a high specific recognition of uPAR (urokinase-type plasminogen 

activator receptor), highly expressed on the membrane of many types of cancer cells such as 

human lung cancer. These results show the high potential of these zirconia NPs for targeted 

bioimaging and biodetection applications. 
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Table 2.5. Some examples of homogeneous FRET assays reported in literature using various 
bioprobes for the detection of different analyte. 

2.2.2.2 Ln3+-doped nanoprobes in bioimaging and therapy 

Luminescent bioimaging is a powerful non-invasive strategy to visualize morphological 

details in biological tissues. Ln3+-doped inorganic NPs also play an important role in this 

field of biomedicine and appeared recently as ideal candidates for optical imaging due to 

their particular optical characteristics referred above. In the particular case of in vivo 

applications, the use of an inorganic host for the incorporation of Ln ions is special 

beneficial since its rigid crystalline structure decrease the chance of release of toxic ions.  

Both downshifted and UC luminescent Ln3+-doped inorganic NPs have been explored as 

potential bioprobes for bioimaging [104]. However, as happens in the case of biodetection, 

bioimaging using the DS luminescence of NPs with efficient absorption in the UV spectral 

range, results in a high background signal due to the auto-fluorescence of biological tissues. 

TR luminescence imaging, UC luminescence imaging, NIR-NIR luminescence imaging and 

persistent luminescent imaging emerged as new alternative techniques to the conventional 

DS luminescence bioimaging, in which better signal-to-noise ratio can be achieved [20].  

Time resolved luminescence imaging was firstly demonstrated in 1990 by Beverloo [105], 

using Y2O2S:Eu3+ luminescent probes conjugated with proteins. Since then TR-PL imaging 

has been explored using different Ln3+-doped NPs. As in the case described in the previous 

subsection, higher sensitivity is achieved due to the minimization of the short lived 

background. Additionally, as exposed before, the use of UV light as excitation should be 

ruled out for bioimaging. Therefore, in order to overpass the stated limitations, alternative 

Bioprobe Size (nm) Assay type Analyte LOD Refs. 

YVO4:Eu3+ 20 Sandwich DS-PL IgG* 0.01 g/mL [92] 

LaF3:Ce3+,Tb3+ 15-20 FRET Glucose ~0.5 mM [101] 

CaF2:Ce3+,Tb3+ ~5 TR-FRET Avidin/SuPAR 0.164/0.328 nM [103] 

ZrO2:Tb3+ < 5 TR-FRET Avidin 3 nM [100] 

NaYF4:Ce3+,Tb3+ 20-40 TR-FRET Avidin 4.8 nM [77] 

KGdF4:Tb3+ 20-30 TR-FRET Avidin 5.5 nM [97] 

NaYF4:Yb3+,Er3+ 14 UC-FRET DNA ~10 nM [102] 

Na(Y1.5Na0.5)F6:Er3+,Yb3+ 50 UC-FRET Avidin ~0.5 nM [78] 

NaYF4:Er3+,Yb3+ 30-70 UC-FRET IgG* ~5nM [82] 

*IgG- immunoglobulin G antibody 
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bioimaging modes, including persistent luminescence and UC luminescence (including 

NIR-to-NIR UC) bioimaging have been explored [20].  

Persistent luminescence is an interesting phenomenon in which the long-lasting emission of 

the material persists for a long time (from several minutes to several hours) after the 

removal of the excitation source, the so called afterglow [106–108]. Ln-doped inorganic NP with 

persistent luminescence are very promising bioprobes for bioimaging. Even if UV light is 

used for excitation, in persistent luminescence bioimaging the negative effects caused by the 

use of this radiation are avoided since the bioprobes luminescence can be excited before 

their injection in the biological organism. Several Ln-doped inorganic probes have been 

studied for this proposes, including Ca2Si5N8:Eu2+,Tm3+ [106], Ca1.86Mg0.14ZnSi2O7:Eu2+,Dy3+ 

[109], SrMgSi2O16:Eu2+,Dy3+ [110], and CaMgSi2O6:Mn2+,Eu2+,Pr3+ [111] (see Table 2.6). In 

particular, persistent luminescent materials with emission in the biological spectral window 

(red/NIR region) are of special interest for bioimaging [107,108]. Despite its high potential, the 

practical use of this type of bioprobes in clinical application is uncommon, which could be 

related with the need of high temperature synthesis methods for the preparation of these 

materials that make difficult to obtain small sized NPs [20]. The pulsed laser ablation in liquid 

techniques, studied in this work, can be an effective alternative to the high temperature 

synthesis routes for the production of inorganic NPs with persistent luminescence and small 

particle size, as already confirmed by Maldiney and co-workers [106].  

 

Figure 2.20. a) Schematic illustration of in vivo bioimaging experiments based on persistent 
luminescence NPs (adapted from [35]). 

Ln3+-doped inorganic NPs with UC luminescence show also a high potential for bioimaging. 

The use of NIR light excitation constitutes a great advantage over UV or visible excitation for 

in vivo applications [20]. As stated, reduced damage of cells and tissues, minimization of 

short-lived background signal and improved penetration deep can be achieved using the 

NIR light excitation. Furthermore, UC NPs are not sensitive to photobleaching simplifying 

long-time PL microscopy [20]. UC luminescence bioimaging was firstly reported in 1999 by 
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Zijlmans and co-workers [112] in the system Y2O3S:Yb3+,Tm3+, using as excitation 980 nm 

wavelength photons. Since then, other inorganic hosts have been employed including 

oxysulphides, oxides and fluorides (Table 2.6). For such purposes, the inorganic hosts are 

frequently co-doped with distinct lanthanide ions (e.g. Er3+, Tm3+ and Ho3+) with the Yb3+ as 

a common sensitizer [84,113,114].  

Other interesting inorganic bioprobes for bioimaging are the ones in which both the 

excitation and emission light occurs in the NIR region, within the optical transmission 

biological window. Visible light emitted by the bioprobes can be absorbed by the biological 

sample resulting in a low detection signal [20]. In NIR-to–NIR luminescence imaging, since 

both excitation and emission are in the NIR range, the light absorbed by the biological 

sample is minimized leading to high contrast PL imaging in in vitro and in vivo assays [20]. For 

this propose, Tm3+ ions are frequently selected due to the intense NIR intraionic transitions 

occurring between 750-850 nm under 980 nm wavelength laser excitation [20,84]. An example 

of high contrast NIR-to-NIR bioimaging of pancreatic cancer cells by using NaYF4:Tm3+,Yb3+ 

nanoprobes is shown in Figure 2.21 [84]. 

Single band emission of UC NPs, preferentially with emission maximum shifted to the red 

spectral regions revealed to be more efficient for optical imaging than the ones with 

multiband luminescence. Usually, single band emission in the red spectral regions can be 

detected at higher depth than multiband emission, for example than multiple green and red 

emissions of Er3+ in the some crystalline hosts [20]. Moreover, the emission colour of UC NPs 

with multiple emission bands can change with image depth due to different attenuation 

levels of the different colour by the biological organisms [20]. Therefore, the development of 

UC NPs with single band emission in the red/NIR spectral region can be very important for 

efficient bioimaging applications. 

 

Figure 2.21. In vitro transmission (left) and PL (right) images of human pancreatic cancer cells 
obtained with NaYF4:Tm3+,Yb3+ NPs with NIR emission, following excitation at 975 nm. Inset 
shows localized PL spectra taken from cells (red) and background (black) (adapted from [84]). 



52 

In addition to the single modal bioprobes applications discussed above, Ln3+-doped 

inorganic NPs have been also indicated as a promising new class of multi-modal bioprobes. 

Multimodal bioprobes combines two or more functionalities in one single particle that can 

be used at the same time to get more information in clinic diagnostics. For example, it is 

expected that Ln3+-doped optical/magnetic multi-modal probes can be guided, through the 

application of an external magnetic field, into a specific place in the organism, while the 

luminescence from Ln3+ can be used for real-time tracking [20]. This type of magnetically 

guided delivery, which combines the high sensitivity from the PL detection together with 

the excellent spatial resolution of magnetic resonance imaging (MRI), has a high potential 

for applications in bioimaging, bio-separation, target anti-cancer drug delivery, clinical 

theranostics [20]. Due to its high potentialities, a growing interest in the synthesis of 

inorganic bioprobes with both optical and magnetic properties has been observed in the last 

years. Multimodal bioprobes have been essentially achieved by using core-shell NPs with a 

magnetic core and a luminescent shell or vice-versa or by using single phase NPs doped with 

optically active ions, also active under the application of external magnetic fields. Core-shell 

NPs are mostly prepared by a layer by layer coating process and iron oxide is frequently 

used as a magnetic unit, while several Ln3+-doped inorganic nanoparticles are used as the 

luminescent unit [115,116]. Multi-modal bioprobes based on single phase NPs are typically 

constructed using Gd3+ ions together with other luminescent Ln3+ ions. Gd3+ not only acts as 

a paramagnetic relaxation agent but also as luminescence sensitizer. Example of single 

phase NPs with optical and magnetic properties studied for multimodal bioprobes includes 

KGdF4: Tb3+ [97] KGdF4: Tm3+,Yb3+ [117] and NaGdF4:Er3+,Yb3+ [118] NPs. 

Table 2.6. Example of Ln3+-doped inorganic luminescent bioprobes used in bioimaging. 

Probe Synthesis method Size (nm) assay ref 

ZrO2:Tb3+ Solvothermal < 5  DSL bioimaging [100] 

Y2O3S:Tm3+,Yb3+ 

Y2O3S:Er3+,Yb3+ 
Superheating of precursor oxides 200-400 UCL bioimaging [112] 

NaYF4: Er3+,Yb3+ Hydrothermal microemulsion 20-40 UCL bioimaging [86] 

Y2O3: Er3+,Yb3+ Homogeneous precipitation 50-250 UCL bioimaging [119] 

NaYF4:Er3+,Yb3+ -- ~30 
UCL bioimaging and 

targeted drug delivery 
[120] 

NaYF4:Tm3+,Yb3+ Thermal decomposition 20-30 NIR-NIR UCL bioimaging [84] 

Ca2Si5N8:Eu2+,Tm3+ PLAL 3-5  Persistent lum. bioimaging [106] 

CaMgSi2O6:Eu2+,Mg2+,Pr3+ Sol-Gel 140  Persistent lum. bioimaging [111] 

SrMgSi2O6:Eu2+,Dy3+ Template method 50-500  Persistent lum. bioimaging [110] 

(CaMg)2ZnSi2O7:Eu2+,Dy3+ Sol-Gel -- Persistent lum. bioimaging [109] 

Furthermore, silica shells have been used to encapsulate luminescent Ln3+-doped inorganic 

NPs in order to promote enhanced chemical stability and biocompatibility, easy 
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functionalization of NPs, and to decrease the quenching of luminescence of NPs in aqueous 

medium. In addition, mesoporous silica shell can be used to the loading of drugs, which is 

impossible to do in the rigid inorganic NPs [20,121]. For instance, magnetic and luminescent 

multimodal NPs coated with a mesoporous silica shell are important systems for target drug 

delivery. By application of a magnetic field the NPs can be guided to the site of interest, and 

there the drug release amount can be monitored by the change in emission intensity [20]. 

Furthermore, Ln3+-doped UC NPs coated with silica shells are very promising for 

photodynamic therapy [20,121]. In photodynamic therapy, a chemical photosensitizer, when 

activated under the light irradiation, generates short-lived toxic oxygen radicals from water 

that will kill cancer cells, see Figure 2.22. Since the sensitizer is usually excited with visible 

light, it could not be used in tissues beyond a limited depth [29]. The depth limit can be 

improved by using UC NPs coated with a mesoporous silica shell, where the photosensitizer 

can be loaded. Under NIR excitation, which has a high penetration depth in tissues, the UC 

NPs emits visible light that will activate the photosensitizer to the reactive oxygen species. 

In this experiments, UC NPs performs different functions: help to solubilize the sensitizer, 

convert low energy photons into higher energy photons and help to target the sensitizer to 

cancer cells [29].  

 

Figure 2.22. Illustration of photodynamic therapy by using UC NPs coated with mesoporous 
silica shell in which photosensitizers are loaded (adapted [121]). 

As shown, Ln3+-doped inorganic NPs consist of a new class of luminescent bioprobes with a 

strong potential for in vitro and in vivo bioapplications. In particular, NPs with UC 

luminescence are of special importance. The high photo, thermal and chemical stability of 

Ln3+-doped oxide NPs, resulting from their more rigid crystalline environment and higher 

lattice-binding energy, together with its enhanced optical properties, makes them highly 

promising for bioapplications [20]. Even so, the difficulty in the preparation of water soluble, 



54 

biocompatible, oxide NPs having at the same time small size, high purity and intense 

emission limits their practical use. To overpass these issues, new synthesis techniques, as 

well as new surface modification strategies should be studied in order to achieve NPs with 

such requirements dispersed in biocompatible liquid media. Pulsed laser ablation in liquids, 

as it will be explored in Chapter 7, could consist in an alternative strategy to produce oxide 

NPs that fulfil these essential requirements. 
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Chapter 3.  

Zirconia overview 

 An overview of zirconia material properties is presented. The 

distinct zirconia polymorphs and the mechanisms for the 

stabilization at room temperature of the high temperature 

crystalline phases are explored. A brief revision of the ZrO2-Y2O3 

phase diagram is also presented.  

The properties and technological applications of stabilized 

zirconia are also revised. At the end, the potentialities of zirconia 

as an effective host for the incorporation of optically active Ln 

ions are also explored. 
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Zirconia or zirconium dioxide, ZrO2, is one of the most important technical ceramics 

materials used nowadays. This very versatile material offers an interesting combination of 

thermal, chemical, electrical, mechanical and optical properties, which are uncommon to 

find in ceramic materials [1]. Therefore, besides its importance as a structural material, 

zirconia also found several advanced applications in different areas, including in energy, 

thermal barrier coatings and biomaterials. However, pure zirconia, which has three 

different polymorphic phases (monoclinic, tetragonal and cubic with increasing 

temperature, respectively), at atmospheric pressure, has limited applications [2]. This is due 

to a destructive tetragonal to monoclinic phase transformation during the material cooling 

that occurs with a strong variation of dimensions resulting in the development and 

propagation of cracks in the bulk material [2–4]. Fortunately, the introduction of some cations 

in the lattice of pure zirconia allows the stabilization of the high temperature phases at RT, 

avoiding phase transformation during materials cooling [1,3–6]. Stabilized zirconia ceramics 

can show a high diversity of morphologies depending on dopant concentration and dopant 

nature, leading to materials with distinct properties and applications [1,7]. Moreover, it was 

reported that in pure zirconia the high temperature phases can be stabilized at RT as an 

effect of size reduction [2,8,9]. The decrease of particle size below a critical value can avoid 

phase transformation and the stabilization of cubic and/or tetragonal phases at RT [2,8,9].  

3.1 ZrO2 crystalline structures  

Figure 3.1 a) shows the equilibrium phase diagram of the binary zirconium (Zr)-oxygen (O), 

at atmospheric pressure. As can be observed in the diagram, there is only one stable phase, 

the zirconium oxide. This oxide starts to be formed when a molar percentage of oxygen 

around 30% is introduced in zirconium lattice and the stoichiometric composition is 

achieved for a percentage of oxygen around 67%. 
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Figure 3.1. a) Equilibrium phase diagram of the binary system Zr-O at atmospheric pressure 
(adapted from [10]). Bcc and hcp indicate the body-centred cubic and hexagonal closest packed 
unit cells, respectively. b) Temperature-pressure phase diagram of pure zirconia (adapted 
form [5]). 

At atmospheric pressure, pure zirconia has three crystalline phases, which are stable at 

different ranges of temperatures (see Figure 3.1). At RT, zirconia is monoclinic (m), being 

this the only stable polymorph at this condition. With the increase in temperature, zirconia 

undergoes two crystalline phase transformations. At around 1170 0C the monoclinic phase 

is transformed into the tetragonal (t) phase, which is thermally stable until around 2370 0C, 

from which zirconia becomes cubic (c). The cubic phase remains until the melting 

temperature (~2700 0C) [5,4,1,3]. These phase transitions are reversible during material 

cooling.  

The cubic phase of zirconia has a face-centred cubic fluorite-type structure, belonging to the 

space group Fm3m with a theoretical lattice parameter a= 5.12 Å [11]. The primitive cell, with 

one formula unit (Z= 1), contains one zirconium ion located at (0,0,0) coordinated (CN) to 

eight equidistant oxygen ions, placed at the same distances and occupying the (¼, ¼, ¼) 

positions on the cell [1,4,5]. A representation of the cubic face-centred arrangement is 

illustrated in Figure 3.2. In this structure, each zirconium ion has eightfold symmetry 

against the oxygen atoms, which are arranged in two ideal tetrahedra [11]. 
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Figure 3.2. Cubic structure of zirconia in which Zr and O atoms are represented in red and 
blue, respectively (illustrated using Vesta software [12]). 

 

Figure 3.3. Tetragonal structure of zirconia in which Zr and O atoms are represented in red 
and blue, respectively (illustrated using Vesta software [12]). 

The tetragonal zirconia phase has a slightly distorted fluorite structure designed by body 

centred tetragonal structure, belonging to the P42/nmc space group and with lattice 

parameters a=b= 3.64 Å and c= 5.27 Å, for a body centred tetragonal representation [13]. 

However, other lattice parameters are also commonly reported in literature for the same 

tetragonal zirconia phase [4,11]. The exact same structure, considering a pseudofluorite 

structural representation, can be described by lattice parameters: a*=a∙√2, as illustrated in 

Figure 3.4. Comparatively to the cubic structure, the tetragonal structure presents an 
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elongation along one of the axis. For the cell represented in Figure 3.3 the elongation is 

along the c-axis. In this structure, the Zr atoms maintained the same eightfold coordination 

with the oxygens, as in the cubic structure. However, in this case, the oxygen atoms are not 

equidistant [1]. Four oxygen ions surround the zirconium ions in a flattened tetrahedron 

arrangement at a distance of 206.5 pm, while the other four oxygen ions are placed at a 

distance of 245.5 pm at the vertices of an elongated tetrahedron rotated against the former 

by 90 0 [11]. 

 

Figure 3.4. Tetragonal zirconia unit cell in both the body-centred tetragonal and 
pseudofluorite descriptions [5]. 

The monoclinic structure (Figure 3.5), belonging to the P21/c space group and with lattice 

parameters a= 5.16 Å, b= 5.19 Å, c= 5.30 Å and β = 98 0 9’, is known as Baddeleyite, an 

abundant mineral present in the earth’s crust [4,11]. This mineral is very stable under natural 

conditions and its structure could be seen as a result of a high distortion of the cubic 

structure. As shown in Figure 3.5 the coordination number of Zr is 7, lower than in the other 

two structures, and half of the oxygen anions are connected to 4 Zr cations (CN=4) while 

other half are connected to 3 Zr cations (CN=3) [4]. Table 3.1 summarize the structural 

characteristics of monoclinic, tetragonal and cubic zirconia phases. 
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Figure 3.5. Monoclinic structure of zirconia, in which Zr and O atoms are represented in red 
and blue, respectively (illustrated using Vesta software [12] ). 

Table 3.1. Summary of the structural characteristics of ZrO2 phases at atmospheric 
pressure [11,13]. 

Additionally to these three atmospheric pressure phases, other zirconia phases were 

reported for high pressure and temperature conditions. When subjected to high pressures, 

monoclinic zirconia undergoes two phase transformations to orthorhombic phases [5], as can 

be observed by the temperature-pressure phase diagram of pure zirconia shown in Figure 

3.1 b). The first orthorhombic phase, denominated O-I, starts to appear at an applied 

pressure of around 3.5 GPa, depending on the crystallite size. Typically, a lower crystallite 

size slows the starting pressure transformation. This phase transformation is only 

completed for an applied pressure around 10 GPa and is stable until ~25 GPa. The O-I phase 

belongs to the Pbca space group, with a coordination number of 7 [5]. Above 25 GPa, a second 

orthorhombic phase, O-II, appears. This phase is stable, at RT, until an applied pressure of at 

least 70 GPa. The O-II phase belongs to Pnma space group, with Z= 4 and CN of 9 [5]. A high 

temperature and high pressure hexagonal phase was also reported for pure zirconia. This 

phase was first reported by Ohtaka et al. [14] after the quenching of pure zirconia powders 

exposed at temperatures above 1000 0C and a pressure of 20 GPa. When the pressure is 

released, the material returns to the monoclinic structure for a pressure below 1 GPa [5]. 

ZrO2 phase Space group Lattice parameters Zr coordination number Density (Mg/m3) 

M P21/c a= 5.16 Å b= 5.19 Å c= 5.30 Å β = 9809’ 7 5.83 

T P42/nmc a=b= 3.64  Å c= 5.27 Å 8 6.10 

C Fm3m a= 5.12 Å 8 6.09 
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As mentioned above, at RT and atmospheric pressure the monoclinic phase is the only 

stable phase of pure zirconia. Thermodynamically, it is very difficult to retain the cubic and 

tetragonal phases at RT, even by a rapid thermal quenching of the structure. Since the 

driving force for the transformation is high (the free energy of the t-phase, Gt, is much higher 

than the free energy of the c-phase, Gc, and the free energy of the m-phase, Gm, is much 

higher than the free energy of the t-phase) these transformations occur spontaneously [1]. 

These crystalline phase transformations are martensitic, occurring without diffusion and 

involving only a cooperative shift of the ions from its starting positions. Furthermore, t ⟶ m 

transformation is accompanied by a significant volume expansion (t ⟶ m: ~5%) that 

exceeds the limit of elastic deformation of the material, leading to cracking and break of the 

bulk material [3]. This implies that, if a bulk pure zirconia is submitted to a temperature 

above the m ↔ t transformations, the material will crack during the cooling due to the 

drastic volume expansion. Such invalidate the use of the pure zirconia in applications where 

a solid intact structure is required. In fact, technological applications of pure zirconia are 

very limited due to its mechanical behaviour.  

3.2 Stabilization of high temperature phases 

The thermodynamic stability of the monoclinic structure of zirconia at RT is related with the 

strong covalent nature of the Zr-O bond which favours a sevenfold coordination number [2]. 

Due to the low ionic radius of Zr4+, the distances between the oxygen ions in the zirconia 

lattice are small and electrostatic repulsion forces induce the distortion of dense ion 

package and the consequent formation of more distorted crystalline structures (monoclinic) 

[2]. With an increase in the temperature, the tetragonal and cubic structures of pure zirconia 

are stabilized due to the generation of oxygen ion vacancies in the lattice. To accommodate 

these thermally generated oxygen ion vacancies, the structure of zirconia changes to one 

having eightfold coordination. First, the tetragonal structure is stabilized in the temperature 

range from 1170 to 2370 0C, for which the concentration of oxygen ion vacancies is low. For 

high temperatures (> 2370 0C), the concentration of oxygen ion vacancies increases and the 

cubic phase is stabilized [2]. It is also reported that the tetragonal and cubic structures can be 

stabilized at low temperature in atmospheres of low oxygen partial pressure. Once again the 

stabilization is associated with the generation of oxygen ion vacancies in zirconia lattice. 

However, either during material cooling or when it is exposed to air, reversible monoclinic 

phase transformation occurs due to the diffusion of surrounding oxygen into the zirconia 

lattice [2,15].  
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The high potential for RT applications of the high temperatures phases of zirconia and the 

impossibility to produce intact dense products of pure zirconia promoted an intense search 

for solutions to stabilize the tetragonal and cubic phases of zirconia at RT and under 

atmospheric pressure. Nowadays, it is well known that the two high temperature phases of 

zirconia can be successfully stabilized at RT and atmospheric pressure by different 

stabilization processes. However, there is still no full agreement about the mechanics 

behind these stabilization processes [2].  

The most common process used in the stabilization of tetragonal and cubic phases of 

zirconia at RT is based in the doping of pure zirconia with some aliovalent cations or, in 

some cases, with cations with the same valence as the Zr4+, called stabilizers. The stabilizer 

cations, that can have lower, the same or even higher valence than Zr ions, will replace some 

of the Zr4+ ions in the zirconia lattice. The replacement of Zr4+ by cations with lower valence, 

usually trivalent cations, results in the generation of oxygen ion vacancies due to charge 

balance. As happens in high temperature condition, depending on the oxygen ion vacancies 

concentration, which can be controlled by the dopant amount, both tetragonal and cubic 

phases can be stabilized at RT by this mechanism [2]. Typical oxides used in the stabilization 

of the high temperature phases by this process include Y2O3, CaO, MgO, Ga2O3 and Gd2O3. 

Figure 3.6 shows a schematic representation of the cubic stabilized zirconia structure 

obtained by doping pure cubic zirconia with yttria.  

 

Figure 3.6. Yttria stabilized zirconia cubic structure [16]. 

The stabilization of tetragonal and cubic phases of zirconia by high concentration of oxygen 

vacancies generated either in high temperature conditions, or in an atmosphere with low 

partial oxygen pressure or even by doping with divalent and trivalent cations, suggests that 

the stability is only governed by oxygen vacancies. However, some experimental results 

reported along the years contradict this idea, as they show that it is possible to stabilize 
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tetragonal and cubic phase of zirconia by other mechanisms in which the oxygen ion 

vacancies are not involved [2]. One example is the stabilization of tetragonal and cubic 

zirconia phases at RT by doping pure zirconia with tetravalent cations, such as Ce4+, Ti4+ and 

Ge4+ ions. In this case, the replacement of Zr4+ cation by other cation with the same valence, 

do not generate oxygen vacancies, being the stabilization of metastable phases of zirconia at 

RT explained as an effect of cation size. The replacement of some of the Zr4+ by cations with 

a higher ionic radius induces an increase in the ratio between cation and anion radius. 

Consequently an higher average distance between the ions results in a decrease of their 

electrostatic repulsion which is responsible for the distortion of the more symmetric 

crystalline structures of pure zirconia [4]. The doping of pure zirconia with pentavalent 

cations, such as Nb5+, is also an effective approach for the stabilization of the tetragonal and 

cubic zirconia phases at RT. In this case the stabilization is explained as a result of 

combination of the oxygen vacancies and cation size stabilization mechanisms [2].  

Additionally to the RT stabilization of tetragonal and cubic zirconia phases by the doping 

with stabilizer cations, it was reported in literature that these phases can be stabilized at RT 

in undoped nanocrystalline zirconia below a critical size, due to a reduced size effect [2,8,9,17]. 

This mechanism is not yet completely understood. Different mechanisms based on 

thermodynamic, strain energy or kinetic, involving the diffusion of oxygen vacancies in the 

zirconia lattice, have been explored in several works [2].  

A proper selection of the type and concentration of stabilizer and the adjustment of 

processing parameters, allows the manipulation of crystalline phases and microstructures 

and, by this way, the optimization of some properties over others, taking into accounting 

specific applications. Some of the most explored zirconia microstructures include the partial 

stabilized zirconia (PSZ), tetragonal zirconia polycrystals (TZP) and fully stabilized zirconia 

(FSZ). PSZ materials are constituted by coarse tetragonal precipitates dispersed in a cubic 

zirconia matrix. TZP ceramics contains around 100% of tetragonal stabilized zirconia with 

grain sizes between 0.2-1 µm. FSZ refers to a zirconia material that is completely stabilized 

in the cubic phase [1,3]. 

The doping with trivalent ions is one of the most frequent approaches used in the 

stabilization of metastable phase of zirconia at RT due to the high technological importance 

of the products. Within this, yttria is particularly effective in the stabilization of tetragonal 

and cubic zirconia phases due to its cubic lattice structure similar to the cubic structure of 

zirconia [18]. In this thesis work, yttria was selected as the zirconia high temperature phase 
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stabilizer and therefore it is fundamental to understand the ZrO2-Y2O3 system in order to 

predict and control the obtained phases and microstructures in the produced samples. 

3.3 ZrO2-Y2O3 system 

Among all the cations added to zirconia to stabilize the high temperature phases at RT, Y3+ is 

one of the most used in industrial applications. As such, the ZrO2-Y2O3 system is of enormous 

technological importance. Even though the first diagram of the ZrO2-Y2O3 system was 

reported a long time ago in 1951 by Duwez et al. [19] and since then extensive research has 

been done in this system, the experimental data obtained are often contradictory and some 

parts of the diagram are still not completely understood [4,10]. The most reliable and accepted 

phase diagram of the ZrO2-Y2O3 system is the one proposed by Scott in 1975 [20]. Special 

attention has been added to the zirconia-rich composition of this diagram in which solid 

solutions are produced, due to their high interest for practical applications [4]. This part of 

the phase diagram, reproduced based on the phase diagram reported by Scott, is presented 

in Figure 3.7. 

Comparatively to the phase diagrams of other systems including ZrO2-CaO and ZrO2-MgO 

used to stabilize zirconia, the phase diagram of the ZrO2-Y2O3 system has a much larger 

tetragonal solid solution field and the temperature of transformation from t-phase to the 

m-phase is lower [1]. Moreover, solubility of yttrium in the zirconia lattice is much higher 

than the solubility of other ions typically used in the stabilization [1]. As a consequence, it is 

possible to produce zirconia ceramics that are essentially 100% tetragonal or 100% cubic 

by the stabilization with Y3+ [1]. The zirconia-rich part of the ZrO2-Y2O3 phase diagram is a 

complex system, in which several complicated phase transition occurs. The conditions 

under which these phase transitions take place are dependent on several factors including 

the sample preparation process, thermal history and grain size. Moreover, the presence of 

metastable phases in this region of the diagram is also common [4].  
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Figure 3.7. Zirconia-rich end of the zirconia-yttria equilibrium phase diagram (drawn based 
on reference [20]). 

As shown in diagram presented in Figure 3.7, for low content of YO1.5 (between 0-5 mol.%) 

there is a narrow two-phases (m + t) region for a range of temperatures above the 

temperature in which monoclinic phases exists. For the same range of YO1.5 content, during 

heating, this two-phase region is followed by a tetragonal phase region (t-phase). One 

important feature of this system is the decrease in the temperature of t⟶m transformation 

with increase in yttrium content [4]. This t-phase, which exists in a range of YO1.5 content 

between 0-5 mol.%, is typically called as transformable tetragonal phase, since upon 

material cooling it undergoes phase transition to monoclinic [4]. However, this phase 

transformation can be avoided for t-phases with YO1.5 content around 3-4 mol.% if the grain 

size is small enough (from 0.2 to 1 µm) [4]. In this case the transformation to the m–phase 

does not occur spontaneously and the t-phase is preserved at RT. Even so, the t ⟶ m 

transformation can be induced by a significant mechanical loading. This t ⟶ m phase 
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transition upon mechanical loading is responsible for one of the most important 

characteristics of zirconia, the transformation toughness that will be discussed later. For 

higher contents of YO1.5 there is other two-phase region containing a mixture of cubic phase 

(c-phase) and an untransformable tetragonal phase (t’-phase). The rapid cooling starting 

from temperatures in a range of cubic solid solution, of samples with YO1.5 content between 

4-13 mol.% undergo a phase transformation to the t’-phase. This untransformable t’-phase 

does not undergo phase transition into monoclinic. Further increase in YO1.5 content above 

15 mol.% leads to a decrease in the distortion of tetragonal structure resulting in a region 

where a fully stabilized cubic solid solution exists [4]. The limit of YO1.5 contents in each 

metastable tetragonal and cubic phase that it is possible to retain at RT is indicated in a red 

colour in the Figure 3.7. 

3.4 Properties and technological applications  

As mentioned above, the practical applications of pure zirconia are very limited due to the 

destructive t ⟶ m phase transformation [2]. As such, the stabilization of tetragonal and cubic 

phases at RT, avoiding phase transformation during cooling, is determinant for the use of 

zirconia in industrial applications. At the beginning, the stabilization of high temperatures 

phases at RT by doping the pure zirconia aimed only to avoid martensitic phase 

transformation and consequent material cracking. Meanwhile, it was realized that, materials 

with new and/or improved properties are produced as side effect of RT phase stabilization. 

The stabilization of metastable phases of zirconia at RT paved the way for a wide range of 

engineering applications. Nowadays, zirconia is one of the most important industrial 

ceramic materials for both structural and functional advanced applications, by making use 

of their superior mechanical and unique functional properties [11]. The resultant properties 

of zirconia based materials are strictly dependent on the phases and microstructure of the 

material that, in turn, can be manipulated by a proper selection of the nature and 

concentration of the stabilizing cations and processing condition [4,5]. As such, specific 

properties can be optimized over others, regarding specific applications.  

The two most important effects of the stabilization of zirconia in its physical properties is, 

on one hand, the great improvement in the strength of zirconia ceramics with particular 

microstructures and, on the other hand, the oxygen ion conductivity achieved at elevated 

temperatures [5,7]. The same martensitic tetragonal to monoclinic phase transformation that 

is responsible for the degradation of the mechanical properties of pure zirconia is also 

responsible for a high improvement in the mechanical properties of stabilized zirconia by a 
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mechanism called transformation toughening [7,11,21,22]. Transformation toughening is 

especially effective in materials in which transformable tetragonal (t-phase) zirconia 

particles, with appropriated size, are homogeneously dispersed in a matrix that can be cubic 

zirconia (in the case of PSZ) or even other ceramic that needs to be mechanically reinforced 

(for example an Al2O3 matrix). When submitted to an external stress induced by a growing 

crack, the t-phase particles undergo martensitic transformation to the monoclinic phase. 

The volume expansion occurred in t ⟶ m transformation produces a compressive field in 

the surrounding particles, preventing crack propagation or even close the cracks, resulting 

in a mechanically stronger material [22]. This mechanism of transformation toughening is 

illustrated in Figure 3.8. The magnitude of the resulting enhanced mechanical strength 

depends on the transformation potential of the metastable tetragonal particles, which is 

governed by the size and structure of the metastable precipitates and the structure of the 

matrix. The latter, is influenced by the nature and concentration of the stabilizer, the particle 

size and residual impurities in the precursor zirconia and the temperature control during 

heating, sintering and cooling [22]. The strong influence of these parameters in the final 

mechanical characteristics of zirconia results in properties within wide range of values. 

 

Figure 3.8. Process of fracture toughening promoted by t ⟶ m martensitic phase 
transformation induced by an external stress, resulting from crack propagation in a PSZ 
material (adapted from [7]). 

Other important consequence of the zirconia stabilization with aliovalent cations, in 

particular trivalent cations as Y3+, is the production of oxygen ion vacancies in the zirconia 

lattice, as discussed above [22]. At high temperature, oxygen ions diffuse through the 

vacancies generating new vacancies and giving rise to solid electrolytes with oxygen ion 

conductivity [23]. The ionic conductivity is strongly dependent on the amount of oxygen 

vacancies in the materials, which in turn is controlled by the dopant concentration. The best 

ionic conductivity is achieved in fully stabilized material, 100% cubic phase. However, cubic 
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zirconia typically presents lower mechanical strength and resistance to temperatures 

changes, comparatively to the partially stabilized zirconia or tetragonal zirconia, which can 

be limitative in some applications [23]. As such, an appropriated compromise between 

mechanical properties and ionic conductivity should be achieved according with specific 

needs. High values of ionic conductivity are only required in some specific cases, while for 

most of zirconia solid electrolytes applications, the ionic conductivity achieved in partially 

stabilized is sufficient [23].  

As mentioned, zirconia is an outstanding material that shows a combination of properties 

that are uncommon in ceramic materials. In this oxide material, the typical characteristics of 

a ceramic are combined with other physical properties that usually are associated to metals. 

As a general result, zirconia is characterized by a high refractive index (2.15 to 2.18 for cubic 

zirconia [11]), high melting temperature (~2700 0C [11]), low thermal conductivity, high 

thermal expansion coefficient (around 10×10-6 K-1, in the same order as steel [11]), superior 

corrosion resistance at elevated temperatures, good chemical, thermal and photostability, 

high fracture toughness and tensile strength, high hardness, high resistance to wear and 

oxygen ion conductivity at elevated temperatures (600 0C) [11,24]. Depending on the dopant 

nature and concentration, thermal history and resultant material microstructure, as well as 

crystalline phases, these properties can be optimized within a wide range of values 

according with the desired applications. Table 3.2 displays a summary of the properties of 

three different zirconia ceramic commercial products from Dynamic-Ceramics Ltd: 

magnesium partial stabilized zirconia (Mg-PSZ), tetragonal zirconia polycrystals stabilized 

with yttrium (3Y-TZP) and yttrium fully stabilized zirconia (8Y-FSZ) [25]. 

Table 3.2. Properties of different zirconia ceramic products from Dynamic-Ceramics Ltd [25]. 

Properties Material  

Composition  Mg-PSZ 3Y-TZP 8Y-FSZ 

Density g/cm3 5.60 6.05 5.7 

Flexural strength (200C/800 0C) MPa 545/354 1400/270 180/270 

Compressive strength MPa 1700 2000 1500 

Modulus of elasticity GPa 205 205 160 

Poisson ratio  0.31 0.30 0.3 

Hardness Hv0.3 1120 1350 700 

Fracture toughness MPa.m1/2 6.0 10 3.5 

Thermal expansion coefficient ×10-6 K-1 10 10 11 

Thermal conductivity W/mK 2.5 2 2.5 

Thermal shock resistance ΔT 0C 375 250 200 

Specific heat capacity J/kgK 400 400 - 
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As a consequence of these unique properties, zirconia materials are nowadays used in a 

wide range of applications in different areas. Due to its high thermal and chemical stability, 

zirconia is currently employed as refractory materials, for instance in crucibles for the melt 

of metals and as separators in aerospace batteries [25]. Additionally, taking advantage of its 

low thermal conductivity and high thermal expansion coefficient, zirconia is used as thermal 

barrier coating (TBC), for example for aeroplane turbines [11,26,27]. Zirconia is also currently 

used in different cutting and metal forming tools, as milling media and in combustion 

engines due to its high strength, fracture toughness, hardness and resistance to thermal 

shock [11]. This oxide host also found applications in electronics, as electric insulator 

material, and telecommunications as ceramic ferrules and ceramic sleeves for connecting 

fibre optic cables [28,29]. Moreover, due its high ionic conductivity at high temperature, 

zirconia is used as solid electrolyte in solid oxide fuel cells (SOFC) and in oxygen sensors 

[2,11,30]. Additionally, zirconia has been considered as a ceramic biomaterial [31–33]. By taking 

advantage of its superior chemical and dimensional stability, high mechanical strength and 

toughness and Young´s modulus in the same order of magnitude as stainless steel alloys, 

zirconia has been used to produce ball heads for total heap replacement [34]. Additionally, 

zirconia has been used in dental implants in alternative to titanium, because of its proximity 

to the tooth-like colour, biocompatibility, and low plaque affinity [35]. Cubic zirconia finds 

also applications in jewellery, due to its transparency and refractive index close to the 

diamond [2,11]. 

In addition, zirconia is considered a wide band gap semiconductor, with reported band gap 

energies between 4-6 eV (depending on crystalline phase [36]), transparent from the NIR to 

the UV spectral region (< 300 nm to 8 µm [37]). These characteristics, combined with the 

aforementioned properties, makes it suitable for different applications in optics and 

photonics. Namely, considering the high refractive index, transparency, high radiation 

hardness, and photostability, zirconia is used as anti-reflection coatings for lasers in optical 

industry, as well as in coatings for high refractive mirrors and broad band interference 

filters [30]. 

Furthermore, the wide band gap of zirconia together with its relative low phonon cut-off 

energy (energy of stretching mode around 470 cm-1 [38]), potentiate it as a host for the 

incorporation of Ln ions with visible intense emission at room temperature [38]. The wide 

band gap of zirconia host allows the introduction in the forbidden band of several 

well-localized energy states belonging to the 4fn ground configuration and 4fn−15d excited 

configuration of the trivalent Ln ions. With several of these energy states localized in the 

visible spectral range, under proper energy excitation, the material can emit visible light. 
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The relatively low phonon cut-off energy of zirconia host, decreases the probability of 

nonradiative deexcitation of the excited Ln ion that can lead to relatively intense 

luminescence at RT [39]. 

When added to zirconia, Ln3+ usually occupy the Zr4+ cations lattice sites and oxygen 

vacancies are formed for charge compensation [40]. Therefore, the stabilization of tetragonal 

and cubic phase of zirconia at RT can be achieved by the doping with trivalent lanthanide 

ions, which, in turn, are of upmost importance for the already discussed lighting 

technologies and bioapplications.  

Since the pioneer works of Dexpert-Ghys et al. [41] and van der Voort et al. [42], the interesting 

properties of zirconia and yttrium stabilized zirconia (YSZ) as hosts for the incorporation of 

lanthanides ions have attracted the attention of several research groups over the world 

[24,30,38,40]. Different synthesis techniques have been used to produce zirconia and YSZ doped 

with distinct lanthanide ions, including bulk polycrystalline and single crystals, films, 

powders and ceramics, and NPs. Table 3.3 shows a representative summary of the used 

synthesis techniques to produce luminescent materials based on zirconia and YSZ reported 

in literature. Techniques such as the skull method and the laser heated pedestal growth 

(LHPG) have been used to produce single crystals of YSZ doped with different lanthanide 

ions. Regarding the production of the doped hosts with Ln ions several techniques have 

been used including sol-gel/deep coating and atomic layer deposition. Solid state reaction 

and sol-gel techniques are the most frequent methods used to produce micro-sized powders 

phosphors. The production of nanophosphors of zirconia and YSZ doped with different 

lanthanides were also reported, as indicated in Table 3.3. For the preparation of these 

nanophosphors mostly chemical approaches have been applied, including hydrothermal 

synthesis, co-precipitation, solvothermal reaction, sol-gel, solution combustion synthesis 

and water-oil emulsion processes. The huge potential of zirconia-based luminescent 

materials was already recognized by the international scientific community (see Table 3.3). 

However, a deep knowledge is needed to enhance the materials luminescence properties. 

Particularly, those related with the role of the optically activated lanthanides in zirconia and 

YSZ hosts which are of upmost interest to the development of new solid state light strategies 

and bioapplications. In such regard, it should be mentioned that the industrial applications 

of these phosphors requires, besides the knowledge of the materials fundamental 

properties, synthesis strategies that can be scalable for manufacturing.  
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Table 3.3. Zirconia based phosphor and respective synthesis techniques found in literature. 

L
n

3
+
-d

o
p

e
d

 Z
rO

2
 

 
Bulk crystals 

Single crystals and 

polycrystalline 

crystals 

Skull method 
-Bulk polycrystalline ZrO2:Sm3+ [43]; 

-Single crystals YSZ:Er3+ [44–46], YSZ:Pr3+ [47], YSZ:Ho3+ [48], YSZ:Dy3+ [49]; 

LHPG -Single crystals YSZ:Er3+, YSZ:Pr3+, YSZ:(Er3+, Pr3+) [50]; 

Arc image 

furnace 
-Transparent polycrystalline YSZ:Eu3+ [51]; 

Films 

Sol-gel/Deep 

coating 

-ZrO2:Eu3+ thin films [30,52]; 

-ZrO2:Tb3+ thin films [52–54]; 

-ZrO2:Er3+ thin films [55,56]; 

-ZrO2:Sm3+ thin films [52]; 

Atomic layer 

deposition 

-ZrO2:Sm3+ thin films [43]; 

-ZrO2:Dy3+ thin films [57]; 

Others 

-ZrO2:Eu3+ mesoporous films [58]; 

-ZrO2:Eu3+ [38]; ZrO2:(Tb3+, Eu3+)[59] films; 

-ZrO2:Tb3+ [60–62], YSZ:Tb3+ [63] films; 

-ZrO2:Dy3+[64,65], ZrO2:(Dy3+, Li+) [64], ZrO2:(Dy3+, Gd3+) [65] films; 

-ZrO2:Er3+ thin film [38,66]; 

-YSZ:(Tm3+, Dy3+) coatings [67]; 

Phosphors 

Powders, particles, 

ceramics 

Solid state 

reaction 

-ZrO2:Eu3+ powders [68–70]; 

-ZrO2:(Sm3+, Sn4+) powders [71]; 

-ZrO2:(Dy3+, Eu3+) powders [72]; 

-ZrO2:Er3+, (Er3+, Yb3+), (Er3+, Mo6+), (Er3+, Yb3+, Mo6+) powders [73]; 

Sol-Gel 

-ZrO2:Eu3+, ZrO2:Er3+ sub-micron particle [74]; 

-YSZ:Eu3+ microtubes [75]; 

-ZrO2:Pr3+ powders [76]; 

-YSZ:Ce3+ fibres [77]; 

Others 

-ZrO2:Eu3+ submicrometer particles [78]; 

-ZrO2:Tb3+ ceramics [79]; 

-ZrO2:Pr3+ micro-spheres [80], powders [39]; 

    

Nanophosphors 

Nanocrystals, NPs, 

nanotubes, etc 

Hydrothermal 

synthesis 

-ZrO2:Eu3+ nanocrystals [24,40,81–85]; 

-ZrO2:Tb3+ NPs [85]; 

-ZrO2:Pr3+ nanocrystals [86–88]; 

-YSZ:Pr3+ nanocrystals [89]; 

-ZrO2:Yb3+ NPs [90]; 

Co-precipitation 

-ZrO2:Eu3+ nanopowders [91–94]; 

-YSZ:Eu3+ nanopowders [41]; 

-ZrO2:Pr3+ nanocrystals [95–97]; 

-ZrO2:(Pr3+, Sm3+) nanocrystals [95]; 

-ZrO2:Dy3+ NPs [98]; 

-ZrO2:(Mn2+, Er3+) nanocrystals [99]; 

-YSZ:(Ho3+, Yb3+) nanocrystals [100]; 
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L
n

3
+
-d

o
p

e
d

 Z
rO

2
 

Solvothermal 

reaction 

-ZrO2:Eu3+ NPs [101,102]; 

-ZrO2:Tb3+ NPs [102,103]; 

-ZrO2:Ho3+ NPs [104]; 

-ZrO2:(Ho3+, Yb3+) NPs [104]; 

Sol-gel 

-ZrO2:Eu3+ nanopowders [105], nanocrystals [106,107]; 

-YSZ:(Eu3+, Yb3+) nanocrystals [108]; 

-YSZ:Eu3+ nanophosphors [109]; 

-ZrO2:Sm3+ nanocrystals [110], nanophosphors [111,112]; 

-ZrO2:Dy3+ nanocrystals [113]; 

-YSZ:Dy3+ nanocrystals [114]; 

-ZrO2:Er3+ [115–122]; ZrO2:(Er3+,Yb3+) [116,118,119,123–127], ZrO2:(Er3+, Li+) [119], 

ZrO2:(Er3+, Yb3+, Li+) [119] nanophosphors; 

-ZrO2:Ho3+ nanocrystals [128]; 

-ZrO2:(Ho3+, Yb3+) nanocrystals [129,130]; 

-ZrO2: (Tm3+, Yb3+, Er3+, Ho3+) nanocrystals [131]; 

-ZrO2:Tm3+ [132,133], ZrO2:(Tm3+, Yb3+)[134] nanocrystals; 

Combustion 

synthesis 

 

-ZrO2:Eu3+ nanophosphors [135–137]; 

-ZrO2:Tb3+ nanophosphors [138–140]; 

-ZrO2:(Er3+,Yb3+) nanomaterials [124]; 

-ZrO2:Yb3+ nanophosphors [141]; 

Water-oil- 

emulsion 

-ZrO2:Tb3+ NPs [142]; 

-ZrO2:Pr3+ nanocrystals [143]; 

-ZrO2:Ce3+ NPs [144]; 

Others 

-ZrO2:Eu3+ nanopowders [145] 

-ZrO2:Tb3+ nanofibers [146], NPs [147]; 

-ZrO2:Ce3+ nanophosphors [148]; 

-ZrO2:(Ho3+, Yb3+) nanopowders [149]; 

-ZrO2:(Dy3+, Eu3+) nanocrystals [150]; 

-ZrO2:(Gd3+, Eu3+) nanocrystals [151] 

-ZrO2:Sm3+, Nd3 nanocrystals [152]; 

-ZrO2:Er3+ nanotubes [153], nanophosphors [154,155]. 
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Chapter 4.  

Characterization techniques 

 In this chapter the characterization techniques used to evaluate 

the morphology, structure and luminescent properties of the 

produced phosphor materials are described. 
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An appropriated characterization of the produced luminescent materials (phosphors) is 

crucial to evaluate its potential for a specific aim, i.e. to determine if the material has the 

requested characteristics needed for the envisaged applications. On other hand, a suitable 

characterization is important to understand how the properties of the phosphors can be 

improved. A correlation between structure, morphology, particle size and luminescence 

features of the produced materials is essential for further optimization of phosphors 

performance.  

In this thesis, the morphology and crystal/particle size of zirconia based phosphors were 

analysed by electron microscopy while the structural analyses were carried out by X-ray 

diffraction (XRD) and Raman spectroscopy techniques. The luminescent properties of the 

produced phosphors were accomplished via optical spectroscopic techniques including, 

steady state photoluminescence (PL), PL excitation (PLE), time resolved PL spectroscopy 

(TR-PL), and lifetimes measurements. 

Next, a brief revision of the principles and experimental setup of each one of these 

techniques will be presented. The importance of the use of electron microscopy, XRD, 

Raman and PL spectroscopy in the characterization of the zirconia phosphors will be also 

discussed. 

4.1 Electron microscopy 

Electron microscopy is one of the most powerful tools available for the microstructural 

characterization of materials. In particular, electron microscopy techniques are fundamental 

tools in the characterization of nanomaterials, allowing to acquire morphological, structural, 

compositional, and other relevant information that could be very hard to be obtained by 

other characterization techniques. In fact, the advancing in the electron microscopy strongly 

contributed for the development in nanoscience.  

The use of high energy electrons instead of visible light employed in the traditional optical 

microscopes opened the door to imaging objects with very low dimensions. Optical 

microscopes are known to be inappropriate systems to imaging objects, and their details, 

with dimensions below the micro scale due to their low depth of field and low spatial 

resolution (in the best cases around 0.2 µm), conditioned by the wavelength of visible light 

[1–3]. In contrast, electrons, with energy that can be increased simply by accelerating them 

across a high voltage [1], can be used to produce microscope images with high spatial 

resolution and high depth of field. 
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Figure 4.1. Various signals produced from the interaction between the electron beam and the 
sample (adapted from [4]). 

Other strong advantage of the use of electrons is related with the high number of different 

signals that are generated from the interaction between the materials and the electrons 

beam (Figure 4.1). Each one of these signals can give different type of information about the 

material under study, including chemical composition, surface topography, crystallography, 

atomic number distribution, electric conductivity and others [3]. Using the appropriated 

detectors, the different signals can be acquired and analysed in the same equipment. 

Therefore, electron image can be combined with other characterization techniques in order 

to get information from a specific and localized region of the sample. As an example, energy 

dispersive X-ray spectroscopy (EDS) is often associated with electron microscopes, to 

identify specific chemical elements in the sample by the analysis of the emitted X-ray 

radiation [2]. This technique allows not only to identify the chemical elements, but also to 

analyse the distribution of specific elements by mapping a specific region of the sample.  

In this work both scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were used for microstructural characterization of the produced samples. 

In both types of microscopes, the monochromatic electrons are accelerated by the 

application of an acceleration voltage (kV) in the electron gun. A set of electromagnetic lens 

are used to focus the electrons into a small, coherent beam and to direct the beam onto the 
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surface of the sample. Figure 4.2 shows a schematic illustration of the principal components 

of the image formation in a typical SEM and TEM microscopes. 

 

Figure 4.2. Schematic representation of the principal components in a typical SEM (left) and 
TEM (right) microscopes (adapted from [2]). 

In a SEM, the secondary electrons generated by the interaction of the electron beam and the 

materials, are used to imaging the surface of the samples [2]. Since the emission efficiency of 

the secondary electrons is very sensitive to the geometry and chemical characteristics of the 

surface as well as to the bulk chemical composition, the SEM can provide important 

information about surface topography and morphology of the samples [2]. Typically, 

acceleration voltages in the range between 5-30 kV are used in the SEM and spatial 

resolutions in the order of 1 nm can be achieved. In this work two SEM equipments were 

used: a S4100 Hitachi and a HR-FESEM HitachiSU-70. SEM was used to analyse the bulk 

crystals produced by LFZ, including the existence of grain boundaries, segregations or 

defects, such as bubbles and cracks. For such experiments, the crystals were cut and 

impregnated in an epoxy resin for further polishing of the crystal surface. Since zirconia is 

not a conductor material, before observation in SEM it was necessary to deposit a thin 

conductor film (carbon) on the surface of the sample in order to avoid charge concentration. 

Charge accumulation prevents the interaction of the electron beam with the samples surface 

hindering the image formation. EDS analyses were performed during the SEM to investigate 

the distribution of the dopant ions along the length and diameter of the crystals.  
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In the TEM technique, the electrons transmitted by a very thin sample are used to create the 

image. TEM is a powerful tool to investigate the morphology, crystalline structure and 

orientation of nanomaterials at a very high spatial resolutions [1]. This type of electronic 

microscope typically works at an acceleration voltage in the order of 100-300 kV and 

resolutions around 0.10 nm can be achieved. In addition to the lower magnification images 

that give access to nanocrystals/nanoparticles size and shape and interface between 

particles, high resolution (HRTEM) images can be used to get structural information of the 

samples, including those of individual particles. Moreover, in TEM electron diffraction 

patterns, which also contain important crystallographic information of the samples, can be 

detected and analysed. Due to the small diameter in which the electron beam can be focused 

(~0.3 nm), electron diffraction, HRTEM images or other complementary analysis, including 

quantitative chemical analysis, can be performed in a single nanocrystal [2]. In this work, the 

NPs produced by PLAL and the nanocrystalline powders produced by SCS were analysed by 

TEM. Two different equipments were used, a HR-(EF) TEM-JEOL 2200FS and a Hitachi 

H-900 equipment. In contrast to other type of samples, including thin films or bulk samples, 

the preparation of the nanocrystalline powders or nanoparticles for observation in TEM is 

much simpler. In the case of dried SCS powders, a very small amount of powders were 

dispersed in distillate water under ultrasonic agitation. In the case of NPs colloids produced 

by PLAL, a small volume of the colloidal solution was diluted in distillated water and was 

ultrasonically agitated. In both cases, a drop of the diluted suspension was released in the 

top of a copper TEM grid with carbon support film and was dried at RT. TEM and HRTEM 

images allowed to observe crystallinity, particle shape and to determine average particle 

size of the SCS and PLAL samples. 

4.2 X-ray diffraction (XRD) 

The knowledge of the crystalline structure and microstructure of a material is one of the 

most fundamental steps to understand its properties. As referred above, in Ln-doped 

phosphors the luminescence features are strongly related with the materials crystalline 

structure. As such, a proper structural characterization of phosphor materials is an 

important initial characterization to understand and improve their properties. XRD is one of 

the most powerful and widely used techniques for identification of crystalline phases and 

analysis of their unit cell dimensions [5,6].  

In crystalline materials, the crystallographic information obtained by XRD is strictly related 

with the distance between crystalline planes, which can be measured through the diffraction 
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phenomena. XRD makes use of the Huygens–Fresnel principle since that the wavelength of 

X-rays radiation is in the same order of magnitude as the distance between atoms placed in 

a periodic array, with inter-planar distance d, in a crystalline lattice (angstrom (Å)) [7]. In 

this condition, when a crystalline material is irradiated by a monochromatic beam, each 

atom in the periodic array act as a scattering element, in which the electromagnetic waves 

are scattered in all directions by the scatters centres [6]. Waves scattered from different 

atoms can interact constructively at certain angles if the waves are in phase, giving rise to 

diffraction maxima [5,6]. In a solid material, the condition in which XRD occurs is 

schematically illustrated in Figure 4.3.  

 

Figure 4.3. Illustration diagram of the X-rays diffraction by a crystal (Bragg condition) 
(adapted from [6]). 

When an arbitrary group of parallel planes described by the Miller indexes (hkl) in a crystal, 

with an inter-planar distance d, is irradiated at an angle θ with a monochromatic beam of 

X-rays, the waves scattered by each crystalline plane (which have the same phase of the 

wave scattered by an arbitrary atom in these planes) will interfere constructively if the path 

difference between the incident and scattered waves in the two planes is a integer multiple 

of the wavelength. Considering the two atoms A and B in the Figure 4.3, the path difference 

between the incident and scattered waves by these two atoms is equal to 2d sin θ, in which θ 

is the angle between the incident beam and the diffracting plane and d is the inter-planar 

distance. Therefore, the phenomenon of X-ray diffraction in a crystal occurs in the scattering 

directions that satisfy Bragg’s law, expressed by the Eq. 4.1 (where n is the diffraction order) 

and which is a consequence of the periodicity arrangement of the crystalline planes [5]. 

𝑛𝜆 = 2𝑑 sin 𝜃                                                                        𝐸𝑞. 4.1 
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Since monochromatic X-ray radiation is used, only one first order diffraction maximum is 

produced by each set of parallel planes, detected at a specific angle between the incident 

and the diffracted waves, called the diffraction angle (2θ). Therefore, by scanning the 

diffraction angle, the diffractogram composed by the diffraction maxima associated to each 

crystalline plane in the crystal can be constructed. Since each material has a unique 

arrangement and number of atoms, its diffraction pattern is also unique [7]. Hence, X-ray 

diffraction is a valuable technique to identify the crystalline phases present in a sample, 

which could be a single crystal, polycrystalline powder or even thin films.  

In this work, powder XRD technique was used to identify the zirconia crystalline phases in 

the powders produced by SCS. The measurements were performed in a Philips X'Pert MPD 

system at RT, using the Kα emission line of Cu with 1.5418 Å wavelength. In this system, the 

X-ray source is in a fixed position, while the sample and the detector are rotated θ and 2θ, 

respectively, in order to change the incidence and detection angles. 

In addition to the identification of crystalline phases, XRD was used to analyse the 

crystallinity of the bulk crystals produced by LFZ. In a random oriented powder, 

independently on the orientation of the sample, there is always a considerable number of 

crystals in which the crystalline planes have the proper orientation to diffract for a certain 

Bragg angle θ and, as a result, the diffraction maxima of all the crystalline planes appear in 

the diffractogram. On the other hand, in the case of a single crystal or preferentially oriented 

polycrystals the situation is different. In a single crystal, the crystalline planes are oriented, 

and therefore the diffraction maxima associated to these planes will be more spatially 

localized. Therefore, the planes can be aligned in such way that the diffraction direction is 

aligned with the detector. Hence, while the diffraction maxima of all the planes can be 

detected along only one axis of rotation in randomly oriented samples, in single crystalline 

samples two axis of rotation are necessary to record all the diffraction maxima. These 

differences in the diffraction pattern of a polycrystalline and single crystal samples is very 

useful to analyse the crystallinity of the sample with resource to X-ray diffraction 

techniques. In this work, single crystal XRD technique was of particular importance to 

analyse in which experimental conditions zirconia based single crystals can be grown by 

LFZ technique. 

The identification of the crystalline phases using the diffractograms obtained by X-ray 

diffraction was performed by comparison with other diffractograms obtained for reference 

materials registered in the ICDD (International Centre for Diffraction Data) database. In this 
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search for a match, information about the position of the diffraction maxima, peak intensity 

and intensity distribution as a function of diffraction angles was compared.  

Additional crystallographic information, including the lattice parameters or quantitative 

determination of crystalline phases, can be extracted from the acquired diffractograms 

using more advanced analyses. For example, after indexation of the crystalline phases, the 

lattice parameters of the unit cell can be calculated using the inter-planar distance d 

(determined by the Bragg’s law (Eq. 4.1) of an indexed hkl plane. Depending on the 

symmetry of the crystalline lattice, 1, 2 or 3 planes are need to determine the lattice 

parameter a, b and c. Eq. 4.2 shows the relation between the inter-planar distance d of the 

plane (hkl) and the lattice parameter a for a cubic lattice [7]. 

1

𝑑2
=

1

𝑎2
 (ℎ2 + 𝑘2 + 𝑙2)                                                    𝐸𝑞. 4.2 

As explored in Chapter 3, zirconia can crystallize in three different structures, monoclinic, 

tetragonal and cubic, at atmospheric pressure, by increasing the temperature. The 

tetragonal and cubic phases are of high technological importance and can be stabilized at RT 

by different processes. While the tetragonal and cubic phases of zirconia can be well 

distinguished from the monoclinic phase by XRD, the same does not happen, between the 

cubic and tetragonal phase. The diffraction pattern of the monoclinic phase of zirconia can 

be well distinguished from the diffractogram of other two phases, by the analysis of the 

diffraction maxima in the 2θ range between 26 0 and 33 0 [8]. This is evidenced in Figure 4.4, 

which shows the diffraction patterns of a monoclinic (A), tetragonal (B) and cubic (C) 

zirconia in such 2θ region. For the monoclinic phase there are two diffraction maxima with 

high intensity associated to the (111) and (111̅) crystalline planes, while in the tetragonal 

and cubic phases there is only one diffraction maxima associated to the (111) crystalline 

plane, also with high intensity and which are not overlapped with any of the other two [8]. 

Therefore, it is easy to distinguish the monoclinic phase from the tetragonal or cubic ones. 

However, due to the high similarity of the tetragonal and cubic structures of zirconia, which 

results in very similar diffraction patterns, the assignment of these two phases based on 

X-ray diffraction can be ambiguous [8]. One reported way used to distinguish these two 

phases using XRD, is by comparing their diffractograms in the 2θ range of 71-76 0. In this 2θ 

range the tetragonal structure can be distinguished from the cubic one by the presence of 

(004)(400) doublets, whereas cubic phase exhibit only one maximum of diffraction [8]. 

However, the identification of tetragonal and cubic phases using these low intensity and 

highly overlapped diffraction maxima is very difficult. In the particular case of samples with 

small crystallite sizes, including the nanoparticles produced by PLAL, due to the 
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enlargement of the diffraction peaks, it is difficult to spectrally resolve the doublets of the 

tetragonal phase and consequently it is very hard to distinguish the two phases. To overpass 

this limitation XRD should be used together with other complementary techniques, for 

example with Raman spectroscopy. 

 

Figure 4.4. XRD patterns of a monoclinic (A), tetragonal (B), and cubic (C) zirconia acquired 

between 26-38 0 [8]. 

4.3 Raman spectroscopy 

Raman spectroscopy is an optical technique that relies in the phenomenon of inelastic 

scattering, or Raman scattering, which provides information about the collective vibrational 

modes of atoms in a crystalline lattice. The Raman scattering or Raman effect, is the 

phenomenon in which an incident monochromatic electromagnetic radiation (with 

frequency ωi) interacts with the vibrating atoms in crystals, resulting in a small fraction of 

scattered radiation with frequencies (ωi ± ω0), i.e. inelastic scattering [9]. The difference 

between the frequencies of the incident radiation and the inelastic scattered light (±ω0) 

corresponds to the energy of the normal vibrational modes of the crystalline lattice.  

From a physical point of view, the Raman scattering can be interpreted as the result of the 

modulation of the material’s electric polarization P (r,t) by the lattice vibrations, which 

results in scattered light with frequencies that differ from the frequency of the incident light 

[10]. In the following we will consider the simplest case of an isotropic material, in which its 

electric susceptibility, χ, can be represented by a scalar. When the material is irradiated by a 
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monochromatic electromagnetic light, the electrons in the material are driven away from 

their equilibrium position by the sinusoidal plane electromagnetic field F (r,t) of the 

incident light, with wavevector ki and frequency ωi, described by the wave function in 

Eq. 4.3. Such, induces an electric polarization P(r,t) in the material, that varies in time with 

the same frequency (ωi) as the applied electrical field (described by the wave function 

shown in Eq. 4.4) and with an amplitude P(ki ωi), given by the Eq. 4.5, which depends on the 

electric susceptibility of the material, χ [10]. In such case, the light scattered by the material 

has the same frequency as the incident light (elastic scattering, Rayleigh scattering). 

𝑭(𝒓, 𝑡) = 𝑭𝒊(𝒌𝒊𝜔𝑖) cos(𝒌𝒊 ∙ 𝒓 −  𝜔𝑖𝑡)                                             𝐸𝑞. 4.3 

𝑷(𝒓, 𝑡) = 𝑷(𝒌𝒊𝜔𝑖) cos(𝒌𝒊 ∙ 𝒓 −  𝜔𝑖𝑡)                                             𝐸𝑞. 4.4 

𝑷(𝒌𝒊, 𝜔𝑖) = 𝝌(𝒌𝒊, 𝜔𝑖) ∙ 𝑭𝒊(𝒌𝒊, 𝜔𝑖)                                                  𝐸𝑞. 4.5 

The time-dependent nuclear displacements, i.e. the thermally excited atomic vibrations will, 

however, contribute to the time-dependent electric polarization of the host, as it will induce 

fluctuations in the electric susceptibility of the host. The nuclear displacement is expressed 

as a plane wave Q(r,t) (Eq. 4.6) with wavevector q and frequency ω0. 

𝑸(𝒓, 𝑡) = 𝑸(𝒒𝜔0) cos(𝒒 ∙ 𝒓 −  𝜔0𝑡)                                             𝐸𝑞. 4.6 

Assuming that the electronic frequencies that characterized χ are much larger than the 

frequency ω0 of the phonons, a quasi-static approximation can be considered, and the χ can 

be expressed as a function of Q(r,t). On the other hand, since the amplitude of the vibrations 

at RT are small comparatively to the lattice constants, the χ can be expanded as a Taylor 

series in Q(r,t). [10]. The χ is then composed by a static term, represented by the 

susceptibility of the medium without fluctuations (χ0) and by a dynamic term that 

represents the oscillating susceptibility induced by the nuclear displacements (Q(r,t)) [10]. 

𝝌(𝒌𝒊, 𝜔𝑖, 𝑸) = 𝜒0(𝒌𝒊, 𝜔𝑖) + (
𝜕𝜒

𝜕𝑸
)

0

 𝑸(𝒓, 𝑡)                                           𝐸𝑞. 4.7 

Therefore, material’s polarization can be also expressed by the two terms expression in Eq. 

4.8, in which P0, in the first term, is the oscillating polarization in phase with the incident 

electromagnetic field, and Pind, in the second term, is the polarization induced by the lattice 

vibrations (phonons). 
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𝑷(𝒓, 𝑡) = 𝑷0(𝒓, 𝑡) + 𝑷𝑖𝑛𝑑(𝒓, 𝑡, 𝑸)                                                                𝐸𝑞. 4.8 

= 𝜒0(𝒌𝑖, 𝜔𝑖)𝑭𝑖( 𝑘𝑖, 𝜔𝑖) cos( 𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡) + (
𝜕𝜒

𝜕𝑸
)

0

𝑸(𝑟, 𝑡)𝑭 𝑖( 𝒌𝑖, 𝜔𝑖) cos( 𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡)    

By rewriting the second term in Eq. 4.8, the frequency and wavevector of the polarization 

induced by phonons (Pind) can be determined. As expressed in Eq. 4.9, the polarization 

induced by the lattice vibrations (Pind) is composed by two sinusoidal waves in which their 

wavevectors (ks and kas) and frequencies (ωs and ωas) are shifted from the ki and ωi of the 

incident electromagnetic radiation, by ± q (wavevector associated to lattice vibrations) and 

± ω0 (frequency of lattice vibrations), respectively (Eq. 4.10) [10]. This shift is known as the 

Raman shift. 

𝑷𝑖𝑛𝑑(𝒓, 𝑡, 𝑸) = (
𝜕𝜒

𝜕𝑸
)

0

𝑸(𝒒, 𝜔0) cos( 𝒒 ∙ 𝒓 − 𝜔0𝑡) ×   𝑭 𝑖( 𝒌𝑖 , 𝜔𝑖) cos( 𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡 )       𝐸𝑞. 4.9 

                  =
1

2
(

𝜕𝜒

𝜕𝑸
)

0

𝑸(𝒒, 𝜔0)𝑭𝑖( 𝒌𝑖, 𝜔𝑖𝑡)      

× {cos[(𝒌𝑖 + 𝒒) ∙ 𝒓 − (𝜔𝑖 + 𝜔0)𝑡] + cos[(𝒌𝑖 − 𝒒) ∙ 𝒓 − (𝜔𝑖 − 𝜔0)𝑡]} 

As a result, the scattered light is composed by three frequency components, one with the 

frequency ωi equal to the frequency of incident light and known, as aforementioned, as 

Rayleigh scattering, and other two with frequencies slightly higher (ωas= ωi+ω0) and slightly 

lower (ωs= ωi-ω0) than the frequency of incident light, which constitutes the anti-Stokes and 

Stokes components of the Raman scattered light, respectively. The difference in frequency 

between the incident electromagnetic radiation (ωi) and the Raman scattered radiation (ωs 

or ωas), known as Raman shift, corresponds to the frequency of the lattice vibrations. The 

intensity of the elastic scattered light is much higher than the intensity of the inelastic 

scattered components [10].  

𝑆𝑡𝑜𝑘𝑒𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 ∶  𝒌𝑠 = (𝒌𝒊 − 𝒒)  and 𝜔𝑠 = (𝜔𝑖 − 𝜔0)                       𝐸𝑞. 4.10 

𝐴𝑛𝑡𝑖 − 𝑆𝑡𝑜𝑘𝑒𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 ∶  𝒌𝑎𝑠 = (𝒌𝒊 + 𝒒)  and 𝜔𝑎𝑠 = (𝜔𝑖 + 𝜔0)  

The phenomenon of Raman scattering can be interpreted based on energy transitions 

between the vibrational energy levels of the lattice and virtual energy states, where the 

interaction of the incident electromagnetic radiation (with energy ℏωi) with the material, 

can give rise to anti-Stokes scattering (ℏ (ωi+ω0)), Rayleigh scattering (ℏωi) and Stokes 

scattering (ℏ (ωi-ω0)), as represented in the top image of Figure 4.5. Considering the 

fundamental vibrational state of a given electronic state with energy v0 and the energy level 

described by v1 in the figure, a schematic overview of the scattered phenomena can be given. 



94 

In the Stokes scattering, the incident monochromatic radiation with energy ℏ ωi is scattered 

with energy (ℏ (ωi-ω0)) by the material. Particularly, in this case, the system is in its 

fundamental vibrational state of energy (vo) and upon the scattering of the incident 

radiation the system is left in a higher vibrational state of energy (v1). However, if the 

material is already in an excited vibrational state of energy (v1) due to thermal population, 

the light is scattered with an energy ℏ (ωi+ω0), higher than the energy of the incident light 

(anti-Stokes scattering), due to the vibrational energy transferred from the material to the 

radiation [11]. The energy shift in anti-Stokes and Stokes scattered light, relatively to the 

energy of the elastic scattered light (Rayleigh scattering) corresponds to the ±ℏ ω0, to the 

energy of the vibrational state (v1).  

 

Figure 4.5. Schematic representation of the phenomena of anti-Stokes shift, Rayleigh 
scattering and Stokes shift (top) and example of a Raman spectrum corresponding to these 
processes (down) (adapted from [4]). 

The normal vibrational modes show characteristic energies which are dependent on the 

type of chemical elements and bounding states, the lattice structural defects and tension and 

on the local symmetry and neighbour atoms [9]. As such, the analysis of the energy of the 

vibrational modes provides information about the lattice structure and composition. 

Therefore, Raman spectroscopy is a powerful technique used to identify the structure of 

materials based on their characteristic fingerprints vibrational energies. This 

non-destructive and non-contact technique, which does not require any pre-preparation of 

the samples, is a very versatile technique that can be applied not only to study crystalline 
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solid materials, but also materials with a short range-order structure, including amorphous 

materials, liquids or gases [9]. In addition, Raman spectroscopy also allows the study of 

adsorbed molecules in the surface of materials [9].  

In this work it was used a Horiba Jobin Yvon HR800 Raman spectrometer that works in a 

backscattering configuration. A simple schematic representation of the system is shown in 

Figure 4.6. The main components of the Raman spectrometer are an excitation source 

(laser), optical components (including filters, lenses, mirrors and beam splitter), a 

microscope, the grating and the detector (CCD). In the used system, various lasers with 

different wavelengths (UV, blue, red and green) are available as excitation sources. The 

accessibility of different wavelengths of excitation is important on one hand because light 

with different wavelengths has different penetration depths on the material and, 

consequently, it is possible to study the material at different penetration depths. On the 

other hand, the possibility to select the most appropriated excitation wavelength for a 

specific sample, prevents the detection of other types of light such as thermal or 

luminescence radiation that can lead to invalid interpretation of the results [9]. This is 

especially important in the case of luminescent samples as the ones studied in this work. In 

order to prevent the interference with the luminescence signal from the doped samples with 

the Raman scattered light, the Raman spectra were acquired under excitation of a He-Cd UV 

laser with 325 nm wavelength (Kimmon IK Series). The laser beam pass through a band 

pass filter, which improves its monochromaticity. The beam is directed into the microscope 

by the mirrors and the beam splitter and focused in the sample through the objective lenses. 

The notch filter is an essential component to work in a backscattering configuration, since it 

reflects the laser beam but transmits the radiation with other wavelengths to the grating. 

The coupled microscope, besides constitutes a simple and versatile way to focus the laser 

beam on the samples and capture the scattered light from the sample to the detector, is also 

a powerful tool which allows to perform micro Raman spectroscopy. Micro Raman analysis 

can be very useful to analyse the phase homogeneity of the samples as well as for phase 

identification in small specific areas of the sample [9]. 
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Figure 4.6. Schematic representation of the main components in a Raman spectrometer in a 
backscattering geometry. 

In contrast to XRD technique, Raman spectroscopy allows to identify and distinguish the 

different crystalline phases of zirconia, one from the others, without ambiguities [9]. This 

technique has been used as a current and useful technique to assess the zirconia crystalline 

phase identification since the spectra of the correspondent vibrational modes of each one of 

zirconia polymorphs (monoclinic, tetragonal and cubic) are very well distinguishable. For 

the monoclinic crystalline phase (point group: C2h), the one stable at room temperature and 

ambient pressure for pure zirconia, according to group theory predictions 18 Raman active 

vibrational modes are expected (9Ag + 9 Bg) to occur [12]. The number of Raman active modes 

is expected to decrease with the increase in the crystal symmetry with the phase 

transformation from monoclinic to tetragonal and to cubic. For zirconia tetragonal phase 

(point group: D4h) 6 fundamental Raman active vibrational modes (1A1g + 2B1g + 3Eg) are 

predicted, whereas in the case of cubic zirconia (point group: Oh) only one Raman active 

vibrational mode (T2g) is expected [12]. However, in the case of the cubic fluorite-type 

structure, which is stabilized at RT by doping with cations as substitutional solid solutions, a 

continuum Raman spectra with more than one band are frequently reported. This is 

attributed to the presence of substitutional cations and to the oxygen vacancies that induce 

lattice distortions, leading to a decrease in the crystal symmetry. 
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Figure 4.7. Raman spectra of monoclinic, tetragonal and cubic phases of zirconia [9]. 

4.4 Luminescence spectroscopy  

A proper luminescence spectroscopic characterization of the produced phosphors is 

essential to understand the excitation and emission mechanisms and, by this way, be able to 

evaluate and improve the luminescent features of the materials and consequently the 

performance of the devices where they are inserted. As referred above, important 

parameters characterizing the luminescence, which determines the viability of a particular 

phosphor for a specific application, includes their emission and excitation spectra, 

luminescence lifetime and quantum efficiency. Therefore, from a technological point view, 

spectroscopic data that provides this information is fundamental. In addition, from a 

scientific point of view, these spectroscopic data together with temperature and power 

excitation dependence of the luminescence intensity, as well as time resolved luminescence 

measurements are essential for the understanding of the physical behaviour of the optically 

active centres in luminescent materials.  

In other to understand the mechanisms behind the emission of light in a luminescent 

material, one should first understand how electromagnetic radiation and matter interact. 

Considering a beam of electromagnetic radiation, with intensity I0, incident in a solid 

material, the interaction of the incoming light with atoms and/or defects in the solid results 

in different emerging light beams [13,14]. This interaction is illustrated in a simple way in 

Figure 4.8, in which it is represented the beams reflected at the material surface (Ir), the 

inelastically or elastically scattered (Is) beams, the transmitted radiation (It) and the emitted 

light of intensity Ie. The analysis of the different signals resulting from the interaction of the 

incoming radiation, through optical spectroscopy techniques, allow us to get information on 

the electronic structure of an emitting centre, their lattice location and their environment 

[14]. 
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Figure 4.8. Possible emerging light beams from a material after light irradiation with intensity 
I0. The points represent atoms or defects in the solid material which are interacting with the 
incoming light (adapted from [14]). 

The emission of light from the materials can occur after absorption of the excitation 

radiation. Light absorption will occurs if the energy of the excitation radiation is resonant 

with the energy of an electronic excited state of the atoms/defect in the solid material [14]. 

i.e., when the energy difference between a fundamental and the excited electronic levels 

equals the energy of the incoming photons. The absorbed energy can be then dissipated 

radiatively, i.e. with the emission of light, or nonradiatively, through thermal dissipation to 

the lattice. The interpretation of absorption/emission spectra requires the previous 

understanding of the atomic/defect and lattice electronic structures. As mentioned in 

Chapter 3, in Ln-doped zirconia phosphors the visible emission results from the electronic 

transitions between the energy levels within the 4fn configuration of the Ln3+ ions. As well 

known, the energy levels of the free dopant ion are modified (splitted and shifted) when the 

ion is inserted in the crystalline lattice, due to the influence of the electric field that the 

ligand ions of the lattice produced in the dopant ion. The determination of the electronic 

energy levels, Ei, of a certain Ln3+ ion inserted into a crystalline field requires solving the 

Schrödinger equation in Eq. 4.11, in which ψi represents the eigenfunction of the optical 

centre and H is the Hamiltonian that, as described in section 2.1, represents the different 

interactions of the valence electrons [14].  

𝐻𝜓𝑖 = 𝐸𝑖𝜓𝑖                                                           𝐸𝑞. 4.11 

In a real crystal the lattice is not static, as the constituent ions are vibrating around the 

equilibrium positions. The optical centre should be considered an integrated part of a 

vibrating lattice, in which the ions are surrounded by a dynamic ambient, and can 

participate in the collective lattice vibrations. It is then assumed that the dopant ion is 
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coupled to the vibrating lattice, i.e. the vibrations of the ligand ions around an average 

position affect the electronic states of the optically activator dopant and, on the other hand, 

the ion environment can also be affected by changes in the electronic states of the dopant 

ion. Taking into account this ion-lattice coupling, the crystalline field Hamiltonian term (HCF) 

couples the electronic and ionic motions and, therefore is dependent on both the 

coordinates of the valence electrons (ri) and the coordinates of the ligand ions (Rl) (HCF≡HCF 

(ri, Rl)). In the same way, the eigenfunction are also functions of ri, Rl (ψ ≡ ψ (ri, Rl)) [14]. As a 

result, the solution of the Schrödinger equation is quite complex and several approaches are 

considered in order to clarify the experimental observed absorption and emission spectra. 

Since the nucleus of the constituent atoms is much heavy than electrons, the motion of the 

ions is very slow in comparison with the motion of valence electron (adiabatic 

approximation). Therefore, it could be considered that electron motion occurs at a given 

nuclear coordinate and, consequently, the motion of electrons can be treated independently. 

In addition, it could be considered that the lattice vibrations can be represented by a single 

vibrational mode, the breathing mode, in which the ligand atoms pulsate radially “in and 

out“ [14]. In this case the radial vibrations of the ligand ions can be described by only one 

nuclear coordinated, Q, which corresponds to the distance between the dopant ion and the 

ligand ions and is known as configurational coordinate [14] (this approach was already 

assumed in the description of the Raman effect). Following these two approximations, the 

solution of the Schrödinger equation for a dynamic optical active centre with one coordinate 

can be represented in a configurational coordinate diagram, as the one shown in Figure 4.9 

for a centre with two electronic energy levels. In this diagram, the curves represent the 

interionic interaction potential energy and the horizontal lines represent the discrete 

phonon states, as also pointed out in Figure 4.5.  

The electronic transitions occurring in an optical centre incorporated in a solid host can be 

described based on the configurational coordinate diagram. Considering an optical centre 

with two electronic energy states (Ei and Ef), represented by the diagram in Figure 4.9, when 

the material is irradiated with light having energy resonant with the energy difference 

between the two electronic states, the excitation light is absorbed (νabs) promoting an 

electron from the fundamental energy state to a higher energy state. This transition is very 

fast and occurs without any change in the equilibrium position of the fundamental state 

(Q0). In the excited state, the electron relaxes to the equilibrium position (Q0`) that 

corresponds to the minimum energy. This process occurs nonradiatively with the emission 

of phonons. From the equilibrium position of the excited state, the electron relaxes to the 

fundamental one, radiatively, i.e. with emission of light, without any change in the 
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configurational coordinate. Then, the electron relaxes again to the minimum energy of the 

ground state, once again with the emission of phonons [14]. 

 

Figure 4.9. Configurational coordinate diagram of an optical centre described by two 
electronic energy states. Straight arrows represent radiative transitions, while sinusoidal 
arrows indicate the nonradiative pathways. X represents the crossover point (adapted from 
[14]). 

From the example discussed above, once can easily understand that the frequency of the 

emitted light (νemis) is lower than the frequency of the absorbed light (νabs), due to the 

occurrence of nonradiative relaxations within each electronic state. This difference in 

energy is called the Stokes shift (already mentioned in Chapter 2) and the resultant 

emission is classified as Stokes emission [14]. The amplitude of the Stokes shift depends on 

the distance separation between the equilibrium configurational coordinates of the two 

states involved in the electronic transition, which in turn is related with the strength of the 

electron-lattice coupling. In the particular case of Ln3+ ions, the weak electron-lattice 

coupling results in a small separation between the equilibrium configurational coordinates 

of the electronic levels, which leads to small Stokes shifts.  

The analysis of the configurational coordinate diagram can be very useful to explain 

multiphonon deexcitation processes in an optically active centre. Considering the two 

configurational coordinate diagrams shown in Figure 4.10, which represents two cases of 

strong electron-lattice coupling. In both cases there is a point where the two parabolas 
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intercept, named the crossover point (X) [14]. In the first case (a), the crossover point is 

placed above the populated vibrational level of the excited state. Therefore, the electron 

deexcitation occurs radiatively following the same process described above for the example 

in Figure 4.9. However, in the situation shown in Figure 4.10 b), due to a higher separation 

between the equilibrium coordinates of the two electronic states, the crossover point 

appears below the populated vibrational level of the excited state. In this situation, the 

crossover point corresponds to an energy degenerated vibrational state belonging to both 

parabolas of the fundamental and excited states As a result, the probability of the system to 

return to the ground state through nonradiative multiphonon relaxation is high [14]. The 

increase in temperature induces an increase in the nonradiative deexcitation probability, 

since it promotes the thermal population of high energy vibrational states, thus increasing 

the probability to reach the crossover point. The process of energy transfer between closer 

spaced optically active centres can be interpreted in a similar way. If the centres are close 

enough, in such way that an overlapping between the electronic wavefunctions occurs, then 

energy transfer between the centres can occurs without the emission of light, depending on 

the crossover point [14]. 

 

Figure 4.10. Configurational coordinate diagrams to illustrate (a) radiative and (b) 
nonradiative (multiphonon emission) deexcitation processes. Straight arrows represent 
radiative transitions, while sinusoidal arrows indicate the nonradiative pathways. X 
represents the crossover point (adapted from [14]). 

The spectral features of an optical centre are determined by both the radiative and 

nonradiative processes [13]. In particular, the nonradiative processes, which includes the 

absorption and emission of phonons, strongly affects the luminescent characteristics, 
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including intensity, line shape and width, lifetime and quantum efficiency, of an optical 

active centre including the ones that are weakly coupled to the lattice, as is the case of Ln3+ 

ions [13]. As mentioned above, a proper knowledge of the electronic states involved in the 

population and deexcitation processes accompanied with the discussion/interpretation of 

the mechanisms responsible for the defects luminescence and their quantum efficiency are 

of upmost importance to understand and improve the emission features of a given optical 

active centre. All this information can be extracted from photoluminescence, 

photoluminescence excitation and response to pulsed excitation measurements that will be 

explored below.  

4.4.1 Steady state PL and PLE  

Steady state photoluminescence spectroscopy deals with the light emitted by a given sample 

upon a continuous excitation energy (typically with monochromatic electromagnetic 

radiation) resulting in a steady state population condition. The so emitted light is further 

detected and analysed. Two types of spectra can be acquired: the photoluminescence (PL) 

spectra and the photoluminescence excitation spectra (PLE). In this type of measurements, 

steady state, the excitation intensity is maintained constant for each excitation wavelength. 

In this situation, the feeding of the excited states equals the rate of depopulation for the 

fundamental state and, as a result, the intensity of the emission is usually constant in time 

[14].  

A PL spectrum consists in an emission spectrum of the irradiated sample and plots the 

intensity of the emitted light as function of the wavelength or energy. The spectrum is 

acquired by set the monochromatic excitation energy and through the scan of the emission 

monochromator within a predefined wavelength range. For a given excitation energy, an 

emission spectrum provides information about the optically active defects in a given sample, 

helping to identify the electronic energy levels involved in the recombination process. The 

latter can be related either with band to band recombination, band to defect recombination 

or, as will be discussed in this thesis work, intra-defect transitions. This is the case of the 

Ln3+ in zirconia hosts, as PL measurements are relevant to their energy characterization and 

evaluation of their potentialities as phosphors.  

Considering an excitation beam with intensity I0 and energy resonant with an absorbing 

electronic energy level, in such way that part of the incident radiation is absorbed by the 

material (Iabs), resulting in the emission of light with intensity Iemis, the emission of a 

phosphor can be typified via the definition of the emission quantum yield. The quantum 

efficiency (luminescence efficiency or quantum yield), η, is defined as the ratio between the 
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number of emitted photons and absorbed photons, and can be determined by the ratio 

between the intensity of the emitted and absorbed radiation, (Eq. 4.12). The η varies 

between 0 and 1 and is linearly proportional to the emitted light that depends on the 

intensity of the excitation light [14]. 

𝜂 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
=

𝐼𝑒𝑚𝑖𝑠 

𝐼𝑎𝑏𝑠
                                    𝐸𝑞. 4.12  

Due to the Stokes shift discussed above, usually the emission band assigned to a specific 

radiative electronic transition between an excited and the fundamental states (Ee⟶Ef) 

occurs at lower energy (high wavelength) then the absorption band assigned to the inverse 

transition (Ef⟶Ee). Therefore, it is possible to have a system with η= 1 that shows, however, 

a loss of energy between absorbed and emitted radiation (dissipated by phonons). This 

process constitutes a loss energy mechanism and the energy of the emitted and absorbed 

photons should be considered when the quantum efficiency is analysed. As mentioned, Ln3+ 

ions shows relatively small Stokes shift given rise to low losses of energy by this process. In 

the particular case of anti-Stokes radiation, as is the case of upconversion luminescence, a 

contrary situation occurs. In this case, as will be explored in Chapter 8, the energy of the 

emitted radiation is higher than the energy of the absorbed radiation, though usually one 

emission photon is generated per at least two excitation photons. 

In the analysis of Ln3+ emission spectra, the effect of the Ln dopant concentration in their 

emission intensity can give important information about the threshold of concentration 

quenching. In addition, the study of the emission spectra at low temperature and as a 

function of temperature allows to understand the nonradiative mechanisms in the optical 

centre and how these affect the luminescence efficiency. The quantum efficiency of a certain 

radiative transition, ηi, can be defined as the ratio between the radiative probability (Ar) and 

the total deexcitation probability (AT) (that includes the radiative (Ar) and nonradiative 

probability (Anr), i.e AT= Ar+Anr) as expressed in Eq. 4.13 [9]. 

𝜂𝑖 =
𝐴𝑟

𝐴𝑇
=

𝐴𝑟

𝐴𝑟 + 𝐴𝑛𝑟
                                                                𝐸𝑞. 4.13 

The probability of nonradiative deexcitation follows a Boltzmann dependence with 

temperature in a classical approximation and, consequently, the quantum efficiency can be 

also expressed as a function of temperature as shown in Eq. 4.14, in which C is assumed as a 

constant independent of temperature (related with the degeneracy of the emitting levels), kB 

is the Boltzmann constant and Ea is the activation energy of the thermal assisted 

nonradiative process which compete with the luminescence [14]. 
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𝜂𝑖(𝑇) =
𝐴𝑟

𝐴𝑟 + 𝐶. 𝑒
− 

𝐸𝑎
𝑘𝐵𝑇

                                                                𝐸𝑞. 4.14 

Considering that the emission intensity at a given temperature (I (T)), is proportional to the 

radiative transition probability and that at low temperature the nonradiative transitions are 

negligible (Anr≡ 0⟶ηi= 1), the intensity of the emission can be expressed as a function of 

the sample temperature as described by Eq. 4.15 [14]. 

𝐼(𝑇)

𝐼0
=

1

1 + 𝐶. 𝑒
− 

𝐸𝑎
𝑘𝐵𝑇

                                                               𝐸𝑞. 4.15 

Therefore, the activation energy involved in the thermal quenching of the luminescence 

process can be determined based on the PL spectra acquired as a function of the sample 

temperature.  

A photoluminescence excitation spectrum (PLE), simple named excitation spectrum, is 

acquired by monitoring the intensity of a specific emission while the wavelength of the 

excitation light is changed within a selected wavelength range. The excitation spectrum 

shows us in which spectral range the sample should be pumped in order to favours the 

electronic transition responsible for the monitored emission. A PLE spectrum is of upmost 

importance to identify the electronic energy levels of a given optically active defect, 

including the higher excited energy levels of a Ln3+ ion, and the population mechanisms of 

the emitting state [13]. Additionally, such technique is also an important tool for the 

identification of reliable energy transfer processes between different optical centres. The 

energy transfer from a centre A to a centre B can occur if an overlapping between the 

excitation spectra of B and the emission spectra of A occurs [13]. Therefore, knowing the 

emission and excitation spectra of distinct optical centres allows us to predict and engineer 

the probability of energy transfer between two optical centres for a desired application. This 

is for instance the case of the use of lanthanides for bioapplications.  

The setup for photoluminescence measurements is essentially composed by an excitation 

source that irradiates the sample with photons, optical components including lenses, filters 

and slits to collect and select the intensity of the emitted light, a emission monochromator in 

which the emitted light is dispersed in their different wavelength components by the 

gratings, a detector and a computer with the specific software to control, monitoring and 

acquire the spectral data [13]. Despite the existence of different configurations, the main 

components are always the same. For the PL spectra acquisition, the excitation sources can 

be either a lamp, with a continuum wide spectrum, or a monochromatic laser beam. In the 
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first case, a monochromator (excitation monochromator) is used to select the excitation 

wavelength. For PLE spectra acquisition the continuum lamp with an excitation 

monochromator is used.  

In this work, luminescence characterization was mainly performed in two different 

equipments. The first one, a Fluorolog®-3 spectrometer from Horiba Scientific was used for 

acquisition of RT PL and PLE spectra. The main components of this system are illustrated in 

Figure 4.11. In this system a 450 W Xe arc lamp coupled to a double-grating excitation 

monochromator, which provides an optimum wavelength excitation range between 220 and 

660 nm (1200 gr/mm), is available as excitation source for PL and PLE spectra acquisition. 

In addition, external sources, including lasers, can be also coupled to the system. The light 

emitted by the samples, is dispersed by a double-grating emission monochromator. The 

detection gratings can be selected from a set of three gratings, with different optimum 

working range (330 nm-1000 nm (1200 gr/mm), 620 nm-2000 nm (600 gr/mm) and 

520 nm-1560 nm (600 gr/mm)). The system contains two photomultiplier tube (PMT) 

detectors that allow to work in different spectral ranges, one in the near UV-visible range 

(200 nm-850 nm) and the other one in the NIR region (900 nm-1700 nm). In addition to 

these principal constituents, the system is equipped with several accessories, including a 

microscope that allows to performed micro-PL analyses, an integrated sphere for quantum 

efficiency measurements and the required components (such as a pulsed lamp and LEDs) to 

perform lifetime measurements.  

 

Figure 4.11. Main components of the system used for PL/PLE spectra acquisition. 
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In addition to the Fluorolog system, other experimental setup, which includes a SPEX 1074 

emission monochromator to disperse the emitted light and a cooled Hamamatsu R928 

photomultiplier detector, was widely used in the acquisition of the PL spectra of the 

Ln-doped samples. The principal components of this system are shown in Figure 4.12. The 

SPEX 1074 emission monochromator, with a high optical length (1 meter) and a grating 

with 1200 gr/mm, allows the acquisition of spectra at high resolution (below 0.5 Å). 

Therefore, the use of this system is advantageous to distinguish between narrow and close 

emission lines in Ln3+ emission spectra, for example to resolve the different Stark splitted 

components. In addition, this system is equipped with different excitation sources, in 

particular lasers with different wavelengths, which have higher excitation density then the 

Xenon lamp in Fluorolog ® system. Therefore, samples with lower emission intensity can be 

studied at different wavelength excitations. Moreover, this system is also equipped with a 

cold finger of a closed cycle helium cryostat that allows to decrease the sample temperature 

up to ~14 K and, therefore, to perform temperature dependent luminescence 

measurements (typically between 14 K and RT). For both systems used for PL, the acquired 

spectra were corrected to the optics and detector response. In addition, the PLE spectra 

acquired in the Fluorolog system were corrected to the wavelength dependent lamp 

intensity. 

 

Figure 4.12. Main components of the system used for temperature dependent PL spectra 
acquisition. 
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4.4.2 Lifetimes and TR-PL measurements 

In addition to the important information obtained based on steady state photoluminescence, 

time dependent photoluminescence studies are also an important source of relevant 

information.  

In contrast to a continuum excitation source that leads to a stationary density of the centre 

population in an electronic excited state, the irradiation of a luminescent material with a 

pulsed excitation source promotes a nonstationary density of centres N in the excited state. 

The subsequent radiative and nonradiative decay to the fundamental state give rise to a 

decay-time intensity signal [14]. The time evolution of the population N(t) of the excited state 

is expressed in Eq. 4.16, where N0 is the density of the excited centres for t= 0, i.e. for the 

instant just after the pulse of light be absorbed, and AT , as referred above, is the total 

deexcitation rate or total transition probability [14].  

𝑁(𝑡) = 𝑁0 𝑒−𝐴𝑇𝑡                                                                  𝐸𝑞. 4.16 

Since the intensity of the emitted light at a given time t after pulse excitation (Iemis (t)) is 

proportional to the depopulation rate of the optical centres, the intensity of the emission can 

be expressed as a function of time after pulse, expressed in Eq. 4.17. The variation of the 

emission intensity with time typically follows an exponential decay (I0 is the emission 

intensity for t= 0) [13,14].  

𝐼𝑒𝑚𝑖𝑠(𝑡) = 𝐼0 𝑒−𝐴𝑇𝑡                                                                    𝐸𝑞. 4.17 

This depopulation process can be experimentally observed trough the temporal decay of the 

emitted light. Such measurements are known as lifetime measurements, since the analysis 

of the experimental curve allows finding the luminescence lifetime, τ, which is given by the 

inverse of the total decay rate (AT). This lifetime represents the time at which the emission 

intensity decreased to I0/e. Although, τ is called luminescence lifetime (since it is obtained 

through luminescence experiments) it includes both the radiative (τrad) and nonradiative 

(τ non-rad (T)) part, as expressed in Eq. 4.18 [13,14].  

1

𝜏
=  

1

𝜏𝑟𝑎𝑑
+      

1

𝜏𝑛𝑜𝑛−𝑟𝑎𝑑 (𝑇)
                                                    𝐸𝑞. 4.18 

The radiative lifetime, τrad (τrad = 1/Ar) can be determined by combining lifetimes and 

quantum efficiency measurements. As such, the quantum efficiency described above in 

Eq. 4.12 can be defined in terms of lifetimes by Eq. 4.19.  
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𝜂𝑖 =
𝐴𝑟

𝐴𝑟 + 𝐴𝑛𝑟
=

𝜏

𝜏𝑟𝑎𝑑
                                                                𝐸𝑞. 4.19 

Lifetime measurements can be performed by fixing the emission monochromator at a 

specific wavelength (correspondent to the emitting excited state under study) and by 

integrating the emission signal, during a selected temporal window, starting at different 

delay times after the excitation pulse (see Figure 4.13). The experimental setup is very 

similar to the one used for steady state PL measurements however, in this case, a pulsed 

excitation source is used. In this work, the luminescence lifetimes were measured in the 

Fluorolog ®-3 spectrometer described above, coupled to a phosphorimeter that includes a 

pulsed xenon lamp and electronics to control the size and temporal displacement of the 

detection window. 

 

Figure 4.13. Representation of the initial delay and sample window parameters in lifetime 
measurements  

In addition to time-decay emission curves, pulsed sources can be used to acquire emission 

spectra at different time delays after the absorption of the pulsed light. These 

measurements, known as time resolved photoluminescence (TR-PL), can be very useful to 

analyse complex luminescence systems and to distinguish overlapped emission bands with 

different decay times by an appropriate choice of the delay time and time window 

parameters [13,14]. TR-PL spectra help to identify transitions with origin in different excited 

states. In addition, it also helps to identify additional emitting centres with low emission 

intensity, that could not be observed in a steady state emission spectra (masked by the 

intense emissions), if the luminescence lifetime of this centre is higher than the one of the 

centre with higher emission intensity [13,14]. In this thesis work, TR-PL spectra were also 
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acquired using a Surelite II/10 pulsed Nd:YAG laser (1064 nm, 10 Hz repetition rate) 

coupled to a fourth harmonic generator crystal (Surelite SLD-II and SLF) in order to achieve 

266 nm pulsed excitation with a ~5 ns pulse width and 60 mJ of energy. The detection was 

performed by diffracting the collected emission in an ORIEL MS-125 monochromator, with a 

400 gr/mm grating and acquired in an ANDOR iccd (model DH-520, P46 phosphor coated). 

The emission spectra acquired in this system were not corrected to the detector and optics. 
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Chapter 5.  

Crystals growth by Laser Floating Zone 

 
In the first part of this chapter, the fundaments of the LFZ are 
explained and the used experimental setup is described.  

In the second part, the results obtained by the morphological, 
structural and optical characterization of the produced single 
crystals are presented and discussed. 
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5.1 Laser floating zone (LFZ) technique 

The growth of zirconia single crystals with high quality can be a hard task. This difficulty is 

related, on one hand, with the high melting temperature of this material, which makes 

difficult the growth of crystals from melting using the traditional processes, such as the 

well-known Czochralski method. In the other hand, the occurrence of martensitic t ⟶ m 

phase transformation, accompanied by a high volume expansion during cooling, prevents 

the production of zirconia single crystals grown from high temperatures [1]. This last issue 

can be overpassed by the addition of stabilizer cations to pure zirconia to avoid phase 

transformation during cooling and the cracking of the crystals, as discussed in the Chapter 3. 

The difficulty to grow zirconia single crystals from melt due to its high melting temperature, 

can be overcome by the replacement of the conventional heating elements, such as resistive 

elements, by other ones that allow to reach higher temperatures [2]. Laser floating zone 

(LFZ) technique, in which the material is heated by a high power focused laser, arises as an 

alternative technique with high potential to grow high quality single crystals of materials 

with high melting temperature, such is the case of zirconia [2]. 

The LFZ method, is similar to the laser heat pedestal growth (LHPG), being powerful 

techniques to produce single crystals or textured polycrystals fibres by directional 

solidification of the molten material [2,3]. In this type of technique only a small region of the 

precursor material is molten instead of being completely melted inside of a crucible, as 

occurs in other crystal growth techniques. For that, the starting material is previously 

shaped in a rod, called feed-rod, and then fixed to a vertical pedestal [2]. The material is 

melted using a high power infrared laser that is focused radially on the top of the precursor 

feed-rod. A gradual increase of the laser power promotes an increase of the material 

temperature and, after a certain laser power, the material melts and a liquid drop is formed 

on the top of the feed-rod [2]. A seed, which should also have a rod shape, called seed-rod, is 

slowly dipped into the molten drop in order to promote connection between the feed and 

the seed-rods by a molten zone. The growth is initialized by pulling the feed-rod at a 

constant rate. As the seed-rod is pulled, the melted material in its vicinity is dragged with it 

and cools down leading to its solidification at the liquid-solid interface [2]. A schematic 

representation of this process is depicted in Figure 5.1. The pulling rate defines the growth 

rate (Rs) of the crystal fibre. At the same time, the feed-rod needs to be pushed into the 

molten zone, also at constant rate (named the feeding rate (Rf)), in order to supply material 

to the molten zone as it is consumed during the crystal growth. 
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Figure 5.1. A schematic representation of LFZ crystal growth technique. 

An important factor for the success of growth initialization and for its stabilization is the 

rotation of the precursor rods. In fact, the rotation of the feed-rod (ωf) and the seed-rod (ωs) 

promotes both temperature and composition homogenization within the molten zone [2].  

The use of a laser as heating source and the absence of crucibles constitute two of the most 

important features of the LFZ process [3]. The use of a high power focused laser is 

advantageous comparatively to other heat sources, including halogen or mercury lamps or 

resistive elements, since higher temperatures can be reached and, by this way, materials 

with high melting temperatures can be grown [3]. Moreover, the use of this heat source 

allows a better control over the energy distribution by using conventional optical elements 

[3]. Being a container less technique, the LFZ allows the growth of crystals with high purity, 

due to the absence of reaction between the melt and the crucible [3]. This is particularly 

critical when the molten materials are oxides since they are extremely reactive at high 

temperatures. Crystal fibres grown by LFZ usually present a well-defined composition, high 

degree of crystalline orientation, uniform diameters, high density and homogeneity [2,3]. 

5.1.1 Growth stability and conditions for single crystal growth 

The small volume of liquid phase needed to growth a crystal in the LFZ technique is the 

main responsible factor for the particular features of this technique [3]. In order to achieve a 

stable steady state growth and, by this way, high quality crystals with a constant diameter, 
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considerations about conservation of energy and mass, and shape stability of the molten 

zone should be taken into account in the LFZ process [3,4]. 

High crystalline quality crystals with stable dimensions can be grown by LFZ if the volume 

and length of the molten zone are kept constant and for this it is essential to guarantee that 

there is mass conservation during the solidification process. Considering that all the 

material from the precursor feed-rod crystallizes as a single crystal, the cross section areas 

of the precursor feed-rod and crystal fibre can be related with their pulling rates by Eq. 5.1 

where ρs, rs, Rs and ρf, rf, Rf are the density, radius, and pulling rate of the crystal fibre and of 

the feed-rod, respectively [3]. 

𝜌𝑠𝑟𝑠
2𝑅𝑠 = 𝜌𝑓𝑟𝑓

2𝑅𝑓                                                             𝐸𝑞. 5.1 

If the densities of the crystal fibre and the feed-rod are similar, then Eq. 5.1 can be simplified 

into Eq. 5.2: 

𝑟𝑠 = 𝑟𝑓 ∙ √
𝑅𝑓

𝑅𝑠
                                                                  𝐸𝑞. 5.2 

Therefore, if the pulling rates of the feed-rod and crystal fibre, and also the radius of the 

feed-rod are kept constant, the crystal fibre will be grown with a constant radius. In a real 

growth situation there are frequently fluctuations in the density and/or radius of the 

feed-rod, thus requiring to adjust the pulling rates to assure a constant crystal fibre radius.  

Other important parameter that determines the stability of the growth process is the shape 

of the molten zone, characterized by the meniscus angle, φL, which is determined by the 

surface tension of the melt [4–6]. When the meniscus angle reaches an equilibrium value the 

growth process is stable and the diameter of the as-grown crystal remains uniform. On the 

other hand, a variation in this angle induces fluctuations in the diameter of the as-grown 

crystal. As shown in Figure 5.2, the shape of the molten zone depends on the growth 

direction.  
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Figure 5.2. Equilibrium shape of molten zone if the crystallization occurs: a) upwards; b) 
downwards [6]. 

The morphology of the as-grown crystal depends on the solidification interface shape, which 

is determined by the growth rate, temperature gradient and composition. Thus, for a 

constant composition, one can have either planar, cellular, dendritic or equiaxed 

morphologies of the interface by changing the growth rate (R) and thermal gradients (G). 

The growth of bulk single crystals from melt requires a planar growth front, i.e. the 

solid-liquid interface must advance into the melt as a planar surface [7]. One of the most 

important phenomena that affects the planar growth is the occurrence of constitutional 

supercooling (supercooling that results from local solute segregation in the melt at the 

advancing solid-liquid interface) which can lead to the disruption of the planar growth front 

[7]. Hence, in order to prevent constitutional supercooling the following condition should be 

satisfied [3]: 

𝐺

𝑅
≥

𝑚𝐶𝑠

𝐷𝑙
∙ (

1 − 𝑘0

𝑘0
)                                                           𝐸𝑞. 5.3 

where G is the absolute value of the temperature gradient at the solid-liquid interface, R is 

the growth rate, m is the absolute value of the liquidus slope, Cs is the solute concentration, 

Dl the diffusion coefficient of the solute in the liquid, and k0 is the equilibrium distribution 

coefficient (the ratio between solute concentration in the solid and liquid Cs/Cl) [3]. 

Consequently, in order to ensure the conditions of planar front growth (and hence, 

conditions favourable for single crystal growth), the G/R ratio should be high. Such can be 

reached by using slow growth rates (R) and/or high solid-liquid interface temperature 

gradients (G). It has been shown that the temperature gradient can be increased by 

decreasing the growth fibre radius, thus allowing higher growth rates without constitutional 

supercooling [3]. Additionally, using the LFZ technique, higher temperature gradients can be 

φL

φL

Melting
interface

Crystallization
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achieved when compared with other crystal growth techniques. However, high temperature 

gradients are also responsible for a high level of stress in the as-grown crystal which is the 

main cause of many crystallographic defects. Figure 5.3 summarizes the effect of the 

temperature gradient (G) and the growth rate (R) on the solidification microstructure of the 

as-grown crystals. While the ratio G/R determines the mode of solidification, the size of the 

solidification structure is mainly determined by the product G×R. Hence, for the growth of 

high quality single crystals, a smaller G×R product is required, which determines that low 

cooling rates are necessary [8]. 

 

Figure 5.3. Effect of temperature gradient G and growth rate R on the morphology and size of 
solidification microstructure [8] 

Based on the aforementioned conditions, it becomes clear that the growth stability and the 

quality of the crystals produced by LFZ method are affected by several parameters that need 

to be experimentally controlled [2,3]. A successful growth requires a very stable molten zone, 

which is strongly affected by the quality of the precursor rods and their alignment [3]. High 

quality, dense and straight precursor rods are indispensable. Before starting the growth it is 

important to make a correct alignment of the seed and feed-rods, in order to ensure that 

they are concentrically aligned [2]. This step can be a very time consuming and plaguy, 

mostly if the precursor bars are not straight. However, this step is crucial to achieve a stable 

growth. It is also important to ensure that the rods alignment is maintained during the 

rotation process and during the growth. A proper alignment of the laser beam and optic 
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components is also crucial, since they have a strong influence in the temperature 

distribution inside the molten zone [2]. Moreover, the characteristics of the seed-rod have an 

important effect on the quality of the as-grown crystal. The use of an oriented crystalline 

seed facilitates the beginning of crystallization and the control over crystal orientation [2].  

As explained above, laser power, growth rate, growth direction, feeding rate, rotation 

direction and speed of the seed and feed-rods are parameters that can be adjusted in order 

to obtain high quality crystals with the required characteristics. When a material is grown 

for the first time by the LFZ technique, it is necessary to make a preliminary study to 

optimize these parameters. The pulling rate, which defines the growth rate, is the parameter 

that has a more direct effect in the crystalline quality of the as-grown material [9]. By 

changing the growth rate, depending on the material, single crystal fibres, polycrystalline 

fibres or even amorphous materials can be grown by the LFZ method [9]. The maximum laser 

power is related with the melting temperature of the material. The control of this parameter 

determines the temperature of molten zone and the temperature gradient at the 

solidification interface. Moreover, it also affects the size of the produced molten zone and 

the viscosity of the melt [9]. These parameters have a strong influence on the temperature at 

the crystallization front [9]. When the material is pulled at a high rate, the temperature in the 

crystallization front quickly decreases without giving enough time for diffusion to occur. As 

such, usually, high growth rates lead to the crystallization of texturized polycrystalline fibres 

or even amorphous fibres, while single crystals can be produced when low growth rates are 

used [9]. But, as mentioned above, this will be very dependent on the material nature and, in 

some cases, it is possible to grow single crystals at relatively high pulling rates 

comparatively to the rates used to grow the same material by other methods (typically 60× 

faster than the growth rates used in Czochralski method [3]). 

The rotation rate is responsible for the creation of a pattern of forced convection flows 

within the molten zone that is favourable for the homogenization of temperature and 

composition [2,9]. The appropriated rotation speed strongly depends on the material to be 

grown and it is optimized experimentally for each material. In some cases, even though it is 

beneficial for temperature and composition homogenization, the rotation originates 

instability during the growth and the formation of defects in the as-grown crystal [2]. 

5.1.2 The LFZ System  

The LFZ system used in this work was the one available at the Physics Department of 

University of Aveiro. This system is essentially constituted by a growth chamber, a laser 

(with respective alimentation source and cooling system), four motion motors (two motors 
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for longitudinal motions and another two for rotation), a computer with the software that 

controls all the system (see Figure 5.4-left) a video camera and a display monitor that allows 

to monitoring the growth.  

Two different laser sources are available, a Nd: YAG laser (Quanta system, Qy-50) with 1064 

nm wavelength and output power of 50 W and a CO2 laser (Spectron SLC) with 10.6 µm 

wavelength and variable output power until 200 W. Both lasers are coupled to a 

water-cooled chiller for refrigeration. To grow the zirconia single crystals the high power 

CO2 laser was used.  

The laser beam enters into the growth chamber through a ZnSe window, which is 

transparent to the laser wavelength radiation. Inside the chamber an optical system and two 

concentric bars, the pedestals, where the rod precursors are fixed, constitute some of the 

elements necessary to the growth. The optical system, that is used to direct and converge 

the laser beam to the feed-rod top, is composed by a reflexicon, a flat and a parabolic 

gold-coated mirrors. The reflexicon is an indispensable optical component used to convert 

the cylindrical laser beam into a circular crown-like one (Figure 5.5). The planar mirror 

reflect the circular crown beam to the parabolic mirror that converges the beam at its focal 

plane. Both the planar and the parabolic mirrors have a centre hole that allows the seed and 

feed pedestals pass through. The pedestals are precisely concentrically aligned with the 

focal plane of the parabolic mirror. 

 

Figure 5.4. Left-photograph of the LFZ system used in this work. Right-photograph of the 
inside of the growth chamber (1-laser beam, 2-reflexicon, 3-planar miror, 4-parabolic mirror). 

The pedestals are metallic cylindrical bars with screw systems on the top that allow to fix 

the precursors rods. Each one of the pedestals is connected to two motors, one that produce 

a longitudinal motion and the other one for rotation. The longitudinal motion can be either 
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upward or downward, allowing to select the growth direction. In the same way, the 

pedestals can rotate clock- or anticlockwise, either in the same direction or in opposite 

directions.  

Laser power, growth and feeding rates and rotation velocities can be controlled 

independently using the software. The growth process can be visualized in two different 

ways. The first one is by a direct observation through a window placed in the door of the 

growth chamber, which has a set of polarizers that allow to control the intensity of the light 

that passes through. Alternatively, the process can also be visualized using a video camera 

placed in the opposite direction of the laser beam entrance. The image captured by the video 

camera is displayed in the computer monitor. The use of the video camera allows a closer 

visualization of the process by increasing the magnification of the growth region. Moreover, 

the visualization through the video camera is safer since it prevents any damage in the 

observer eyes by the light intensity. 

 

Figure 5.5. Schematic representation of the LFZ technique (adapted from [10]). 

The growth camera is completely sealed from the exterior, and adapted to the growth in 

different gas atmospheres. Additionally, this LFZ system is adapted in order to introduce an 

electric current flow through the crystallization interface during the crystal growth. For 

that, a set of electrical contacts are available inside the growth chamber, which are 
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connected to an external electrical current source. The application of an electrical current 

flow has an important effect on the quality and microstructure of the as-grown crystals [11]. 

The preparation of the precursor rods is the first step in the growth of crystals by LFZ. There 

are different approaches that can be used for the preparation of the rods including, for 

example, piece of dense ceramics, cold extrusion, fusion and isostatic pressing [3].  

The cold extrusion is the most advantageous due to its simplicity and the possibility to 

produce rods with a cylindrical shape that is the most appropriated form to achieve a 

homogeneous radial distribution of temperature by laser irradiation. The precursor rods 

used in this thesis work were prepared by a cold extrusion method. Stoichiometric amounts 

of precursor powders, in this case commercially available metal oxides (purity above 98 %), 

were mixed in a motor rotator, at 300 rpm by 1h. After, an organic ligand, a polyvinyl 

alcohol (PVA) in water, was added to the powder in order to obtain a conformable plastic 

mixture. This mixture is then extruded by pushing it through a cylindrical die, with 1.5 mm 

of diameter. The extruded cylindrical rods are placed in an appropriated holder, where they 

can dry at RT for 2-3 days without warp. 

After the rods are dried they can be used as precursors in the LFZ growth system. For that, a 

long rod is used as feed-rod and a small piece is used as seed. The two rods are fixed to the 

pedestals and are carefully concentrically aligned. After the alignment, the rotation of the 

rods is initialized and the infrared CO2 laser is turned on. The laser power is slowly 

increased until a molten drop is formed on the top of the feed-rod. At this point, the seed is 

dipped in the molten drop and the growth is initialized at a selected rate. Sometimes, during 

the first instants of the growth it is necessary to make slightly adjustments in some of the 

growth parameters, including laser power, rotation rates and feed rate, in order to achieve a 

stable growth. Figure 5.6 shows a simple diagram representing the different steps in the LFZ 

growth. 



121 

 

Figure 5.6. Diagram of the precursor’s rods preparation for crystal growth by LFZ. 

In this thesis, different lanthanide doped YSZ crystals were grown by LFZ technique. These 

bulk crystals are good reference samples for the characterization of the luminescence 

features of Ln3+ in YSZ lattice and for comparison with the luminescent properties of the 

nanosized materials with the same composition. Before starting to grow doped single 

crystals, several growth parameters were adjusted experimentally in undoped yttrium 

stabilized zirconia composition. Two compositions of yttrium stabilized zirconia 

(Zr0.92Y0.08O2) and (Zr0.84Y0.16O2) were selected, based on the phase diagram of the ZrO2-YO1.5 

system and in the literature, in order to prepare yttrium stabilized tetragonal (t’-YSZ) and 

yttrium stabilized cubic (c-YSZ) zirconia phases, respectively [1]. After experimental 

optimization, appropriated parameters were selected for the growth of doped YSZ crystals 

with Ln ions. It must be mentioned that in some cases, depending on the characteristics of 

the precursor rods, an adjustment of the experimental parameters from the predefined ones 
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was necessary. Table 5.1 displays the list of the produced LFZ crystals that were studied in 

this work and the principal parameters used in the growth. Additional information about 

the growth of each one of these crystals can be found in the respective discussion in the 

section 5.2. 

Table 5.1. Identification of the crystals growth conditions used in the LFZ growth. 

Sample identification Dopant 

Composition Growth 
rate 

(mm/h) 

Seed/feed 

rotation 

(rpm) 

Laser power 

(W) mol.% YO1.5 at.% Ln3+ 

t’-YSZ_20mm/h 

undoped 

8 - -20 

+5/-5 130-150 

t’-YSZ_40mm/h 8 - -40 

t’-YSZ_100mm/h 8 - -100 

c-YSZ_20mm/h 16 - -20 

c-YSZ_50mm/h 16 - -50 

c-YSZ_100mm/h 16 - -100 

t’-YSZ_3Eu_40mm/h 

Eu3+ 8 

3 

-40 +5/-5 130-145 
t’-YSZ_1Eu_40mm/h 1 

t’-YSZ_0.5Eu_40mm/h 0.5 

t’-YSZ_0.2Eu_40mm/h 0.2 

t’-YSZ_3Tb_40mm/h 

Tb3+ 8 

3 

-40 +5/-5 130-140 
t’-YSZ_1Tb_40mm/h 1 

t’-YSZ_0.5Tb_40mm/h 0.5 

t’-YSZ_0.2Tb_40mm/h 0.2 

t’-YSZ_0.05Dy_20mm/h 

Dy3+ 8 

0.05 

20* +5/-5 130-140 

t’-YSZ_0.1Dy_20mm/h 0.1 

t’-YSZ_0.2Dy_20mm/h 0.2 

t’-YSZ_0.5Dy_20mm/h 0.5 

t’-YSZ_1Dy_20mm/h 1 

t’-YSZ_3Pr_40mm/h Pr3+ 8 3 40* +5/-5 120-130 

t’-YSZ_3Sm_40mm/h Sm3+ 8 3 40* +5/-5 115-120 

t’-YSZ_3Nd_40mm/h Nd3+ 8 3 40* +5/-5 100-120 

t’-YSZ_0.3Tm_20mm/h Tm3+ 8 0.3 -20 +5/-5 135 

t’-YSZ_0.3Tm1Yb_20mm/h Tm3+/Yb3+ 8 0.3/1 -20 +5/-5 120-135 

t’-YSZ_1Yb_20mm/h Yb3+ 8 1 -20 +5/-5 135 

t’-YSZ_1Er_40mm/h Er3+ 8 1 -40 +5/-5 115-120 

t’-YSZ_1Er1Yb_40mm/h Er3+/Yb3+ 8 1/1 -40 +5/-5 115-120 

* The precursor was firstly pulled at a high speed (100-150 mm/h) downward in order to densify and then the growth occur 

upward.  
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5.2 Results and discussion 

5.2.1 Optimization of growth parameters in undoped YSZ  

The starting point to the growth of any material by LFZ is the determination of the 

conditions in which the growth will be stable. Parameters like growth direction and rotation 

rates, as well as the optimum characteristics of the precursor rods, need to be optimized 

individually and experimentally for each material until stable growth conditions are 

achieved. In this work, these growth conditions were optimized experimentally for zirconia 

materials stabilized under two compositions: 8 mol.% YO1.5 stabilized in the tetragonal 

crystalline structure (t’-YSZ) and 16 mol.% YO1.5 stabilized in the cubic one (c-YSZ).  

For both studied compositions, downward growth conditions proved to be advantageous 

over upward conditions leading to more stable growth processes. It was observed that the 

decomposition of the organic ligand (PVA) generates gases inside the molten zone. Since the 

gas bubbles, with a lower density, have a tendency to flow up, when the crystals were grown 

upward these gases inside the molten were retained in the as-grown crystals, creating 

defects, such as bubbles. In some cases, it was noticed that radial cracks are developed 

periodically in the upward growth crystals, at the same time that these gases were released 

from the melt. In contrast, for a downward growth the incorporation of this type of defects 

was strongly reduced and the stability of the process was increased. 

Additionally, the movement of the gases inside the melt, due to convection currents, and 

their release to the atmosphere originates a wagging of the molten zone. In situations in 

which wagging was strong, the separation of the two rods, by the molten region, or even the 

break of the feed-rod occurred. This effect seems to be strictly related with the rods 

characteristics. Minimum amounts of PVA added to the precursor powders decrease the 

amount of produced gases and, as consequence, increased the process stability. Moreover, 

the quality of the precursor rods revealed to be an important factor that strongly 

determines the growth stability and crystal growth reproducibility. Slight warping of the 

cylindrical precursors or slight misalignment of the laser beam resulted in most cases in 

cracks inside the crystal during the growth process.  

Regarding the optimization of the rotation rates, a higher stability of the growth was 

achieved for opposite rotation directions of the seed and feed-rods. On the other hand, the 

maximum limit of the speed rotation was found to be strongly dependent of the alignment of 

the rods during the process. In general, rotation velocities around 5 rpm revealed to be 
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enough for the homogenization of temperature and composition in the melt resulting on 

stable growths. In summary, downward growth, with rotation velocities around 5 rpm in 

opposite directions and precursor rods without warping and with low amount of PVA, in 

general leads to a stable growth of both t’-YSZ and c-YSZ crystals. Figure 5.7 shows some 

photos of the crystals grown at different rates for the two studied compositions, after 

optimization of experimental parameters. A visual inspection of the crystal shows that, 

while the ones stabilized with 8 mol.% YO1.5 exhibit a more translucent aspect, the ones 

stabilized with 16 mol.% YO1.5 are completely transparent, colourless, uniform and 

inclusions free.  

 

Figure 5.7. Photos of undoped YSZ crystals grown by LFZ at different growth rates. (t’-YSZ 
refers to compositions of 8 mol.% YO1.5 and c-YSZ to 16 mol.% Y01.5). 

This high transparency suggests the crystallization and stabilization of cubic structure of 

zirconia, as expected by the analysis of the phase diagram of the ZrO2-YO1.5 system (Figure 

3.7, section 3.3). Cubic zirconia is well known by their high transparency and high refractive 

index which provide an exceptional transparent ceramic [12]. 

The structure of the as-grown crystals was analysed by Raman spectroscopy. Figure 5.8 

shows the Raman spectra of the as-grown crystals acquired in a backscattering 

configuration at RT and with 325 nm wavelength He-Cd laser line excitation. The addition of 

8 mol.% YO1.5 to zirconia promoted the stabilization of non-transformable tetragonal (t’) 

phase at RT as evidenced by the Raman spectra shown in Figure 5.8 a). As referred in 

section 4.3, group theory analysis of tetragonal zirconia structure predicts that six Raman 

phonon modes are active in Raman with the symmetries A1g+ 2B1g+ 3Eg. Despite a 

non-observed peak near 146 cm-1 that falls out of the studied spectral range, the vibrational 
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frequencies found in the Raman spectra are in fair agreement with those assigned in other 

work to the tetragonal zirconia [13–16]. 

 

Figure 5.8. Raman spectra of undoped YSZ crystals stabilized 8 mol.% YO1.5 (a) and 16mol.% 
YO1.5 (b) grown at different rates. The spectra were acquired in a backscattering geometry at 
RT, under excitation of 325 nm wavelength of a He-Cd laser line. 

In the case of zirconia crystals stabilized with 16 mol.% YO1.5, Raman spectra evidences a 

predominant peak centred at ~618 cm-1 and a structured broad Raman band at lower 

wavenumbers. As already mentioned, for such composition the crystallization of cubic 

fluorite structure is expected and therefore only one Raman band with T2g symmetry in the 

1st order Raman effect is expected [17]. It should be mentioned that, in stabilized zirconia Y3+ 

ions randomly replace some of the Zr4+ ions in the cubic structure, and consequently oxygen 

vacancies are formed to maintain charge neutrality. As a result, the cation positions of the 

lattice are randomly occupied by both Zr4+ and Y3+, while anion positions are occupied both 

by oxygen ions and oxygen vacancies. Consequently, this disorder induced loss in 

translational symmetry of the crystal leads to a breakdown of the �⃗� = 0 selection rule and to 

spectra that resembles the one-phonon density of states. In fact, Raman spectra similar to 

the ones obtained to the crystals stabilized with 16 mol.% YO1.5 have been reported to the 

stabilized distorted cubic phase of zirconia [17,18].  

The PL properties of the tetragonal and cubic undoped YSZ crystals were acquired at RT 

under UV excitation, using the 325 nm line of a cw He-Cd laser. Figure 5.9 shows the RT PL 

spectra acquired for the tetragonal crystal grown at 100 mm/h and for the cubic crystal 

grown at 20 mm/h. Under UV excitation, the undoped crystals exhibit an unstructured 

broad emission band with maxima around 550 nm (2.25 eV). 
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Figure 5.9. RT PL spectra of undoped YSZ cubic crystal grown at 20 mm/h and tetragonal YSZ 
crystal grown at 100 mm/h under 325 nm He–Cd laser line excitation. For comparison the RT 
PL spectrum of a praseodymium doped tetragonal YSZ crystal is also shown. 

While for the cubic phase this broad emission band was observed in the crystal grown at 

lower pulling rates, in the tetragonal crystals the broad emission was only observed in the 

ones grown at higher growth rates. Broad unstructured deep level recombination in the 

yellow/orange spectral region have been observed in the different ZrO2 polymorphs and 

assigned to F-type defects, involving the oxygen vacancy and their complexes [19–22]. 

Overlapped with the F-type emission band, the as-grown crystals show an additional 

emission in the red region with pronounced maxima at ~614 nm (2.02 eV) and 641 nm 

(1.93 eV). As the peak position and spectral shape of the observed lines match those of the 

transition between the 1D2 and 3H4 multiplets of the Pr3+ ion [23–26], it is likely that 

praseodymium ions could be present as precursor’s contaminants in the as-grown crystals. 

Actually, praseodymium doped tetragonal YSZ were further produced and characterized, 

confirming the above assumption, as shown by the dashed line in Figure 5.9. 

5.2.2 Ln-doped YSZ crystals 

The experience and knowledge acquired during the growth of undoped YSZ crystals was 

applied in the growth of YSZ crystals doped with different Ln ions. Zirconia crystals 

stabilized with 8 mol.% YO1.5 (t’-YSZ) and doped with several Ln ions were successfully 

grown by the LFZ process. As referred in section 5.1.2, the lanthanide ions were in situ 
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doped during the crystal growth, by adding the appropriate amount of the respective Ln 

oxide powder to the precursor rods. 

Figure 5.10 displays some photos of the as-grown crystals of t’-YSZ (8 mol.% YO1.5) doped 

with different lanthanide ions, including praseodymium (3 at.% Pr), europium (0.2-3 at.% 

Eu), erbium (1 at.% Er), cerium (3 at.% Ce), terbium (3 at.% Tb), thulium (0.3 at.% Tm), 

samarium (3 at.% Sm), dysprosium (0.1 at.% Dy) and ytterbium (1 at.% Yb). As can be 

observed, the incorporation of Pr, Tb, Ce and Er ions in 8 mol.% YO1.5 stabilized zirconia 

crystals lead to a coloured crystal. In the case of Pr and Tb ions, the doping give rise to 

crystals with an orange colour, while in crystals doped with Nd and Er ions, a faint pink 

colour is observed. Tetragonal YSZ crystals co-doped with Er, Yb and Tm, Yb were also 

grown and studied.  

 

Figure 5.10. Photos of t’-YSZ crystals doped with different lanthanide ions. 

In addition to the growth of Ln ions doped t’-YSZ crystals, the growth of c-YSZ doped with 

Ln ions was also explored. However, in this case, the growth of the crystals was a very hard 

task. It was observed that, after few millimetres of crystal grown, several cracks were 

developed along the crystal, resulting in their shattering and forcing to interrupt the growth.  

As can be observed by the Raman spectra shown in Figure 5.11, performed in a small piece 

of one of these shattered crystals, the cubic phase is stabilized at RT. Such indicates that the 

occurred crystal cracking is not associated to the volume expansion resultant of the phase 

transition during cooling, as the cubic phase remains in the cracked crystals. A possible 

explanation could be the high crystal stress induced by the large concentration of the added 

stabilizer and dopant, together with a strong temperature gradient between the molten 

zone and the as-grown crystals characteristic of the LFZ process. 
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Figure 5.11. Raman spectrum of shattered crystals of cubic YSZ doped with 3 at.% Eu. The 
spectrum was acquired in a backscattering geometry at RT, under excitation of 325 nm 
wavelength of a He-Cd laser line. The inset in the figure shows a photo of a piece of the cubic 
YSZ crystal doped with europium with several cracks along it. 

In an attempt to decrease cracks development, the total amount of dopant plus stabilizer 

was decreased to 16 mol.% (the same used for the undoped crystals). In addition, the 

precursor feed-rod was firstly pulled down at a high rate (150 mm/h) in order to increase 

their density and decrease the amount of gases released during the growth. The diameter of 

the precursor rod was also decreased. The dense rods, with several cracks along them, were 

used as precursor for the growth by pulling in the opposite direction. Several growth rates 

were tested within the rage of 5-100 mm/h. In the end, it was possible to grow crystals 

without any cracks. However, when the laser was turned off at the end of the growth 

process, instantaneously cracks appear and diffuse along all the crystals leading to their 

shattering. In an attempt to decrease this effect, the power of the laser (and consequently 

the temperature of the molten zone) was reduced very slowly. However, this effort was not 

enough to avoid the cracks propagation and crystal break. Such results hindered the 

production and study of intact cubic crystals doped with Ln ions. In the following, the 

properties of the tetragonal crystals doped with different lanthanide ions will be explored. 

5.2.2.1 Eu3+ doped t’-YSZ crystals 

Trivalent europium ion (Eu3+), with a 4f6 valence configuration, is a very special ion within 

the trivalent lanthanide ions and its luminescence properties have been studied in several 

inorganic hosts due to their importance as a red emitter. Eu3+ are known to be spectroscopic 

probes in different hosts due to the simplest structure of its 2S+1LJ multiplets with 

nondegenerate first excited and ground levels, 5D0 and 7F0, respectively [27]. In addition, the 

number of Stark components and intensity ratio of the 5D0⟶7FJ transitions are typically 

used for acquiring information about the symmetry at the Eu3+ site. Usually, optically active 

Eu3+ inserted in inorganic hosts give rise to long lived orange/red emission due to 5D0⟶7FJ 

transitions which are of interest for applications in different fields, including as bioprobes as 
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referred above. In order to study the luminescent properties of Eu3+, crystals of zirconia 

stabilized with 8 mol.% YO1.5 and doped with 0.2, 0.5, 1.0 and 3.0 at.% Eu were grown by 

LFZ, following the process described in section 5.1.2. Crystalline fibres, with diameter 

around 2 mm and 20 mm length were grown in the same conditions at 40 mm/h in air at 

atmospheric pressure.  

The crystal microstructure was characterized by SEM with energy dispersive spectroscopy 

(EDS) on polished surface of the longitudinal crystals section. The structural 

characterization was accomplished by Raman spectroscopy in backscattering configuration 

by using a 325 nm line of a He-Cd laser. 

Steady state PL measurements were carried out between 14 K and RT by excitation with the 

same He-Cd laser, a 457 nm laser line and a 1000 W Xe arc lamp coupled to a 

monochromator. The used excitation energies correspond to energies below the tetragonal 

zirconia gap which was predicted by theoretical models as 6.4 eV [28]. Besides the PL 

analysis, the samples were also studied by RT PLE with the emission monochromator set to 

the Eu3+ emission lines and the excitation wavelength scanned up to 240 nm. 

Structural and microstructural characterization  

The structural characterisation performed by Raman spectroscopy revealed that the 

as-grown material crystallized in the tetragonal structure (t’) of zirconia, as shown in Figure 

5.12 a) where only the typical bands assigned to the vibrational modes of tetragonal 

zirconia with symmetries A1g + 2B1g + 2Eg were recognized. Tetragonal phase of zirconia was 

identified for all the produced crystals even for the ones with high concentration of Eu3+ 

dopant, which also acts as a stabilizer of the high temperature phases of zirconia at RT. 

The morphological analysis of the longitudinal section of the grown crystals shows a 

uniform surface without grain boundaries or second phases, suggesting its monophasic and 

monocrystalline character, as shown in the SEM images in Figure 5.12 b) and c) for the 

crystal doped with 3 at.% Eu. In addition, no bubbles defects were observed. The EDS 

analysis shows a uniform distribution of both yttrium and europium along the crystal 

diameter and axis, Figure 5.12 d).  
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Figure 5.12. a) Raman spectra performed under backscattering configuration with 325 nm 
excitation, of the tetragonal YSZ crystals doped with different concentration of europium. SEM 
micrographs of longitudinal sections of the 3 at.% Eu doped crystal: b) general view; c) high 
magnification and d) EDS maps of Zr, Y and Eu distribution along the crystal diameter.  

Luminescence characterization  

The RT PL spectra of the t’-YSZ crystals doped with different amounts of Eu3+ are shown in 

Figure 5.13 a). The luminescence of europium doped t’-YSZ crystals under 266 nm 

wavelength excitation clearly evidences the fingerprints transitions between the 5D0 and 

7FJ(0-4) multiplets of Eu3+ ions. The dominant emission line occurs in the red region at ~606 

nm, corresponding to the forced electric dipole assisted 5D0⟶7F2 transition. Given the 

absence of inversion symmetry, the spectra display additional lines, ascribed to the 

following transitions: ~579 nm, the strictly forbidden 5D0⟶7F0; ~591 nm, the parity 

allowed magnetic dipole induced 5D0⟶7F1; ~635 nm, a weak mixed character 5D0⟶7F3; 

~714 nm, the electric dipole assisted 5D0⟶7F4. As result of the intense 5D0⟶7FJ emission 

lines the Eu3+ doped crystals show a bright orange/red luminescence under UV excitation, 

observed by naked eye as shown in Figure 5.13 c) for the crystal doped with 3 at.% Eu3+. 

Dexpert-Ghys et al. [29], in their work on yttria-doped zirconia ceramics, have shown the PL 

spectra of Eu3+ ions in samples with different monoclinic, tetragonal and cubic polymorphs. 

Our data shown in Figure 5.13 a) corroborate their results for the europium emission peak 

positions and intensity ratio of the 5D0⟶7FJ transitions in t’-YSZ. One can see that no 

differences on spectral positions of the emission or in the relative emission intensities were 

observed in the crystals doped with different amounts of Eu3+ indicating that the emission 

comes from the same Eu3+ optical centres and that the increase in Eu3+ concentration does 

not affect the surrounding ambient of the emitting Eu ions.  
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Figure 5.13. a) RT PL spectra of t’-YSZ crystals doped with different Eu3+ concentration under 
325 nm He-Cd laser excitation. Photos of the crystal doped with 3 at.% Eu3+ without 
irradiation (b) and when irradiated with the UV light at RT (c). 

Further analyses of the Eu3+ luminescence in the tetragonal YSZ crystals were performed in 

the crystal doped with 3 at.% Eu. Figure 5.14 shows a comparison between the 14 K and RT 

PL and PLE spectra of such sample. For both temperatures, under 325 nm excitation, the 

5DJ⟶7FJ multiplets transitions occur at the same position, meaning that the emission comes 

only from the first excited state, 5D0, even at RT. The number of transitions between the 

nondegenerate 5D0 and 7F0 multiplets is usually used to estimate the number of Eu3+ 

optically active centres in a crystalline lattice. For instance, this was the case observed for 

other oxide hosts crystals grown by the LFZ method [22,26]. The spectra shown in Figure 5.13 

a) and Figure 5.14 a) evidence the presence of a 5D0⟶7F0 transition at ~579 nm. The 

appearance of this emission, together with a threefold Stark splitting of the 5D0⟶7F1, means 

that the emitting Eu3+ ions must lay at a lower symmetry than the expected tetragonal D4h 

for the ion in a cation substitutional site. On the other hand, the full width at half maximum 

(FWHM) of the line (~5.3 meV) is rather large when compared with those of the 5D0⟶7F0 

transitions in other oxides crystals grown by the same method. As an example, in Ta2O5 

crystals, the FWHM is lower than < 1 meV [22,26]. The width of the 5D0⟶7F0 transition in ZrO2 

doped samples grown by different routes was also studied by others authors [29–31]. 

Particularly, site-selective spectroscopy measurements performed on the 5D0⟶7F0 

transition [29,30] revealed different Eu3+-centres in the samples. 
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Figure 5.14. a) Comparison between the 14 K and RT PL and PLE spectra of 3 at.% Eu3+doped 
t’-YSZ crystal. b) Representation of the absorption transitions that leads to the 5D0⟶7F2 
dominant Eu3+ emission, in accordance with the 14 K PLE spectra. c) Representation of 
observed intra-4f emission, under excitation in the CT/ 4f5d bands (325 nm) and resonantly 
in the 5D2 levels of the intra-4f configuration (457 nm). 

In order to investigate if the doped LFZ as-grown crystal exhibit multiple europium related 

optical centres, PLE and wavelength dependent excitation measurements were performed. 

The 14 K and RT PLE spectra monitored at the 5D0⟶7F2 transition (606 nm) display the 

excitation paths for the observation of the Eu3+ luminescence, Figure 5.14 a) (red lines). The 

narrower lines are ascribed to several intra-4f6 transitions between the ground state 7F to 

the excited states 5D, 5L and 5G multiplets. In addition to the sharper lines, the excitation 

spectra of Eu3+ luminescence shows two overlapping excitation broad bands with maxima at 

~310 nm and ~270 nm. As referred in the section 2.1, in wide band gap hosts, apart the 

parity forbidden f⟶f transitions, the excitation spectra of Ln ions can exhibit broad 

absorption bands due to the parity allowed interconfigurational 4f⟶4f 5d and charge 



133 

transfer (CT) transitions [32,33]. The CT bands, also of interconfigurational nature, involve for 

instance the promotion of the ligand electrons to the metal ion and usually occur in the UV 

region [32–36]. In the particular case of Eu3+ in wide band gap oxide hosts, the promotion of an 

electron from the ground state configuration 4f6 to the lowest 4f5 5d level occurs in the UV 

and vacuum UV spectral regions [32,33,35,36]. On the other hand, the CT transitions are known 

to occur at longer wavelengths than the 4f⟶4f 5d transitions and their peak positions are 

known to decrease in energy with larger average distance of the surrounding anions [35,36]. 

As the CT states are located at lower energies than those of the Eu3+ 4f5 5d levels, the 

observed excitation bands with maxima at 310 and 270 nm could correspond to two 

different CT transitions, as also detected in other zircon based compounds [34]. These 

absorption transitions, which lead to the 5D0⟶7F2 emission, are schematically represented 

in the diagram of energy level shown in Figure 5.14 b). Considering the relative integrated 

areas of the absorption bands in the PLE spectra, the Eu3+ luminescence from the 5D0 level is 

preferentially populated by CT mechanisms rather than by light absorption into the intra-4f6 

Eu3+ excited levels. A comparison between the PL spectra obtained with excitation in the CT 

region and in the intra-4f6 excited states (slightly above the 5D2 level) can be observed in 

Figure 5.14 a) (blue and black lines). In both cases, the transitions intensity ratio are 

comparable but small shifts in the peak position of the 5D0⟶7FJ transitions can be identified, 

as shown in the inset of Figure 5.14 a). Moreover, exciting the samples in the CT band and 

intraconfigurational absorption region leads to the appearance of additional lines in the 

5D0⟶7F2 spectral region, as highlighted in Figure 5.15, suggesting the presence of different 

Eu3+ optical centres in accordance with the observation by PLE. 
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Figure 5.15. Temperature dependence of the Eu3+ luminescence, in the 3 at.% Eu3+ doped YSZ 
crystal, for two excitation wavelengths, 325 nm (a) and 457 nm (b). The insets depict the 
normalized PL intensity at 14 K and RT. c) Evolution of the integrated intensity of the overall 
luminescence with temperature. 

The temperature dependence on the PL spectra of the 3 at.% Eu3+ doped YSZ crystal was 

studied for two excitation wavelengths, 325 nm and 457 nm, corresponding to the excitation 

via the CT band and 5D2 energy level, respectively, Figure 5.15 a) and b). The temperature 

dependence of all the 5D0⟶7F0-4 integrated intensity is shown in the Figure 5.15 c). The 

nonradiative deexcitation mechanisms of Eu3+-related centres are similar up to 150 K. 

However, for higher temperatures, a faster decrease in the PL intensity is observed when 
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the crystal is excited via the CT band indicating additional nonradiative deexcitation paths. 

Exciting the samples in the CT band, the RT PL intensity accounts for ~40% of the low 

temperature luminescence. With the excitation on the 5D2 multiplet, a lower decrease in the 

integrated intensity is observed, ~60% of the low temperature intensity being still observed 

at RT. The activation energies involved in the thermal extinction process were determined 

by fitting the overall integrated intensity as a function of sample temperature, Figure 5.15 

c), to the Eq. 4.15. Under intraconfigurational excitation (457 nm) the decrease of the 

emission intensity can be adjusted to a single thermal decay process with an activation 

energy (Ea) of ~6 meV. On the other hand, under excitation in CT band, two thermal decay 

processes were identified with activation energies Ea1 and Ea2 of ~5 meV and 70 meV.  

Besides the analysis performed under steady state conditions, TR-PL spectra were 

measured for the 3 at.% Eu doped t’-YSZ crystal. The spectra were acquired under excitation 

with a pulsed (266 nm) laser at RT. The resultant time dependent emission spectra are 

shown in Figure 5.16 a). As can be observed, the Eu3+ emission corresponds to a slow 

luminescence that remains even 10 ms after the laser pulse. The inset in the Figure 5.16 a) 

displays a comparison between the emission spectra acquired at a time delay of ~0 and 

11800 µs after the pulse excitation, revealing the same spectral dependence. As shown, all 

the emission bands follows the same decrease in intensity with time, and the relative 

intensity between the emission bands is the same at 11.80 ms after pulse and for t=0. In 

addition, luminescence decay curves of the emitting 5D0 excited state were measured for a 

sample excitation in the CT band (325 nm) and resonantly in an intra-4f absorption levels of 

Eu3+ (402 nm). Figure 5.16 b) and c) display the two resultant decay curves. The curves can 

be well fitted into a single exponential decay with luminescence lifetimes, τ, around 2 ms as 

determined through the fit of the exponential depopulation decay expressed by Eq. 4.17. 

The obtained lifetime values are in the order of magnitude expected for the recombination 

between electronic states with different spin multiplicities, in line with the ones reported in 

literature for the 5D0 emitting level of Eu3+ in tetragonal YSZ microtubes [37].  
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Figure 5.16. a) Time resolved photoluminescence spectra of the 3 at.% Eu3+ doped t’-YSZ 
crystal under 266 nm wavelength excitation. Luminescence lifetimes of the 5D0 excited state 
upon excitation in the CT (b) and resonant in the intra-4f transitions. 

Summary  

Single crystalline fibres of tetragonal YSZ doped with different concentration of europium, 

with ~2 mm diameter and ~20 mm length were successfully grown by the LFZ technique at 

high pulling rates of 40 mm/h. The Eu3+ doped t’-YSZ as-grown crystals display an intense 

light guiding effect of the red emission at RT under UV excitation. Moreover, the crystals 

luminescence clearly evidence the fingerprint transition lines between the 5D0 and 7FJ(0–4) 

multiplets of the Eu3+, being the main emission line in the red region at ~606 nm due to the 

forced electric dipole allowed 5D0⟶7F2 transition. No differences in the emission spectra of 

the crystals doped with different amounts of Eu3+ were observed indicating that the 

luminescence can be originated from Eu3+ in the same crystalline environments for all the 

studied concentrations. Additional studies were performed in the crystal doped with 3 at.% 
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Eu. PLE spectra show that Eu3+ ions are preferentially populated via high energy CT broad 

bands rather than via the intra-4f6 configuration. Nevertheless, under the former excitation 

conditions, the detected 5D0⟶7FJ luminescence at RT corresponds to 40% of its value at low 

temperature, while for an intraconfigurational excitation 60% of the intensity observed at 

low temperature is observed at RT, meaning that additional nonradiative paths occur under 

the CT excitation. The presence of different Eu3+ optical centres was discussed based on the 

observation of the two excitation CT bands and wavelength dependent PL spectra. 

5.2.2.2 Tb3+ doped t’-YSZ crystals  

Trivalent terbium (Tb3+) is also a lanthanide ion with very interesting spectroscopic 

properties for green phosphors. This ion has a 4f8 electron configuration with a 7F6 ground 

state level and a complex electronic excited states diagram [38]. When incorporated in wide 

band gap solid hosts, the visible emission of Tb3+ occurs predominantly in the green spectral 

region due to 5D4⟶7FJ intra-4f transitions. The green emission of Tb3+ is of particular 

interest for lighting application as it could be an alternative way to produce efficient green 

light. The luminescence properties of Tb3+ ions incorporated in stabilized tetragonal zirconia 

host were studied in this work. In such context, tetragonal zirconia crystals stabilized with 8 

mol.% YO1.5 and doped with 0.2, 0.5, 1.0 and 3.0 at.% terbium were grown by the LFZ 

process at 40 mm/h.  

The crystalline structure was analysed by powder XRD and by RT Raman spectroscopy. For 

the PL measurements either a 325 nm laser line of a cw He–Cd laser or a Xe lamp coupled to 

a monochromator were used as excitation sources. For the PLE measurements the emission 

monochromator was set in the Tb3+ emission lines and the measurements were performed 

as described for the Eu doped crystals. Similarly, TR-PL spectra and decay times were 

studied. 

Structural characterization  

Figure 5.17 a) displays the RT Raman spectra performed with UV excitation of the as-grown 

crystals. As evidenced in the previous case, also the terbium doped crystals grown under the 

described experimental conditions were seen to be monophasic and exhibit a tetragonal 

crystalline structure. On one hand, the measured vibrational frequencies for these crystals 

corresponds exclusively to the ones expected for tetragonal structure [16,39]. On the other 

hand, and as observed in the Eu3+ doped crystals, the incorporation of a maximum of 3 at.% 

Tb in the YSZ host does not result in changes of the crystalline structure from tetragonal to 

cubic. The crystalline structure of the as grown crystals was further corroborated by XRD 

analysis. Figure 5.17 b) shows the XRD pattern after milling the crystal doped with 3 at.% 
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Tb. The XRD pattern matched well with the ICDD reference data of tetragonal structure of 

zirconia stabilized with yttrium belonging to the P42/nmc space group, with lattice 

parameters of a=b= 3.6309 Å, c= 5.1532 Å and α=β=γ = 90 0  (assigned ICDD ref. 82-1243).  

 

Figure 5.17. a) RT Raman spectra obtained in backscattering configuration with 325 nm He-Cd 
laser line of the crystals doped with different Tb concentrations. b) XRD pattern of the crystal 
doped with 3 at.% Tb3+ crystal after milling. 

Luminescence characterization  

The RT PL spectra of the t’-YSZ crystals doped with different amounts of Tb3+ are shown in 

Figure 5.18 a). The RT luminescence of terbium doped YSZ crystals under 325 nm 

wavelength excitation clearly evidences the fingerprints transitions between the 5D4 and 

7FJ(6-2) multiplets of Tb3+ ions. The same Tb3+ intra-4f transitions have been also observed for 

other oxide hosts [40–47]. The strongest emission line occurs at 544 nm, assigned to the 

5D4⟶7F5 transition, and is the responsible for the intense green emission at RT, observed by 

naked eye as shown in Figure 5.18 b) for the crystal doped with 3 at.% Tb3+. As happen for 

the crystals doped with different concentration of Eu3+, no differences on the spectral 

positions of the emission lines or in the relative emission intensity were observed in the 

crystals doped with different amounts of Tb3+ indicating that the emission comes from the 

same Tb3+ optically active centres and that the increase in Tb3+ concentration does not affect 

the surrounding ambient of the emitting Tb ions. 
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Figure 5.18. a) RT PL spectra of t’-YSZ crystals doped with different Tb3+ concentrations under 
325 nm He-Cd laser excitation. Photography of the t’-YSZ:Tb3+ crystal without excitation (b) 
and under UV excitation (c). 

Further analyses of the Tb3+ luminescence in the tetragonal YSZ crystals were performed in 

the crystal doped with 3 at.% Tb. The spectroscopic features of such  t’-YSZ:Tb3+ crystal 

obtained under UV excitation (325 nm) at RT and 9 K are shown in Figure 5.19 a) and b), 

respectively. While at RT, the crystal luminescence (shown in logarithmic scale in Figure 

5.19 a) is dominated by the transitions from the excited 5D4 level to the lower lying 7FJ(6-2) 

manifolds of the Tb3+ ions, at low temperature (9 K), besides the emission bands observed at 

RT, additional low intensity emission bands are observed in the high energy part of the 

spectrum. These lines correspond to the 5D3⟶7FJ transitions and their presence suggests 

that the minimum of the 4f75d1 potential energy is above to the one of the 5D3 level, allowing 

the population of this excited state manifold [43,48]. Nevertheless, by increasing the 

temperature the 5D3⟶7FJ emissions intensities are greatly reduced, meaning that 

competitive nonradiative processes occur. In particular, cross-relaxation between the 

5D3⟶5D4 and the 7F6⟶7F0 transitions and/or favourable nonradiative relaxation from the 

high energy feeding levels to the 5D4 multiplet could be invoked to explain the higher 

average population of the 5D4 level at RT, which leads to the observed predominant PL via 

this multiplet [43,48]. 
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Figure 5.19. Normalized PL spectra at RT (a) and 9 K (b) acquired under 325 nm laser 
excitation. 

The comparison between RT PL spectra under two different wavelength excitations (325 

nm and 486 nm) and PLE spectra monitored at two different Tb3+ intra-4f emission lines 

(544 nm and 623 nm) are displayed in Figure 5.20 a). The RT PLE spectra monitored in the 

emission at 544 nm, assigned to the 5D4⟶7F5 transition (blue line), reveal that the 5D4 level 

can be populated resonantly via this state or by the higher excited states of the intra-4f8 

configuration such the 5D3, 5G6, 5L10, 5G5, 5L9, 5L8 and 5L7, as labelled in the Figure 5.20 a). 

Additionally, at shorter wavelengths a very large and intense broad excitation band appears 

with maxima near ~300 nm. In a similar way to what was discussed for Eu3+, this excitation 

band, from where the 5D4 level is preferentially populated, is likely to be due to the spin 

allowed interconfigurational 4f8⟶4f7 5d1 transition of the Tb3+ ions or other CT mechanism 

[40,49,50]. As can be observed by the PL spectra shown in the Figure 5.20, no changes on the 

peak position in the emission spectra acquired under intraconfigurational (486 nm) and 

interconfigurational (325 nm) excitation conditions are observed. In addition PLE 

monitored in the 5D4⟶7F3 (623 nm) is very similar to the one monitored in the 

predominant 5D4⟶7F5 emission. Such evidences suggest that the emission arise from the 

same Tb3+-related optical centres. However, if one looks more carefully to the PL spectra it is 

possible to observe slightly differences in the intensity ratio between the emission bands, 

under the two excitation wavelengths. This is more evident in the Stark splitted components 

of the 5D4⟶7F4 transition. Such suggests that different Tb3+ optical centres can exist in the 

sample. 
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Figure 5.20. a) RT PL and PLE spectra of the t’-YSZ:Tb3+ crystal. b) Partial Tb3+ electronic 
energy level diagram. 

The temperature dependence in the emission spectra of t’-YSZ:Tb3+ crystal under 325 nm 

wavelength excitation was also evaluated between 14 K and the RT. Figure 5.21 a) displays 

these PL spectra where one can see that the intensity of Tb3+ emission decrease with the 

increase in sample temperature. The comparison between the normalized PL intensity at 14 

K and RT shown in Figure 5.21 b) clearly confirms the presence of different Tb3+ optical 

centres as different intensity ratios between lines from the same excited state (5D4) as well 

as between the unfolded Stark components of the same transition were identified (vertical 

lines in Figure 5.21 b). The integrated intensity of the overall 5D4⟶7FJ transitions as a 

function of temperature is displayed in Figure 5.21 c). A decrease of the intensity is 

observed in the studied interval range, with around 40% of the low temperature emission 

intensity being observed at RT. The data was fitted considering the classical model of 

nonradiative deexcitation expressed in Eq. 4.15 and described by an activation energy about 

16 meV. 
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Figure 5.21. a) Temperature dependence of the PL spectra of the t’-YSZ:Tb3+ crystal under 
excitation in the broad UV band (325 nm). b) Comparison between the 14 K and RT PL spectra. 
c) Temperature dependence of the overall emission intensity (normalized to the emission 
intensity at T= 14K). 

Additionally, in order to acquire information about the kinetics of the Tb3+ emitting level, 

TR-PL spectra, measured at RT under pulsed 266 nm laser line excitation 

(interconfigurational absorption), and time decay measurements were performed. Figure 

5.22 a) displays the RT Tb3+ emission spectra acquired in the temporal range between 0 and 

10 ms in which the same depopulation behaviour is observed for all the transitions from the 

5D4 emitting level. The time decay curve of the emitting 5D4 level, (monitored in the 5D4⟶7F5 

emission) shown in Figure 5.22 b) is well fitted to a single exponential decay with a time 

constant of ~2.7 ms.  
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Figure 5.22. a) RT TR-PL spectra of t’-YSZ:Tb3+ crystal (3 at.%) under UV excitation. b) 
Luminescence decay curve of the emitting 5D4 level under interconfigurational excitation. 

Summary  

Tb3+ ions doped YSZ crystals with a tetragonal crystalline structure were successfully grown 

by the laser floating zone method. The structural characterization confirms the single phase 

nature and the tetragonal crystalline structure. The optical features, evaluated by 

photoluminescence, show that at low temperatures, besides the high resolved emission 

from the 5D4 level, lower intensity transitions from the 5D3 level are observed suggesting 

that the minimum of the 4f7 5d1 state is above to the one of the 5D3 level. At RT the main 

emission is due to the 5D4⟶7FJ transitions of the Tb3+ which are preferentially excited via an 

interconfigurational broad UV excitation band instead of the higher lying levels of the 

lanthanide ion. Under this excitation a bright green luminescence is observed by naked eye 

suggesting that t’-YSZ:Tb3+ could be considered as a promising candidate for applications in 

green solid state emitters for general illumination purposes. In addition, the long lifetime of 

the green emission, as expected from the spin degeneracies of the involved levels, is of high 

interest for biodetection.  

5.2.2.3 Pr3+ doped t’-YSZ crystals  

With a 4f2 electronic configuration, the free Pr3+ has a 2S+1LJ scheme level corresponding to 

the 3H4 ground state and 3H5,6, 3F2,3,4, 1G4, 1D2, 3P0,1, 1I6, 3P2, 1S0 excited states [38]. When 

optically activated in wide band gap oxide hosts the Pr3+ ions are known to be good 

candidates for a broad variety of optical applications that extends from the VUV to the 

infrared (IR) spectral region by making used of their interesting stimulated, downshifted 

and upconversion luminescence [51–55]. The proximity of the 1S0 energy level to the 4f 5d 

state confers to the Pr3+ the attractive property of photon cascade emission when the 1S0 is 
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located below the 4f5 d state [56,57]. Additionally, Pr3+ ion is known to be an upconverter in 

several hosts leading to blue emission (from the 3P0 state) following red optical excitation in 

the 1D2 state [52,58,59]. 

Typically, under UV and/or blue excitation, the visible emission in Pr3+doped materials 

corresponds to the blue/green and red luminescence due to the 3P0⟶3H4 and 1D2⟶3H4 

transitions, respectively [54,55]. Their intensity ratio is strongly dependent on the excitation 

energy, host lattice and activator concentration [54,55]. The intra-4f2 transitions of 

praseodymium doped zirconia were previously observed and reported in samples with 

mixed crystalline phases (monoclinic, tetragonal and cubic) [60–62] as well as in presumable 

cubic YSZ single crystals [23,24,63,64]. In both cases, the dominant red luminescence arises from 

the 1D2 state with the transitions from the 1PJ states partially quenched, as also observed in 

other materials [54,55]. 

In order to study the luminescence features of Pr3+ incorporated in tetragonal zirconia, 

crystals of zirconia stabilized in the tetragonal phase (8 mol.% YO1.5) and doped with 3 at.% 

Pr, were grown by the LFZ method at 40 mm/h. The growth was performed in air at 

atmospheric pressure.  

As for the other cases, the crystalline nature of the as-grown crystalline fibre was analysed 

by RT Raman spectroscopy and XRD. The fibre microstructure was characterized by SEM 

and an elemental analysis was performed by micro Particle Induced X-ray Emission (µPIXE) 

at the 2.5 MV Van de Graaff accelerator installed at IST/CTN (Instituto Superior Técnico, 

Campus Tecnológico e Nuclear). Detailed description of the used setup may be found in the 

work of L.C. Alves et al. [65]. 

The PL properties of the doped crystal were studied in a similar approach used to Eu3+ and 

Tb3+ doped fibres. Besides the identification of the sample characteristics in the visible 

spectral region, the sample photoluminescence was also studied in the infrared region, 

using a Brucker 66V Fourier transform infrared spectrometer (FTIR). Additionally, 

ionoluminescence (IL) measurements in the range of 300 nm to 1000 nm were performed at 

RT in vacuum at the IST/CTN, where a microprobe beam line using a 2 MeV proton beam 

was used as excitation source (beam current of ~1 nA). Additional information about the 

setup used in the IL measurements can be found in the work of N. F. Santos et al. [66]. 

Structural and morphological characterization  

A photo of the as-grown Pr3+ doped crystal is shown in Figure 5.23 a). The as-grown crystal 

has a diameter of about 1.2 mm and a length of few centimetres. The RT Raman spectrum 
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(Figure 5.23 b), performed in similar conditions to the other aforementioned doped crystals, 

evidence the nature of the tetragonal crystalline phase of the YSZ crystal, further confirmed 

by single crystal XRD (Figure 5.23 c). In the latter, the Laue diffraction pattern of the crystal 

is shown. The phase nature determination was performed using a XRD database to index the 

spots of the Laue pattern. Laue back reflection patterns confirm the single crystalline nature 

of the as-grown crystal with a=b= 3.62 Å and c= 5.16 Å lattice parameters of the tetragonal 

structure. The morphological analysis of longitudinal sections of the fibre reveals a uniform 

surface without grain boundaries or second phases, confirming its monophasic nature and 

single crystalline character, Figure 5.23 d). 

 

Figure 5.23. a) Photography of the t’-YSZ:Pr3+ as-grown crystal by LFZ. b) RT Raman spectrum 
collected in backscattering geometry with the 325 nm line of a cw He–Cd laser. c) Laue back 
reflection patterns. d) SEM micrography of polished transversal crystal section.  

Microprobe elemental quantitative analysis using the µPIXE technique was performed in 

two different zones of the crystal, one of them close to the crystal seed and the other one 

close to the crystal end. On each of the probed zones a 2640 × 640 µm2 initial scan was 

performed followed by a selected raster scan area at the central part of the crystal. The 

same Zr distribution maps, shown in Figure 5.24, evidence an apparent homogeneous 

crystal composition that was confirmed by comparing the spectra obtained from both 
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analysed regions and also shown in the same figure. In fact, the spectra revealed a very 

homogeneous composition for the major elements (Y, Zr) and for the dopant species (Pr), as 

well as for the detected impurities. Normalizing to the Zr content (Zr= 1) the mass ratio to 

the other elements was measured to be: Y= 0.08; Pr= 0.05; Hf= 0.02; Ca= 3×10-3; 

Ti= 0.7×10-3. 

 

Figure 5.24. Zr distribution maps of two different crystal zones (close to the seed (top map) 
and close to the opposite end (bottom map)). Also indicated in the maps are the central areas 
chosen for obtaining data for PIXE quantitative analysis whose spectra are presented in the 
picture. 

Luminescence characterization  

Figure 5.25 a) displays the photography of the t’-YSZ:Pr3+ as-grown crystal under irradiation 

with UV light (325 nm) at RT, where a very bright red emission is clearly observed by naked 

eye. The RT PL spectrum of the crystal under this excitation condition is shown in Figure 

5.25 b) (pink line). A dominant emission with a maximum at ~615 nm assigned to the 

1D2⟶3H4 transition is observed. In addition, weaker luminescence lines from the 1D2 and 3PJ 

multiplets can be observed at longer and shorter wavelengths. Similar spectra were recently 

reported for YSZ:Pr3+ nanopowders with the majority crystalline phase (82%) 

corresponding to the tetragonal one [62]. Additionally, zirconia single crystals stabilized with 

6 wt% of Y2O3 and doped with Pr2O3 also show comparable luminescence spectra [23].  

The RT PLE spectrum monitored at 615 nm, displayed in Figure 5.25 b) (green line), shows 

that the 1D2 energy levels are populated via nonradiative relaxation between the intra-4f2 

3P0,1,2(+1I6) levels as well as by two excitation bands with maxima at 308 nm and 254 nm. 

The pathways for the population of the 1D2 emitting level are represented in the energy level 
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scheme in Figure 5.25 c) (right side). The same PLE spectra were obtained by monitoring 

the PL at 589 nm and 640 nm meaning that these lines are populated via the same 

processes. The two broad emission bands in the UV have been previously assigned to the 

4f2⟶4f 5d absorption for Pr3+ in different oxygen coordination [23,63]. Nevertheless, these 

bands could be associated to CT transitions, as pointed out by Ramos-Brito et al. [60], and are 

commonly observed in zirconia doped with other lanthanide ions [33]. A similar behaviour 

was found in this work for the tetragonal YSZ crystals doped with different lanthanide ions. 

Additionally, in this spectral region, the zirconia host absorption edge has been reported by 

others authors, although their energy values vary slightly from sample to sample and are 

somehow discrepant (~290 nm [61], ~250 nm [24,60,67], ~212 nm [62], ~450 nm [23]) meaning 

that more detailed studies on the band gap energy and its nature must be conducted for the 

different ZrO2 polymorphs. 

 

Figure 5.25. a) Photograph of t’-YSZ:Pr3+ emission under 325 nm laser excitation at RT. b) RT 
PL and PLE spectra of the t’-YSZ:Pr3+ crystal. c) Partial energy level scheme of Pr3+ ion in the 
oxide host, showing the excitation pathways for the 1D2⟶3H4 red emission and the transitions 
corresponding to the visible emission observed at RT under inter- and intraconfigurational 
excitation. 

Included in Figure 5.25 b) is also the PL spectrum obtained when pumping the sample in the 

3PJ (+1I6) intraconfigurational levels. Despite a small variation in the relative intensity of the 

transitions lines located between 470 and 600 nm, both PL spectra are similar meaning that 

the emission comes from the same electronic states for both excitation wavelengths used. 

The radiative transitions in the visible, observed at RT for the intra and interconfigurational 
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excitation are indicated in the energy diagram scheme shown in right side of the Figure 5.25 

b). 

Figure 5.26 shows a comparison between the low and high temperature PL of the tetragonal 

YSZ:Pr3+ crystal obtained with UV (325 nm) and blue (457 nm) excitation. The emission 

from the 3P0 state is more pronounced at low temperature as also reported by Savoini et al. 

[23]. However, contrasting with the observed by these authors, the lines at 534 nm and 

588 nm are seen even at low temperatures when the sample is excited at 457 nm 

wavelength photons (arrows in Figure 5.26 a) meaning that the transitions do not start in 

thermally populated levels. When the sample is excited at 325 nm none of the lines are seen 

at low temperature, suggesting that different Pr3+ optically active centres are present in the 

sample, likely due to different oxygen coordination [23,63]. Increasing the sample temperature 

promotes the thermal population of the 588 nm line (arrow in Figure 5.26 b). Similar RT 

spectra obtained with UV excitation was reported by De Vicente et al. [24]. The tetragonal 

YSZ:Pr3+ crystal also evidence RT upconversion from the 1D2 level when the sample is 

pumped with 632.8 nm as shown in the inset of Figure 5.26 b). 

 

Figure 5.26. The 14 K and RT PL spectra for the t’-YSZ:Pr3+ LFZ crystal excited at 457 nm (a) 
and 325 nm (b). Inset of figure (b): RT upconversion luminescence from the 1D2 level with 
632.8 nm excitation (line and symbols) and normalized RT PL obtained with 325 nm (magenta 
line) and 457 nm (blue line) excitation. 
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In order to analyse the internal photoluminescence efficiency, the emission from Pr3+ was 

studied between 14 K and RT. The temperature dependence of the intraionic Pr3+ PL and its 

integrated intensity is shown in Figure 5.27 for two excitation wavelengths, 457 nm (a) and 

325 nm (b). Increasing the temperature promotes nonradiative processes which compete 

with the radiative ones leading to the PL intensity quenching. For both excitation conditions, 

the overall decrease of the red luminescence of the Pr3+ ions can be well described by two 

activation energies of ca. 1 and 46 meV, for 325 nm excitation, and of ca. 1 and 25 meV for 

457 nm excitation, in the low and high temperature ranges, respectively (inset in Figure 

5.27). A faster decrease of the luminescence was found when the sample was excited in the 

UV (~46% of the 14 K PL intensity at RT) rather than in the intraconfigurational 3PJ (+1I6) 

states (~75% of the 14 K PL intensity was found at RT), meaning that additional 

nonradiative pathways occur when the excitation is performed at the 4f2⟶4f 5d or CT 

absorption bands.  

 

Figure 5.27. PL spectra acquired between 14 K and RT under 457 nm (a) and 325 nm (b) 
wavelength laser excitation. Inset: evolution of the red Pr3+ integrated PL with temperature 
for the two wavelength excitation. 

Time resolved PL measurements were performed at RT under 266 nm pulsed laser 

excitation and the corresponding spectra are shown if Figure 5.28 a). As identified in the 

spectrum correspondent to t= 0s, under this excitation condition and in the studied spectral 

range, besides red emission arising from the 1D2 excited level, the emission arising from the 

3P0 excited state is also observed (also seen in steady state conditions as shown in Figure 

5.27 b). TR-PL spectra reveal that the intensity of the luminescence from the 3P0 excited 
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state suffers a much faster decrease in time when compared with the intensity of the 

emission arising from the 1D2 level. This rapid decay of the luminescence from the 3P0 state 

can be very well observed through the analysis of the emission spectra acquired at t=0 s and 

t= 25 μs, shown in Figure 5.28 b) in which the intensity is plotted in a logarithmic scale. 

While for t= 25 μs the emission intensity from the 1D2 state only suffered a slight decrease, 

for this short time after the pulse excitation, the emission from 3P0 state is totally vanished. 

Such result means that the luminescence lifetime, τ, of the 3P0 state is well below 25 μs. On 

the other hand, the luminescence lifetime of the emitting 1D2 state is longer. Based on the 

TR-PL spectra shown in Figure 5.28 a), the decay curve of the 1D2 emitting level was 

determined by the integration of the 1D2⟶3H4 line intensity. The obtained decay curve is 

shown in Figure 5.28 c) (blue squares). In the same figure it is also represented the decay 

curve of the emission centred at 588 nm that was discussed above and associated with an 

additional Pr3+ optical centre. Both decay curves are well fitted to the classic model of 

excited state depopulation expressed by the exponential decay in the Eq. 4.17 (section 

4.4.2). The calculated luminescence lifetimes from the two decay curves are very similar and 

around 130-140 μs. Such results confirm that the emission centred at 588 nm do not arise 

from the excited 3P0 states, which has a much faster luminescence lifetime. This emission 

can come from the 1D2 excited state of other Pr3+optical centre, with similar 1D2 

luminescence lifetime. 

 

Figure 5.28. a) TR-PL spectra of the crystal under 266 nm wavelength excitation. Comparison 
between the PL spectra acquired at t= 0s and t= 600 µs after laser pulse (inset) and for t=0s 
and t=25 µs (b). c) Luminescence decay curves of the emission band with maxima at 615 nm 
and 588 nm. 



151 

Besides the visible PL, the spectroscopic properties of the Pr3+ ions in the tetragonal YSZ 

crystal were further analysed in the infrared spectral region. Figure 5.29 shows the 

wavelength dependent excitation PL spectra obtained at 90 K with optical pumping at the 

3P0,1 (+1I6) levels. A group of lines were found at ~1140 and 1560 nm. With excitation above 

the 3P0 state (wavelengths shorter than 488 nm) the main transitions occur from the 1D2 

level as also observed for the visible counterpart spectrum. However, under the same 

spectral resolution, a broadening of the transition lines and changes in their relative 

intensity can be identified, confirming the presence of multiple Pr3 optically activated 

centres. The most resolved spectrum was achieved with the excitation of 476.5 nm and the 

analysis of the temperature dependent PL spectra obtained with this excitation allows 

identifying an overall decrease of the luminescence intensity with ~20% of the 90 K PL 

intensity found at RT. 

 

Figure 5.29. PL spectra of t’-YSZ:Pr3+ crystal in the IR region for different excitation 
wavelengths, acquired at 90 K. 

Stability to high energy proton irradiation 

For device and sensor applications a reliable analysis of the lattice and luminescence 

stability is crucial. In particular when assessing the potential of new materials for operation 

in harsh environments such as irradiation environments in nuclear reactors or space, the 

knowledge of the lattice and luminescence stability is a main request. Optical materials and 

in particular optical waveguides may be useful for information transmission when the 

lifetime of conventional electronics is limited by irradiation effects. However, crystal defects 

also hamper the performance of such devices since they affect the quantum efficiency as 
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well as the light transmission. Yttria stabilized zirconia is well-known due to its radiation 

hardness, being widely studied as transmutation matrix for the incineration of highly 

radioactive minor actinides from nuclear waste [68]. The optical response of this material to 

ionizing radiation remains, however, relatively unexplored. As such, in this work the 

stability of the t’-YSZ:Pr3+ crystal to high energy protons irradiation with a flux of ~1013 p/s 

cm2 was studied at RT. In this study, IL was used to assess the effect of high energy proton 

irradiation on the optical properties of the Pr3+ doped crystal. 

Figure 5.30 a) shows the IL spectra of the t’-YSZ:Pr3+ crystal after different times of proton 

irradiation. The emission spectra acquired under proton irradiation is very similar to the 

one obtained under 3.8 eV photons (325 nm) irradiation. The spectral analogy suggests that 

either by using 3.8 eV photons or 2.0 MeV protons no rearrangement of the optical centres 

were found. In fact, independent of the probing depth (ca. 100 nm or up to ca. 30 μm, for PL 

and IL measurements, respectively) no modifications occur on the luminescence of the Pr3+ 

doped t’-YSZ crystal, indicating that the luminescence of the Pr3+ comes from the ions in the 

same local coordination. Photos of the crystal under proton irradiation are shown in Figure 

5.30 b) where the red emission can be observed in the irradiated spot of the transparent 

crystal.  

 

Figure 5.30. a) IL spectra obtained at RT for different proton irradiation (2 MeV) exposure 
times. b) RT emission of t’-YSZ:Pr3+ with proton irradiation (photograph was taken with 
background illumination). c) IL decay with increasing proton fluence. 

As analysed above, with the 3.8 eV photon illumination the excitation occurs via the 

interconfigurational 4f2⟶4f 5d absorption and/or CT bands, followed by nonradiative 
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relaxation to the 3P0 and 1D2 emitting levels giving rise to the observed PL. The light 

emission due to the penetration of the ion beam in the material is mainly due to electronic 

interactions leading, among other processes, to the generation of electron-hole pairs by 

above band gap excitation. Furthermore, direct impact excitation of the ions is also possible. 

Even under these distinct excitation conditions it is evident that the relative luminescence 

intensity from the 3P0 state is lower than that arising from the 1D2 state for both PL and IL. 

Quenching of the 3P0 luminescence has been observed in several oxide hosts and explained 

by distinct deexcitation processes such as those related with intersystem crossing [55]. The 

spectral comparison among the PL and IL reveals, in both cases, the preferential population 

of the 1D2 emitting level, rather than the 3PJ levels suggesting that above band gap excitation 

provided by the proton irradiation leads to the same population mechanisms. Other possible 

paths for the population of the Pr3+ excited states under ion irradiation are related with the 

direct interaction of the beam with the Pr3+ ions [69–71]. In this process the irradiation could 

promote directly the ligand electrons to the rare earth metal ion, being therefore 

responsible for the CT excitation bands, or they can stimulate an electron from the ground 

state configuration 4f2 to the 4f5d configuration, similar to what is observed in the PL 

measurements. 

The effect of 3.8 eV photons and 2.0 MeV protons irradiation time on the Pr3+ emission 

stability was studied. In the first case, no changes on the luminescence was observed after 

irradiating for several hours supporting the expected high stability of the host material upon 

photon excitation. On the other hand, the degradation of the red Pr3+ luminescence with 

increasing proton fluence is observed, Figure 5.30 c). In fact, for the used fluence range, the 

IL quenching is well described by an exponential decay with a decay constant of 4.5 x 1015 

p/cm2. Luminescence degradation is directly related with nonradiative paths which are 

induced by the proton irradiation process. In particular, phenomena like undesired sample 

heating [70] and point defect creation [69–71] must be considered as hypothesis to explain the 

observed IL intensity drop. In the first case, the collimated high energy proton beam is 

expected to increase the local sample temperature during the exposed irradiation time 

leading to the IL quenching due to competitive nonradiative pathways as observed using the 

temperature dependent PL measurements. Additionally, the accelerated ion beam creates 

defects (e.g. vacancies and aggregates) which could lead to changes in the Pr3+ environment 

decreasing the concentration of the optically active centres and the corresponding IL 

intensity. Furthermore, the introduced defects could act as nonradiative traps and/or killer 

centres responsible for the red IL quenching. 
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Summary  

In summary, a millimetric single crystal fibre of Pr3+ doped tetragonal yttria stabilized 

zirconia was successfully grown by the laser floating zone technique. The spectroscopic 

characteristics of the fibres were studied. A very bright red luminescence was observed at 

RT by naked eye under UV excitation. The emission between the 1D2 and 3H4 multiplets is 

mainly populated via nonradiative relaxation from the interconfigurational (4f2⟶4f 5d or 

CT bands) and intraconfigurational 3PJ levels, as measured by PLE. The 14 K luminescence 

observed with UV and blue excitations evidence different relative intensities of the 

transitions suggesting the presence of different Pr3+ emitting centres in the oxide host. This 

behaviour was also confirmed by the infrared PL measurements obtained with different 

wavelength photon excitation. In the infrared spectral region the main transitions were 

found at ~1140 and 1560 nm which are wavelengths of interest for optical communications. 

The Pr3+ luminescence was also studied under high energy proton irradiation (IL) in order 

to asses to the crystal stability to ionizing radiation. Pr3+ IL spectrum obtained under proton 

irradiation is very similar to PL spectrum acquired under 3.8 eV photon excitation. The 

similarity of the spectroscopic features measured by PL and IL suggest that independent of 

the different excitation mechanisms, by photons or protons, the same optically active 

centres were observed. The RT analysis of the IL fluence dependence indicates an intensity 

drop due to nonradiative effects which could be of different natures such as local heating, 

changes in the emitting Pr3+ environment or lattice defects produced by proton irradiation 

which act as killer centres. In order to provide Ln ions doped zirconia luminescence based 

devices to operate in harsh radiation environments, improvements on the luminescence 

stability should be further explored as identified by the luminescence behaviour observed 

under proton irradiation. Nevertheless, the fact that the Pr3+ IL saturates at non-zero value 

and that the spectral shape of the emission remains unchanged are promising results for the 

development of radiation hard optical materials. 

5.2.2.4 Tm3+ doped t’-YSZ crystals  

Trivalent thulium (Tm3+) is other lanthanide ion with interesting properties commonly used 

as a blue luminescence optical activator in wide band gap hosts. With a 4f12 electronic 

configuration Tm3+ ions are known to have a complex 2S+1LJ energy level scheme with a 3H6 

ground state and several excited states, allowing spanning the intraionic transitions from 

the UV to the infrared when the ions are incorporated in wide band gap hosts [72–74]. One of 

the most studied emissions of Tm3+ in inorganic hosts occurs around 2 µm, due to the 

3F4⟶3H6 transition, and is of special interest for applications in solid state laser technology 

[75]. Beyond the importance of the IR emission, Tm3+ provides luminescence in the visible 
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spectral range which is of great importance in other application areas. Particularly, the 

1D2⟶3F4 and 1G4⟶3H6 transitions in the visible spectral range assume an important role in 

solid state lighting applications as, for instance, electroluminescent blue emitters [76]. In 

addition to the interesting UV, blue, red and IR downshifted emission of Tm3+ ions, the 

energy level scheme of Tm3+ ions is also suitable for upconversion emission under 

sensitization with Yb3+ ions, as it will be discussed in the Chapter 8 specially dedicated to 

upconversion phosphors.  

In order to study the downshifted luminescence of Tm3+ ion in tetragonal zirconia host, a 

crystal of zirconia stabilized 8 mol.% YO1.5 and doped with 0.3 at.% Tm was grown by the 

LFZ process at 20 mm/h, following the procedure described in section 5.1.2. The 

stabilization of the tetragonal phase in the as-grown crystal was confirmed by RT Raman 

spectroscopy. The luminescence properties of Tm3+ incorporated in the tetragonal YSZ 

crystal were analysed by PL and PLE spectroscopy performed in the visible and IR spectral 

regions, TR-PL and temperature dependent PL measurements.  

Structural characterization 

As in previous cases the structural characterization of the produced crystals was assessed 

by RT Raman spectroscopy. Figure 5.31 a) shows the Raman spectra of the Tm3+ doped and 

Tm3+, Yb3+ co-doped crystals grown 20 mm/h. in both cases, the fibres crystallized in the 

tetragonal phase of zirconia. The corresponding photos of the two samples are depicted in 

Figure 5.31 b).  

 

Figure 5.31. a) RT Raman spectra obtained in backscattering configuration with 325 nm He-Cd 
laser line. Inset: photos of the blue emission of the crystals when irradiated with UV light 
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obtained in the micro-Raman system. b) Photographs of tetragonal YSZ crystals doped with 
Tm and co-doped with Tm and Yb. 

Luminescence characterization  

The PL and PLE spectra of both t’-YSZ:Tm3+ and t’-YSZ:Tm3+,Yb3+ crystals were investigated 

at RT as shown in Figure 5.32 a). Under excitation with UV light (358.5 nm), resonantly with 

the 1D2 excited multiplet of the Tm3+ (Figure 5.32 b), the PL spectrum is composed of three 

groups of emitting lines in the blue/green, red and NIR spectral regions. The intraionic lines 

of the Tm3+ in the blue/green region are due to the 1D2⟶3F4, 1G4⟶3H6 and 1D2⟶3H5 

transitions, while the red emission is assigned to the 1G4⟶3F4 transition, and the NIR 

luminescence to transitions between the 1D2⟶3F2, 1G4⟶3H5 and 3H4⟶3H6 multiplets. Under 

this excitation condition, the most intense emission occurs in the blue region (∼459 nm) 

and is due to the 1D2⟶3F4 transition.  

 

Figure 5.32. a) PL and PLE spectra of t’-YSZ:Tm3+ and t’-YSZ:Tm3+,Yb3+ crystals under resonant 
excitation into the Tm3+ excited multiplets. b) Partial energy level diagram of Tm3+ free ion 
with representation of the radiative transition observed in the PL spectra upon resonant 
excitation into the 3P2, 1D2 and 1G4 excited multiplets. 

The PLE monitored at 459 nm (1D2⟶3F4 ) shows that, besides the resonant excitation into 

the 1D2 multiplet, the ion luminescence can also be observed upon excitation into higher 

excited states of the Tm3+ (1I6 and 3P2,1,0). By exciting the crystals into these 3PJ higher energy 

multiplets (263 nm), dominant lines at 355 and 712 nm due to the 1D2⟶3H6 and 3F2,3⟶3H6 

transitions are observed. The enlargement of the lines is due to the overlap of intraionic 

transitions from distinct multiplets occurring at similar energies. Figure 5.32 a) also 

displays the PL spectra under resonant excitation into the 1G4 multiplet showing an 
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enhancement of the NIR transition arising between the 1G4⟶3H5 and 3H4⟶3H6 multiplets. 

The upper spectrum, corresponding to the PLE monitored at the 3H4⟶3H6 transition, 

indicates that this emission can also be directly excited through the 3H6⟶3F2,3 absorption. 

No significant differences were observed in the visible luminescence and PLE spectra for the 

Tm3+ doped and Tm3+, Yb3+ co-doped YSZ single crystals.  

The radiative internal quantum efficiency of the blue and red transitions was investigated 

by measuring the temperature dependent PL spectra of the Tm3+ doped t’-YSZ crystal with 

resonant excitation in the 1D2 and 1G4 excited levels, respectively (Figure 5.33). Figure 5.33 

a) shows the evolution with temperature of the red luminescence observed under resonant 

excitation in the 1G4 level. Although a slight decrease in the emission intensity of the 

strongest low temperature band is observed, increasing the sample temperature promotes 

the appearance of additional emitting lines in the high energy part of the spectrum. The 

comparison of the normalized RT and 14 K PL spectra, Figure 5.33 b), reveals different 

intensity ratios between the Stark splitted components which can be explained by a thermal 

population of higher energetic emitting levels from the same Tm3+ optically active centre. 

However, and as observed for the other studied ions, we cannot discard that Tm3+ in distinct 

sites/environments could exist in the YSZ lattice and therefore, the observed behaviour 

could be explained if a thermal population between two emitting centres slightly deviated in 

energy is considered. The overall integrated intensity of the red emission as a function of the 

sample temperature is displayed in the inset in Figure 5.33 a) and b) (red circles), where an 

almost constant emission intensity was observed between 14 K and RT. On the other hand, 

under resonant excitation in the 1D2 energy level, a strong increase in the intensity of the 

Tm3+ blue emission is observed between 14 K and RT, Figure 5.33 b). The analysis of the 

integrated intensity of the overall 1D2⟶3F4 blue luminescence (inset in the Figure 5.33 a) 

and b) (blue squares)) shows that this duplicates between 14 K and the RT. With the used 

ultraviolet excitation, such behaviour clearly indicates an additional thermal activated 

feeding of the 1D2 level (when compared with the thermal activation of the 1G4 level when 

pumped with blue light) of a given Tm ion or, as mentioned above, the involvement of more 

than one optically activated Tm3+. Cross-relaxation processes between nearest Tm ions 

cannot be excluded to justify the overall increase in intensity from the 1D2 multiplet. 
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Figure 5.33. PL spectra measured between 14 K and the RT for t’-YSZ:Tm3+ crystal by pumping 
the sample in 1G4 (a) and 1D2 (b) manifold. The inset shows the temperature dependence of the 
1G4⟶3F4 and 1D2⟶3F4 transitions. c), d) Comparison between the low and high temperature 
normalized 1G4⟶3F4 and 1D2⟶3F4 lines, respectively. 

In order to get additional information of the luminescence kinetics of Tm3+ 1D2 and 1G4 

emitting levels, TR-PL spectra of the t’-YSZ:Tm3+ crystal were acquired under 266 nm pulsed 

laser excitation at RT. Figure 5.34 a) shows the TR-PL spectra acquired in a time range after 

pulsed excitation between 0 and 650 µs. As identified in the figure, in the studied spectral 

range, there are several emission bands arising from both 1D2 and 1G4 excited states which 

show very distinct luminescence decays. For an easy analysis, some of the TR-PL spectra 

were normalized to the maxima intensity and are displayed Figure 5.34 b). With increasing 

times, the luminescence intensity from the 1D2 excited level undergoes a faster decrease 

comparatively to the luminescence from the excited 1G4 level. As observed in Figure 5.34 b), 

under the used excitation conditions and for t=0 s (which means steady state condition), in 

the spectral region between 430 and 520 nm there is a partial overlap between the emission 

bands assigned to the 1D2⟶3F4  and 1G4⟶3H6 electronic transitions. However, due to the 

faster decrease of the 1D2⟶3F4 emission (shorter lifetime), for a time after pulse of 600 μs, 

only the 1G4⟶3H6 is observed. Besides the information about the luminescence lifetime of 

the different emitting levels, the TR-PL spectra also helped to confirm the assigned emission 

lines. In addition to the identified emission band due to intra-4f emission of Tm3+, in the 

TR-PL spectra additional emission bands that were partially hidden in the steady state 
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spectra could be clearly identified. Such band, identified with an asterisk in Figure 5.34 b), 

could be attributed to the intra-4f emission of Tb3+ that exists as a contamination of the 

precursor commercial lanthanide oxide powders. The peak positions are in fair agreement 

with the one observed in the YSZ crystal doped with Tb3+.  

 

Figure 5.34. a) RT TR-PL spectra of the Tm3+ doped t’-YSZ crystal acquired under 266 nm 
pulsed laser excitation in a time range between 0 and 650 μs. b) Normalized TR-PL spectra for 
some of the time delays shown in a).The emission spectra were not corrected to the detector 
and optics. 

In addition to the visible, the infrared downshifted emission of the Tm3+ doped and Tm3+, 

Yb3+ co-doped t’-YSZ crystals was also studied. Figure 5.35 a) and b) displays the IR PL and 

the PLE spectra of both doped and co-doped crystals at 12 K and RT, respectively. The 

crystals exhibit strong IR photoluminescence in all the studied spectral range (from 900 to 

1700 nm) due the intra-4f transitions of the trivalent Tm and Yb ions, when excited 

resonantly into different excited electronic states of Tm3+. With resonant excitation in the 

1D2 (358.5 nm) multiplet of Tm3+, the 12 K infrared PL spectra of the Tm3+ doped crystal 

(Figure 5.35 b) is dominated by three groups of emission bands with maxima around 1267 

nm, 1464 nm and 1568 nm which were assigned to the 1G4⟶3H6, 3F2⟶3H5 and 3H4⟶3F4, 

and 3F3⟶3H5, respectively. With resonant excitation to the 1G4 (460.5 nm) level the same 

emission bands were observed. However in this case the 1G4⟶3H6 radiative transition is 
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dominant. With resonant excitation in the 3F2,3 (679 nm) Tm3+ multiplets the low energy 

transitions 3F2⟶3H5, 3H4⟶3F4, and 3F3⟶3H5 were observed in the 12 K emission spectra of 

Tm3+ doped crystal. In the same Figure 5.35 b) (left side) is shown the 12 K PLE spectrum 

monitored in the 1G4⟶3H6 and 3F3⟶3H5 lines which reveal that besides resonant excitation 

in the respective emitting levels, these emission lines can be observed upon excitation into 

the high electronic energy levels of Tm3+. In the co-doped crystal, besides the observed 

intra-4f emissions of Tm3+, it is also identified an intense emission at between 950 and 1100 

nm assigned to the electronic transition between the excited energy level (2F5/2) and the 

ground state (2F7/2) of Yb3+. IR PL spectra acquired at RT with resonant excitation in the 1D2, 

1G4 and 3F2,3 multiplets shows the same emission observed at 12 K, however additional 

splitting of the emission band is identified.  
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Figure 5.35. PLE and PL spectra of the infrared emissions of the Tm3+ doped and Tm3+, Yb3+ 
co-doped t’-YSZ crystals at a) RT and b) 12 K. 

The temperature dependent IR PL spectra of the Tm3+ doped and Tm3+, Yb3+ co-doped 

crystals were studied between 12 K and RT. Figure 5.36 shows the acquired emission 

spectra with resonant excitation in the 1D2 (a, d), 1G4 (b, e) and 3F2,3 (c, f) multiplets of Tm3+. 

For the three studied excitation conditions, additional lines of the emission observed at low 
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temperature were identified corresponding to thermally populated states as identified for 

the visible PL. In particular, an emission with maximum around 1610 nm, weakly observed 

at low temperature, suffers a pronounced intensity increase with temperature as happens 

for the blue 1D2⟶3F4. The mechanism behind this thermal population is not yet clearly 

understood and additional studies need to be performed to clarify this issue. Nevertheless, 

as the increase in intensity is clearly temperature dependent, nonradiative feeding of the 

emitting levels should be considered either by a direct thermal population and/or thermal 

activated cross-relaxation phenomena between neighbour ions. 

 

Figure 5.36. Temperature dependence IR PL spectra of the Tm3+ doped (a, b, and c) and 
Tm3+, Yb3+ co-doped (d, e and f) t’-YSZ crystals, with resonant excitation in the 1D2 (a, d), 1G4 (b, 
e) and 3F2,3 (c, f) multiplets of Tm3+. 
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Summary  

Tetragonal YSZ crystals doped with Tm3+ and co-doped with Tm3+ and Yb3+ were 

successfully grown by the LFZ technique at 20 mm/h. The visible and infrared luminescence 

of the doped and co-doped crystals was studied. Under UV excitation, resonant with the 1D2 

excited state of Tm3+, emission bands in the blue/green, red and NIR spectral regions were 

observed and assigned to the intra-4f transition of Tm3+. The dominant emission occurs in 

the blue region due to the 1D2⟶3F4 transition and is responsible for the blue emission 

observed at RT by naked eye. The intensity of this blue emission duplicates between 14 K 

and RT which could be associated with the thermal assisted feeding of the 1D2 emitting level. 

A similar identification was found for the infrared band peaked at ~1600 nm. As expected 

Yb3+ does not play any role in the visible downshifted emission of Tm3+ and very similar PL 

and PLE spectra were observed for the two crystals. In the co-doped crystal additional 

emission bands assigned to the 2F5/2⟶2F7/2 of Yb3+ were observed, indicating that energy 

transfer between the two ions occurs.  

5.2.2.5 Er3+ doped t’-YSZ crystals  

With a 4f11 electronic configuration Er3+ is known to have a complex schema of levels with a 

4I15/2 ground state multiplet and several excited states spanning in the wide band gap of the 

host. When optically active, Er3+ is well recognized for the transition between its first excited 

state 4I13/2 and the ground state occurring near 1.54 µm, a wavelength of interest for 

telecommunications [27]. On the other hand the widespread of the Er3+ 2S+1LJ multiplets in 

wide band gap hosts provides a useful opportunity to explore the visible intraionic 

transitions either in downshifted or upconversion luminescence.  

In order to study the luminescence properties of Er3+ in the zirconia host, a crystal of 

tetragonal YSZ (stabilized with 8 mol.% YO1.5) doped with 1 at.% Er (t’-YSZ:Er3+) was grown 

by LFZ at 40 mm/h. In addition, a tetragonal YSZ crystal co-doped with 1 at.% Er and 1 at.% 

Yb (t’-YSZ:Er3+,Yb3+) was grown in the same conditions in order to study the luminescence 

properties of Er3+ under sensitization of Yb3+. The crystalline structure of the as-grown 

sample was confirmed by Raman spectroscopy. The downshifted luminescence of the 

crystals was analysed by RT PL and PLE spectroscopy in the visible and infrared spectral 

range.  
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Structural characterization  

Figure 5.37 shows the RT Raman spectra (a), performed with 325 nm laser line excitation, 

and the photos (b) of the Er3+ doped and Er3+, Yb3+ co-doped crystals. Raman active modes of 

the grown crystals follow the expected behaviour for the tetragonal crystalline phase with 

identified resonances around 260, 324, 464, 606, and 637 cm−1 assigned to the A1g, B1g, Eg, 

B1g, Eg symmetries, respectively. 

 

Figure 5.37. a) RT Raman spectra obtained in backscattering configuration with 325 nm He-Cd 
laser line. b) Photographs of tetragonal YSZ crystals doped with Er3+ and co-doped with Er3+ 
and Yb3+ ions. 

Luminescence characterization 

Figure 5.38 a) shows the RT PL spectra obtained with 376 nm wavelength excitation of the 

Er3+ doped and Er3+, Yb3+ co-doped YSZ crystals. According with the partial electronic energy 

level diagram of Er3+ shown in Figure 5.38 b), the excitation condition corresponds to a 

resonant excitation into the 4G11/2 excited state. In the studied spectral range, the dominant 

emission occurs in the green region due to the transition between the 4S3/2 and the 4I15/2 

multiplets and is the responsible for the green emission of the crystals observed at RT. 

Additional lines are identified in the violet, green, red and NIR spectral regions due to 

2H9/2⟶4I15/2, 2H11/2⟶4I15/2, 4F9/2⟶4I15/2, and 2H11/2⟶4I13/2, 4I9/2⟶4I15/2 and 4S3/2⟶4I13/2, 

respectively. Both crystals exhibit the same PL peak positions and spectral shape with no 

additional Stark splitting, suggesting that independent of the co-doping process, the 

optically active Er3+ in the tetragonal yttria stabilized zirconia crystals, have similar site 

symmetries/environments. PLE spectra, taken on the Er3+ emission maximum, in the green 

transition peaked at 562 nm, are displayed in Figure 5.38 a) (green lines). Besides the 4G11/2 
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multiplet, the ion luminescence was found to be likely excited via other ion excited states. 

Well-defined intra-shell absorption lines from the 4I15/2 multiplet to the higher lying Er3+ 

multiplet, 4D7/2, can be identified up to ~255 nm (~4.86 eV; ~39217 cm-1). The observation 

of such high energy absorption band of Er3+ incorporated in the tetragonal YSZ host 

constitutes a strong evidence that the tetragonal YSZ has a band gap energy higher than 

5.0 eV, in agreement with the theoretical predicted value of 6.4 eV [28].  

 

Figure 5.38. a) RT PL and PLE spectra of the Er3+ doped and Er3+, Yb3+ co-doped t’-YSZ crystals. 
PL spectra were acquired under 376 nm wavelength excitation (4G11/2) and PLE spectra were 
performed by monitoring the 4S3/2⟶4I15/2 emission. b) Partial electronic energy level diagram 
of Er3+ in which the electronic transitions assigned to the absorption/emission bands 
observed in the PLE (left side)/PL (right side) spectra are identified. 
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The luminescence of the t’-YSZ:Er3+ and t’-YSZ:Er3+,Yb3+ crystals was also studied under 

excitation in the high energetic Er3+ multiplet 4D7/2, peaked at 255 nm. The obtained spectra 

are shown in Figure 5.39 a). Under this excitation, additional violet, blue, red and NIR 

transitions arising from the 2P3/2 and 2G7/2, multiplets were identified for both doped and 

co-doped crystals. In fact, transitions between the 2P3/2 and the lower lying energy levels are 

dominant under this excitation, which give rise to new emission bands over all the studied 

spectral range. 

 

Figure 5.39. a) RT PL and PLE spectra of the Er3+ doped and Er3+, Yb3+ co-doped t’-YSZ crystals. 
PL spectra were acquired under 255 nm wavelength excitation (4D7/2) and PLE spectra were 
performed by monitoring the 4P3/2⟶4I11/2 emission. b) Comparison of the RT PL spectra of the 
t’-YSZ:Er3+ crystal under resonant excitation in the 4D7/2 and 4G11/2. The spectra were 
normalized to the maxima intensity in the visible and NIR spectral range. 

The most intense emission occurs in the NIR which is due to the 2P3/2⟶2H11/2 transition 

overlapped with 2H11/2⟶4I13/2 and 4I9/2⟶4I15/2 transitions, also observed under excitation in 

the lower energy 4G11/2 level. This excitation process revealed a strong suppression of the 
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Er3+ green 4S3/2⟶4I15/2, and red 4F9/2⟶4I15/2 light implying the absence of a preferential 

population of the 4S3/2 and 4F9/2 multiplets. This way, a change of the visible emission colour 

is possible in the single crystals by selecting different excitation energies. For an easier 

analysis of the emission bands observed under the two studied wavelength excitations, the 

normalized PL spectra under 376 and 255 nm excitation of the t’-YSZ:Er3+ crystal are shown 

in Figure 5.39 b). The spectra were normalized to the maxima intensity of luminescence in 

the visible and NIR spectral regions. The additional emission bands from the 2P3/2 and 2G7/2 

are indicated (vertical green lines) and identified. PLE spectra monitored in the 2P3/2⟶4I11/2 

blue emission, peaked at 475 nm, revealed that, in addition to the direct excitation in the 

2P3/2 level, this emission can be also stimulated by pumping in the higher energy multiplet, 

with preferential excitation in the 4D7/2 level, Figure 5.39 a) (green lines). As previously 

observed for the Tm3+, Yb3+ co-doped crystals, no significant differences in the PL and PLE 

spectra were observed in the doped and co-doped crystals, which means that Yb3+ do not 

play any role in the visible downshifted luminescence of the Er3+.  

In addition to the study of the visible and NIR emission of the Er3+ in the tetragonal YSZ host, 

preliminary studies of the IR emission were also performed. Figure 5.40 a) displays the RT 

PL spectra of the t’-YSZ:Er3+,Yb3+ crystals under 514 nm and 980 nm excitation in the 

spectral range from 900/1000 to 2000 nm. 

 

Figure 5.40. a) RT infrared emission of the t’-YSZ crystal co-doped with Er3+ and Yb3+ with 
980 nm and 514 nm excitation. b) Temperature dependence of the infrared emission under 
514 nm excitation. Inset in the figure compares the IR luminescence at 10 K and RT. 

In the studied spectral range, and under these excitation conditions, a strong emission band 

with a maximum at ~1530 nm was observed for the two excitation wavelength. Such 
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emission band is assigned to the 4I13/2⟶4I15/2 transition of Er3+. In addition, a band with very 

low intensity is observed at ~1040 nm due to the electronic transition between the excited 

state level (2F5/2) and the ground level (2F7/2) of the Yb3+. Such results evidence that the 

lower energy excited levels of Er3+ are preferentially populated when compared with the 

Yb3+ excited level.  

Temperature dependent PL spectra were acquired between 10 K and RT with 514 nm 

excitation, Figure 5.40 b). A decrease of the overall intensity was observed and only about 

50% of the low temperature emission intensity is detected at RT. One can see that, while the 

intensity of the splitted emission band observed at 10 K decrease with temperature, 

additional high energy bands are observed as a result of thermally populated emitting 

levels. As mentioned above, this 4I13/2⟶4I15/2 IR emission of Er3+ is of particular interest for 

telecommunication.  

Summary  

Trivalent erbium was successfully incorporated and optically activated in the tetragonal YSZ 

host during the growth of crystals by LFZ. The study of the downshifted luminescence in 

both Er3+ doped and Er3+, Yb3+ co-doped YSZ crystals revealed that no significant differences 

are induced in the PL and PLE spectra by the incorporation of the Yb ions, meaning that the 

environment of the emitting Er3+ is not affected. The RT visible downshifted emission of Er3+ 

has shown to be dependent on the wavelength excitation. Under resonant excitation in 4G11/2 

multiplet the dominant emission of Er3+ occurs in the green spectral region due to the 

4S3/2⟶4I15/2 transition which results in the emission of green light at RT. Besides the 

excitation on the 4G11/2 level, this green emission can be stimulated by resonant excitation in 

the other Er3+ levels with energy above of the 4S3/2 emitting state. However, with resonant 

excitation in a higher excited state, 4D7/2 (above the 2P3/2 level) additional emission lines 

from 2P3/2 level are observed over the PL spectra with dominant emission in the NIR region 

due to the 2P3/2⟶2H11/2 transition. Such emission tuning should be related with the 

parabolas crossover of the ion high energetic states, implying preferential feeding of the 

emitting multiplets. The doped crystal show also strong emission at 1530 nm assigned to 

the 4I13/2⟶4I15/2 transition. Additional analysis of the upconversion luminescence of these 

crystals will be discussed in Chapter 8. 
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5.2.2.6 Dy3+ doped t’-YSZ crystals  

When incorporated in wide band gap hosts the visible emission from Dy3+ ions is mainly due 

to intra-4f9 transitions between the crystal field splitted energy levels of the 4F9/2 and 6HJ(15/2, 

13/2) manifolds which occur in the blue and yellow spectral regions. The visible emission 

from trivalent dysprosium ions have been studied in different inorganic wide band gap 

hosts, revealing a high potential for lighting applications, namely as a white emitter.  

In this work, the luminescent properties of Dy3+ in tetragonal YSZ were studied. In such 

context, tetragonal YSZ (stabilized with 8 mol.% YO1.5) crystals doped with Dy ions were 

grown by LFZ at 20 mm/h. The produced crystals were intentionally doped with distinct 

nominal Dy3+ concentrations, namely with 0.05, 0.1, 0.2, 0.5 and 1.0 at.%. Structural 

characterization of the as-grown crystals was accomplished by visible Raman spectroscopy 

and single crystal X-ray diffraction. The morphology and crystal quality was analysed by 

SEM and the homogeneity of elements distribution investigated by EDS. The Dy3+ 

luminescent properties were studied by steady state PL and PLE spectroscopy. PL spectra 

were acquired between 14K and RT under different wavelength excitation using a 1000 W 

Xe arc lamp coupled to a monochromator and a 325 nm line of a cw He-Cd laser. In addition 

TR-PL spectra were acquired under excitation with a 266 nm line of a pulsed laser.  

Structural characterization 

In line with previously LFZ grown YSZ crystals doped with different Ln ions, the translucent 

crystals fibres (~1.5 mm of diameter and ~15 mm of length) obtained after the dysprosium 

incorporation crystallized in the tetragonal form, as identified by the Raman spectra shown 

in Figure 5.41 a). The set of six fingerprint phonon modes of the YSZ host around 146, 260, 

322, 462, 606 and 638 cm-1 were identified 

The crystallinity and morphology of the t-YSZ doped with 0.1 mol.% Dy3+ was further 

analysed by single crystal XRD and SEM. Figure 5.41 b) shows the acquired Laue pattern 

that evidences the monocrystalline nature of the grown crystal. Corroborating the Raman 

spectra, the X-ray data was indexed to a tetragonal structure of zirconia, with lattice 

parameters: a=b= 3.63 Å and c= 5.19 Å. These are in fair agreement with the ones reported 

by Málek at al. [77]. The SEM analysis (Figure 5.41 c) and d) of the 0.1 mol.% doped t’-YSZ 

shows a good morphological homogeneity without any visible bubbles, cracks or grain 

boundaries, in agreement with the X-ray diffraction results that reveal the single crystal 

character of the fibre. In addition, the EDS analysis, Figure 5.41 e), f) and g), shows that the 

Zr, Y and Dy elements are homogeneously distributed along the crystal diameter and length.  
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Figure 5.41. a) RT Raman spectra performed in backscattering geometry with visible 
excitation (532 nm laser line) of the YSZ crystals doped with different amounts of Dy3+. b) 
Single crystal X-ray Laue patterns of the crystal doped with 0.1 at.% Dy3+. Low (c) and high (d) 
magnification SEM image and EDS maps of Zr (e), Y (f) and Dy (g) elemental distribution. 

Luminescence characterization  

The RT PL spectra of the doped crystals are shown in Figure 5.42 a). Under UV excitation 

(325 nm) all the crystals exhibit intraionic emission from the Dy3+ in the visible and NIR 

spectral regions due to transitions from the 4F9/2 excited state to the 6H15/2 ground state and 

6H13/2,11/2,9/2 levels. Embedded in the crystalline field the degeneracy of the Dy3+ free ion 

levels is lifted according to the symmetry of the local electric field, which allows the 
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admixture of the wave function of opposite parity, promoting the observation of transitions 

with electric dipole nature, otherwise parity forbidden. This is for instance the case of the 

yellow hypersensitive (ΔL= 2; ΔJ= 2) 4F9/2⟶6H13/2 transition (at ~584.5 nm) which is 

strongly influenced by changes in the surrounding ions. Besides the yellow luminescence, 

blue light (~483 nm) is observed due to the magnetic dipole allowed 4F9/2⟶6H15/2 

transition. Owing to the different characters of the above mentioned transitions the 

variations in their intensity ratio are particularly useful to identify changes in the 

surrounding of the Ln ions and the local symmetry. 

 

Figure 5.42. a) RT PL spectra of the as-grown crystals doped with different Dy3+ amounts, 
under 325 nm line of He–Cd laser excitation. b) Intensity ratio of the 4F9/2⟶6H15/2 and 
4F9/2⟶6H13/2 transitions as a function of dopant concentration. 

For dysprosium ions located at high symmetry sites a higher intensity of the blue emission 

has been reported when compared with the intensity of the yellow transition [32]. In Figure 

5.42 b) the intensity ratio of the two transitions is shown for the crystal doped with 

different dysprosium contents. The intensity ratio was found to be dependent on the 

amount of the Ln ion, increasing up to an amount of 0.1 at.% followed by a decrease for 

heavily doped crystals. Besides the intraionic luminescence, the lightly doped crystals (with 

Dy3+ concentrations of 0.05 and 0.1 at.%) exhibit a broad green band peaked at ~500 nm 

which has been currently associated with the presence of native defects, as already 

mentioned for the undoped samples (section 5.2.1).  

A suitable adjustment of the blue and yellow emission components of Dy3+ can be used to 

generate white light in materials doped only with this Ln ion (Dy3+). The emission colour of 

the grown crystals was analysed based on their colour coordinates and correlated colour 
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temperature (CCT) in line with what was explained in Chapter 2. The results are shown in 

Figure 5.43 a) and b). Slight variations of the colour coordinates and of the CCT were 

identified in the crystals doped with different dysprosium amounts, which are due to the 

different intensity ratios of the blue and yellow Dy3+ emission bands, as well as to the 

background of the green broad band. To compare the different white emissions, the 

W2=Y+800(xR-x)+1700(yR-y) whiteness parameter was calculated. Here, Y is a tristimulus 

value, (x, y) are the chromaticity coordinates in the CIE 1931 colour space and (xR,yR)= 

(0.33,0.33) are the chromaticity coordinates of the perfect white emitter [78]. A perfect white 

gives a W2= 100%. The calculated W2 for the Dy3+ doped crystals in Figure 5.43 b) show 

that the emission of the 0.1 at.% doped crystal is the most white (W2=88%) of the bunch. In 

this sample a proper intensity ratio between the intraionic blue and yellow emission, 

combined with the emission of the broad band results in the perceived white emission at 

RT, under excitation with 325nm. Furthermore, the intraionic luminescence was found to be 

stronger for lightly doped samples than for heavily doped ones, meaning that a further effect 

of the quenching of the luminescence due to concentration effects must be accounted. 

 

Figure 5.43. a) Variation of the colour coordinates and the CCT with the amount of Dy3+. b) 
Values of cieX, cieY, CCT and W2 calculated for the different doped crystals. 

Figure 5.44 shows the RT PL and PLE spectra for the strongest emitting sample (doped with 

0.1 mol.%) where the broad green band can be clearly identified. In addition to the 

observation of the intra-4f9 transitions observed with 325 nm excitation, the Dy3+ 

luminescence can be observed under distinct excitation paths, as shown in the PLE spectra 

(left side of Figure 5.44). When the excitation spectrum is monitored in the yellow (top 

spectrum) and blue (middle spectrum) transitions it can be observed that the emissions are 

preferentially excited via the higher excited states of the 4f9 configuration. The assignments 

of the dysprosium excited states were made in accordance with previous reported works on 
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wide band gap crystals [79,80]. Monitoring the excitation spectrum in the broad green band 

reveals that the defect from where the luminescence is originated is preferentially excited 

via a broad UV excitation band. However, and to less extent, the green luminescence can also 

be populated via some of the dysprosium excited states. Selected wavelength dependent PL 

spectra shown in Figure 5.44 (left side of the figure) show that when the excitation is 

performed with energies equal to or above the one corresponding to the 3P3/2 state, both the 

broad band emission and the intraionic luminescence can be observed (see red and blue 

spectra in Figure 5.44). On the other hand, for a resonant excitation on the highest intensity 

excitation band of the dysprosium ions (located ~353 nm) only the intraionic emission is 

detected. 

 

Figure 5.44. RT PL (right side) and PLE (left side) spectra of the t’-YSZ doped with 0.1 at.% 
Dy3+. PLE was monitored at the yellow 4F9/2⟶6H13/2 transition (top spectrum), blue 
4F9/2⟶6H15/2 emission (middle spectrum) and in the broad green band (bottom spectrum). The 
arrows in the figure represent the wavelengths for which the excitation was monitored. The 
asterisks correspond to other Dy3+ excited states. 

In order to evaluate the internal quantum efficiency of the luminescence in the crystal 

doped with 0.1 at.%, their emission spectrum was analysed in the temperature range of 

14 K to RT and under two different excitation wavelengths (325 nm and 353 nm), as shown 

Figure 5.45. With 325 nm excitation the intensity of the intraionic recombination decreases 

with increasing temperature, Figure 5.45 a). The nonradiative processes follow almost the 

same trend as the broad band and only ~25% of the low temperature emission is detected 
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at RT, Figure 5.45 c). In contrast, nonradiative losses are practically absent when the sample 

is pumped with 353 nm excitation and about 90% of the overall emission intensity detected 

at low temperature remains at RT, Figure 5.45 b) and d). This means that efficient Dy3+ 

excitation in zirconia host could be achieved by UV light offering new potentialities for 

white-light based phosphors. 

 

Figure 5.45. Temperature dependent PL spectra of the t’-YSZ crystal doped with 0.1 at.% Dy 
obtained with 325 nm (a) and 353 nm (b) excitation. Comparison of the spectra obtained at 
low and RT with 325 nm (c) and 353 nm (d) excitation. The inset shows the dependence of the 
overall integrated emission intensity with temperature for the two excitations. 

The luminescence dynamics of the tetragonal YSZ crystal doped with 0.1 at.% Dy was 

studied by TR-PL spectroscopy under the excitation of a 266 nm line of a pulsed laser. 

Figure 5.46 a) displays the TR-PL spectra of this sample acquired for a time range after 
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pulse up to 2300 μs and time delay between spectra of 100 μs. For t= 0 s an overlap between 

the intraionic luminescence of Dy3+ and the broad emission band centred at 500 nm is 

observed in accordance with what is expected for the aforementioned steady state 

condition. As can be observed, the intensity of broad emission band suffers a faster decrease 

when compared with the emission from the 4F9/2 excited state of Dy3+. In fact, for a time 

delay after pulse of 100 μs the broad emission was no longer observed and the spectra is 

composed only by the emission band from the intraionic transitions. In order to analyse the 

time dependent behaviour of the broad emission band a TR-PL spectra were acquired for a 

shorter time range (0 to 1900 ns), Figure 5.46 b). Based on these spectra, and after 

removing the contribution of intraionic luminescence, a lifetime in the order of 340 ns was 

obtained for the decay of the broad emission. On the other hand, the luminescence lifetime 

of 4F9/2 emitting state is significantly longer, in the order of 950 μs and 850 μs for 353 and 

325 nm excitation, respectively, as shown in Figure 5.46 c).  

 

Figure 5.46. TR-PL spectra of the t’-YSZ crystal doped with 0.1 at.% Dy3+ under 266 nm pulsed 
laser excitation in a microseconds (a) and nanoseconds (b) time delay range. Luminescence 
decay curves for the intraionic emission of the 0.1 at.% Dy3+ doped YSZ crystal. 
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Figure 5.47 a) and b) show the photographs of the RT emitted light from the crystal doped 

with 0.1 at.% Dy3+ under excitation with the 325 nm He–Cd laser line. A bright intense white 

light is perceived by naked eye. The white emitted light was characterized in terms of their 

(x,y) colour coordinates and CCT for three different wavelength excitations. Figure 5.47 c) 

shows the representation of the emitted colour for each wavelength excitation in the 

chromaticity coordinate diagram. The calculated values of (x,y) colour coordinates and CCT 

are displayed in Figure 5.47 d). As can be observed in Figure 5.47 c) and d), the white 

emitted light can be tuned from a cold to a warm light by change the excitation wavelength.  

 

Figure 5.47. a) and b) Photos of the RT emitted light from the t’-YSZ crystal doped with 0.1 
at.% Dy3+ when excited with the 325 nm line of a He–Cd laser. c) and d) Colour coordinates 
chromaticity diagram and the correlated colour temperature (CCT). 

Summary  

Tetragonal YSZ crystals doped with different amounts of dysprosium ions were grown by 

LFZ. The role of dysprosium concentration on the intensity ratio of the blue and yellow 

transitions of the YSZ crystals was discussed. For lightly doped samples, besides the 
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intraionic luminescence a broad green band related with native defects is also present. An 

intense and bright white light luminescence is perceived for the crystal doped with 

0.1 mol.%. The excitation spectra monitored either on the intraionic emission or in the 

broad green band indicate different excitation pathways for the population of the Dy3+ 

emitting levels. When the excitation is performed at 325 nm, both the green luminescence 

and the Dy3+ are excited and the ion emission suffers nonradiative losses similar to the ones 

found for the green band. On the other hand, the excitation at 353 nm (resonantly with 

higher excited states of the Dy3+) favours mainly the ion emission and practically no 

luminescence quenching was found between 14 K and the RT. This result indicates that 

efficient t’-YSZ:Dy3+ excitation could be achieved by UV light offering new potentialities for 

the production of white-light based phosphors. 

5.2.2.7 Other Ln3+ doped t’-YSZ crystals  

Tetragonal YSZ crystals doped with other Ln ions besides the ones explored above, 

including Sm or Ce were also grown by LFZ. Figure 5.48 a) display the Raman spectrum of 

the YSZ (8 mol.% YO1.5) crystal doped with 3 at.% Sm grown at 40 mm/h following the same 

procedure earlier described. Figure 5.48 b) shows the photo of the as-grown crystal. As 

expected, and in line with the the other studied crystals, the addition of the 8 mol.% YO1.5 to 

the zirconia precursor powders lead to the stabilization of the tetragonal phase at RT, 

confirmed by the Raman spectrum where the typical bands assigned to the vibrational 

modes of tetragonal zirconia were identified.  

 

Figure 5.48. a) Raman spectrum and photo (b) of the t’-YSZ:Sm3+ crystal grown by LFZ. 

The luminescence features of the tetragonal YSZ crystal doped with Sm3+ (t’-YSZ:Sm3+) were 

analysed by PL and PLE spectroscopy. Trivalent samarium, with a 4f5 outer electronic 

configuration and a 6H5/2 ground state, has a complex structure of excited energy levels. This 
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ion has been incorporated in several inorganic host to confer visible luminescence, namely 

in the red spectral region [81–85]. 

Figure 5.49 a) shows the PL and PLE spectra o the Sm3+ doped crystal. Under excitation with 

405 nm, the most intense emission band occurs in the red spectral region, peaked at 622 

nm, assigned to the 5G5/2⟶6H7/2 intra-4f transition. Additional bands are observed at lower 

and higher energies assigned to the other 5G5/2⟶6HJ(5/2, 9/2, 11/2) transitions, as identified in 

the PL spectra and represented in the partial energy level diagram of Sm3+ shown in Figure 

5.49 b). Similar emission spectra were reported for the Sm3+ in tetragonal polycrystalline 

zirconia samples under identical excitation conditions [86]. The PLE spectra monitored in the 

dominant red emission peaked at 622 nm revealed that the 5G5/2⟶6H7/2 emission can be 

observed by pumping the sample resonantly in the several Sm3+ excited multiplets or in a 

high energy CT broad excitation band. Excitation in the broad absorption band or resonantly 

in the excited levels of Sm3+ leads to similar emission spectra revealing that the emission 

comes from the same Sm3+ optical centres for both excitation conditions. 

 

Figure 5.49. a) RT PL and PLE spectra of the t’-YSZ:Sm3+ crystal. PL spectra were acquired 
under resonant excitation in the intra-4f energy levels of Sm3+ and the high energy broad 
absorption band. PLE spectra were acquired by monitoring the 5G5/2⟶6H5/2 and 5G5/2⟶6H7/2 
emission lines. b) Partial energy level diagram of Sm3+. 
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PL spectra of the t’-YSZ:Sm3+ crystal obtained with 325 nm laser line excitation were 

acquired between 14 K and RT in order to analyse the internal quantum efficiency of the 

5G5/2⟶6HJ emissions. Figure 5.50 a) and b) shows the temperature dependent PL spectra 

and the comparison of the emission spectra at 14 K and RT, respectively. The visible 

emission of Sm3+ in the tetragonal YSZ revealed to be very stable with temperature and 

despite a slightly variation in the peaks intensity and peaks broadening, due to thermal 

induced effects, the overall emission intensity remains almost constant within the studied 

range of temperature, as can be seen in the inset in Figure 5.50 a).  

 

Figure 5.50. a) Temperature dependent PL spectra of the t’-YSZ:Sm3+ crystal under excitation 
with 325 nm laser line. The inset in the figure shows the dependence of the overall 5G5/2⟶6HJ 
integrated intensity with temperature. b) Comparison of the normalized PL spectra acquired 
at 14 K and RT. 

For optical application purposes, another interesting dopant is Ce3+ that constitutes an 

exception within the trivalent lanthanides ions. In contrast with the other Ln3+ in which 

visible emission occurs due to electronic transition within the 4f configuration while 4f↔5d 

transitions typically occurs in the UV or VUV spectral region, visible emission of Ce3+ in a 

ligand field is based on the parity allowed 5d⟶4f. The excitation and emission energies are 

therefore strongly dependent on the ion chemical surroundings [87]. In particular, the 5d⟶4f 

yellow emission of Ce3+ in YAG has been extensively used to produce yellow phosphors for 

lighting applications, including the currently used “white LEDs” as explained in Chapter 2. In 

the YSZ lattice cerium can be in a trivalent (Ce3+) or tetravalent (Ce4+) charge state 

depending on the processing conditions and the crystallized phases are highly affected by 

the ion valence [88,89].  

A crystal of zirconia stabilized with 8 mol.% YO1.5 and doped with 3 at.% cerium was also 

grown by LFZ at 40 mm/h. In contrast with the other grown crystals, Ce doped YSZ crystal 



179 

shows a heterogeneous distribution of Ce evidenced by the colour gradient observed along 

the crystal fibre length. A photo of the as-grown crystal is shown in right side of Figure 5.51. 

The initial part of the as-grown crystal, the first grown millimetres, is completely 

transparent and colourless. This colourless zone is followed by a coloured transparent zone, 

with a colour gradient that changes from yellow to orange with the increase in the length of 

the grown crystal. Yellow-orange coloration in zirconia materials doped with cerium has 

been reported in literature [90]. A structural characterization was performed by Raman 

spectroscopy along the crystal length and the acquired spectra in three different zones in 

the crystals length are shown in the left side of Figure 5.51. Raman spectrum in the 

transparent and colourless zone evidences the Raman band assigned to the vibrational 

modes of cerium oxide [91], and no Raman bands assigned to the vibrational modes of 

zirconia phases were detected. However, the used nominal concentration of cerium dopant 

is low to grow a single crystal of cerium oxide with several millimetres length. Such result 

could be explained by the higher intensity of the Raman signal associated to the vibrational 

modes of cerium oxide that suppress the Raman signal associated to the vibrational modes 

of zirconia phases. On the other hand, in the opposite side of the crystal, corresponding to 

the final part of the growth, the Raman spectrum corresponds to the typical vibrational 

modes of tetragonal zirconia. The orange colour in this region indicates that cerium is 

introduced in the YSZ lattice. In order to understand the behaviour observed in the crystals 

doped with Ce further structural and elemental composition analysis need to be performed.  

 

Figure 5.51. Raman spectra of the as-grown crystal doped with cerium with 325 nm laser line 
excitation. The spectra were acquired in differ regions of the crystal fibre as indicated in the 
figure. 
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Preliminary studies of the luminescence of the Ce doped YSZ crystal were performed by RT 

PL and PLE measurements, Figure 5.52. Under UV excitation (370 nm) the PL spectrum of 

the grown Ce doped YSZ crystal shows a broad emission band with two maxima at 416 and 

438 nm, likely due to Ce3+
 emitting centres, as happens in other oxide hosts [87,92]. Typically 

the luminescence is ascribed to the electric dipole allowed 5d⟶4f transitions from the 

excited electron configuration to the spin-orbit splitted 2F5/2 and 2F7/2 multiplets of the 

fundamental electron configuration of the Ce3+ ions. The PLE spectra shown in Figure 5.52 

(red lines), monitored in the two emission band maxima, revealed that the broad emission 

bands can be observed under excitation in the two excitation broad bands centred at 370 

nm and 260 nm likely due to the 4f⟶5d transitions. 

 

Figure 5.52. RT PL and PLE spectra of the crystal doped with cerium. 

Comparatively to other trivalent Ln, the luminescence of Ce3+ ion in ZrO2 hosts is reported to 

be relatively suppressed and their study limited to a few works [89,93]. L.Y. Zhu et al. [93] 

reported PL emission bands centred at 470 and 570 nm in Ce3+ doped tetragonal YSZ fibres 

produced by spinning method. On the other hand, Chih-Ming Lee at al. [89] reported a single 

emission band centred at 496 nm in Ce3+ doped zirconia phosphor produced by solid state 

reaction. A definitive assignment of the emission/excitation bands requires an in-depth 

study of the doped crystal, namely by using the time, energy and temperature dependence 

of the light emitted by the sample. Such doping and Ce3+ behaviour in the YSZ crystals could 

be of importance for the development of scintillators for medical imaging.  
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5.3 Conclusions  

Laser Floating Zone, a directional solidification technique used in the growth of bulk crystals 

from the melt was explored for the growth of YSZ crystals. Due to the high melt temperature 

of zirconia based materials, the use of focused high power laser for melt the material is 

advantageous over other used heating sources. In this work, experimental parameters of the 

LFZ process, including rotation rates, growth direction, growth rate, precursor rods features 

and others, were studied and optimized in order to achieve the stable growth of YSZ 

crystals. LFZ method has revealed to be an effective method to the growth of both undoped 

tetragonal and cubic YSZ single crystals at high pulling rates. However, the as-grown cubic 

crystals showed a low mechanical stability, breaking very easy during handling. Such 

phenomena can be related with high crystal stress induced by a heavy additivation and high 

temperature gradients in the crystal during the growth process.  

The knowledge and expertise acquired in the growth of undoped crystals was employed to 

the successful growth of tetragonal YSZ crystals doped with different lanthanide ions. 

Lanthanides in a trivalent charge state were easily incorporated and optically activated 

during the crystal growth without the need of any further thermal annealing for 

luminescence activation. The emission of Ln3+ doped YSZ is mainly due to electronic 

transitions between the energy levels within the 4f configuration of the dopant ion. Different 

downshifted emission colours could be achieved by a proper selection of Ln dopant ion and 

their concentration, under UV or visible excitation. Figure 5.53 displays the representation 

of the colour coordinates in the CIE diagram (left side) and the photos under UV light for 

some of the studied crystals.  
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Figure 5.53. Representation of the colour coordinates in the CIE diagram of the emission of 
different Ln3+ doped YSZ crystal (left side). Photo of some of the studied crystals under UV 
excitation (right side). 

In particular intense green, orange, red, blue and white light was observed in YSZ doped 

with  Tb3+, Eu3+, Pr3+, Tm3+ and Dy3+, respectively. The intense emission observed at RT in 

Ln3+ doped crystals evidences the potential of zirconia as host for the production of efficient 

phosphors that can be used for practical light-based applications.  
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Chapter 6.  

Solution combustion synthesis (SCS)  

 
In the first part of this chapter, the fundaments of the solution 
combustion synthesis are explained and the used experimental 
setup is described.  

In the second part, the results obtained by the morphological, 
structural and optical characterization of the produced 
nanopowders are presented and discussed. 
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6.1 Production of nanophosphors by SCS 

The production of oxide nanopowders by solution combustion synthesis (SCS), also known 

as self-propagating high temperature synthesis (SHS), explores a very quick and 

auto-sustained exothermic redox reaction between an organic fuel with relatively low 

ignition temperature (< 500 0C) and appropriated metallic salts in a aqueous solution [1–4]. 

The metallic salts, besides being sources of metallic cations for the final compound, act as 

oxidizers for the fuel in the combustion process. The fuel, which acts as a reducing agent in 

the redox reaction, can also acts as complexing agent for the metal cations [3]. Typical salts 

used in the SCS include carbonates, metal sulphates and nitrates. Within these, the nitrates 

are the most frequently used oxidizers due to its good solubility in water. The fuel are 

organic compounds such as amino acid, including urea or glycine [3,4]. In this method, once 

the ignition of the initial solution takes place, by means of an external thermal source (by 

heating the mixture above the ignition temperature (Tig)), an auto-sustained exothermic 

reaction occurs within a short period of time (from few seconds to few minutes) [3]. During 

this exothermic reaction, a certain amount of heat, expressed by a maximum temperature 

named combustion temperature, is released. During the combustion the temperature can 

reach values well above 1000 0C, which lead to the formation of crystalline oxide powders 

without involving any additional energy [3,5]. 

SCS has been increasingly explored as an effective alternative to the conventional methods 

used in the production of advanced ceramic oxides at nanoscale [3]. The high temperatures 

reached during the combustion promote the volatilization of any impurity present in the 

mixture, giving rise to products with high purity [2–5]. Furthermore, for a high number of 

materials, and depending on the used process conditions, the temperature reached in the 

combustion is enough to crystallize the required phases in the as-prepared powders, 

allowing to avoid additional steps of powder calcination or heat treatment [5]. Additionally, 

desirable dopants can be easy and uniformly incorporated in the crystalline lattice during 

the SCS in a single step [1]. Since the reaction occurs in aqueous solution, the reactants can be 

mixed at a molecular level, resulting in the formation of compounds with uniform and 

desired composition [5]. As it will be further explored, during the SCS a high volume of 

gaseous products are released. The production of a high amount of gases together with the 

short duration of the process inhibit the excessive particle growth, which favours the 

production of nanopowders with high specific surface area [5]. The high temperature 

gradients combined with rapid cooling rates allows the formation of unique microstructures 

and the stabilization of metastable phases [2,4].  
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In summary, SCS consists in a versatile, simple and quick strategy, which do not require 

specific sophisticated equipment, for the direct preparation of a wide variety of materials, 

with a strong energy and time saving comparatively with other techniques [1,3]. Its simplicity 

and cost effectiveness makes the SCS method a very interesting process for large scale 

industrial production. In general and as aforementioned, the powders produced by this 

method are characterized by high purity, high homogeneity, high degree of crystallinity and 

reduced grain size. 

Due to the particular features of SCS and to the characteristics of the resultant powder, this 

method has been used for the preparation of a wide variety of materials for application in 

different areas, including pigments, catalysts or luminescent materials [1]. The control over 

particle size is possible by a proper selection of the fuel which affects the nature of the 

combustions. As it will be explored later, the characteristics of the combustion reaction, 

including the burning rate, exothermicity of the reaction, and the volume of gaseous 

products, which are all affected by the type of fuel used in the combustion, have a strong 

influence in the particle size of the produced powders. As such, a proper control over the 

combustion parameters allows the synthesis of powders at nanoscale [4]. 

Regarding the production of luminescent inorganic materials doped with Ln ions, the SCS 

has been increasingly explored for the preparation of nanosized powders [6]. During the 

combustion process, the required amounts of Ln dopants can be easily incorporated in the 

crystalline lattice due to the high temperature achieved during the exothermic redox 

reaction [6]. The use of lanthanide salts, such as lanthanide nitrates, dissolved in the 

precursor redox aqueous mixture promotes molecular mixtures of these ions in solution 

and, as a result a uniform distribution of the dopant in the crystalline lattice [5]. Moreover, in 

contrast with the majority of wet chemical techniques used to produce nanophosphors, for 

example the sol-gel process, in SCS there is no need of further calcination or thermal 

annealing to promote crystallization or optical activation of Ln ions [6]. 

Table 6.1 presents a summary of the inorganic nanophosphors doped with Ln ions produced 

by SCS reported in the literature. This method has been successfully used in the production 

and in situ doping, not only of simple oxides, such as Y2O3 or Gd2O3, but also of more complex 

materials including garnets, perovskites or different oxyorthosilicates. It should be pointed 

out that SCS is also an effective strategy for the co-doping of materials.  
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Table 6.1 - Some of the Ln-doped phosphors produced by SCS reported in literature. 

Phosphor Fuel Crystalline size (nm) Ref. 

Y2O3:Eu Sucrose  30-50 [7] 

Gd3Ga5O12: (Pr, Tm) Urea  30 [8] 

SrAl2O4: (Eu, Dy, Tb) Urea  50-80 [9] 

SrAl2O4: (Eu,Dy) Urea  80 [10] 

Y2SiO5:Ce Hexamine  20-80 [11] 

Lu2SiO5:Ce Hexamine  20-80 [11] 

Gd2SiO5:Ce Hexamine  20-80 [11] 

LaAlO3: Eu Urea + ammonium nitrate - [12] 

YAlO3: Eu Urea + ammonium nitrate - [12] 

Gd3PO7:Eu Glycine 300  [13] 

CaWO4:Eu Citric acid  50-100 [14] 

SrAl2O4: (Eu, Dy) Urea  31 [15] 

BaAl2O4: (Eu,Dy) Urea 20 [15] 

CaAl2O4: (Eu, Dy) Urea 44 [15] 

SrAl2O4:Eu Urea  30-40 [16] 

SrAl2O4:Dy Urea  Tens of nm- few µm [17] 

GdAlO3:Eu Oxalyl dihydrazide 25-50 [18] 

La2O3:(Pr,Yb) Urea  20-50 [19] 

La2O2S:(Er,Yb) Thioacetamide 50-200 [20] 

YAlO3:Ho Oxalyl dihydrazide ~30 [21] 

LaAlO3:Eu Oxalyl dihydrazide 20-50 [22] 

Y2O3: Eu Glycine  8-70 [23] 

Y2O3:Eu Urea  10-20 [24] 

Y3Al5O12:Eu Urea 60-90 [25] 

Ga2O3:Er, (Er,Yb) Urea  ~20 [26] 

SrAl2O4:(Eu,Dy) Glycine 5-30 [27] 

6.1.1 Combustion synthesis parameters  

The properties of the SCS produced powders, including crystalline nature, crystallite size, 

purity, specific superficial area and nature of particles agglomeration can be strongly 

influenced by the characteristics of the exothermic reaction, such as the type of flame, 

maximum temperature or the volume of the released gases [3]. On the other hand, the 

characteristics of the exothermic reaction are affected by several parameters that can be 

optimized, including the type of fuel, the fuel/oxidant ratio, the ignition temperature or the 

amount of water in the initial solution [3]. In order to get a control over the powders 

properties it is essential to understand the effect of each one of these parameters in the SCS 

process.  
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The type of fuel plays a crucial rule in the combustion process and consequently in the 

properties of the final powders. An ideal fuel should fulfil some requirements including, be 

water soluble, have low ignition temperature, be compatible with the metallic nitrates (in 

order to produce a controllable combustion reaction), it should involve the generation of a 

high amount of non-toxic gases during the reaction and it should avoid the production of 

any by-products [4]. Fuels that are available or that are of easy preparation are also 

preferred [4]. Fuels are sources of C and H which form simple gaseous molecules such as CO2 

or H2O in the combustion, contributing for the heat dissipation. In addition, the fuel 

dissociates into components from which they are formed. As a result of the decomposition 

of the components, combustible gases like HNCO, NH3 which ignite with NOx are produced. 

Moreover, the fuel can form complexes with the metallic ions, which limits the precipitation 

of individual components of the precursors before the ignition allowing, by this way, an 

homogeneous distribution of the ion in the solution [3,4]. 

Depending on the fuel and the type of metallic ions involved, the combustion differs from 

flaming, nonflaming (smouldering) to explosive type [3,4]. The explosive reaction involves 

high pressure, high temperatures and high burning rates. The flaming combustion can 

endure for seconds or even minutes, while the smouldering combustion is extinguished in a 

few seconds [3]. Consequently, higher maximum temperatures are usually achieved in the 

flaming combustion. The occurrence of flaming reactions are attributed to the generation of 

some gaseous products such as nitrogen oxides, HNCO, CO2 or NH3, observed when fuels like 

urea are used [4]. On the other hand, the use of glycine as a fuel results in smouldering 

reactions. The effect of fuel in the type of flame generated in the combustion can be well 

visualized in Figure 6.1, reproduced from the work of Ianos et al. [28]. Figure 6.1 a) shows the 

evolution of combustion reaction in a mixture of Ca(NO3)2, Al(NO3)3 and β-alanine used to 

produce CaAl2O6 powders. As can be observed when β-alanine is used as fuel the 

combustion reaction occurs without flaming. However, when the fuel in the mixture is 

changed to urea, a flaming combustion, as the one observed in Figure 6.1 b), occurs. The 

type of flame developed in combustion has a strong effect in the particle size and purity of 

the as-produced powders. 
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Figure 6.1. Temporal evolution (1 to 6) of the combustion reaction in a mixture of Ca(NO3)2, 
Al(NO3)3 and β-alanine (a) and Ca(NO3)2, Al(NO3)3 and urea (b) [28].  

In the synthesis of powders by SCS there are four temperatures that should be considered in 

the combustion reaction since they affect the characteristics of the final products. These are 

the initial temperature (Tin), the ignition temperature (Tig), the adiabatic flame temperature 

(Tad), and the maximum flame temperature or combustion temperature (Tcomb) [3]. The Tin 

corresponds to the temperature of the solution before ignition, while the Tig corresponds to 

the temperature for which the combustion reaction is dynamically activated without an 

additional supply of external heat. The Tad is the maximum temperature achieved in 

adiabatic conditions. Since, in general the combustion synthesis is performed under 

non-adiabatic conditions, the maximum flame temperature is considered to specify the 

maximum temperature reached under these conditions. Due to the heat loss in 

non-adiabatic conditions, the maximum of combustion temperature is lower than the 

adiabatic one [3]. As can be expected, the combustion temperature strongly affects the 
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characteristics of the final powders, including the crystallinity, agglomeration and particle 

size. The combustion temperature is affected by seral factors, such the type of fuel and 

oxidizers and the fuel-oxidant ratio. This temperature can be increased by increasing the 

fuel-oxidant ratio [3]. 

The volume of gases released in the combustion strongly affects the particle size, the 

morphology and superficial area of the produced powders. A fast release of a large volume 

of gas in the combustion promotes the heat dissipation and limits the increase of the 

temperature [3]. By this way, excessive particle growth and premature sintering of the 

particles is reduced. Besides, the release of gases also helps to avoid contact between 

particles decreasing its agglomeration. In fact, the difference in particle size by using 

different fuels is related with the number of moles of gaseous products released during the 

combustion. This volume depends not only on the type of fuel but also on the fuel-oxidant 

ratio. An increase in the volume of the released gases is expected by increasing the 

fuel-oxidant ratio [3]. 

The fuel-oxidant ratio is one of the most important parameters in the combustion synthesis 

which determines the properties of the final products [3]. By proper adjust of fuel-oxidant 

ratio it is possible to get control over crystallites size, superficial area, morphology, phases 

and nature of the agglomerates in the produced powders. As referred above, this parameter 

determines the number of gaseous molecules generated in the combustion. The fuel-oxidant 

ratio used in the synthesis of oxide materials by combustion reaction is usually calculated 

based on the concepts of propellants chemistry [4,29]. Based in these concepts, maximum heat 

is produced when the equivalent ratio of the oxidizers and fuel mixture is unitary 

(Фe= oxidizer/fuel ratio= 1). The equivalent ratio is expressed in terms of the elemental 

stoichiometric coefficient and valence of oxidants and fuel (Eq. 6.1). When Фe=1 the mixture 

is stoichiometric, while Фe > 1 corresponds to fuel lean mixtures and Фe < 1 to fuel rich 

solutions. Stoichiometric mixtures produce maximum energy [4]. 

Ф𝑒 =
∑(𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑜𝑥𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑜𝑟𝑚𝑢𝑙𝑎)×(𝑣𝑎𝑙𝑒𝑛𝑐𝑒)

(−1) ∑(𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑜𝑟𝑚𝑢𝑙𝑎)×(𝑣𝑎𝑙𝑒𝑛𝑐𝑒)
         𝐸𝑞. 6.1  

In the case of the solution combustion synthesis the valence of an oxidant or a fuel is 

calculated by the sum of the total oxidizing and reducing valences of the elements in the 

compound. The valence of the oxidizing elements is considered as negative, and the 

reducing elements as positive. As such, elemental valence of C and H is +4 and +1, 

respectively, and oxidizing valence of oxygen is −2, while the valence of nitrogen is 

considered to be zero [4]. The valence of metal cations is the same as the valence of the ion in 
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the respective oxides. The fuel-oxidant (F/O) molar ratio required for a stoichiometric 

mixture can be, by this way, easily obtained by summing the total oxidizing and reducing 

valences in the oxidizer compounds and dividing it by the sum of the total oxidizing and 

reducing valences in the fuel compounds [4]. More information about this subject can be 

found in the work of K. C. Patil [4]. 

6.1.2 Preparation of Zirconia based phosphors by SCS 

Before the preparation of zirconia based nanophosphors by SCS, two different fuels were 

tested in the production of pure zirconia, the urea and glycine. It was observed, when 

glycine was used as fuel, that the as-produced powders show a dark colour associated with 

the existence of organic by-products of the reaction. On the other hand, the use of urea as a 

fuel allowed the production of pure white zirconia powders. Based on these preliminary 

results urea was selected as the fuel for the preparation of zirconia based nanophosphors by 

SCS. Additionally, metal nitrates were used as oxidizers and metal cation sources. Table 6.2 

shows the commercial metal nitrates used for the preparation of the nanophosphors with 

different compositions. The reducing and oxidizing valence of the nitrates and fuel are also 

indicated.  

Table 6.2. Valences of the commercial metal nitrates and fuel used in the production of 
zirconia based nanophosphors. 

Reactants Chemical formula Valence 

Fuel (Urea) NH2CONH2 +6 

O
x

id
iz

e
rs

 

Zirconium oxynitrate hydrate ZrO (NO3)2. xH2O -10 

Yttrium nitrate hexahydrate Y (NO3)3. 6H2O -15 

Europium nitrate pentahydrate Eu (NO3)3. 5H2O -15 

Terbium nitrate pentahydrate Tb (NO3)3. 5H2O -15 

Erbium nitrate pentahydrate Er (NO3)3. 5H2O -15 

Praseodymium nitrate hexahydrate Pr (NO3)3. 6H2O -15 

Thulium nitrate pentahydrate Tm (NO3)3. 5H2O -15 

Ytterbium nitrate pentahydrate Yb (NO3)3. 5H2O -15 

The procedure used in the synthesis of the different zirconia based phosphors, was almost 

the same for all compositions. First, the stoichiometric amount of each metal nitrate was 

calculated for the desired final composition. The stoichiometric amount of urea added to the 

solution was calculated based on the concept of propellant chemistry, discussed before. A 

representative diagram of the process used in the preparation of zirconia nanophosphors by 

SCS is show in Figure 6.2.  
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Figure 6.2. Diagram of the process used to produce zirconia nanophosphors by SCS. 

After addition of stoichiometric amounts of urea to the metal nitrates, a minimum volume of 

distilled water, necessary to dissolve the nitrates and urea was added. The mixture was 

heated at ~100 0C, under continuous stirring in a hot plate, until a complete transparent 

solution is obtained. This step was essential to ensure that all the precursors are dissolved 

in the solution before the ignition. The redox solution was then transferred to other hot 

plate, pre-heated at 450 0C. After few minutes, the combustion reaction occurs and the 

powders are produced. Table 6.3 shows a list of the samples produced and studied by SCS in 

this thesis. In some cases, the as-produced samples were submitted to an additional thermal 

annealing process in air at atmospheric pressure in order to infer its effect on the phosphor 

luminescence. More information about the thermal annealing treatments will be given in the 

respective discussion section of each SCS produced powder. 
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Table 6.3. Identification and summary of the conditions used in the production of the powders 
by SCS.  

Sample name Dopant 
Composition 

 
at.% Ln3+ mol.% Y+ 

SCS-ZrO2-3Eu Eu3+ 3 0 as-grown 

SCS-t’-YSZ-3Tb Tb3+ 3 0 as-grown 

SCS-ZrO2-0.1Pr 

Pr3+ 

0.1 
0 as-grown 

SCS-ZrO2-0.2Pr 0.2 

SCS-ZrO2-0.5Pr 0.5 

0 as-grown SCS-ZrO2-1Pr 1 

SCS-ZrO2-3Pr 3 

SCS-ZrO2-0.1Pr-TT 

Pr3+ 

0.1 

0 
TT  

 

SCS-ZrO2-0.2Pr-TT 0.2 

SCS-ZrO2-0.5Pr-TT 0.5 

SCS-ZrO2-1Pr-TT 1 

SCS-ZrO2-3Pr-TT 3 

SCS-ZrO2-0.3Tm Tm3+ 0.3  as-grown 

SCS-t’-YSZ-0.3Tm Tm3+ 0.3 8 as-grown 

SCS-t’-YSZ-0.3Tm,1Yb Tm3+, Yb3+ 0.3/1 8 as-grown 

SCS-ZrO2-1Er 

Er3+ 

1 

0 as-grown 

SCS-ZrO2-2Er 2 

SCS-ZrO2-5Er 5 

SCS-ZrO2-10Er 10 

SCS-ZrO2-16Er 16 

SCS-ZrO2-1Er,1Yb 

Er3+/Yb3+ 

1/1 

0 as-grown SCS-ZrO2-1Er,2Yb 1/5 

SCS-ZrO2-1Er,5Yb 5/5 

SCS-t’-YSZ-1Er Er3 1 8 as-grown 

SCS-t’-YSZ-1Er,1Yb Er3+, Yb3+ 1/1 8 as-grown 
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6.2 Results  

In this section the most relevant results in Ln3+ doped ZrO2 phosphors produced by SCS will 

be presented and discussed. A comparison between the spectroscopic properties of Ln ions 

in nanocrystalline zirconia powder prepared by SCS and in the Ln3+ doped crystals grown by 

LFZ will be made. 

6.2.1 Eu3+ doped Zirconia nanopowders 

ZrO2 nanophosphors doped with europium were produced by SCS and characterized. 

Zirconyl nitrate (ZrO(NO3)2·H2O) plus europium nitrate(Eu(NO3)3·5H2O) oxidizers, and urea 

(C2H5NO2) fuel, were used to produce 3 at.% Eu3+ doped ZrO2 nanopowders by SCS following 

the procedure described above.  

The structural characterization of the white powder obtained from the combustion 

synthesis was performed by powder XRD and RT Raman spectroscopy under backscattering 

geometry with 325 nm laser line excitation. The powders morphology and grain size were 

analysed by TEM. PL and PLE were performed under similar conditions as described in the 

last chapter. 

Structural and morphological characterization  

The XRD diffractogram of 3 at.% Eu3+ doped ZrO2 (ZrO2:Eu3+) powders obtained by the SCS 

method is shown in Figure 6.3 a). The doped powders exhibit both tetragonal and 

monoclinic ZrO2 crystalline phases with the lattice parameters a= 3.61 Å, b= 3.61 Å, c= 5.19 

Å and α=β=γ= 90 0 (assigned to ICDD ref. 04-005-4208) and a= 5.17 Å, b= 5.23 Å, c= 5.34 Å, 

α= 90o, β= 99.25o and γ= 90o (assigned to ICDD ref. 00-005-4252). In the case of the 

tetragonal lattice parameters the values are nearest to the ones found for the tetragonal 

crystalline fibres as shown in the last chapter. The coexistence of the two crystalline phases 

in the SCS powders is due to the reduced amount of stabilizer in the powder precursors. 

Trivalent lanthanide ions also act as stabilizers of the tetragonal and cubic phase of zirconia 

at RT, however an amount of 3 at.% Eu3+ reveals to be insufficient to completely stabilize the 

tetragonal phase in the produced powders. Even so, the intensity of the diffraction peaks 

associated to the monoclinic phase in the XRD pattern indicates a relatively low amount of 

monoclinic phase in these powders.  
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Figure 6.3. X-ray diffraction pattern (a) and Raman spectra performed in backscattering 
geometry under 325 nm and 532 nm laser lines excitation (b) of the 3 at.% Eu3+ doped ZrO2 
powders produced by SCS (blue and red lines correspond to the Raman spectra of the 
tetragonal and monoclinic phases of zirconia, respectively). 

The structural characterization of the produced powders was further analysed by Raman 

spectroscopy, as shown in Figure 6.3 b). Raman spectra acquired in different regions of the 

powders reveal a predominant Raman spectra where the A1g, B1g and Eg symmetry 

vibrational modes of tetragonal zirconia are clearly observed (blue line) in line with the 

ones already discussed for the tetragonal YSZ crystal grown by LFZ. However, in some 

minority regions of the produced powders, sporadically, the vibrational modes assigned to 

the monoclinic zirconia are also observed (red), which confirms the presence of the 

monoclinic and tetragonal phases in the ZrO2:Eu3+ produced powders.  

TEM images of the doped powders are shown Figure 6.4. The SCS powders are 

characterized by a large particles size distribution with average grain size of ∼50 nm and 

with a very irregular shape. The particles are highly aggregated as can be well seen in the 

right side image in Figure 6.4. This aggregation results from the high temperature achieved 

in the combustion synthesis that promotes some degree of coalescence between particles. 

 

Figure 6.4. TEM image of the ZrO2:Eu3+ nanopowders produced by SCS. 
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Luminescence characterization 

The RT PL spectrum of the white ZrO2:Eu3+ powders produced by SCS obtained with the 325 

nm line of a cw He-Cd laser as excitation source, is shown in Figure 6.5 a). Besides the 

5D0⟶7FJ luminescence of the Eu3+, the spectrum also exhibits a broad emission band centred 

at ∼490 nm. As referred above, broad emission bands are usually observed in zirconia 

polymorphs being assigned to native defects and their complexes [30,31]. For pure zirconia in 

monoclinic phase, a broad emission band with maximum at ∼490 nm has been reported [32], 

being however the chemical nature of the intrinsic defect involved in the luminescence 

under debate. Therefore, it is reasonable to assume that the band identified in the studied 

SCS powders could come from native defects in grains with monoclinic crystalline structure. 

Concerning the intra-4f6 emissions, and in line with the observed in the tetragonal YSZ 

crystals doped with Eu3+ discussed earlier (section 5.2.2.1), radiative transitions from the 

5D0 state to the 7FJ(0-4) multiplets are observed, with the strongest emission at ~606 nm due 

to the 5D0⟶7F2 transition. As a result, an intense orange/red light is observed at RT in the 

powders irradiated with UV light, as one can see in Figure 6.5 c). The PLE spectrum 

monitored in the emission maximum of the Eu3+ shows that the intraionic luminescence 

could be achieved by excitation in a broad CT UV bands (with local maxima at about 270, 

280 and 320 nm) and by exciting the samples in the 5D, 5L and 5G excited states of the Eu3+ 

ions as shown in Figure 6.5 a) (blue line). The peak position and spectral shape of the 

detected transitions match well with those found for the tetragonal YSZ crystals doped with 

Eu3+ and grown by LFZ, indicating that the same Eu-centres are present in the SCS produced 

nanopowders. 



200 

 

Figure 6.5. a) RT PL spectrum of the powders (red line) with UV excitation (325 nm) and PLE 
spectrum monitored in the 5D0⟶7F2 emission (blue line) b) Photos of the produced white 
ZrO2:Eu3+ nanopowders. c) Photo of the same powders under UV lamp irradiation.  

Combined excitation–emission spectroscopy (CEES) has proven to be a powerful technique 

to identify different optical centres associated with the europium ions in a given host [33] and 

it was used for further characterization of the ZrO2:Eu3+ powders. Figure 6.6 a) shows RT 

CEES contour plots for the ZrO2:Eu3+ powders in the region of the highest intensity emission 

lines for excitation wavelengths between 250 and 500 nm. As aforementioned, the red RT 

Eu3+ luminescence can be obtained either by exciting the powders in the UV CT excitation 

bands as well as in the high energy multiplets of the lanthanide ion. In fact, exciting the 

samples between 250 and 325 nm gives rise to a dominant 5D0⟶7F2 transition centred at 

606 nm, previously identified in Figure 6.5 a) and well defined in CEES as seen in Figure 6.6 

a). Moreover, this transition is the strongest one under excitation in the 5L6 (∼396 nm) and 

5D2 (∼470 nm) multiplets, as shown in Figure 6.6 a). On the high wavelength side of the 606 

nm transition, in the spectral region of the 5D0⟶7F2 transitions, a peak at 612 nm is 

identified. This emission is always present when the excitation is performed on the CT 

bands, but in a lesser extent for shorter excitation wavelengths, as shown by the CEES plot. 

Slight variations on the excitation wavelength give rise to distinct relative intensity 

strengths of the 5D0⟶7F2 Eu3+ transitions, meaning that different ion environments and/or 

site locations are responsible for the overall emission. Low temperature (14 K) PL spectra 

obtained with different excitation wavelengths are shown in Figure 6.6 b), where the 

differences in the relative intensity of the Eu3+ emission lines are highlighted indicating the 

presence of multiple Eu3+ optical centres in SCS powders. Changes on the relative intensity 

of the 606 nm 5D0⟶7F2 emission band (and 5D0⟶7F4) occur for non-resonant excitation 

pathways, as shown in the upper spectra in Figure 6.6 b). Additionally, as pointed out by the 
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CEES and the PLE spectrum, the detected CT excitation bands indicate the existence of 

different Eu–O distances [34,35]. As the europium ions usually substitute the Zr4+ with charge 

compensation provided by the generation of oxygen vacancies rather than multiple sites, it 

is likely to assume the ions in lower local site symmetry than the tetragonal one. The 

different Eu–O bond lengths are responsible for the distinct ion environments leading to the 

observed multiple optical centres.  

 

Figure 6.6. RT Combined excitation-emission spectroscopy contour plots for ZrO2:Eu3+ 
powders produced by SCS. b) 14 K wavelength dependent normalized PL spectra. 
c) Comparison of the RT PL spectra of the Eu3+ doped powder produced by SCS with the RT PL 
of the Eu3+ doped crystal grown by LFZ. 

As discussed in section 5.2.2.1, multiple optical centres were also identified in the tetragonal 

YSZ crystal doped with 3 at.% Eu3+ grown by LFZ. In the studied crystal, with 325 nm 
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excitation additional emission bands at energy just below the energy of the dominant 

5D0⟶7F2 emission, peaked at 606 nm, were observed at RT. These emission lines were not 

observed under 457 nm wavelength excitation, and were associated to the emission of 

additional optical centres. In Figure 6.6 c) the RT PL spectra of the crystals and 

nanopowders doped with 3 at.% Eu3+ with 325 nm and 457 nm are compared. As one can 

see, the spectral position and shape of the emission peaks are very identical for both 

powders and crystals indicating that the emission came from the same Eu3+ optical centres. 

However, the emission from the optical centre that leads to additional 5D0⟶7F2 emission 

lines at ~612 nm is much stronger in the doped ZrO2 nanopowders than the ones observed 

in the tetragonal YSZ crystal. This difference in the relative intensities of the emission lines 

indicates that the amount of the Eu3+ optically active centres with 5D0⟶7F2 emission lines at 

~612 nm is increased in the nanopowders comparatively to the single crystal. Although no 

additional phases were detected in the tetragonal YSZ crystals, in the case of the SCS 

powders we cannot exclude that some of the additional emitting ions could come from the 

monoclinic phase resulting in an eventual enhancement of the europium emission in the 

~612 nm region.  

The luminescence of the Eu3+ doped ZrO2 powders was further investigated as a function of 

temperature, between 14 K and the RT, by exciting the samples in the CT band (325 nm). 

The temperature dependent PL spectra acquired in these conditions are displayed in Figure 

6.7 a). Despite the fact that a bright intraionic luminescence is observed at RT, a thermal 

quenching of the overall luminescence is seen when the temperature is increased from 14 K 

to RT. Indeed, at RT only about 40% of the overall intensity observed at 14 K is detected, 

indicating additional nonradiative processes competing with the intraionic emission with 

increase sample temperature. A similar behaviour was also detected for the intraionic 

luminescence in the LFZ grown 3 at.% Eu3+ doped crystal. 
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Figure 6.7. a) 14 K to RT PL spectra, obtained with 325 nm laser line excitation, of the 
ZrO2:Eu3+ powders. Inset shows the dependence of the overall integrated 5D0⟶7FJ emission 
intensity with temperature. b) Normalized PL spectra acquired at 14 K and RT. 

The decay kinetics of the 5D0⟶7FJ luminescence of the Eu3+ ions in ZrO2 nanopowders was 

investigated by TR-PL spectroscopy. Figure 6.8 a) shows the RT TR-PL spectra obtained 

with 266 nm wavelength excitation, acquired for a temporal window after pulse between 0 

and 7.8 ms. The normalization of the TR-PL spectra shown in Figure 6.8 a) to the maximum 

emission intensity with time after pulse, Figure 6.8 b) and c), clearly evidences a strong 

difference in the decay time of the 5D0 emitting level in the two Eu3+ related optical centres. 

For example, considering the 5D0⟶7F2 emission with maxima intensity for a steady state PL 

spectra (t= 0) at ~606 nm and ~613 nm, associated to different optical centres, one can see 

that the emission at 613 nm undergoes a much faster decrease of the intensity when 

compared with the emission at 606 nm. In fact, for a time delay after pulse of 7.8 ms, only 

the emission from the optical active centre that leads to the maximum at 606 nm is 

observed. Based on these TR-PL spectra, the dependence of the overall integrated 5D0⟶7F2 

emission intensity with time was obtained, Figure 6.8 d). The time depopulation of the 5D0 

excited state was fitted to two exponential decay processes described by decay constants 

around 330 μs and 1.3 ms, likely to be due to the luminescent decay time of the two distinct 

optical centres. 



204 

 

Figure 6.8. a) RT TR-PL spectra of the 3 at.% Eu3+ doped ZrO2 nanopowders with 266 nm 
wavelength excitation and for a time window after pulse between 0 and 7.8 ms. b) Comparison 
of the normalized PL spectra acquired for delay time after pulse of 0 and 7.8 ms. c) RT TR-PL 
spectra normalized to the maximum emission intensity. d) Time dependent integrated 
intensity of the 5D0⟶7F2 emission upon excitation in the CT (266 nm). 

Summary  

In summary, trivalent europium doped ZrO2 nanopowders were successfully produced by 

SCS. The produced white powder, constituted by particles with irregular shape and average 

particle size around 50 nm, crystallized in the tetragonal phase with a minority amount of 

monoclinic phase. The incorporation and optical activation of Eu3+ was achieved during the 

synthesis due to high temperature reached in the process. The doped powder exhibit bright 

orange/red luminescence at RT, due to the Eu3+ intraionic transitions, which shown to be 

the same as the ones previously detected for the tetragonal YSZ:Eu3+ crystal grown by LFZ. 

Combined excitation–emission measurements revealed that the most intense transition of 

the Eu3+ ions is excited via a wide range of wavelengths which covers the CT excitation 

bands as well as the ion excited states. A slight variation of the excitation wavelength leads 

to distinct intensity ratios of the europium emitting lines, indicating the presence of distinct 

europium sites and/or environments in the zirconia host, in line with the previously 

observed for the Eu3+ doped YSZ crystals. The intense emitted red light together with their 

possible excitation not only in the UV CT bands but also in the bandwidth emission of 

commercial InGaN-based LEDs, is of utmost interest for the application of the produced 

powders in lighting. 
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6.2.2 Pr3+ doped Zirconia nanopowders 

ZrO2 powders doped with different concentrations of Pr3+, from 0.1 to 3 at.%, were also 

prepared by the SCS process. For that, zirconyl nitrate (ZrO (NO3)2.H2O) and praseodymium 

nitrate (Pr(NO3)3.6H2O) were used as oxidizers, and urea (C2H5NO2) as fuel. Besides the 

as-synthesized samples, thermal annealing treatments at 1200 0C in air were carried out 

during 3 hours in order to analyse the role of heat treatment on the structural and optical 

properties of the praseodymium doped powders. 

The samples morphology was investigated by TEM, while crystalline phase was analysed by 

RT Raman spectroscopy performed under backscattering geometry, with the 325 nm He-Cd 

laser line. The luminescence characteristics of the produced powders were studied by PL 

and PLE. 

Structural and morphological characterization 

Figure 6.9 a) and b) shows the photos and the RT Raman spectra of the as-synthesized 

zirconia nanopowders doped with different amounts of Pr3+ ions. As one can see, the 

incorporation of Pr3+ in zirconia lattice leads to a colouration of the produced powder, with 

colour changing from a light yellow, at low Pr3+ amounts, to a dark orange, for higher dopant 

amounts. Such colouration was also observed in the Pr3+ doped crystal grown by LFZ that 

has an orange colour (Figure 5.23 a). In Figure 6.9 b) several resonances are identified 

corresponding to the zirconia lattice vibrational modes. In particular, for the SCS samples 

synthesized in the presence of low dopant amount (Pr3+ concentration between 0.1 to 1 

at.%) the nanopowders were found to exhibit a multiphase nature comprising the 

monoclinic and tetragonal zirconia polymorphs. Otherwise, the powders synthesized with 

the highest dopant amount, 3 at.%, only exhibit the vibrational modes of the tetragonal 

phase. The high degree of stabilization of the tetragonal phase of zirconia at RT is due to the 

introduction of high contents of Pr3+ in this lattice at the high temperatures achieved in the 

SCS method. The post-growth thermal annealing in air at 1200 0C leads to noticed changes 

in the vibrational spectra, as shown in Figure 6.9 c). The performed thermal annealing 

treatment seems to promote an increase in the monoclinic phase content. In fact, the 

annealed powders with lower doped content exhibit a monophasic phase with a monoclinic 

structure, while for 1 and 3 at.% of Pr3+ besides a predominant monoclinic phase, small 

amounts of tetragonal phase cannot be discarded. One possible explanation for this phase 

transformation can be attributed to the diffusion of Pr ion in the powders induced by the 

thermal annealing. Considering the situation in which initial Pr ions are not homogeneously 
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distributed in the powders, regions with high Pr amount are stabilized in tetragonal phase, 

while poor Pr3+ regions crystalize in the monoclinic phase. The annealing treatment can 

promote a homogenous distribution of the Pr ions, decreasing the Pr ion concentration in 

the tetragonal phase and consequently their destabilization at RT. Moreover, an additional 

effect of particle size in the stabilization of the tetragonal phase at RT in the as-produced 

powders cannot be discarded, and a particle size increase promoted by the thermal 

annealing can be also responsible for the tetragonal to monoclinic phase transformation 

[36,37]. 

 

Figure 6.9. a) Photos of the as-produced ZrO2 powders doped with different concentration of 
Pr3+. RT Raman spectra in a backscattering configuration and with 325 nm laser line 
excitation of the as-produced (b) and thermal annealed (c) powders. 

The morphology of the produced powders were analysed by TEM. The particles size and 

shape are very similar to the ones of the powders doped with Eu3+ meaning that the dopant 

ion does not play a significant role in the morphology of the zirconia powders produced by 

SCS. Moreover, no significant differences were observed in the particles size or shape with 

increased Pr3+ concentration, as can be observed in Figure 6.10 where the TEM images of 

the powders doped with 0.1 (a-c) and 3 (d-f) at.% Pr3+ are displayed. The as-produced 

powders are constituted by particles with an irregular shape and large sizes distribution. As 

identified for the Eu3+ doped powders, a high agglomeration and aggregation of the particles 

is observed, which is related to the high temperatures achieved in the combustion synthesis. 
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High resolution TEM images of the as-produced powders doped with 3 at.% Pr3+, Figure 

6.10 g) and h), reveals the crystallinity of the samples, which once again is related with the 

high temperature involved in the process that lead to material crystallization.  

 

Figure 6.10. TEM images of the as-produced ZrO2 powders doped with 0.1 at.% Pr3+ (a-c) and 
with 3 at.% Pr3+ (d-f). HRTEM image of the as-produced powders doped with 3 at.% Pr3+ (g, h). 

Luminescence characterization  

Figure 6.11 a) shows the RT PL spectra of the as-produced SCS powders doped with 

different concentration of Pr ions, obtained with UV excitation (325 nm). As identified, the 

PL is dominated by the transitions among the 2S+1LJ multiplets of the 4f2 electron 

configuration. The main emission occurs in the red spectral region at ~614.5 nm, arising 

from the 1D2 excited state to the 3H4 ground state. Minor intensity lines from the 1D2 to the 

3H5 and 3H6 multiplets at ~720 nm and 833 nm are also observed. Furthermore, the 

intraionic emission arising from the high energetic 3P0 excited multiplet is detected in the 

blue region. The same luminescence features were observed for all the doped powders 

though a quenching of the ion luminescence intensity is identified for higher amounts of Pr 
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ions. For a concentration of 3 at.% Pr3+, the intensity of the detected light is very week, as 

indicated by the low signal to noise ratio in the PL spectrum. Photoluminescence quenching 

with concentration is a well-known phenomenon in Ln ions, including Pr3+, incorporated in 

inorganic hosts, where the concentration threshold for luminescence concentration depends 

on both Ln ion and host nature [38]. According with the theory of resonant energy transfer, as 

a result of the dipole-dipole interaction between neighbour’s ions, the intensity of the 

emission increases gradually with concentration until a maximum value, after which it 

decreases [38]. Two main energy transfer processes are suggested as the responsible for the 

occurrence of concentration quenching in Ln ions: CR processes and energy migration [38,39]. 

As aforementioned, CR process occurs between neighbour’s ions and in system with equal 

(resonant CR) or similar (non-resonant CR, assisted by phonons) energy difference between 

electronic levels. On the other hand, energy migration occurs over Ln ion in the host and 

stops in quenching sites [38]. Usually, concentration quenching involving CR process starts at 

lower concentration comparatively to the ones where no CR occurs [38]. Concentration 

quenching of Pr3+ luminescence involving CR processes has been reported in literature for 

the ion in different inorganic host [40,41], including zirconia [42,43]. The analysis of the Pr3+ 

energy level diagram shows the existence of similar energy differences between multiplets 

which is favourable for the occurrence of CR processes at high ion concentrations. Figure 

6.12 shows the partial energy level diagram of Pr3+ where different CR processes that lead to 

the relaxation of the 3P0 and 1D2 emitting levels are shown. In particular, the CR process 

described by [1D2,3H4]⟶[1G4,3F3,4] has been reported as an efficient channel for the 

nonradiative relaxation of the 1D2 emitting level, responsible for the concentration 

quenching of the luminescence, due to the energy match between the involved levels [43].  

Comparatively to studied single crystal doped with 3 at.% Pr3+ (section 5.2.2.3.), the 

emission intensity of the nanocrystals with the same Pr3+ doping concentration have shown 

to be much weaker. Similar results were reported in other Pr3+ doped hosts and it was 

suggested a dependence of the material size in the concentration quenching threshold [39]. 

As aforementioned in Chapter 2, crystal hosts with nanometric size creates special 

conditions for the luminescence dynamics of Ln ions [39,40]. Phonon assisted energy transfer 

processes, including CR, of Ln ions in a nanocrystalline material can be changed, 

comparatively to the bulk material, due to its discreteness of phonon density of states and 

the lack of low-energy acoustic phonons resultant of confinement effects [39,40,44].  

High resolution PL spectra of the as-produced powders in the spectral region of 1D2⟶3H4 

dominant emission shown in Figure 6.11 b) reveals that the transition can be further 

resolved in two emission lines with maxima at ~614.5 nm and ~615.5 nm in the powders 
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doped with 0.1 to 1 at.% Pr3+. An increase of the intensity ratio between the lines peaked at 

615.5 and 614.5 nm is found to occur with increasing Pr3+ concentration. Besides the 

intraionic emission of the lanthanide ion, PL spectra of the powders doped with low dopant 

concentrations show a low intensity broad emission band centred at 490 nm, as the one 

observed in the powders doped with Eu3+ and attributed to the emission from native defects 

of zirconia host. 

 

Figure 6.11. a) RT PL spectra of the as-synthesized SCS powders doped with different amounts 
of Pr ions, obtained with 325 nm laser line excitation. b) Normalized PL spectra in the spectral 
region of the 5D2⟶3H4 emission. 

 

Figure 6.12. Partial energy level diagram of Pr3+ where possible CR processes are represented 
[38,45]. 
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RT PLE spectra, as well as wavelength selective PL were performed in the powders doped 

with 0.1 at.% Pr3+, the ones with the highest intensity of the intraionic luminescence, and 

that shows an intense red emission at RT (inserted photo in Figure 6.11 a). The PLE spectra 

shown in Figure 6.13 a) and monitored at 614.5 nm and 615.5 nm, in the most intense 

1D2⟶3H4 emission lines, reveal that Pr3+ luminescence in the SCS powders can be excited via 

the 3PJ excited states and preferentially via a CT band with maxima at 293 nm, which is 

shifted to shorter wavelengths when compared with the CT excitation band observed in the 

doped tetragonal crystal (peaked at 308 nm) grown by LFZ studied in section 5.2.2.3 (Figure 

5.23 b). A comparison of the two PLE spectra is shown in Figure 6.13 a). As identified, 

slightly variations in the wavelength of the monitored 5D2⟶3H4 emission results in changes 

in the width and relative intensity ratio of the PLE excitation lines/band, suggesting the 

existence of multiple Pr3+ optical centres in the produced powders.  

The existence of multiple Pr3+ optically active centres was further confirmed by wavelength 

selective luminescence. PL spectra of the 0.1 at.% Pr3+ doped powders, under different 

wavelength excitation are shown in the right side of Figure 6.13 a). As one can see, the 

spectra of the SCS multiphase powders doped with praseodymium exhibit satellite lines to 

the main ones. The lines intensity was found to be dependent on the photon wavelength 

excitation. In fact, while the excitation at the CT excitation band maximum (293 nm) and 

resonantly with the 3P0 (487 nm) and 3P1+ 3I6 (474 nm) states lead to the ions 

recombination with additional satellite lines of minor intensity, using 325 nm photon 

excitation or resonant excitation in the 3P2 (457 and 451 nm) increases the intensity of the 

satellite lines relatively to the main ones. This behaviour can be explained by the presence 

of multiple optically activated Pr3+ centres in the polyphasic powders, which could be 

related with the presence of monoclinic phase.  

A comparison between the PL and PLE spectra of Pr3+ in the as-produced nanopowders and 

in the tetragonal YSZ crystal grown by LFZ is displayed in Figure 6.13 b). Despite the fact 

that the intraionic features occur in the same spectral region, as expected for the shielded 

intra-4fn electron configuration, the spectra reveal noticed changes. Besides the previously 

mentioned shift to lower energy of maximum of the CT band in the Pr3+ doped powders, 

additional intraionic excitation bands are observed in PLE. Furthermore, significant changes 

are observed in the PL spectra of the two types of samples, as one can see in the right side of 

Figure 6.13 b). Besides the already discussed satellite lines, the intraionic emission bands of 

the multiphase doped powders were found to be narrower than the ones of the Pr3+ in the 

tetragonal YSZ crystal. Such differences, clearly evidences the occurrence of additionally 
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activated praseodymium ions in the multiphase powders comparatively with the ones 

observed in the tetragonal YSZ crystal. 

 

Figure 6.13. a) RT PL and PLE spectra for the as-prepared SCS sample doped with 0.1 at.% of 
Pr3+. b) Comparison of the emission and excitation spectra of Pr3+ in the as-produced 
nanopowders and in the tetragonal YSZ crystal grown by LFZ. 

The luminescence of the thermal annealed powders, with a dominant monoclinic phase, was 

also investigated by RT PL and PLE spectroscopy in order to analyse the role of phase 

transformation in the luminescence features of the doped powders. Figure 6.14 a) shows the 

RT PL spectra of the thermal annealed powders doped with different concentration of Pr3+, 
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upon 325 nm wavelength excitation. As happens for the as-produced powders, a high 

quenching of the luminescence intensity is observed in the highly doped powders. The same 

intra-4f2 luminescence lines of Pr3+ were observed before and after thermal annealing 

meaning that the heat treatment does not promotes new Pr3+ optical centres. However, the 

intensity ratio between the satellite lines and the main line peaked at ~614 nm increases 

with the thermal annealing treatment for all dopant concentrations as shown in Figure 6.14 

b), suggesting a dominant recombination from the ions in the monoclinic phase. 

 

Figure 6.14. a) RT PL spectra of the thermal annealed powders doped with different Pr3+ 
concentrations, obtained with 325 nm excitation; b) Comparison of the normalized RT PL and 
PLE spectra of the as-produced and thermal annealed powders doped 0.1 at.% Pr3+ and the 
doped tetragonal YSZ crystal. Normalized RT PL spectra, obtained with 325 nm excitation, of 
the lightly doped and annealed powders.  

Additionally to the intraionic emission, the intensity of the broad unstructured emission 

band increases with thermal annealing in air at 1200 0C for the lightly doped samples (0.1 to 

0.5 at%) revealing the sensitivity of the native defects (such as oxygen vacancies) to the heat 
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treatment conditions. The maximum of the unstructured broad emission band in the 

green/orange spectral region was also found to be dependent on the dopant concentration. 

As can be observed in Figure 6.14 c), a shift of the main maxima from 512 nm to 524 nm and 

a decrease of the band intensity was observed with increasing dopant amount highlighting 

the role of the increasing ion concentration in the extinction of the broad host-related 

luminescence.  

The presence of the different optically active sites/environments for the Pr3+ ions in the 

monoclinic lattice was further validated by the RT PLE spectra monitored in 1D2⟶3H4 

emission and PL spectra taken under selective wavelength excitation, shown in Figure 6.15 

a). 

 

Figure 6.15. a) RT 1D2⟶3H4 emission, under different wavelength excitation, and PLE spectra 
of the thermal annealed powders doped with 0.1 at.% Pr3+. b) Partial energy level diagram of 
the Pr3+. 

PL spectra of the 1D2⟶3H4 emission under different wavelength excitation clearly shows a 

variation of the relative intensities of the emission bands, which corroborates the presence 

of different optically active sites/environment for Pr3+ in the monoclinic powders. PLE 

spectra monitored in different lines of the 1D2⟶3H4 transition shows that the Pr3+ 

luminescence in the monoclinic powders can be preferentially excited by the CT absorption 

band and also in the 3PJ excited multiplets of Pr3+ as indicated in the left side of Figure 6.15 

a). However, a comparison of the intraionic excitation bands in the PLE spectra of the 

as-produced and annealed powders, revealed noticed variations in the bands intensity ratio 

displayed in the Figure 6.14 b). While for the as-produced powders the dominant excitation 

of the Pr3+ luminescence occurs via absorption into the 3P0 multiplet peaked at 487 nm, for 
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the annealed powders the preferential intraionic excitation is also via the same excited state 

(3P0) which is shifted to longer wavelengths (peaked at 495 nm). It should be emphasized 

that for a state with J= 0 only one line is expected if the excitation is made through one 

single optically centre. The 3P0 excitation band at 495 nm observed in the annealed samples 

(also identified with lower intensity in the as-produced powders) is absent in the Pr3+ doped 

tetragonal YSZ crystal. Therefore, the measured data suggest that this line comes from the 

Pr3+ in the monoclinic crystalline lattice. 

Summary  

Zirconia powders doped with Pr3+ concentration between 0.1 and 3 at.% were produced by 

SCS using urea as a fuel. The as-produced powders show a colouration that changes from a 

light yellow to dark orange with increasing dopant concentration. For dopant 

concentrations below 3 at.% both monoclinic and tetragonal phases were identified in the 

as-produced powders by Raman spectroscopy, while for a 3 at.% concentration only the 

tetragonal was identified. A bright red light is observed in the lightly doped as-produced 

powders due to the predominant 1D2⟶3H4 Pr3+ transition. In addition, lower intensity 

emission bands due to electron transitions from the 3P0 excited state to the 3H4, 5 levels and 

from the 1D2 to the 3H5, 6 levels are observed. The increase in the dopant concentration up to 

3 at.% leads to a strong quenching on the RT emission intensity likely due to competitive 

nonradiative ion-ion transfer. Additional Pr3+ lines related with multi optically activated 

centres were identified in the multiphase as-produced powders, comparatively to the Pr3+ 

spectra in the tetragonal YSZ crystals grown by LFZ. Thermal annealing treatments of the 

doped powders at 1200 0C in air leads to an increase in the amount of monoclinic phase, and 

consequently to an increase in the emission band from the Pr3+ in the monoclinic lattice.  

6.2.3 Tm3+ doped Zirconia nanopowders 

Solution combustion synthesis was also employed to produce zirconia and YSZ powders 

doped with trivalent thulium. Zirconyl nitrate (ZrO (NO3)2. H2O) plus thulium nitrate 

(Tm (NO3)3. 5H2O) and urea (C2H5NO2) fuel were used to produce 0.3 at.% Tm3+ doped ZrO2 

powders (ZrO2:Tm3+). For the preparation of 8 mol.% YO1.5 stabilized zirconia (YSZ) doped 

with 0.3 at.% Tm3+ (YSZ:Tm3+) powders, yttrium nitrate (Y (NO3)3. 6H2O) was added to the 

other precursor reagents. The powders were prepared following the procedure described in 

section 6.1.2.  

As in the other cases, the crystalline phase identification was analysed by Raman 

spectroscopy, the morphology and grain size studied by TEM and the spectroscopic 
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characteristics by PL and PLE. The luminescent features of the produced zirconia and YSZ 

powders doped with 0.3 at.% Tm3+ were compared with the ones of the tetragonal YSZ 

single crystal grown by LFZ.  

Structural and morphological characterization  

Figure 6.16 a) shows the Raman spectra of the 0.3 at.% Tm3+ doped ZrO2 and YSZ powders 

produced by SCS. In line with the crystalline fibres stabilized with 8 mol.% YO1.5 (section 

5.2.2.4), the peak position of the vibrational modes for the Tm3+ doped YSZ powders 

indicates their tetragonal single phase nature. Further resonances can be observed for the 

Tm3+ doped ZrO2 powder, reflecting a multiphase composition corresponding to the 

tetragonal and monoclinic crystalline phases, similarly to the ones founded for Eu3+ and Pr3+ 

doped ZrO2 powders produced by SCS.  

Figure 6.16 b)-f) displays TEM images of the 0.3 at.% Tm3+ doped ZrO2 powder. The powder 

is characterized by a large grain size distribution and irregular grain shape, in line with the 

observed for other powders produced by SCS in the same conditions. Figure 6.16 b) shows 

that the powders are constituted by particles with two very different medium grain sizes, 

one much below 100 nm and other about 100 nm. Also, as identified in the previous 

europium and praseodymium doped zirconia, a high degree of agglomeration occurs which 

is a common observation in powders produced by combustion synthesis technique due to 

the high temperatures achieved during the process (typically >1000 0C) [46]. The average 

grain size estimated from the TEM images is 87 nm. Figure 6.16 e) and f) shows bright (BF) 

and dark field (DF) images from one agglomerate. DF image confirms the crystalline nature 

of the particles and the presence of smaller particles agglomeration, since in the DF mode 

the image is formed from a diffracted beam and the contrast is mostly caused by the 

different orientations of the crystalline plans.  
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Figure 6.16. a) RT Raman spectra obtained with 532 nm excitation of the ZrO2:Tm3+ and 
YSZ:Tm3+ powders produced by SCS. BF (b-e) and DF (f) TEM images of the ZrO2:Tm3+ powders. 

Luminescence characterization  

Figure 6.17 a) and b) displays the RT PLE and visible PL spectra, respectively, of the Tm3+ 

doped ZrO2 and YSZ nanopowders produced by SCS. The PL spectrum of the 0.3 at.% Tm3+ 

doped YSZ single crystal grown by LFZ is also shown for comparison. In line with the 

observed in the studied Tm3+ doped YSZ crystals, for the visible spectral range, under 355 

nm excitation (resonant into the 1D2 level of Tm3+), the PL spectra of both doped powders, 

shows a dominant emission in the blue spectral range (~460 nm) assigned to the 1D2⟶3F4 
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intra-4f12 transition of Tm3+. Under the used excitation additional low intensity emission 

bands are observed in the blue and red spectral range due to the 1G4⟶3H6, 1D2⟶3H5 and 

1G4⟶3F4 transitions, respectively. Additionally, intense red luminescence can be obtained 

under resonant excitation into the 1G4 energy level of Tm3+, as one can see in the PL spectra 

acquired under 461 nm wavelength excitation.  

The PL spectrum of the ZrO2:Tm3+ powders performed on the blue 1D2⟶3F4 transition 

reveals that the ions luminescence can be excited directly by pumping the sample 

resonantly into the 1D2 excited state as well as via a broad UV excitation band, in a similar 

way to the ones observed in the Eu3+ or Pr3+ doped ZrO2 powders produced by SCS, which 

has been assigned to CT excitation bands. The excitation of the ZrO2:Tm3+ powders in the 

maximum intensity of this band (280 nm) leads to the observation of a broad unstructured 

emission band centred at ~470 nm, that was already discussed based on their association to 

optically active native defects, the so called F-type centres [47].  

A close inspection of the 1D2⟶3F4 and 1G4⟶3F4 transitions revealed that the number of the 

emitting Stark components induced by the crystal-field splitting differs for the ZrO2:Tm3+ 

and YSZ:Tm3+ powders, as shown in Figure 6.17 d). A higher number of lines are observed 

for the ZrO2:Tm3+ powder indicating that the thulium ions occupy, in this case, different site 

locations and/or environments. In fact, some of the lines well fit the ones found for the 

single phase tetragonal YSZ:Tm3+ powders and t’-YSZ:Tm3+ crystal, suggesting that some of 

the ions occupy the same sites in the multiphase powders. In accordance with what was 

discussed above for the Eu3+ and Pr3+ multiphase ZrO2 powders, the additional lines are 

likely to be due to the ions in the monoclinic crystalline phase. 
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Figure 6.17. a) RT PLE spectra of the ZrO2:Tm3+ powders, monitored in the 1D2⟶3F4 blue 
emission. b) PL spectra of the ZrO2:Tm3+ and YSZ:Tm3+ powders produced by SCS, with 
resonant excitation in the 1D2 and 1G4 multiplets as well as in the broad absorption CT band. 
PL spectra of the t’-YSZ:Tm3+ crystals are displayed for comparison. c) Partial energy level 
diagram of Tm3+ showing the visible radiative transitions under resonant excitation in the 1D2 
and 1G4 multiplets. d) Comparison of the normalized blue and red emission of the two powders 
ad crystal. 

The internal radiative quantum efficiency of the red transitions was investigated by 

measuring the temperature dependent PL spectra of the two powders with 457 nm 

excitation. Figure 6.18 a) and b) displays the temperature dependent PL spectra of the 

ZrO2:Tm3+ and YSZ:Tm3+ powders, respectively. For the multiphase ZrO2:Tm3+ powders, a 

decrease in the emission intensity is observed between 14K and RT and only around 40 % 

of the overall integrated emission intensity observed at low temperature remains at RT, as 

shown in Figure 6.18 a). On the other hand, and in line with the observed for the tetragonal 

YSZ:Tm3+ crystal, a higher luminescence stability was found to occur for the ions embedded 
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in the tetragonal crystal fibre, for which a nearly constant integrated intensity was observed 

between 14 K and RT. Such results, suggests that an enhanced luminescence stability of Ln3+ 

could be reached avoiding a mixed crystalline phase in the powder.  

 

Figure 6.18. Temperature dependent PL spectra of the ZrO2:Tm3+ (a) and YSZ:Tm3+ (b) 
powders. Insets: comparison between the normalized 14 K and RT PL spectra. c) Temperature 
dependent integrated intensity of the ZrO2:Tm3+ and YSZ:Tm3+ powders. The results of 
t’-YSZ:Tm3+ crystal is shown for comparison. 

Summary  

The luminescence of trivalent thulium in ZrO2 powders, with a mixture of monoclinic and 

tetragonal phases, and in tetragonal YSZ powders produced by SCS were investigated and 

compared with the one previously studied fo the t’-YSZ:Tm3+ crystal grown by LFZ. Tm3+ 

optical activation was found to occur for both doped powders and the intraionic transitions 

were assigned from the excitation and emission spectroscopic data. In the wavelength range 

studied, the ions luminescence arises mainly from the 1D2 and 1G4 and a detailed analysis of 

the blue 1D2⟶3F4 and red 1G4⟶3F4 transitions was performed under resonant excitation 

conditions. A comparison of the number of Stark transitions observed in the tetragonal YSZ 

and multiphase ZrO2 powders indicates that additional Tm3+ sites/environments occur for 

the multiphase ZrO2 doped powders, likely due to ions embedded in the monoclinic zirconia 
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structure. The intensity of the red emission between 14 K and RT shows a high stability for 

the tetragonal YSZ powders, in line with the results obtained in the tetragonal YSZ crystals, 

while for the polyphasic SCS powders nonradiative competitive paths strongly affect the red 

luminescence stability with temperature. Such results indicates that Ln3+ in the tetragonal 

zirconia phase rather than in the monoclinic one are desirable to achieve intense and stable 

luminescence at RT.  

6.2.4 Other nanophosphors produced by SCS 

Taking advantage of the simplicity of the SCS method together with the easy incorporation 

of the dopant Ln ions in the oxide host, this technique was used routinely to produce Ln 

doped zirconia and YSZ powders for further use in the production of ceramic targets for the 

pulsed laser ablation in liquids technique (PLAL). Before the use of the produced powders in 

preparation of ceramic targets, the crystalline structure was confirmed by Raman 

spectroscopy while preliminary studies of luminescence were carried out by PL at RT. 

In particular, YSZ (8 mol.% YO1.5) powders doped with 3 at.% Eu3+ and 1 at.% Tb3+ were 

prepared, following the procedure described above. Both powders were completely 

stabilized in a tetragonal zirconia phase through the incorporation of Y3+ in the zirconia 

lattice, as can be identified in the Raman spectra shown in Figure 6.19 RT PL spectra of the 

produced powders, under 325 nm irradiation, are displayed in Figure 6.19 b). In the case of 

YSZ powders doped with 3 at.% Eu3+ (red line), the emission spectra is very similar to the 

one acquired for the tetragonal YSZ crystals grown by LFZ, also doped with the same 

amount, which means that the Eu3+ ions occupy the same site symmetries/environments in 

the powders and crystal. Emissions in the red region due to electronic transitions from the 

5D0 excited state to the 7FJ(J=0-4) multiplets of the 4f6 configuration are observed at RT in the 

doped powders, with a dominance of the 5D0⟶7F2 transition. As observed in the Eu3+ doped 

tetragonal crystals, with the same chemical composition (studied in section 5.2.2.1), a strong 

orange/red emission is observed when the powders are irradiated with UV light, as shown 

(inset of Figure 6.19 b). On the other hand, tetragonal YSZ powders doped with 1 at.% Tb3+ 

shows an intense green emission at RT under the same UV irradiation conditions, as can be 

identified in the same figure. The intense emission is due to the dominant green 5D4⟶7F5 

transition of Tb3+ as was previously discussed for the terbium doped tetragonal crystals 

(studied in section 5.2.2.2).  
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Figure 6.19. RT Raman spectra performed in a backscattering geometry with 325 nm 
excitation (a) and RT PL spectra under 325 nm excitation of the YSZ powders doped with 
1 at.% Tb and 3 at.% Eu ions. Inset in figure b) shows the photos of the doped powders upon 
irradiation with a UV lamp (254 nm). 

Moreover, ZrO2 powders doped with different Er ions concentration, from 1at.% to 16 at.% 

were successfully produced by SCS for subsequent targets preparation. Er3+ plays an 

important role in the stabilization of the high temperature tetragonal and cubic zirconia 

phases at RT, as clearly evidenced by Raman spectroscopy. The Raman spectra of the 

zirconia powders doped with different Er3+ concentration are shown in Figure 6.20 a). For 

the lowest dopant Er3+ concentration (1 at.%) only the vibrational modes of the monoclinic 

phase were identified, for a concentration of 2 at.% Er3+, bands associated to the vibrational 

modes of the tetragonal phase appear overlapped with those corresponding to the 

monoclinic zirconia phase. This powder is constituted by a mixture of two phases: 

monoclinic and tetragonal. For a higher Er3+ concentration, 5 at.%, only the resonances 

associated to the vibrational modes of the tetragonal phase are observed and the powder is 

completely stabilized in the tetragonal zirconia phase. For an even higher dopant 

concentration of 16 at.% Er3+ a complete stabilization of the cubic phase of zirconia is 

achieved. At a dopant concentration of 10 at.%, even if the vibrational modes of tetragonal 

phase of zirconia can be identified, a broadening of the low energy peaks as well as a shift of 

the high energy band to lower energies, indicates some degree of distortion of the tetragonal 

cell into a cubic cell. 
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Figure 6.20. RT Raman spectra performed in a backscattering geometry obtained with 325 nm 
excitation (a) and RT PL spectra under 457 nm laser line excitation of the ZrO2 powders doped 
with Er3+ concentration form 1 to 16 at.%.  

RT PL spectra of the doped ZrO2 powders obtained under 457 nm laser line excitation, 

resonant in the 4F5/2 excited state of Er3+ is shown in Figure 6.20 b). Like it was observed and 

discussed in tetragonal YSZ crystals doped with 1 at.% Er3+ (analysed in section 5.2.2.5), 

visible emission in the green and red spectral regions is observed. As before, the green 

emission, assigned to the 2H11/2⟶4H15/2 and 4S3/2⟶4I15/2 electronic transitions, are shown to 

be the dominant ones for low erbium concentrations (1 and 2 at.% Er3). Higher in Er3+ 

concentrations leads to an increase of the red emission assigned to the 4F9/2⟶4I15/2 

intraionic transition. For concentration higher than 10 at.% the red emission is the 

dominant one. Although this phenomenon is well known in several Er3+ doped inorganic 

materials, the limits of concentration in which it will occurs depends on material host . 

Moreover, materials size can also play a significant role [48]. The mechanism behind such 

effect will be discussed latter in section 7.2.2.3.  

In addition, YSZ (8 mol.% YO1.5) powders doped with Er3+ and co-doped with Er3+, Yb3+ and 

with Tm3+, Yb3+ were also produced by SCS and were subsequently employed in the 

preparation of ceramic targets to be used in the PLAL. As the aforementioned Er3+ doped 

ZrO2 powders, the YSZ doped/co-doped with Er3+ and Tm3+ exhibit interesting upconversion 

luminesce properties for a wide range of applications, as it will be explored in Chapter 8. 

6.3 Conclusions  

Solution combustion synthesis (SCS) revealed to be a very effective technique to produce 

Ln3+ doped ZrO2 nanophosphors in a simple and rapid way. The powders synthesized from 

metal nitrates and urea fuel (in stoichiometric conditions) are composed by crystals with 

nanometric dimensions. A large particle size distribution, as well as a high degree of 
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aggregation between particles, was found to occur in the as-prepared powders, due to the 

high temperature achieved during the combustion process. The high temperature is also 

responsible for the identified crystallinity in the zirconia powders produced by SCS, as well 

as by the easy incorporation and optically activation of the Ln ions in the host. Depending on 

the nature of the dopant ion and its concentration, intense emission can be observed at RT 

in the as-produced powders. The nature of monophasic and polyphasic material was 

assessed by Raman spectroscopy and the spectroscopic features of the ions in the powders 

were discussed based on a comparison with the single crystalline fibres grown by the LFZ 

technique. The ions luminescence stability is stronger in monophasic samples with the 

tetragonal structure. 
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Chapter 7.  

Pulsed laser ablation in liquids (PLAL) 

 
In the first part of this chapter, the fundaments of the pulsed laser 
ablation in liquid technique are explained and the used 
experimental setup is described.  

In the second part, the results obtained by the morphological, 
structural and optical characterization of the produced 
nanoparticles are presented and discussed. 
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7.1 The PLAL process  

In the last two decades, pulsed laser ablation in liquids (PLAL), also referred in literature as 

liquid-assisted pulsed laser ablation (LA-PLA), liquid-phase pulsed laser ablation (LP-PLA), 

pulsed laser ablation in aqueous medium (PLAAM) and others, emerged as a simple but 

effective alternative route to produce nanomaterials [1]. In a simple way, in this process NPs 

are generated by the ablation of a target immersed in a liquid through irradiation with a 

higher power pulsed laser [1]. 

Nanomaterials were firstly produced by PLAL in 1987 by Patil et al. using an iron solid 

target immersed in water to produce iron oxide NPs [2]. However, it was only recently that 

the booming in PLAL technique occurred. In the past decade the interest in PLAL technique 

increased exponentially motivated by the fast development in nanoscience and 

nanotechnology and by the demand for viable alternative methods to produce high 

performance nanomaterials [3]. PLAL consists in a simple and green technique that shows 

several advantages comparatively to the conventional chemical and physical methods used 

for nanomaterials formation [4]. First of all, the experimental setup is very simple and there 

is no need of expensive vacuum systems as the ones required in the laser ablation processes 

performed in vacuum or gas phase [4,5]. Since chemical precursors are not used in the PLAL 

process, the final product is free of any by-products and characterized by a high purity [3,4]. 

In addition, the collection of NPs in the liquid results, on one hand, in a low probability of the 

NPs to be inhaled and, by the other hand, in a process with high efficiency since there are no 

material losses [5]. PLAL is a very versatile method in which, by a proper combination of 

target and liquid media, it is possible to produce a wide range of nanomaterials with the 

required functions [4].  

7.1.1 Fundamentals and mechanisms of PLAL 

Depending on the target characteristics the PLAL process is usually divided in three classes: 

pulsed laser ablation of bulk solid targets, pulsed laser ablation of micro/NPs suspensions 

and pulsed laser ablation of meta salts or/and organic precursors [1,5]. The pulsed laser 

ablation of a bulk solid target is the most used PLAL approach to produce nanomaterials. In 

this process, the surface of a bulk solid target, immersed in an appropriated liquid, is ablated 

by irradiation with a focused pulsed laser at the solid-liquid interface, through the layer of 

the transparent liquid above the target. At the liquid-solid interface a laser-induced plasma 

is formed. This plasma is composed by atoms, ions, molecules or clusters ablated from the 

target. The high temperature of the laser-induced plasma heat and ionizes the liquid in its 
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vicinity and a plume is generated. This plasma-induced plume contains chemical species 

from the liquid. The chemical species in the two plasmas can mix and reacts, allowing the 

nucleation and growth of NPs [5]. The pulsed laser ablation of a solid bulk target immersed in 

liquid has been efficiently used to produce metal, metal alloys [6–8] and metal oxides 

nanoparticles [9–12]. In the literature, the production of nanostructures with higher 

complexity, as core-shell NPs, by the ablation of solid target is also reported [13,14].  

Instead of a solid bulk target a suspension of micro/NPs can be irradiated by a focused 

pulsed laser to produce NPs with smaller size [1,5]. The particle size reduction can be caused 

by a thermal or a non-thermal process. In the first case, the laser irradiation induces the 

melt and/or vaporization of the particles of higher dimension, yielding to small melt drop or 

ions/atoms, respectively. The formation of smaller NPs occurs through the cooling and the 

condensation of the material. In the end, the resulting NPs can present different size, shape, 

phase and composition from the precursor ones [5]. In the non-thermal process the size 

reduction occurs through explosive fragmentation. In this case, the laser irradiation causes 

an injection of electrons from the surface of the particles leaving them positively charged. 

The positive charges induce a strong repulsion between different parts of the NPs, which 

can lead to its fragmentation [5]. The predominance of the thermal or the non-thermal 

mechanism depends on the experimental conditions, mostly on laser parameters. The 

melting/evaporation mechanism requires high laser irradiance in order to achieve 

temperatures above the boiling temperature of the material, and by that way, vaporize the 

atoms, ions or molecules at the surface. On the other hand, for the occurrence of the 

fragmentation mechanism, a matching of the laser wavelength with the work function of the 

target material is required in order induces photoelectrons ejection [1]. Moreover, the size of 

the resultant NPs also depends of the experimental parameters and it could be bigger or 

smaller than the initial particles size depending on the ablation time and the size of the 

precursor particles [5]. The pulsed laser irradiation of the micro/NPs in suspension can be 

used to irradiate a colloidal solution previously produced by ablation of a solid bulk target 

in order to reduce the particle size and particle size distribution [15,16]. As it will be discussed 

forward, due to the complexity and high number of parameters that can affect the particle 

size and size distribution, and due to the difficulty to have a narrow control over all these 

parameters in the PLAL process, in some cases, it is easier to perform a further laser 

irradiation of the produced colloidal solution in order to adjust particle size and size 

distributions [15–17].  

As aforementioned, the production of NPs can be also achieved through the pulsed laser 

irradiation of a liquid target, i.e. a solution containing metal salt and/or organic precursors. 
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The laser irradiation promotes the dissociation of the metal salt or organic precursors in 

neutral atoms which can form clusters that can grow resulting in NPs [1,5]. 

Depending on the characteristics of the target and liquid medium the generation of 

nanomaterials by PLAL can occur through a reactive or non-reactive process [1]. In the 

reactive process the chemical species from the target will reacts with the chemical species 

from the liquid, and the final products will present a different chemical composition from 

the precursor target. This is the case, for example, of the metal oxide NPs produced by the 

ablation of a metallic target in an oxidant liquid medium, for example water [18–20]. On the 

other hand, if the process is non-reactive, the produced NPs will have the same chemical 

composition as the precursor target. One example is the production of metallic NPs by 

ablation of a metallic target in a non-reactive liquid medium [21]. 

The chemical and physical phenomena involved in the particles generation by pulsed laser 

ablation at the liquid-solid interface are more complex than the ones involved in vacuum or 

gas phase, and are not completed understood nowadays [3,5]. This is due to the high density 

and, in some cases, to the high reactivity of the liquid medium and to the complexity of 

possible interactions between the laser beam, target, liquid and products. The plasma plume 

in the PLAL is under high confinement due to the high density of the liquid, which results in 

a high temperature, high pressure and high density of the plasma [5]. These conditions are 

highly favourable to the formation of metastable phases that cannot be produced under 

normal conditions [5]. A high effort has been applied for an in-depth understanding of the 

physical and chemical phenomena involved in PLAL. Time-resolved shadow-graph 

technique has been used to study the PLAL process [3,5,22,23]. Different particular phenomena, 

occurring in a short time scale after the laser-matter interaction, were successfully 

identified by this technique. For example, Tsuji et al. reported the nanosecond time-resolved 

observation of pulsed laser ablation of a silver target in water [22] and in a 

polyvinylpyrrolidone solutions [24]. Time-resolved shadowgraph images of the laser ablation 

process at different delay times from laser irradiation of silver target in 

polyvinylpyrrolidone solutions are shown in Figure 7.1. Several phenomena were identified 

with time after the pulse laser irradiation. First, a shock wave is generated, followed by the 

formation of cavitation bubble with the plasma plume inside. After that, cavitation bubble 

collapses and the material is released to the liquid, with the emission of a second shock 

wave. The same type of phenomenon has been observed for other target materials and 

liquids. More information about the dynamics of the PLAL process can be found in the 

revision works of Singh and Yang [5,17]. 
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Figure 7.1. 10 ns resolved shadowgraph images of laser ablation phenomena observed for a 
silver target polyvinylpyrrolidone solutions, where some remarkable effects are observed: a) 
optical emission, (b) shockwave, (c) cavitation bubble and (d) secondary shockwave 
generated at the bubble collapse. [24]. 

As aforementioned, during PLAL process, the laser pulse, liquid medium, target and 

products can interact with each other, in a short time after the laser pulse. As such, the 

characteristics of the produced NPs, such as shape, average particle size, particle size 

distribution, crystalline phases and composition, will be strongly dependent on each ones of 

these components [4,25,26]. Several laser parameters can be adjusted in order to control the 

NPs characteristics and the process efficiency, including laser wavelength, pulse width, 

pulse repetition rate, pulse energy and fluency [4,26]. The liquid properties, such as the 

reactivity, the presence of surfactants, pH, absorption wavelengths and refraction index, and 

the target characteristics, including target composition, density, and surface roughness, also 

play an important role in the properties of the NPs produced by PLAL [4]. Some of these 

parameters are not independent one of each other, and sometime an appropriated 

compromise between them is necessary.  

Several experimental studies were performed in order to understand the effect of these 

parameters in the NPs size and efficiency of NPs generation [15,26–32]. Two of the most studied 

parameters are the laser wavelength and the laser energy density (J/cm2, hereafter denoted 

as laser fluence), since they are critical in the PLAL process. The results obtained by 

different research groups, show that the wavelength dependence in the NPs size and 

process efficiency is changed by the irradiation conditions [17]. As an example, studies 

performed during the laser ablation of silver targets, with different irradiation conditions 

(under focused and unfocused laser beam) showed that the dependence of laser wavelength 

in the NPs size and process efficiency has two behaviours: for a low fluence regime (< 1 

J/cm2), under unfocused condition, both NPs size and process efficiency increase with 

decreasing of the laser wavelength; on the other hand, when a high laser fluence (>1 J/cm2) 

is used (focused conditions), both the NPs size and process efficiency increase with 

increasing in the laser wavelength [17]. These differences in the wavelength dependence at 

low and high laser fluences, were attributed to the possible absorption of the incident laser 
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energy by the NPs produced by PLAL. During the PLAL process the produced NPs may stay 

in the path of the incident laser beam due to their low mobility in the liquid. Consequently, 

part of the laser beam can be absorbed by the NPs. The absorption of the laser light by the 

formed NPs increases with increase in laser fluence, since for high laser fluences a higher 

number of NPs are produced. As a result, the intensity of the laser light that reaches the 

target surface is lower. Moreover, the size of the NPs that absorb part of the incident light 

can be decreased due to fragmentation [17]. The strong effect of laser fluence in NPs size and 

process efficiency leads to the need of a narrow control of this parameter during PLAL 

synthesis. However, several factors can affect the laser fluence at the surface of the solid 

target, such as the thickness of the liquid layer, the distance of the target surface to the 

focusing lens, the amount of produced NPs in the path of the laser beam, etc [17].  

The control over these experimental conditions is not an easy task since they can change 

along the laser ablation process. For example, the liquid level above the target can be 

reduced by evaporation, the distance between focusing lens and target can increase due to 

the reduction in the target thickness at the irradiated spot. These changes will consequently 

affect the ablation conditions along the process, which can limit the efficiency and change 

the characteristics of the produced NPs [5].  

Several PLAL experimental configurations have been subjected to detailed research in order 

to improve the control over the ablation process and, by this way, achieve a strict control 

and reproducibility over the NPs characteristics. Even though there are several 

modifications of the experimental setups used in PLAL technique, the principal elements 

remain the same. Basically, the main constituents are a pulsed laser, optical components 

(mirrors and lens) and a cell to keep the target and liquid [3,5]. The most traditional 

experimental arrangement for the ablation of a solid target in a liquid medium is shown in 

Figure 7.2. a). Here, the laser beam is focused vertically and perpendicularly to the surface 

of the solid target placed horizontally on the bottom of a cell. The stirring of the liquid is 

important to homogeneously distribute the NPs in the liquid and, by this way, remove a 

large amount of produced NPs from the laser beam path. The motion of the laser spot on the 

surface of the target, even by moving the laser beam, using an optical scanner, or by rotation 

of the solid target, is important to avoid a deep ablation crater and ensure that the fluence is 

maintained constant along the process [5]. One of the main problems of this experimental 

setup is the high interaction of the produced NPs with the laser beam, since the plasma 

plume is formed perpendicularly to the target. Once again, this interaction induces changes 

in the ablation conditions. For example, the laser beam that reaches the surface of the target 

is attenuated. Moreover, the interaction of the laser beam with the produced NPs in the 
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solution can change the size of the NPs, as mentioned above. Depending on the conditions, 

the size of the NPs can be reduced by fragmentation or increased due to the merger of closer 

NPs, which in the end can originate a broadening of the particles size distribution [5]. 

 

Figure 7.2. Different modifications of the experimental setup used in PLAL (adapted from [5]). 

It was reported that the interaction of the laser beam with the generated particles in the 

solution can be considerable reduced by adopting an experimental setup as the one shown 

in Figure 7.2 b) [5]. The only difference between the first setup and this one is the position of 

the laser beam relatively to the surface of the target. In the latter case the laser beam is not 

completely vertically and perpendicular to the target promoting a way to reduce the 

interaction between the laser beam and the plasma plume. The same effect can be obtained 

by tilting the target, instead of the laser beam. However, in this case the target should not be 

rotated, otherwise the laser fluence will not be constant due to the variation in the spot 

dimensions [5]. In a situations that the rotation of the target is needed, the tilt of the laser 

beam is desirable (Figure 7.2 c). Other alternative setup is presented in Figure 7.2. d). In this 

configuration, the solid target instead of being placed in the bottom of the cell is fixed 
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perpendicularly to it, which allows to avoid any change in the thickness of liquid level above 

the target due to evaporation of the liquid [5]. In this case, the thickness is defined by the 

distance of the target to the wall of the cell. In addition, with this setup it is easier to 

promote a simultaneous rotation of the target and the stirring of the solution magnetically. 

However, the used cell should be completely transparent to the laser beam in order to avoid 

laser attenuation and the damage of the cell. Other PLAL setup configurations, not presented 

here, have been reported both for the ablation of solid bulk targets and particles targets in 

liquids [5]. In some of them only simple changes are made while in other ones the 

modifications in the configuration is more significant. For example in some works, it was 

reported the use of a liquid flux that promotes a continuous renewal of the liquid solvent 

around the target [33,34]. In this case there is no random interaction of the pulse laser with the 

produced particles in solution. All of the suggested experimental configurations evidence 

the effort that has been made in order to get a higher control and reproducibility over laser 

ablation process in liquids.  

Pulsed laser ablation in liquids has been used for the synthesis of a wide variety of 

nanomaterials with different functionalities for innumerable application fields. A key point 

of laser ablation in liquids is the possibility to directly produce stable colloidal solutions [5]. 

Typically, the surface of PLAL produced NPs is highly charged, providing a high stability of 

the NPs in the solutions, even in water, without addition of any surfactant for the 

stabilization [5]. Since no chemical precursors are needed in the process, the colloids are 

highly pure and the surface of the NPs free of any chemical contamination [5]. Even so, if 

necessary, surfactants can be added to the liquid medium to control particle growth, 

increase the dispersion of NPs or other complementary functions [1,5]. Additionally, it was 

reported that the surface of the NPs generated by PLAL is highly reactive, resulting in a very 

good affinity to ligands [5]. For example, it was reported that the number of biomolecules 

that can be conjugated to the surface of NPs produced by PLAL are 3 to 5 times higher than 

the number that is usually achieved in the NPs produced by chemical routes [5]. Moreover, in 

situ [35–38] and ex-situ [34] conjugation of biomolecules is also a possibility. 

Colloidal solutions of NPs are used in a wide range of areas from energy to biomedicine. 

Usually, they are produced by complex chemical routes that lead to colloids with low purity 

implying the use of further processes of purification [17]. The interest in the PLAL technique 

by the academic and industrial communities suffers a marked growth in the recent years. 

The first is expressed by the increasing number of scientific articles, doctoral thesis and 

published books in this subject, where not only the preparation of different nanomaterials 

by this technique is reported but also the mechanism beyond the process and the effects of 
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several growth parameters in the properties of the produced materials are studied [17,39,40]. 

In addition, commercial PLAL products are already available on the market. Particular® 

GmbH, a Germany company founded in 2009, was the first worldwide company dedicated to 

the industrial production of colloidal solutions by pulsed laser ablation in liquids [41]. Highly 

pure NPs from different materials and of different sizes, dispersed in various solvents and 

produced by PLAL, are now available on the market. Figure 7.3 shows some of Particular® 

GmbH commercial products produced by this technique, including metal (Au, Pt, Ag) and 

ceramic (ZrO2) colloids.  

 

Figure 7.3. Some of the metal (Au, Pt, Ag) and ceramic (ZrO2) colloids commercial products 
produced by Particular GmbH using the PLAL technique [41]. 

Recently, the potential of PLAL technique for the preparation of inorganic luminescent NPs 

doped with Ln ions has been a matter of interest by the worldwide scientific community. A 

summary of these NPs is presented in Table 7.1. Different types of inorganic NPs including 

nitrides, fluorides, but mostly oxides have been used to produce luminescent NPs by this 

technique. The produced NPs, are usually crystalline in nature exhibiting intense 

luminescence at RT [42–44]. The possibility to produce these luminescent NPs directly in 

biocompatible solutions, together with the high purity and crystallinity of produced NPs, has 

aroused the interest of PLAL produced NPs as luminescent bioprobes [42–44]. 
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Table 7.1. Summary of Ln3+ doped inorganic NPs produced by PLAL, reported in literature 

Ref Phosphor Liquid medium Particle size 

G. Ledoux et al. [45] 

Lu3TaO7:(Gd3+, Tb3+) 

deionized water 

6.2 nm 

Y2O3:Eu3+ 7.0 nm 

Gd2SiO5:Ce3+ 8.9 nm 

Lu2O2S:Eu3+ Not specified 

T.Nunokawa et al. [46] Y2O3:(Er3+, Yb3+) deionized water 100-1000 nm 

R. Zamiri et al. [47] 

YO3:Er3+ 

distilled water 

5.8 nm 

Bi2O3:Er3+ 32.1 nm 

Sb2O3:Er3+ 151.7 nm 

S. A. Al-Mamun et al. [48] Y2O3:Eu3+ 

distilled water  
6.8 nm, 20.4 nm and 9.7 nm 

(different target characteristics )  

H2O2 aqueous solution 
12.2 nm and 12.3 nm  

(different target characteristics ) 

K. Hasna et al. [43] Eu3+:Ca10(PO4)6(OH)2 water 
15 nm (for 1 h of ablation time) 

60 nm (for 4 h of ablation time) 

K. M. Kim et al. [42] Y3Al5O12:Ce3+ 
deionized water 8.7 nm 

LDA* aqueous solution 4.5 nm 

Y. Onodera et al. [49] Y2O3:(Er3+, Yb3+) deionized water 
11.1 nm to 21.5 nm 

(laser energy from 1.6 to 15.6 mJ/pulse)  

S.K. Singh et al. [50] Gd2O3:(Er3+, Yb3+) distilled water 8–26 nm 

G. Qin et al. [51] 
(Zn0.3Al0.25Pb0.3 

Li0.098Yb0.1Tm0.002F2.354) 
ethanol 1–10 µm 

T. Maldiney et al. [44] Ca2Si5N8:(Eu2+,Tm3+) deionized water 3-5 nm 

D. Amans et al. [52] 

Y2O3:Eu3+ 
aqueous solution of 

MEEAA** 

1.9 nm to 4.7 nm 

(Depending on experimental conditions)  
Gd2O3:Eu3+ 

Y3Al5O12:Ce3+ 

F. Yoshimura et al. [53]  Sr2MgSi2O7:(Eu2+,Dy3+) 

deionized water 76 to 710 nm 

(Depending on experimental conditions) ethanol 

D. Katsuki et al.[54]  ZnO:Eu3+ 

aqueous solution with 

SDS *** 15 nm 

Solution of LiOH 

Mhin et al. [55] Tb3Al5O12:Ce3+ 
deionized water 11.64 nm 

LDA aqueous solution 6.47 nm 

Park et al. [56] Y3Al5O12:Ce3+ deionized water 10.4 nm 

* LDA- lithium diisopropylamide; ** MEEAA - 2-[2(2-methoxyethoxy)ethoxy]acetic acid; *** SDS- Sodium dodecyl sulfate 

Regarding the production of zirconia NPs by PLAL, few works can be found in literature [57–

59], which are limited to the production of undoped zirconia. The high potential of PLAL to 

produced luminescent NPs shown in other inorganic hosts, together with the excellent 

properties of zirconia as a host for the incorporation of Ln ions, strongly motivated the use 

of PLAL to produce Ln-doped zirconia NPs in this thesis work. 
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7.1.2 Production of Zirconia NPs by PLAL  

Figure 7.4 shows the experimental setup used to produce the undoped and Ln3+ doped ZrO2 

and YSZ NPs by PLAL. This simple setup is manly composed by a pulsed laser, optical 

components, and a glass cell. A nanosecond (7 ns pulse width) Q-switched Nd:YAG laser, 

from Continuum®, with 1064 nm wavelength and working at a maximum pulse repetition 

rate of 10 Hz was used. Under unfocused conditions, the laser beam has a diameter spot of 7 

mm and maximum pulse energy of 685 mJ. Both pulse frequency and pulse energy can be 

controlled, the latter one by change the Q-switch delay. The laser beam was focused into the 

surface of the target, placed in a sample holder within the glass cell and parallel to their 

bottom, by a flat mirror. The glass cell was filled with distillated water and the height of 

water column above the target was controlled. The sample holder allows to support the 

target at a certain distance from the bottom of the cell and thus the magnetic agitation of the 

liquid. During the ablation, the water was kept under continuum magnetic agitation in order 

to homogenize the generated NPs in the solution. The glass cell was also manually rotated 

several times during the ablation process in order to change the ablation spot thus avoiding 

a deep wear down of the target.  

 

Figure 7.4 Schematic representation of the experimental setup used in PLAL to produce NPs. 

The ceramic targets used in the ablation were prepared through the uniaxial pressing and 

densification of precursor powders. In a first study, the effect of several ablation parameters 

in the characteristics of the produced NPs were analysed through the ablation of undoped 

zirconia ceramic targets. In this case, the precursors were commercial zirconia powders 

(with > 99 % purity), which were uniaxial pressed into pellets with a diameter of ~13 mm 

and densified at 1000 0C for 72 hours. In the case of doped targets, the precursors were the 

powders produced by SCS, by making use of the simple incorporation and homogeneous 
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distribution of the dopant in the powders produced by this process. The powders were also 

pressed into pellets with a diameter of ~13 mm and were further densified at 1350 0C for 72 

hours. Table 7.2 presents a summary of the samples produced by PLAL studied in this work. 

Special importance was dedicated to the production of NPs doped with Ln ions that can 

exhibit intense long lived downshifted luminescence or intense upconversion luminescence 

(see Chapter 8) due to the high potential of such NPs as bioprobes. 

Table 7.2. Samples produced by PLAL and ablation parameters.  

Sample name 
Dopant  

(at.%) 
Target Composition 

PLAL parameters 

Fluence  

(J/cm2) 

Pulse 

freq.(Hz)  

Lsolvent 

(mm)  

Irradiation 

time (min) 

ZrO2 NPs1 

undoped 
Ceramic pellets: 

ZrO2 -SSR  

15 10 20 15 

ZrO2 NPs2 10 10 20 15 

ZrO2 NPs3 5 10 20 15 

ZrO2 NPs3 1.8 10 20 15 

ZrO2 NPs4 5 5 15 15 

ZrO2 NPs5 5 2.5 15 15 

ZrO2 NPs6 5 10 15 15 

ZrO2 NPs7 5 10 10 15 

ZrO2 NPs8 5 10 25 15 

t’-YSZ:3Eu NPs 3at.% Eu 
Ceramic pellets: 

(SCS –t’-YSZ:3Eu) 
1.8 10 15 30 

t’-YSZ:3Eu NPs 3at.% 
Single crystal: 

t’-YSZ:3Eu-40mm/h 
1.8 10 15 60 

t’-YSZ:1Tb NPs 1 at.% Tb SCS –ZrO2:Tb 1.8 10 15 30 

ZrO2:1Er NPs 1 at.% Er SCS –ZrO2:1Er 1.8 10 15 30 

ZrO2:2Er NPs  2 at.% Er SCS –ZrO2:2Er 1.8 10 15 30 

ZrO2:5Er NPs 5 at.% Er SCS –ZrO2:5Er 1.8 10 15 30 

ZrO2:10Er NPs 10 at.% Er SCS –ZrO2:10Er 1.8 10 15 30 

ZrO2:16Er NPs 16 at.% Er SCS –ZrO2:16Er 1.8 10 15 30 

tYSZ-1Er NPs 1 at.% Er SCS-tYSZ-1Er 1.8 10 15 30 

t’-YSZ-1Er1Yb NPs 1 at.% Er, 1 at.% Yb SCS-tYSZ-1Er1Yb 1.8 10 15 30 

t’-YSZ-0.3Tm NPs 0.3 at.% Tm SCS-tYSZ-0.3Er 1.8 10 15 30 

t’-YSZ-0.3Tm1Yb NPs 0.3 at.% Tm, 1 at.% Yb SCS-tYSZ-1Er1Yb 1.8 10 15 30 

7.2 Results  

7.2.1 Study of ablation parameters in the generation of ZrO2 NPs 

The effect of different ablation parameters, including laser fluence, pulse frequency and 

height of water layer above the target, in the characteristics of the produced ZrO2 NPs, as 

well as in the yield of the process, was studied. For this study, an experimental setup based 
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in the one shown previously in Figure 7.14 but with slight modification, was used. The setup 

adjustments include the use of a converging lens, which allows focusing the 7 mm spot of 

the laser beam on the target surface and, by this way, increasing the range of the studied 

laser fluence. On the other hand, in order to avoid a constant wearing of the target surface in 

the same region, the glass cell was placed on the top of a spinning plate in order to promote 

the rotation of the target during the ablation. The rotation (~40 rpm) allowed a more 

uniform wearing of the target and consequently a lower influence of this parameter in the 

laser fluence variation along the process.  

The ablation was carried out in distillated water, using the nanosecond pulsed Nd: YAG 

laser, with1064 nm wavelength, described above. The height of water layer above the target 

surface was changed between 10 and 25 mm. On the other hand, pulse frequencies in the 

range of 2.5 to 10 Hz were studied, while the laser fluence was varied, by adjusting the 

Q-switch delay, until a maximum value of 15 J/cm2. The target was irradiated by 30 min. The 

morphology and size of the generated NPs were evaluated by TEM. Based on TEM images, 

the diameter of more than 1000 particles were manually measured for each sample in the 

ImageJ software in order to construct the histograms of particle size distribution and 

determine the average particle size. 

The generation of ZrO2 particles during the ablation process was identified by the 

progressive milky of the water with the ablation time, which revealed to be dependent on 

the experimental parameters, indicating their effect in the process yield. Figure 7.5 displays 

the TEM images and the histograms of particle size distribution of ZrO2 NPs produced by 

PLAL at different laser fluences of 1.8, 5.0, 10.0 and 15.0 J/cm2. A constant height of 20 mm 

of the water layer (Lsol) above the target and a pulse frequency of 10 Hz were kept constant 

in these experiments. As can be observed by the TEM images, the pulse laser ablation of the 

ZrO2 ceramic target in water leads to the generation of almost spherical NPs. Within the 

studied laser fluence range, NPs with two main average sizes are formed, one with 

diameters around 100 nm and the other one with a much lower average diameter around 10 

nm. The bigger NPs exist in a lower quantity comparatively to the lower sized ones. In 

general, a large average particles size distribution was observed for the three studied 

fluences and no significant differences were identified in the NPs morphology and sizes. It 

should be mentioned that for the highest laser fluences (10 and 15 J/cm2) some water was 

evaporated during the process due to the heating of the solution. Moreover for laser 

fluences higher than 15 J/cm2, and in the same experimental conditions, the generated 

shock wave is so strong that induces the cracking of the ceramic target and the split out of 

the water from the glass cell. In these conditions the process needed to be stopped.  
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The effect of pulse frequency in the characteristics of the produced NPs was also analysed. 

In this case, a 15 mm layer of water and laser fluence of 5 J/cm2 were maintained constant 

while the pulse frequency was changed. Figure 7.6 shows the TEM images and the 

histograms of particle size distribution of ZrO2 NPs produced at different pulse frequencies 

of 2.5, 5.0 and 10.0 Hz. Once again, NPs with a spherical shape are produced for the three 

studied pulse frequencies. The spherical shape of the produce NPs, indicates the dominance 

of a mechanism of nucleation and growth rather than fragmentation, in the formation of 

NPs. As shown in the histograms of particle size distribution, a slight decrease of average 

particle size, as well in the particle size distribution (expressed by the normal standard 

deviation) is observed with increasing laser fluence to 10 Hz.  
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Figure 7.5 .TEM images and histograms of particle size distribution of ZrO2 NPs produced by 
PLAL with increasing laser fluence (1.8, 5, 10 and 15 J/cm2) from top to bottom rows). 
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Figure 7.6. TEM images and histogram of particle size distribution of ZrO2 NPs produced by 
PLAL under different pulse frequencies: 2.5 Hz (left column), 5 Hz (middle column) and 10 Hz 
(right column). 

Figure 7.7 displays the TEM images and respective histograms of particle size distribution of 

the NPs produced with different height of water layer, Lsol, above the target surface. Lsol = 10, 

15, 20 and 25 mm were explored. In these experiments the laser fluence and pulse 

frequency were maintained constant at 5 J/cm2 and 10 Hz, respectively. Under the studied 

experimental conditions, the height of water layer revealed to be a crucial parameter that 

determines not only the stability and yield of the process but also the characteristics of the 

produced particles. For a 10 mm layer of water, in addition to the spherical small NP, bigger 

particles with irregular shape are observed in the TEM images, as shown in top images in 

Figure 7.7. These big particles are likely to result from the target fragmentation due to the 

high energy that reaches the surface of the target. The same effect of target fragmentation 
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for liquid layers below a certain value was previously reported by Al-Mamun et al. [31] for the 

ablation of a alumina target. In their work, the optimum value of water layer height divides 

the water-level domain into two regions, one dominated by fragmentation process (low Lsol) 

and the other one dominated by melting and/or vaporizing (high Lsol). Such results revealed 

that the attenuation of the power of the incident laser by the water medium is significant. 

For a lower layer of water, this attenuation is low and the laser power that reaches the 

target is higher, resulting in a significant heating of the material leading to thermal induced 

stress that can causes the material fragmentation. With increase in water layer height, the 

attenuation of the laser powder increases and the laser fluence that reaches the target 

surface is reduced. For the latter condition, for layer of 15, 20 and 25 mm, the produced 

particles have spherical shape with similar particle average size and size distributions. 

However, it should be mentioned that high layer of water are also disadvantageous as it 

reduce significantly the yield process due to the strong attenuation of the laser power. The 

ideal value of water layer must be higher than the ones that induce fragmentation but, on 

the other hand, should not be very high in order to avoid significant laser power 

attenuation. This value is dependent on the other process parameters, mostly on the used 

laser fluence. A good compromise between these parameters must be reached in order to 

improve particles characteristics and process yield. Within the range of the studied 

parameters, the best conditions for the generation of ZrO2 NPs includes a low laser fluence 

of (1.8 to 5 J/cm2), a pulse frequency of 10 Hz and a height of water layer of 15 mm.  

The crystalline structure of the ZrO2 NPs produced by PLAL, was analysed by Raman 

spectroscopy with a 325 nm laser line excitation. The Raman spectra of the different NPs are 

shown in Figure 7.8 and, for comparison the Raman spectrum of the precursor target is also 

displayed. For all the produced NPs, Raman bands assigned to the vibrational modes of the 

monoclinic zirconia were detected. In addition, a band with low intensity centred at ~263 

cm-1, coincident with the intense A1g vibrational mode of tetragonal zirconia, is observed in 

the Raman spectra (identified with an asterisk). These results suggest that the NPs 

produced by PLAL maintain the same crystalline structure of the precursor target. However, 

some stabilization of high temperature tetragonal zirconia phase can be achieved in the 

pure zirconia as a result of size effect. 



244 

 

Figure 7.7. TEM images and histogram of particle size distribution of ZrO2 NPs produced by 
PLAL under different height of water layer above the target: 10 mm (top), 20 mm (middle) and 
25 mm (bottom). 
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Figure 7.8. Raman spectra, performed in backscattering configuration with 325 nm excitation, 
of the produced ZrO2 NPs by PLAL under different experimental conditions. 

7.2.2 Ln-doped NPs produced by PLAL 

In addition to undoped ZrO2 NPs, PLAL technique was explored in the production of 

luminescent zirconia or YSZ NPs, doped with different trivalent Ln ions. Regarding the high 

potential of the luminescent NPs produced by laser ablation in water or other biocompatible 

solvents as luminescent bioprobes, specific Ln3+ ions were selected. Based on their long 

lived downshifted luminescence, both Eu3+ and Tb3+ ions were chosen as dopants for the 

NPs produced by PLAL. As referred in section 2.2.1, the long lived DS luminescence of these 

ions can be used, for example, in vitro TR-FRET assays. On the other hand, Ln ions with 

efficient upconversion luminescence were also selected, namely the Er3+ and Tm3+, that can 

show visible and/or NIR emission under NIR excitation. As point out in Chapter 2, NIR 

excitation is very beneficial for in vivo assays. The optical properties of the produced doped 

NPs will be discussed in the following subsections and compared with the ones of their bulk 

counterparts.  

7.2.2.1 Eu3+ doped YSZ NPs produced by PLAL  

Pulsed laser ablation in liquid was used to produce NPs of tetragonal YSZ doped with 

europium ions in order to study their luminescence properties to explore them for further 

bioapplications. Both single crystals and polycrystalline pellets were used as targets in the 

PLAL process. While t’-YSZ (8 mol.% YO1.5) single crystals doped with 3 at.% Eu3+ were 

grown by LFZ (section 5.2.2.1), ceramic polycrystalline pellets were prepared through the 
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pressing and densification of tetragonal YSZ (8 mol.% YO1.5) powders doped with 3 at.% 

Eu3+ produced by SCS. As before, the SCS powders were uniaxial pressed into pellets with 13 

mm diameter and were further submitted to thermal annealing treatments in air at 1350 0C 

for 3 days to promote densification. In order to use the single crystal fibres as targets in the 

PLAL process two parallel longitudinal surfaces were polished. Due to the low diameter of 

the crystals, which is lower than the spot size of the unfocused used laser beam, several 

polished crystals were placed side by side.  

For the ablation, each type of the t’-YSZ:Eu3+ targets were placed within the glass cell, 

supported by the sample holder, as was described above. The ablation was performed in 

distilled water and a 15 mm thickness of water column above the surface of the target was 

maintained constant for all the experiments. As already described the ablation was 

performed under irradiation with the 1064 nm line of a Nd:YAG laser. The experiments 

were carried out under unfocused laser beam conditions, with a laser spot diameter of 7 

mm and a pulse energy of 685 mJ (laser fluence of 1.8 J/cm2) at a repetition rate of 10 Hz. 

For the ceramic target, the time of ablation was 30 min, while in the crystal targets was of 1 

hour. 

The crystalline structure and spectroscopic characteristics of the produced NPs were 

measured with the same experimental setups already pointed out: Raman, SEM (in scanning 

and transmission modes), PL, PLE, TR-PL and decay times. The luminescence features of the 

NPs were compared with the ones of the precursor ceramic and crystal targets. 

Structural and morphological characterization  

As for the undoped zirconia NPs, the formation of YSZ NPs doped with Eu3+ is identified by 

the milky of the solution after some time of laser irradiation. The yield of the process was 

shown to be higher by using a ceramic target rather than for the ablation of crystal targets. 

While for the ceramic target the solution is completely milky after 30 min of laser 

irradiation, for the ablation of the crystal targets, and after the same period of time, the 

solution is almost transparent. As identified in the pictures shown in Figure 7.9 a) and b), 

the amount of NPs in solution produced from the ablation of the crystal target (Figure 7.9 b), 

during an irradiation time of 60 min, seems to be less than the amount of NPs in solution 

ablated from the ceramic target by 30 min. Raman spectra of the produced NPs from the 

ablated ceramic and crystal targets are shown in Figure 7.9 c) and d), respectively. For 

comparison, the Raman spectra of the respective targets are displayed in the same figure. In 

both cases, the tetragonal structure of the precursor targets is preserved after ablation, as 
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indicated by the Raman spectra in which the vibrational frequencies related to the 

tetragonal crystalline phase of zirconia were identified.  

Scanning and transmission microscopy images of the produced NPs are shown in Figure 

7.10 a)-e). The laser ablation of the Eu3+ doped targets leads to the formation of NPs with a 

spherical shape in which two main medium average sizes, one around 100 nm and the other 

well below, can be well identified. Comparatively to the larger NPs, the number of NPs with 

lower average particle size is much higher. EDS analysis, Figure 7.10 f) and g), shows a 

uniform distribution of the Zr and Eu elements in the NPs ablated from the ceramic target. 

In contrast with what it was observed regarding the process yield, no significant differences 

in particle size or morphology were observed in NPs produced by the ablation of targets 

with different densities. 

 

Figure 7.9. a) Pictures of the ceramic (a) and crystal (b) targets used in the ablation and 
respective produced NPs solution after 30 min and 60 min laser irradiation, respectively. 
Raman spectra of the ceramic target and the respective NPs (c) and crystals target and 
respective NPs (d), performed in a backscattering configuration with 325 nm excitation. 
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Figure 7.10. SEM and TEM images of the YSZ:Eu3+ NPs ablated form the ceramic target (a, c) 
and from the crystal targets (b,d). Zr and Eu elemental distribution maps for the NPs produced 
from the ceramic target. 

Luminescence characterization  

Figure 7.11 a) shows the RT PL spectra of the YSZ:Eu3+ NPs produced from both ceramic and 

crystal targets. For comparison, the PL spectra of the respective targets are also shown in 

the same figure. As observed in the tetragonal Eu3+ doped targets, the NPs produced by 

PLAL show an intense orange/red luminescence at RT under UV excitation, as seen in Figure 

7.11 b) where the photos of ceramic and crystals targets and of the Eu3+ doped YSZ NPs after 

dried on the top of a quartz substrate are displayed. The visible emission spectra consist in a 

set of emission bands assigned to 5D0⟶7FJ(0-5) intraionic transition of Eu3+, with the 

dominant emission occurring at ~606 nm due to the 5D0⟶7F2 electronic transition. The 

peak position and shape of the emission bands are similar to the ones observed in the PL 

spectra of Eu3+ in the tetragonal YSZ crystals, discussed in section 5.2.2.1, and used as 

targets in this study. As one can see in the PLE spectrum, also displayed in Figure 7.11 a) 
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(green line), monitored in the emission band at 606 nm of the NPs ablated from the ceramic 

target, besides the resonant excitation into several excited energy states of the Eu3+ ion 

(including 5D4, 5G2-4, 5L5, 5D3 and 5D2) the ion luminescence is preferentially stimulated by 

excitation in the high energy excitation CT excitation band. Comparatively to the CT band 

observed in the tetragonal YSZ crystals doped with Eu3+, the one observed in the PLE 

spectrum of the NPs is shifted to lower energies and the ratio of the intensities between the 

CT bands and the absorption bands of the Eu ion is much higher. As observed in the Eu3+ 

doped crystals, also in the case of the PLAL NPs, more than one Eu3+ optical active centre can 

be identified by the analysis of the PL spectra acquired with different excitation conditions. 

Comparing the RT emission of the NPs and correspondent targets, an enhancement of the 

emission from the additional Eu3+ optical centre, identified before in the tetragonal crystals 

(peaked at ~614 nm), is promoted in the NPs.  

 

Figure 7.11. a) RT PLE spectra monitored in the 5D0⟶7F2 emission of Eu3+ in the YSZ NPs 
produced from the ceramic target and RT PL spectra obtained with different wavelength 
excitations. b) Photos of the RT luminescence observed for the single crystal and ceramic 
targets and of the PLAL NPs after dried in a sapphire subtract, under excitation with a 325 nm 
laser line. 
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The kinetic of Eu3+ luminescence in the PLAL NPs was further studied by TR-PL 

spectroscopy. Figure 7.12 a) displays the RT TR-PL spectra of the YSZ:Eu3+ NPs produced by 

the ablation of the ceramic target, with 266 nm pulsed excitation. A similar decrease of 

luminescence intensity with time after pulse is observed for all the emission bands, as can 

be observed in the inset of the figure, where the normalized PL spectra for a t= 0 and 6 ms 

are compared. In addition, luminescence time-decay curves of the emitting 5D0 excited state 

were measured in the PLAL NPs under excitation in the CT band (260 nm). Figure 7.12 b) 

displays the obtained decay-curve. The curve can be well fitted into a single exponential 

decay with a luminescence lifetime around 2.5 ms as determined through the fit of the 

exponential depopulation decay according with Eq. 4.17. Comparatively to the reference 

singe crystal, the emission lifetime of Eu3+ is not affected by the size reduction. Regarding 

the potential applications of these doped NPs as bioprobes, their long lived luminescence is 

advantageous. In addition, the intensity of the luminescent bioprobes should not decrease 

when NPs are added into an aqueous medium. As seen in the photo displayed in Figure 7.12 

c), the YSZ:Eu3+ NPs colloids produced by PLAL show an intense luminescence at RT when 

pumped in the UV. 
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Figure 7.12. a) RT TR-PL spectra, acquired between 0 and 6.4 ms after 266 nm pulsed laser 
excitation, of the NPs ablated from the ceramic target. The emission spectra were not 
corrected to the detector and optics. Inset shows the comparison between normalized spectra 
acquired at 0 and 6 ms after pulse. b) RT luminescence decay curve with 260 nm excitation. c) 
Photo of the solution of YSZ:Eu3+ NPs under 254 nm lamp irradiation. 

PL spectra of the YSZ:Eu3+ NPs produced through the ablation of the ceramic target, were 

also studied between 14 K and RT, with excitation in the CT absorption band (325 nm), in 

order to identify the ion internal emission efficiency. The temperature dependent PL spectra 

are displayed in Figure 7.13 a). Under the used excitation conditions, the emission at ~614 

nm, associated to an additional Eu3+ optical active centre, is clearly observed at 14 K. 

Comparatively to the other emission bands, this emission undergoes a stronger quenching 

in its intensity and is totally extinguished at RT. These results constitute an additional 

confirmation of the presence of different Eu3+ related optical active centres in the produced 

samples. In general, the overall visible luminescence from the 5D0 Eu3+ excited state is 

maintained almost constant until up to 175 K, with further luminescence quenching until 

the RT, as can be observed in Figure 7.13 b) where the temperature dependence of the 

overall 5D0⟶7FJ emission of PLAL NPs is shown. More than 75 % of the 14 K emission 
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intensity is still detected at RT. Comparatively to the other Eu3+ doped samples studied in 

this work, including the tetragonal YSZ crystals grown by LFZ and ZrO2 nanopowders 

produced by SCS, the stability of the Eu3+ luminesce is significantly improved in the NPs 

produced by PLAL. The temperature dependence of the overall 5D0⟶7FJ emission of Eu3+ 

doped YSZ crystal and SCS nanopowders is also shown in Figure 7.13 b) for comparison. In 

these two samples only around 40 % of the low temperature luminescence intensity was 

detected at RT.  

 

Figure 7.13. a) Temperature dependent PL spectra of the Eu3+ doped NPs produced from the 
ceramic target, with 325 nm laser line excitation. The inset shows a comparison between RT 
and 14 K normalized spectra. b) Temperature dependence of the overall 5D0⟶7FJ emission for 
the doped PLAL NPs, SCS nanopowders and LFZ crystal. 

Summary 

Eu3+ doped tetragonal YSZ NPs were successfully produced through the ablation of doped 

ceramic and crystal targets. The produced NPs have a spherical shape and a large size 

distribution, with two main average particle sizes, one around 100 nm and the other around 

one order of magnitude lower. No differences in the average particle size and size 

distribution or even in the morphology were observed in the particles produced from the 

two types of targets with different densities. The Eu3+ was easily incorporated and optically 

activated in the YSZ NPs during the ablation. The spectroscopic features of the doped NPs 

are similar to the ones of Eu3+ in the tetragonal YSZ reference crystals, indicating the 

presence of the same Eu3+ related optical centres in the two types of samples. The produced 

NPs show an intense long lived orange/red emission at RT also recognizable in the colloidal 

solutions. An higher intraionic luminescence stability was found to occur for the PLAL 

produced NPs. Such results are very promising for bioapplications.  
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7.2.2.2 Tb3+ doped YSZ NPs produced by PLAL  

As previously pointed out, Tb3+ ions, with a long lived emission are also interesting 

luminescence activators in bioprobes. The PLAL technique was used to produce NPs of YSZ 

doped with Tb3+ in order to study their luminescent properties. Polycrystalline YSZ:Tb3+ 

pellets were used as targets in the PLAL process. These targets were prepared through the 

pressing and densification of tetragonal YSZ (8 mol.% YO1.5) powders doped with 1 at.% 

Tb3+ produced by SCS at 1350 0C during 3 days in air, to promote densification. The ablation 

was performed in distilled water (Lsol= 15 mm) and under the same laser irradiation 

conditions described above for the Eu3+ case.  

The crystalline structure, morphology and spectroscopic characteristics of the Tb3+ doped 

NPs were analysed by Raman spectroscopy, TEM, PL, PLE TR-PL and lifetimes. The 

luminescence features of the NPs were compared with the ones of the precursor ceramic 

and reference crystals grown by LFZ. 

Structural and morphological characterization  

The Raman spectrum of the PLAL produced Tb3+ doped YSZ NPs is shown in Figure 7.14 a). 

For comparison, the Raman spectrum of the precursor target is also shown in the same 

figure. In accordance with the results of the other NPs produced by PLAL, the tetragonal 

structure of the polycrystalline target is preserved in the generated NPs, as indicated by the 

observed Raman bands assigned to the vibrational modes of the tetragonal zirconia. 

However, a broadening of the low energy emission bands together with a slight shift of the 

high energy band to lower energy indicate an additional distortion of the tetragonal cell, as 

was also observed in other samples produced by SCS.  

Figure 7.14 b) shows the histogram of particle size distribution, constructed based on the 

diameters of more than 1000 particles, manually measured in the ImageJ software, using 

TEM images as the ones depicted in Figure 7.14 c). The spherical produced particles, with an 

average size of 9.6 nm, were found to be crystalline, as evidenced in the HR-TEM images 

displayed in Figure 7.14 c), where well-defined inter-planar distances can be observed.  
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Figure 7.14. a) Raman spectra performed in backscattering geometry with 325 nm excitation 
of the Tb3+ doped NPs and respective target. b) Histogram of particle size distribution. c) TEM 
images of the produced NPs. 

Luminescence characterization  

The RT PL and PLE spectra of the tetragonal YSZ NPs doped with 1 at.% Tb3+ are shown in 

Figure 7.15 a). The RT PL and PLE spectra of the precursor target are also shown in the 

same figure for comparison. The RT luminescence of Tb3+ incorporated in the YSZ NPs under 

277 nm wavelength excitation clearly evidences the fingerprint transitions between the 5D4 

and 7FJ(6-2) multiplets of Tb3+ ions, with a dominant emission peaked at 544 nm, assigned to 

the 5D4⟶7F5 intraconfigurational transition. The spectral position, number of Stark splitted 

components and shape of the emission band are similar to the ones previously studied in 

the tetragonal YSZ crystals doped with Tb3+ (section 5.2.2.2) and to the PL spectrum of the 

tetragonal YSZ precursor target. Such results indicate that the same Tb3+ related optical 
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active centres are responsible for the RT Tb3+ emission in the three types of tetragonal 

samples. PLE spectra of the precursor targets and NPs monitored in the most intense 

emission, peaked at 544 nm, show that the 5D4 level can be populated resonantly via this 

state or by the higher excited states of the intra-4f8 configuration as labelled in the Figure 

7.15 a). As previously discussed for the LFZ grown YSZ:Tb3+ crystals, the emitting level is 

preferential populated via excitation in a high energy broad band, likely to be due to the spin 

allowed interconfigurational 4f8⟶4f7 5d1 transition of the Tb3+ ions or other CT mechanism. 

As observed in the europium doped NPs, a shift of the broad excitation band to higher 

energies is observed in the Tb3+ doped NPs and precursor target (277 nm), relatively to the 

position of the band in the Tb3+ doped YSZ crystal (~300 nm). Tb3+ doped NPs dispersed in 

water shows an intense green emission at RT under UV excitation, as seen in the photo 

displayed in Figure 7.15 b). 

 

Figure 7.15. a) RT PLE spectra, monitored in the 5D4⟶7F5 emission of Tb3+ and RT PL spectra 
under 277 nm excitation of the Tb3+ doped YSZ produced NPs and target. b) Photo of the 
colloidal NPs solution under a UV (254 nm) lamp irradiation. 

PL spectra acquired between 14 K and RT, under 325 nm wavelength excitation, are shown 

in Figure 7.16 a). A decrease in the ions emission intensity is observed between the low and 

high temperature. The integrated intensity of the overall 5D4⟶7FJ transitions as a function of 

temperature is displayed in inset of this figure. As identified, only around 50% of the 

emission intensity observed at 14 K is detected at RT. Comparatively to the emission of the 

tetragonal YSZ:Tb3+ crystal, in which around 40% of the low temperature emission intensity 

was detected at RT, a slight increase on the emission stability with temperature was 



256 

achieved in the doped NPs. The data could not be fitted considering the classical model of 

nonradiative deexcitation expressed in Eq. 4.15, indicating additional mechanisms of 

thermal quenching of the luminescence as seen by the fast quenching for temperatures 

above 200 K. In contrast with the doped YSZ:Tb3+ crystals, in which the presence of different 

Tb3+ optical centres were clearly confirmed by the different intensity ratios between lines 

from the same excited state (5D4) as well as between the unfolded Stark components of the 

same transition, in the doped NPs the same was not observed. In fact, the comparison 

between the normalized RT and 14 K spectra shown in Figure 7.16 b) reveals only a very 

slight variation in the intensity ratio between the different transitions.  

 

Figure 7.16. a) Temperature dependent PL spectra of the Tb3+ doped NPs produced by PLAL, 
with 325 nm laser line excitation. The inset shows the temperature dependence of the 
integrated intensity of overall 5D4⟶7FJ emission. b) Comparison between RT and 14 K 
normalized spectra.  

Additional information about the kinetics of the Tb3+ emitting level was obtained by TR-PL 

spectra, acquired at RT under pulsed 266 nm laser line excitation (interconfigurational 

absorption), and time decay measurements. Figure 7.17 a) shows the RT PL spectra of the 

Tb3+ doped NPs acquired in the temporal range between 0 and 8 ms. An identical 

depopulation behaviour is observed for all the transitions from the 5D4 emitting level. In 

addition, the time decay curve of the emitting 5D4 level, monitored in the 5D4⟶7F5 emission 

is shown in Figure 7.17 b). The curve is well fitted to a single exponential decay with a time 

constant of ~2.4 ms. Comparatively to the tetragonal YSZ:Tb3+ single crystal (and in line 

with the observed for the Eu3+ doped NPs), the emission lifetime of Tb3+ is not significantly 

affected by the size reduction.  
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Figure 7.17. a) RT TR-PL spectra, acquired between 0.5 and 8 ms after 277 nm pulsed 
excitation. Inset shows a comparison between the normalized spectra acquired at 0.05 and 8 
ms after pulse. b) Time decay curve of the emitting 5D4 level, monitored in the 5D4⟶7F5 
emission. 

Summary  

Luminescent tetragonal YSZ NPs doped with Tb3 were produced by laser ablation in water. 

The produced NPs have a spherical shape, with an average particle size around 10 nm and 

their crystallinity was evidenced by well-defined lattice planes seen in TEM. The RT PL 

spectra of the doped NPs, under UV light excitation, reveals the fingerprint transitions 

between the 5D4 and 7FJ(6-2) multiplets of Tb3+ ions. The dominant emission is peaked at 544 

nm, assigned to the 5D4⟶7F5 intraconfigurational transition, and is the responsible for the 

intense green emitted light observed at RT under the used excitation conditions. The intense 

and long lived luminesce of Tb3+ doped NPs dispersed in water are of potential application as 

bioprobes. 

7.2.2.3 Er3+ doped ZrO2 NPs produced by PLAL: effect of erbium concentration 

Zirconia NPs doped with different erbium nominal concentrations, from 1 to 16 at.% were 

produced by PLAL and their structural, morphological and luminescent properties were 

analysed. Laser ablation was performed under irradiation with the Nd: YAG laser (with 

1064 nm wavelength) described before, working at a pulse frequency of 10 Hz and a pulse 

energy of 685 mJ focused in an area of 0.38 cm2 (laser fluence: 1.8 J/cm2). The height of 

water layer above the target was kept constant at 15 mm. The targets used in the ablation 

were ceramic pellets produced by uniaxial pressing and thermal densification (1350 0C by 3 

days) of ZrO2 powders doped with different concentration of Er3+, previously produced by 

SCS. The ceramic targets were taken as reference samples for the measured optical 

properties.  
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For the crystalline phase identification, the targets and NPs were analysed by RT Raman 

spectroscopy, the samples morphology was evaluated by SEM/STEM and EDS analysis was 

performed in the SEM, for chemical elemental identification. The samples luminescence was 

assessed at RT using UV and visible light as excitation, enabling the analysis of the 

downshifted intraionic emission. Moreover, the identification of the preferential ion 

luminescence excitation pathways was assessed by RT PLE.  

Structural and morphological characterization 

Photos of the precursor targets used in the ablation are shown in Figure 7.18 a). The 

incorporation of the Er3+ in the lattice leads to a light pink colouration, becoming darker 

with increasing erbium concentration. The same colouration was also observed in the 

tetragonal crystals doped with Er3+, grown by LFZ. Figure 7.18 b) and c) displays the Raman 

spectra of the ceramic targets and the PLAL produced ZrO2 NPs doped with different 

nominal erbium concentrations. As expected, the number of Raman active modes decreases 

with the rise of dopant content due to increase of the zirconia crystal symmetry with the 

phase transformation from monoclinic to tetragonal and to cubic. As evidenced in the 

Raman spectra shown in Figure 7.18 b), the ceramic target doped with the lower Er3+ 

concentration (1 at.%) crystallized in the monoclinic phase of zirconia. Increasing erbium 

concentration favours the stabilization of the high temperature phases at RT. A mixture of 

monoclinic and tetragonal phases was found for the intermediate contents (2–5 at.% of 

Er3+), and for nominal concentrations of 10 and 16 at.% Er3+ the Raman spectra evidence 

that zirconia doped targets crystallize in tetragonal and cubic phases, respectively. The main 

phases identified in the NPs perfectly matches those of the reference targets for the high 

dopant concentrations, where only the high temperature phases are present. In the case of 

lower dopant concentrations, additionally to the monoclinic phase identified in the targets, 

NPs crystallized in the tetragonal phase were also present. This mismatch in the crystalline 

phases in the targets and NPs can be explained based in the existence of additional 

pathways to stabilize the high temperature metastable zirconia phases in the NPs. As 

already discussed, these phases can be stabilized in pure zirconia by reducing the particle 

size below a critical value [60,61], in line with the results obtained for the pure zirconia NPs 

produced by PLAL. No secondary crystalline phases, such as Er2O3 or other Er based oxides 

were detected, even for the nominal high dopant concentrations, meaning that the PLAL 

process allows an efficient incorporation of the Er3+ in the zirconia lattice. 
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Figure 7.18. a) Photos of the zirconia targets doped with different concentration of Er ions. 
Raman spectra of the targets (b) and PLAL produced NPs(c) by using 325 nm wavelength 
excitation in backscattering geometry. 

The morphology and grain size of the doped zirconia NPs are shown in Figure 7.19 a) –f). 

The STEM images reveal that the PLAL produced ZrO2 NPs have spherical shape with 

reduced dimensions as expected for a very fast process far from equilibrium due to the 

narrow quenching times. However, as can be observed in the STEM images, the formed NPs 

have a large size distribution and a high degree of agglomeration, particularly in the smaller 

ones. This behaviour is a typical characteristic in NPs produced by PLAL [62,63] and is in line 

with what was observed in the previously studied NPs. Concerning the morphology, no 

differences were observed with the increase of dopant amount. The EDS analysis, shown in 

Figure 7.19 f) –h), reveals a uniform distribution of the erbium ions in the produced zirconia 

NPs, meaning that the high pressure and high temperature environment conditions created 

by the laser ablation in water is fast enough to preserve the erbium inside the zirconia 

network. 
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Figure 7.19. (a–e): STEM/SEM images of the NPs with different erbium dopant concentrations. 
(f–h) EDS map of the NPs doped with 16 mol.% Er. 

Luminescence characterization 

Figure 7.20 displays the PL and PLE spectra of ZrO2 targets doped with different 

concentration of Er3+. In all the doped samples, intraionic Er3+ emission is observed meaning 

that independently of the incorporated erbium amount and zirconia crystalline phase, Er3+ 

optically activation is achieved. However, significant differences are observed in the PL and 

PLE spectra of the samples doped with different Er3+ concentrations. In addition and in line 

with the results discussed for the Er3+ doped tetragonal YSZ crystal (section 5.2.2.5), 

substantial differences in the PL spectra were observed under different wavelength 

excitations.  

a) STEM: 2 at. % Er 

 

b) STEM: 5 at. % Er 

 
c) STEM: 10 at. % Er 

 

d) STEM: 16 at. % Er 

 
e) SEM: 16 at. % Er 

 

f) Zr and Er distribution 

 

g) Zr distribution 

 

h) Er distribution 
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Figure 7.20. PLE (left side) and PL (right side) spectra of the erbium doped ZrO2 targets. The 
PLE spectra were monitored at the green (4S3/2⟶4I15/2 Er3+ transition) and blue (broad band at 
474 nm and 2P3/2⟶4I11/2 Er3+ transition) spectral regions. The PL was recorded by pumping 
the samples into the CT excitation band (CT), 4D7/2 and 4G11/2 Er3+ multiplets. 

In order to identify the preferential pathways for the ions luminescence, the PLE spectra 

were monitored in the blue and green spectral regions, in accordance with the previous 

results of the tetragonal YSZ crystals doped with Er3+. The latter corresponds to the 

4S3/2⟶4I15/2 transition of the Er3+ ions. In the case of the blue luminescence, depending on 

the ion content (and thus on the zirconia crystalline phase), the PLE was monitored or at the 

maximum of the intrinsic broad PL band (for lower erbium contents) or on the maximum of 

the 2P3/2⟶4I11/2 Er3+ transition (for samples with higher erbium amounts). The PLE data 

taken from the green 4S3/2⟶4I15/2 transition, with maxima at 561 nm, indicates that the 

population paths of the Er3+ luminescence occur both via a broad violet CT excitation band 

and under resonant excitation conditions via the Er3+ excited multiplets. For samples in the 

monoclinic phase, with lower erbium amounts, the intraionic Er3+ luminescence is 

preferentially populated via the CT band peaked between 270–280 nm. Similarly, the broad 

host-related PL band due to native defects is also excited by broad excitation bands with 

their peak position dependent on the ion content. For higher erbium concentrations, and in 

the studied spectral region, a general trend is observed: the decrease of the intensity of the 

CT excitation band results in changes in the preferential population of the Er3+ ion 
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luminescence. For the high lattice symmetry of the tetragonal and cubic zirconia 

polymorphs, the resonant excitation into the ion excited multiplets dominates the excitation 

pathways of the Er3+ luminescence, in line with the results obtained in the LFZ crystal doped 

with Er3+. The measured PLE spectra also corroborate the increase in the band gap energy of 

the zirconia host with the crystalline phase transformation from monoclinic to tetragonal 

and cubic. 

The samples luminescence obtained with excitation in the UV CT band and resonantly into 

the Er3+, 4G11/2 and 4D7/2 excited multiplets, is depicted in the right side of Figure 7.20. The PL 

response is sensitive either to the excitation energy and erbium content. For a resonant 

excitation into the 4G11/2 multiplet (378 nm) the PL spectra are only constituted by three 

groups of intraionic emission lines: the violet, green and red transitions arising from the 

2H9/2, 2H11/2, 4S3/2 and 4F9/2 excited states to the 4I15/2 ground state, respectively.  On the other 

hand, with excitation into the CT band, the PL spectra of the samples doped with lower 

erbium content (1 and 2 at .% Er) correspond to an overlap of the broad emission band from 

native defects with the sharper intraionic emission lines of Er3+. Additionally, intraionic 

photon re-absorption was identified. The intensity of the broad PL band decreases with 

increasing erbium concentration, as observed for samples doped with higher erbium 

amounts. In these samples (5, 10 and 16 at.% Er3+), resonant excitation in the highest 

energetic Er3+ multiplet peaked at 255 nm (4D7/2) leads to additional emission bands 

comparatively to the ones observed under resonant excitation in the lower energy 4G11/2 

multiplet. The same behaviour was previously observed in the YSZ crystals doped with Er3+, 

also with a tetragonal crystalline structure. These additional emission lines are due to the 

electronic transitions arising from the 2P3/2 and 4G7/2 excited multiplets and are observed in 

the violet (2P3/2⟶4I13/2), blue (2P3/2⟶4I11/2), green (2P3/2⟶4I9/2) and red (2G7/2⟶4I9/2; 

2P3/2⟶4F9/2) spectral regions.  

The downshifted luminescence intensity of the Er3+ incorporated in ZrO2 target and NPs was 

found to be dependent on the ion amount and consequently on the crystalline phase nature, 

in line with the one observed in the SCS powders with the same compositions and 

crystalline phases. For lower erbium concentrations, where the monoclinic zirconia phase 

dominates, the radiative recombination in the visible range mainly occurs between the 4S3/2 

level and the ground state, resulting in a green visual appearance in the reference targets 

and NPs, as shown in PL the spectra in Figure 7.21 a) and b), respectively. The change in the 

crystalline phase due to higher erbium concentration is accompanied by a relative increase 

of the red light due to the 4F9/2⟶4I15/2 transition. Since the number of the observed Stark 

levels is known to be dependent on the ion site location symmetry it should be emphasized 
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that a reduction of the number of lines for the 4S3/2⟶4I15/2 and 4F9/2⟶4I15/2 transitions is 

identified consistently with the higher symmetry of the host by changing the crystal phase 

from monoclinic to cubic with increasing dopant amount, as can be observed Figure 7.21 c) 

and d). As one can see in Figure 7.21 e), the intensity ratio between the red and green 

emission strongly increases with Er3+ dopant concentration from 1 to 16 at.%, which results 

in a tuning of the downshifted emission colour from green to red. 

 

Figure 7.21. PL spectra of the targets (a) and PLAL produced NPs (b) obtained with resonant 
excitation into the 4G11/2 level. Closer view of the Stark splitting of the green (c) and red (d) 
emission of the Er3+ doped targets. e) Ratio between the integrated red and green emission 
intensities of targets and NPs with increase in Er3+ concentration. 

A likely explanation to the increase of the intensity ratio between the red and green 

emission is related with the promotion of ion–ion interactions favoured for higher dopant 

concentrations, potentiating energy transfer processes among the interacting defects [64–69]. 

Particularly, nonradiative energy transfer processes, such as resonant phonon assisted 

transfer and cross-relaxation mechanisms among the nearby ions are commonly observed 

in lanthanide doped wide band gap hosts leading, in some cases, to self-luminescence 

quenching when the interaction occurs among ions from the same chemical specie [64,66–69]. 
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For instance, the depletion of 2H11/2,4S3/2 states to the 4F9/2 level by multiphonon deexcitation 

and cross-relaxation processes such those involving the population of the 4I13/2 and 4I11/2 

long lived intermediate levels which in turn repopulates the 4F9/2 by energy transfer 

encompassing ground state absorption (GSA) from a near neighbouring ion, justifies the 

decrease in the intensity of the green light [64,66–69].  

Summary  

Luminescent zirconia NPs doped with erbium ions, with tuneable downshifted emission 

colour (from green to red), depending on dopant concentration, were produced in water by 

PLAL. Different polymorphs (monoclinic to tetragonal to cubic crystalline phases) of ZrO2 

were promoted increasing the amount of Er3+. No other crystalline oxides were found even 

for high nominal erbium contents proving that a uniform incorporation of the Er3+ ions into 

the ZrO2 lattice was achieved, as observed by elemental EDS analysis. ZrO2:Er3+ NPs have a 

spherical shape and particle sizes up to 200 nm. No differences in NPs morphology were 

observed with the change in the crystalline structure of the zirconia as a result of erbium 

incorporation. The studies of the downshifted Er3+ luminescence showed that the dominant 

visible emission of the Er3+ ions in zirconia NPs occurs in the green and red regions due to 

transitions from the 4S3/2 and 4F9/2 multiplets to the 4I15/2 ground state, respectively. The 

number of the Stark levels in the green transition was found to decrease with increasing 

erbium amount as expected for ions placed in high symmetry sites following the crystalline 

host phase transformation. Additionally, the green to red luminescence intensity ratio was 

found to be dependent of the erbium amount, accompanying the increase in the lattice 

symmetry. The suppression of the green transition for higher concentrations was discussed 

based on nonradiative competitive mechanisms such as cross-relaxation processes between 

near neighbouring ions as expected for higher dopant contents. 

7.2.2.4 Er3+ doped and Er3+, Yb3+ co-doped YSZ NPs produced by PLAL  

In addition to the ZrO2 NPs doped with different erbium concentration, 1 at.% Er doped and 

1 at.% Er and 1 at.% Yb co-doped YSZ NPs were also produced PLAL in order to investigate 

their luminescent properties. The NPs were produced by laser ablation in water of a ceramic 

target, prepared by uniaxial pressing and densification (1350 0C for 3 days) from powders 

prepared by SCS method. The targets were irradiated with a laser fluence of 1.8 J/cm2 and 

with a pulse frequency of 10 Hz. The height of water above the target was 15 mm and the 

liquid was continuously stirring during the ablation to allow the produced NPs to spread 

uniformly in the liquid medium.  
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As before, the spectroscopic properties of the produced NPs were compared with the 

properties of single crystals grown by LFZ by measuring RT Raman spectra, PL, PLE and 

lifetimes. The samples morphology and particles size were evaluated by TEM. 

Structural and morphological characterization 

Figure 7.22 shows the RT Raman spectra performed with 325 nm laser line excitation of the 

doped and co-doped NPs and respective precursor targets. The observed vibrational modes, 

corresponding to the tetragonal crystalline phase of the zirconia, reveal that PLAL produce 

NPs preserved the same crystalline structure of the precursor target and no additional 

crystalline phases were detected, indicating a successful incorporation of the dopant ions 

into the YSZ lattice. 

The morphology, average particle size and size distribution of the NPs were studied by TEM. 

As can be observed by the TEM images in Figure 7.23 a)-f) the PLAL process leads to the 

formation of particles with spherical morphology. High resolution TEM images of single 

crystalline particles, presented in the same figure, confirm the crystallinity of the particles. 

No significant differences were observed in the NPs morphology for the different 

compositions, meaning that the NPs morphology is not affect by the type of dopant ions. 

 

Figure 7.22. Raman spectra of the precursor targets and NPs doped with 1 at.% Er3+ (left side) 
and co-doped with 1 at.% of Er3+ and 1 at.% Yb3+(right side). The spectra were acquired at RT 
in a backscattering configuration, with 325 nm laser line excitation. 
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Figure 7.23. TEM images of the YSZ:Er3+ (a-d) and of the YSZ:Er3+,Yb3+ NPs produced by PLAL, 
and respective histograms of particles size distribution (g and h). 

Statistical information on the NPs average size and size distribution was obtained through 

the analysis of the TEM images in ImageJ software. For this analysis, the diameters of more 

than 500 particles were measured for each sample. Figure 7.23 g) and h) show the 

histogram of the particle size distribution and the respective cumulative probability for the 

YSZ:Er3+ and YSZ:Er3+,Yb3+ NPs, respectively. Most of produced NPs have diameters ranging 

from 2 and 30 nm. Particles with bigger diameters (near 100 nm) are also observed, 

however the number of these bigger NPs is comparatively lower. As can be observed by the 

curve of cumulative probability, in Figure 7.23 g) and h), ~99 % of the analysed NPs have a 

diameter below 30 nm in both samples. The calculated average particles diameters was 9.7 

and 8.5 nm for the YSZ:Er3+ and YSZ:Er3+,Yb3+ NPs, respectively.  

Luminescence characterization 

Figure 7.24 shows the RT PL spectra of the Er3+ doped and Er3+, Yb 3+ co-doped NPs under 

UV excitation (325 nm). For comparison the PL spectra of the precursor targets are shown 

in the same figure. In accordance with the luminescence of the tetragonal YSZ crystals 
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studied in the section 5.2.2.5, doped with the same amount of activator and sensitizer ions, 

and of the ZrO2 NPs doped with low Er3+ concentrations, studied above, the visible emission 

spectra of the produced NPs are dominated by emission bands in the green spectral region, 

due to the 2H11/2⟶4I11/2 and 4S3/2⟶4I15/2 transitions. Under the used excitation conditions, in 

addition to the dominant green emission, emission bands in the red spectral region, due to 

the 4F9/2⟶4I15/2 transition are also observed. The peak positions and spectral shape of the 

emission band are very similar in both doped and co-doped NPs. Additionally, they are also 

similar to the ones observed in the tetragonal YSZ crystals and targets with the same 

composition. Such results show that optically activated Er3+ were successfully incorporated 

in the tetragonal YSZ host of the NPs during the ablation in water.  

RT PLE spectra monitored in the green emission of Er3+, with maxima at 562 nm are shown 

in Figure 7.25 a) and b) for the doped and co-doped samples, respectively. Like it was 

previously observed in the Er3+ doped crystals, the ion luminescence was found to be 

excited via several Er3+ excited states as labelled in the figure. It should be noticed that in 

the shorter wavelength region a distinct behaviour was observed in the PLE of the doped 

and co-doped NPs (and in the precursor targets), comparatively to the doped and co-doped 

crystals studied before. Despite the fact that in the crystal well-defined intraconfigurational 

excitation lines to the higher-lying Er3+ multiplet, 4D7/2, were identified up to ~255 nm 

(~4.86 eV; ~39217 cm-1), in the case of the NPs (and respective targets), a broad UV CT 

excitation band was found, overlapped with the intraionic transitions 4I15/2⟶4D7/2, 2H9/2, 

4G5/2, 2P1/2, 2K13/2, 2P3/2 of Er3+, indicating an additional excitation pathway to the ion 

luminescence. Similar PLE spectra were observed in the tetragonal ZrO2 target doped with 5 

at.% Er.  
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Figure 7.24. RT PL spectra of the YSZ:Er3+ and YSZ: Er3,Yb3+ NPs produced by PLAL and 
respective targets, under 325 nm wavelength excitation. 

RT PL spectra of the studied NPs and targets obtained by excitation in the high energy 4D7/2 

multiplet of Er3+, peaked at 255 nm and overlapped with the CT band, and in the 4G11/2 

multiplet (376 nm) are shown in Figure 7.25 a) and b), for the doped and co-doped samples, 

respectively. Under excitation in the 4G11/2 multiplet, emission bands in the green 

(2H11/2⟶4I15/2 and 4S3/2⟶4I15/2), red (4F9/2⟶4I15/2) and NIR (2H11/2⟶4I13/2, 4I9/2⟶4I11/2 and 

4S3/2⟶4I13/2) spectral regions were observed. As observed with 325 nm excitation, the most 

intense emission occurs in the green spectral region due to the 4S3/2⟶4I15/2. In a similar way 

to what was found for the tetragonal YSZ:Er3+ and YSZ:Er3+,Yb3+ crystals, under excitation in 

the 4D7/2 multiplet, additional violet, blue and red transitions arising from the 2P3/2 and 2G7/2, 

multiplets were identified. However, in contrast to the luminescence of tetragonal crystals, 

in which a strong suppression of the green and red emissions was observed, in the case of 

the NPs and targets, the same suppression was not observed. This behaviour could be 

related with the existence of multiple excitation paths found for the green and red bands. As 

aforementioned, in this case the emission is simultaneously excited via the CT broad band 

and resonantly into the absorption of the high energetic multiplets of the Er3+ ions. The 

unsuppressed green and red lines suggest that the CT band has an important role in the 

feeding of the 4S3/2 and 4F9/2 excited states from where the green and red band originates, in 

the NPs and targets. No significant differences were observed in the downshifted 

luminescence of doped and co-doped NPs. 
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Figure 7.25. RT PL, under resonant excitation in the 4G11/2 and 4D7/2 multiplets, and PLE 
monitored in the green (562 nm) and blue (475 nm) emission, of the Er3+ doped (a) and 
Er3+,Yb3+ co-doped (b) NPs and respective targets. 
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Summary  

Er3+ doped and Er3+, Yb3+ co-doped tetragonal YSZ NPs were successful produced by PLAL. 

The produced NPs crystallized in the tetragonal zirconia phase. Beside some particles with 

diameters up to ~100 nm, it was found that ~99 % of the analysed spherical NPs have a 

diameter below 30 nm in both doped and co-doped samples. The RT visible downshifted 

luminescence of the produced NPs evidence the fingerprints of the electronic transitions of 

Er3+ ions, confirming the successful incorporation and optical activation of the dopant into 

the YSZ lattice of the as-produced NPs. Resonant excitation in the Er3+ 4G11/2 (376 nm) and 

4D7/2 (255 nm) multiplets lead to a distinct visible emissions, in line with what was 

previously observed for the other studied samples doped with Er3+. Under excitation in the 

4G11/2 multiplet the emission bands in the green, red and NIR, were observed, with a 

dominant green emission with maxima at 561 nm. Additional emission bands in the violet, 

blue and NIR spectral regions from the 2P3/2 and 2G7/2, multiplets were identified under 

resonant excitation in the 4D7/2 multiplet. In contrast with the Er3+ doped crystals, the 

intensity of the green and red emission of the NPs is not suppressed with the used excitation 

condition. Besides their downshifted luminescence Er3+ can show interesting upconversion 

luminescence, as will be explored in the next chapter. 

7.2.2.5 Tm3+, Yb3+ co-doped YSZ NPs produced by PLAL  

The production of Tm3+, Yb3+ co-doped YSZ (YSZ:Tm3+,Yb3+) NPs by PLAL was explored. The 

target used in the ablation was produced by uniaxial pressing and densification (T= 1350 °C, 

3 days) of the 0.3 at.% Tm and 1 at.% Yb co-doped YSZ (8 mol.% YO1.5) powders produced 

by SCS. The ablation was performed in distilled water under irradiation with the 1064 nm 

wavelength pulsed Nd: YAG laser, in the same conditions described for the previously doped 

NPs. The crystalline phases of the produced samples were investigated at RT by Raman 

spectroscopy, performed in backscattering geometry with a 325 nm laser line excitation, 

while the morphology and NP size distribution were evaluated by TEM. Preliminary studies 

of the downshifted luminescence were performed by steady state PL and PLE. 

Structural and morphological characterization  

Figure 7.26 a) shows the Raman spectra of the Tm3+, Yb3+ co-doped YSZ NPs and of the 

precursor target. Five bands centred at∼264, ∼323, ∼467, ∼612 and ∼643 cm−1 were 

identified in the studied spectral region for the co-doped NPs and target, corresponding to 

the already discussed tetragonal crystalline phase, indicating that the tetragonal structure of 

the precursor targets was preserved in the Tm3+, Yb3+ co-doped NPs produced by PLAL.  
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The morphology of the NPs was analysed by TEM and HRTEM. Based on TEM images, the 

diameter of more than 1000 particles were measured, using ImageJ software, for statistical 

data analysis. The histogram of particle size distribution and respective cumulative 

probability is shown in Figure 7.26 b), while representative TEM images are shown in 

Figure 7.26 c)-e). As before, the PLAL produced NPs show a spherical shape and are 

crystalline, as confirmed by the HR-TEM image shown in Figure 7.26 e), were the 

crystallographic planes of a single crystal particle with diameter around 12 nm, are clearly 

observed. The produced NPs have an average particle size of 8.4 nm and 98% of the NPs 

have diameters lower than 23 nm. 

 

Figure 7.26. a) Raman spectra, under 325 nm excitation, of the YSZ:Tm3+,Yb3+ NPs and of the 
precursor target. Histogram of particle size distribution and TEM images of the YSZ:Tm3+,Yb3+ 
NPs produced by PLAL. 

Luminescence characterization  

PL and PLE of the YSZ:Tm3+,Yb3+ NPs under excitation into the Tm3+ excited multiplets are 

shown in Figure 7.27. RT PL and PLE spectra of the precursor target and of the tetragonal 

YSZ:Tm3+,Yb3+ crystal grown by LFZ (section 5.2.2.4) are displayed in the same figure for 

comparison. Under resonant excitation into the 1D2 and 1G4 multiplets (358.5 and 460.5 nm, 
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respectively) the emission spectra of the co-doped NPs produced by PLAL exhibit the same 

intraionic features as the reference co-doped crystals and of the precursor target.  

 

Figure 7.27. RT PL and PLE spectra of the YSZ:Tm3+,Yb3+ NPs under resonant excitation into 
the Tm3+ excited multiplets. For comparison, the RT spectra of the precursor target and of the 
tetragonal YSZ:Tm3+,Yb3+ crystal grown by LFZ are shown. 

With resonant excitation in the 1D2 multiplet, a dominant emission in the blue spectral 

region was observed, which is due to the 1D2⟶3F4 electronic transition of Tm3+. Additional 

lines in the red and NIR spectral regions were observed and assigned to the, 1G4⟶3F4, and 

1G4⟶3H5 and 3H4⟶3H6 transitions of Tm3+, respectively. On the other hand, resonant 

excitation in the 1G4 multiplet lead to a dominant red emission in the visible spectral region 

and a relative increase in the intensity of the NIR emission from the 3H4⟶3H6 transition, in 

line with the discussed in the YSZ:Tm3+,Yb3+ crystals. However, for the excitation at shorter 

wavelengths, besides the intraionic luminescence observed in the crystal, native defects 

luminescence, peaked in the blue (∼465 nm) and orange (∼570 nm) regions were observed 

for the PLAL NPs and targets, respectively. These results show that the luminescent native 

defects of the host are strongly dependent, not only on the crystalline zirconia phases, but 

also on the synthesis conditions. For the NPs, the RT PLE monitored at 459 nm, in the blue 

region, assesses both the preferential pathways to populate the ion emission as well as the 

host defect luminescence. At shorter wavelengths, in the spectral region where the 

3H6⟶3P2,1,0, 1I6 absorption transitions occurs, the identified broad excitation band is likely to 
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be responsible for the population of the intrinsic defect luminescence. Taking into account 

the interesting upconversion luminescence properties of Tm3+ for bioapplications, further 

studies of visible luminescence of these co-doped NPs, under NIR excitation will be 

discussed in the following chapter.  

7.3 Conclusions  

Pulsed laser ablation in water was explored in the preparation of zirconia based NPs under 

irradiation of solid targets with a nanosecond pulsed Nd:YAG laser, with 1064 nm 

wavelength. The study of the processing parameters, such as laser fluence, pulse frequency 

and height of water layer above the target surface, revealed that, for the range of studied 

parameters, an appropriated balance between laser power and height of water layer must 

be achieved in order to avoid the production of big particles by fragmentation and to 

improve the yield of the process. The height water layer was found to have a strong 

influence in the process, as it can strongly attenuate the power of the laser beam that 

reaches the target. Under experimental conditions in which fragmentation is avoided, the 

change of the different experimental parameters do not reveals any significant impact in the 

characteristics of the produced NPs. In general, the NPs produced by PLAL exhibit spherical 

shape, evidence a high crystallinity and have an average particle size in the order of 10 nm. 

The incorporation and optical activation of different Ln ions, such as Eu3+, Tb3+, Tm3+ and 

Er3+ in the zirconia and YSZ lattices, was successfully achieved during the synthesis of the 

NPs by PLAL. In particular, the intense green and orange/red long lived luminescence at RT 

of the YSZ NPs doped with Tb3+ and Eu3+ dispersed in water is of upmost interest for 

TR-FRET assays. On the other hand, the downshifted luminescence of the NPs doped with 

Er3+ and Tm3+ are not so important for such assays, yet the knowledge of their properties is 

of upmost interest for further studies. As it will explored in the next chapter, the NPs doped 

with these ions can show interesting visible and/or NIR upconversion luminescence that are 

also of special importance for bioapplications. 
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Chapter 8.  

Upconversion phosphors 

 
This chapter is focused in the upconversion luminescence of the Ln 
ions. In the first part of this section, fundaments and mechanisms 
behind the upconversion luminescence are revised. After, the 
upconversion luminescence of bulk crystal, nanocrystalline 
powders and nanoparticles are detailed and explored 
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In addition to the Stokes emission, such as the downshifted luminescence explored in the 

previous chapters, in which photons with lower energy than the excitation energy are 

emitted, anti-Stokes emission, involving the emission of photons with higher energy then 

the absorbed ones, can occurs. Basically, anti-Stokes emission can arise via three different 

mechanisms: simultaneous two photon absorption (STPA), second harmonic generation 

(SHG) and upconversion (UC) [1]. Within these processes, UC is the most efficient and does 

not require coherent (as in the SHG) or high excitation power.  

Upconversion is a nonlinear optical process that involves the sequential absorption of two 

or more low energy photons, via long lived intermediate energy states, with a subsequent 

emission of radiation with high energy. The most efficient mechanisms of upconversion 

occur in solid state materials doped with lanthanide ions such as Er3+, Tm3+ and Ho3+ [1,2]. As 

already pointed out, these ions have a ladder-like free-ion energy level scheme with similar 

gaps between the fundamental and intermediate states and from the latter to high energy 

excited multiplets. Hence, and considering the long lifetime of the intermediate excited 

states, it is possible for an already excited ion to absorb a second photon, thus reaching a 

high energy level from which the radiative deexcitation results in UV, visible emission 

and/or NIR emission, using low energy photons as excitation (usually NIR). However, since 

the intra-4f transitions of trivalent Ln ions are parity forbidden by the Laporte rule, the low 

absorption probability of light is a limitation when these ions are used to produce efficient 

UC phosphors. Nevertheless, the upconverted light from these ions can be strongly 

improved through the co-doping with appropriated sensitizer ions with high cross section 

absorption of the excitation radiation which in turn efficiently transfer the absorbed energy 

to the activators. The most frequently used sensitizer ion for the UC luminescence purposes 

involving Er3+, Tm3+ or Ho3+ as activators, is the trivalent Yb ion [1]. In addition to the high 

absorption cross section in the NIR, the energy of the excited level of Yb3+, near 980 nm 

allows the excitation of ytterbium doped materials by using commercial available laser 

diodes [1].  

Since the discovery of UC phenomena in the 1960s in an independent way by Auzel [3] and 

Ovsyankin, and Feofilov [4], a strong and increasing research has been dedicated to the study 

of the UC mechanisms for a high number of UC luminescent materials. Nowadays, the most 

promising UC materials are those based on Ln3+ doped fluorides, including cubic NaYF4: Er, 

Yb [1,5,6], for which the highest value of UC quantum efficiency was reported. The low phonon 

energies of fluoride lattices reduces the probability of phonon assisted nonradiative 

transitions that, associated with the longer lifetimes of the intermediated Ln3+ electronic 

excited states, yields to very efficient upconversion processes. Even so, and as stated in 
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Chapter 2, fluoride materials have limited chemical and thermal stability that can hamper 

their practical applications [7]. Moreover, the complex and expensive processes used in the 

synthesis of these materials associated with the toxicity of some of its precursors are also 

limitative. In other hand, wide band gap metal oxide hosts, including Y2O3 [8–10], Y3Al5O12 
[11], 

Lu2O3 [12], Lu3Ga5O12 [13,14] and ZrO2 [15–18], despite less efficient than fluoride materials, can 

have high chemical, thermal and photo stability and can be produced by simple and low cost 

routes, being also interesting hosts for exploring UC phenomena.  

Nowadays, UC luminescent materials can found application in compact solid state lasers, 

infrared quantum counters and temperature sensors [1]. In addition, these materials show a 

high potential for other important technological applications including displays, energy 

conversion in photovoltaics and bioapplications, including bioimaging, drug delivery, 

biosensors and photodynamic therapy [19]. An intensive worldwide research in UC materials 

for bioapplications emerged in the last decades stimulated by the developments in 

nanoscience and nanotechnology that pave the way to the production of upconversion NPs. 

As discussed in Chapter 2, the use of UC luminescent nanoprobes that can be excited under 

NIR light is advantageous as it reduces the autofluorescence background from the biological 

tissues and photo-damage [20–22]. 

8.1 Mechanisms of upconversion luminescence  

UC luminescence is a complex process that can be mediated by distinct mechanisms, such as 

excited state absorption (ESA), energy transfer upconversion (ETU), cooperative 

sensitization upconversion (CSU), cross-relaxation (CR), energy migration mediated UC 

(EMU) and photon avalanche (PA), as well-documented in the specialized literature [1,21,23–25] 

and schematically illustrated in Figure 8.1. The UC luminescence efficiency of a given 

lanthanide doped material will be dependent on the energy transfer processes involved in 

the ion luminescence [25]. For the materials studied in this work, ESA, ETU and CR are the 

most important ones and will be discussed below.  

Excited state absorption (ESA) is the UC process in which two or more excitation photons 

are sequentially absorbed by the same ion with an energy level scheme of at least three 

electronic states. As shown in Figure 8.1 a), in this mechanism an electron of the activator 

ion is promoted from their ground state to an intermediated excited state by the absorption 

of an excitation photon (ground state absorption, GSA). Due to the long-lived nature of the 

intermediate energy level, a second photon can be absorbed before deexcitation, leading the 
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electron in a higher excited energy state. From this level the electron can relax radiatively 

with the emission of light with higher energy than the excitation photons. In order to ESA 

occur a resonant excitation in both intermediate state and higher excited state is needed. 

With monochromatic excitation, this means that the energy difference between the ground 

and intermediate states and from the latter to the higher energy level should be the equal 

[1,21,25]. This process is favoured by a high pump power density and a large ion absorption 

cross section and usually occurs in materials doped with lower activator concentration, as 

for high activator concentrations processes as CR could be dominant [25]. Other important UC 

process that also consists in the sequential absorption of two photons is the one involving 

the participation of two different ions, a sensitizer and an activator assisted by ETU. As 

illustrated in Figure 8.1 b), the excitation energy is mainly absorbed by the sensitizer ion, 

which has higher cross section absorption and the absorbed energy is subsequently 

transferred nonradiatively to the activator ion. ETU process is favoured in Ln ions with 

multiple excited states and comparatively to the ESA mechanism, ETU is more efficient [25]. 

Moreover, the efficiency of the ETU process is strongly influenced by the dopant 

concentration as it determines the distance between the neighbouring ions that can be of 

the same or different species [1]. The occurrence of CR is also strongly dependent on dopant 

concentration. As illustrated in Figure 8.1 f), this process occurs by the ion-ion interaction, 

in which an ion A transfer part of its absorbed energy to an ion B by a process described 

according to: E2 (ion A) + G (ion B)⟶E1(ion A) + E1 (ion B). In some cases the process can 

occur with ion 2 in an excited state. For ions A and B of the same specie the occurrence of CR 

results in a concentration quenching mechanisms for the luminescence originated from the 

high excited states. However it could be useful for achieve upconversion colour tuning 

materials. 
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Figure 8.1. Schematic representation of different UC processes: a) excited state absorption 
(ESA), b) energy transfer upconversion (ETU), c) photon avalanche (PA), d) cooperative 
sensitization upconversion (CSU), e) energy migration mediated upconversion (EMU) and f) 
cross-relaxation (CR) (adapted from [1,25]). 

The excitation mechanisms for the UC luminescence that usually occurs in systems with 

several metastable excited states are very complex. Besides the different excitation (GSA, 

ESA and/or ETU) and depletion (radiative or multiphonon relaxation) mechanisms, 

additional processes including CR and other energy transfer mechanisms can occur in such 

complex systems which influence in a nonlinear way the excitation and relaxation of the 

excited states [26]. The dominant excitation and depletion mechanisms involved in the UC 

luminescence of an emitting system are frequently investigated by the analysis of the 

dependence of the pump power, Pexc, in the UC luminescence intensity, Iems. It is frequently 

assumed that 𝐼𝑒𝑚𝑠 ∝ 𝑃𝑒𝑥𝑐
𝑛, in which n is the order of the UC process, i.e. the number of 

excitation photons needed to populate an emitting level, and can be obtained by the slope 

value of the double logarithmic representation of the Iems versus Pexc. Considering the 

example of the activator ion with three energy levels shown in Figure 8.1 a), two excitation 

photons are need to populate the higher excited state and a slope value of two is expected. 

However, experimental values of slopes lower than the number of photons needed to 

populate a certain emitting level are frequently reported in literature [26]. Pollnau et al. [26] 

developed a simple theoretical model that explains the dependence of the absorbed pump 

power in the UC luminescence intensity. This model, obtained from the solution of simple 

rate equations, allows to distinguish between different excitation and decay mechanisms 
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involved in the UC luminescence, by the analysis of the measured experimental slopes [26]. In 

such model, it is considered that the decrease in the experimental slope with the pump 

power is determined by the competition between the linear decay and UC processes (ETU/ 

ESA) involved in the depletion of the intervenient intermediate states. As such, important 

information about the dominant excitation mechanisms involved in the UC induced 

luminescence can be extracted from the experimental slope values. This model was used in 

this thesis to explain the experimental slope values and to analyse the mechanism involved 

in the UC luminescence. Following, a brief explanation of the used model will be given where 

a simplest UC system (i.e. one constituted by a three energy levels ion) is considered as 

displayed in Figure 8.2.  

 

Figure 8.2. Simple three-level upconversion scheme. Solid and dashed arrows indicate the 
radiative and nonradiative population and depopulation mechanisms for each level, 
respectively. The dependence of the population density N1 on pump power for the 
corresponding depletion pathways, and the dependence of N2 on N1 are indicated for the 
different cases of ETU and ESA [26]. 

According with the model proposed by Pollnau et al. the rate equations for the excited state 

population density Ni, of each excited energy level i= 1,   n=2, depends on the dominant 

mechanisms involved in the UC luminescence [26]. For simplification, in this model it is 

assumed that: the ground state population density is constant (𝑁0 ≈ 𝑐𝑜𝑛𝑠𝑡.); the system is 

excited continuously by GSA; both ETU and ESA occurs between subsequent excited states; 

and an excited state i decay with a rate constant 𝐴𝑖 = 𝜏𝑖
−1 (τi is the lifetime) either to the 

next lower lying state, with a predominant occurrence of multiphonon relaxation 

(branching ratio βi= 1) or directly to the ground state, by predominant radiative processes 

(branching ratio βi= 0). Moreover, it is also assumed that for small absorptions, the pump 

rate (Ri) at the transition from a state i, is independent of the absorption at transitions from 
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other states and that the pump rate is given by Eq. 8.1, where 𝜆𝑝is the pump wavelength, 𝑤𝑝 

the pump radius, ℎ the Planck’s constant, 𝑐 the vacuum speed of light, 𝑙 the sample 

absorption length, 𝑃 the incident pump power, 𝛼 the absorption coefficient at the pump 

wavelength for a system with n excited levels, 𝜎𝑖 and 𝑁𝑖  the absorption cross section and the 

population density of a state i and 𝜌𝑝 the pump constant given by Eq. 8.2 [26].  

𝑅𝑖 =  
𝜆𝑝

ℎ𝑐𝑙𝜋𝑤𝑝
2

𝑃{1 − 𝑒[−𝑙𝛼]}
𝜎𝑖𝑁𝑖

𝛼
≈

𝜆𝑝

ℎ𝑐𝜋𝑤𝑝
2

𝑃𝜎𝑖𝑁𝑖 =  𝜌𝑝𝜎𝑖𝑁𝑖                             𝐸𝑞. 8.1 

𝜌𝑝 =  
𝜆𝑝

ℎ𝑐𝜋𝑤𝑝
2

𝑃                                                                 𝐸𝑞. 8.2 

Taking into account these simplifications, and considering the simplest UC system 

represented in Figure 8.2, for upconversion steps achieved by ETU, with a parameter W1, the 

rate equation for the excited state population density are given by Eq. 8.3 and Eq. 8.4. 

𝑑𝑁1

𝑑𝑡
= 𝜌𝑝𝜎0𝑁0 − 2𝑊1𝑁1𝑁1 − 𝐴1𝑁1                                              𝐸𝑞. 8.3 

𝑑𝑁2

𝑑𝑡
= 𝑊1𝑁1𝑁1 − 𝐴2𝑁2                                                          𝐸𝑞. 8.4 

As such, in steady state excitation conditions, the relations in Eq. 8.5 and Eq.8.6 are 

achieved.  

 𝑊1𝑁1𝑁1 = 𝐴2𝑁2                                                       𝐸𝑞. 8.5 

𝜌𝑝𝜎0𝑁0 = 2𝑊1𝑁1𝑁1 + 𝐴1𝑁1                                              𝐸𝑞. 8.6 

Form Eq. 8.5, one can see that 

𝑁2 ∝ 𝑁1
2                                                              𝐸𝑞. 8.7 

Assuming that the dominant mechanism for the depletion of the level 1 in Figure 8.2 is the 

linear decay (illustrated by the LUM1) in such way that the upconversion mechanism can be 

neglected (i.e. the term 2𝑊1𝑁1𝑁1 in the Eq. 8.6 can be ignored), then, by Eq. 8.6 and 8.2, one 

can see that 𝑁1 ∝ 𝑃 and consequently (by Eq. 8.7) 𝑁2 ∝ 𝑁1
2 ∝ 𝑃2. On the other hand, if the 

depletion of the level 1 occurs predominantly by ETU mechanisms, i.e. the term of linear 

decay in Eq. 8.6 can be neglected, then 𝑁1 ∝ 𝑃1/2 and consequently 𝑁2 ∝ 𝑁1
2 ∝ 𝑃. These two 

situations are limit conditions, the first one for dominant depletion by linear decay and the 

second one for dominant ETU processes. However, for pump powers between these two 
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limit conditions, a competition between the linear decay and ETU processes occurs and the 

experimental slopes for the UC luminescence are between these two limits [26].  

If instead of ETU, the UC mechanism occurs by ESA, then the rate equations for this simplest 

case are given by Eq. 8.8 and Eq. 8.9.  

𝑑𝑁1

𝑑𝑡
= 𝜌𝑝𝜎0𝑁0 − 𝜌𝑝𝜎1𝑁1 − 𝐴1𝑁1                                              𝐸𝑞. 8.8 

𝑑𝑁2

𝑑𝑡
= 𝜌𝑝𝜎1𝑁1 − 𝐴2𝑁2                                                          𝐸𝑞. 8.9 

Once again, considering steady state excitation conditions, by Eq. 8.9 and Eq. 8.2, one can see 

that 

𝑁2 ∝ 𝑁1𝑃.                                                                𝐸𝑞. 8.10 

Assuming a limit condition in which the depletion of the level 1 occurs only by linear decay, 

then 𝑁1 ∝ 𝑃 and consequently 𝑁2 ∝ 𝑁1𝑃 ∝ 𝑃2. On the other hand, if the depletion of the 

level 1 occurs dominantly by ESA then 𝑁1 is independent of P and consequently 𝑁2 ∝ 𝑁1𝑃 ∝

𝑃 [26]. 

The obtained dependences for these limit conditions in the studied simplest UC system 

revealed that, in a general way, an intensity versus power dependence of Pn occurs for the 

cases in which upconversion rates are negligible, while for considerable rates of 

upconversion this dependence is less then Pn. In fact, in a situation in which upconversion 

mechanisms dominate over linear decay in the depletion of the intermediate state, the slope 

of the luminescence from the upper emitting level is almost linear [26]. These limit conditions 

are indicated in the Figure 8.2 for the different predominant processes.  

Pollnau et. al. applied the same model to more complex UC systems with n excited states [26]. 

The generalized steady state rate equations for the excited state population density, for a 

situation in which the UC is achieved only by ETU are shown in Eq. 8.11 (for small 

upconversion and βi=0 or βi=1) and in Eq. 8.12 and Eq. 8.13 for large upconversion and for 

βi=1 and βi=0, respectively.  

𝑁𝑖 = 𝐴1
−1  ∏ [𝑊𝑗−1𝐴𝑗

−1]

𝑗=2,…,𝑖

(𝜌𝑝𝜎0𝑁0)
𝑖
,   𝑖 = 1, … , 𝑛.                                 𝐸𝑞. 8.11 

𝑁𝑖 = ∏ [𝑊𝑗−1𝐴𝑗
−1]

𝑗=2,…,𝑖

∏ [𝐴𝑘
𝑖/𝑛

]

𝑘=2,…,𝑛−1

∏ [𝑊𝑙
−𝑖/𝑛

]

𝑙=1,…,𝑛−1

(𝜌𝑝𝜎0𝑁0)
𝑖/𝑛

,   𝑖 = 1, … , 𝑛     𝐸𝑞. 8.12 
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𝑁𝑖 = 0.5 𝑊1
0.5 𝑊𝑖

−1 (𝜌𝑝𝜎0𝑁0)
0.5

,   𝑖 = 1, … , 𝑛 − 1                                𝐸𝑞. 8.13 

𝑎𝑛𝑑 𝑁𝑛 = 0.25 𝐴𝑛
−1𝜌𝑝𝜎0𝑁0  

On the other hand, the generalized steady state rate equations for the excited state 

population density, for a situation in which the UC is achieved only by ESA are shown in Eq. 

8.14 (for small upconversion and βi=0 or βi=1 and for large upconversion and βi=1) and in 

Eq. 8.15 for large upconversion and βi=0. 

𝑁𝑖 = ∏ [𝐴𝑗
−1]𝜌𝑝

𝑖

𝑗=1,…,𝑖

∏ [𝜎𝑗−1]

𝑗=1,…,𝑖

𝑁0,   𝑖 = 1, … , 𝑛                               𝐸𝑞. 8.14 

𝑁𝑖 =  (𝜎0/𝜎𝑖)𝑁0,   𝑖 = 1, … , 𝑛 − 1                                𝐸𝑞. 8.15 

𝑎𝑛𝑑 𝑁𝑛 = 𝐴𝑛
−1𝜌𝑝𝜎0𝑁0 

A summary of the dependence of the UC luminescence intensity with the pump powder for 

these limit conditions is shown in Table 8.1.  

Table 8.1. Characteristic slopes of the steady-state excited-state population densities Ni of 
levels i=1,…, n and luminescence from these states for n-photon excitation obtained from the 
model developed by Pollnau et al. [26]. The investigated limits are: (1) small upconversion or 
(2) large upconversion by (A) ETU or (B) ESA, decay predominantly (i) into the next 
lower-lying state or (ii) by luminescence to the ground state, and (a) a small or (b) a large 
fraction of pump power absorbed in the material [26]. 

Influence of 

UC 
UC mechanism 

Predominant decay 

route 

Fraction of 

absorbed pump 

powder 

Powder 

dependence 
From level 

(1) Small ETU or ESA 
next lower state or 

ground state 
small or large Ni ~Pexci i= 1,…, n 

(2) Large 

(A) ETU 

(i) next lower state small or large Ni ~Pexci/n i= 1,…, n 

(ii) ground state small or large 
Ni ~Pexc1/2 

Ni ~Pexc1 

i= 1,…, n-1 

i= n 

(B) ESA 

(i) next lower state 
(a) small Ni ~Pexc

i i= 1,…, n 

(b) large Ni ~Pexci/n i= 1,…, n 

(ii) ground state small or large 
Ni ~Pexc0 

Ni ~Pexc1 

i= 1,…, n-1 

i= n 

According with the considered model, the dependence of the pump power on the UC 

luminescence, excited by the sequential absorption of n photons, range from Pn to P1 for the 

upper excited state and less than P1 for the intermediate states, depending on the dominant 

excitation and depletion mechanisms. Even if, for a real system the population mechanisms 

are more complex than the situation considered in this simple model, these dependences 
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could be very useful to discuss the excitation and depletion process involved in the UC 

luminescence through the analysis of the experimental slopes [26].  

8.2 Results  

In addition to the downshifted luminescence discussed in the Chapters 5, 6 and 7, the 

samples doped and co-doped with Er3+ and Tm3+, produced by the different synthesis 

techniques explored above, also show interesting upconversion luminescence properties 

when irradiated with NIR light. The upconversion luminescence of zirconia and YSZ samples 

doped with Er3+ and Tm3+ was studied under excitation with a diode laser with 980 nm 

wavelength and adjustable power output with a maximum power of 1 W.  

8.2.1 UC luminescence of Er3+ doped ZrO2  

Besides the direct intraionic emission, Er3+ doped hosts evidence an adequate schema of 

levels for the observation of NIR to visible upconversion emission as shown in earlier 

reported studies [1,23,26,27]. The UC luminescence of the ZrO2 NPs doped with different Er3+ 

concentrations and produced by PLAL (section 7.2.2.3), and of the ceramic pellets used as 

targets in ablation and produced by the densification of SCS nanopowders (section 6.2.4) 

will be discussed. A resume of the composition of these samples, preparation method and 

crystalline phases is shown in Table 8.2.  

Table 8.2. Summary of the synthesis conditions and crystalline phases of the studied samples. 

Sample name 
Nominal dopant 

concentration 
Preparation Detected Phases 

Target ZrO2:1Er 1 at.% Er 

Ceramic pellets produced 
by sintering of SCS 

powders 

Monoclinic 

Target ZrO2:2Er 2 at.% Er Monoclinic 

Target ZrO2:5Er 5 at.% Er Monoclinic and tetragonal 

Target ZrO2:10Er 10 at.% Er Tetragonal 

Target ZrO2:16Er 16 at.% Er Cubic 

NPs ZrO2:1Er 1 at.% Er 

NPs produced by pulsed 
laser ablation in water 

Monoclinic and tetragonal 

NPs ZrO2:2Er 2 at.% Er Monoclinic and tetragonal 

NPs ZrO2:5Er 5 at.% Er Monoclinic and tetragonal 

NPs ZrO2:10Er 10 at.% Er Tetragonal 

NPs ZrO2:16Er 16 at.% Er Cubic 

Figure 8.3 a) and b) shows the RT PL spectra of the ZrO2 ceramic targets and NPs doped 

with different concentration of Er3+, under excitation with low energy photons (980 nm). 
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This excitation energy is resonant with the 4H11/2 energy level of Er3+, as indicated in the 

partial energy level diagram of Er3+ (brown arrows) shown in Figure 8.3 c). In the studied 

spectral range, emissions bands in the green and red regions are observed assigned to the 

2H11/2⟶4I15/2 and 4S3/2⟶4I15/2 and to the 4F9/2⟶4I15/2 transitions of Er3+, respectively, like 

the ones observed in downshifted luminescence studies. The UC emission of the different 

samples is observed by naked eye at RT and, as for the downshifted luminescence, the 

upconversion phenomenon allows the identification of a tuneable green to red 

luminescence by increasing the Er3+ content. Figure 8.3 d) shows the CIE colour diagram 

where the colour coordinates of the emission of the samples doped with different Er3+ 

concentrations are represented, and in which the colour tuning from green to red with 

increase in Er3+ concentration can be well identified. In addition, photos of the samples 

obtained with 980 nm wavelength excitation are displayed in Figure 8.3 e) and f). 

Under 980 nm wavelength excitation, assuming GSA, the Er3+ ions are excited into an 

intermediate state, the 4I11/2 multiplet, which is known to have a long decay time, in the ms 

range [28]. Therefore, when a second photon is absorbed the 4I11/2 level is still populated and, 

considering a model of a sequential absorption of two 980 nm photons involving GSA and 

ESA, the 4I15/2⟶4I11/2⟶4F7/2 transitions are favoured [24]. Moreover, upconversion processes 

are also mediated by ETU [23,27,29]. From the 4F7/2 multiplet nonradiative multiphonon 

relaxation to the 4S3/2 and 4F9/2 excited states occur with further green and red radiative 

deexcitation to the ground state. A second route to the population of the 4F9/2 excited state 

can be considered. After the 4I15/2⟶4I11/2 absorption, sequential nonradiative relaxation 

from the 4I11/2 to the 4I13/2 multiplet can occur, followed by ESA and/or ETU to the higher 

energetic multiplet from where the red emission originates. These possible pathways for UC 

luminescence are represented in the partial energy level diagram of Er3+ shown in Figure 8.3 

c).  
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Figure 8.3. PL spectra of the targets (a) and the PLAL produced NPs (b) obtained with 980 nm 
wavelength excitation photons. (c) Schematic partial energy level diagram for Er3+ ions 
illustrating the upconverted luminescence. (d) Colour diagram coordinates with the 
representation of the overall upconversion emission for the different erbium amounts. 
Photographs of the RT upconversion luminescence of ceramic targets (e) and NPs (f), after 
dried on the top of a quartz substrate, obtained with 980 nm excitation. 

To investigate the upconversion luminescence mechanisms, the excitation power 

dependence of the green and red upconversion PL spectra were carried out. The excitation 

power dependence of the integrated green and red light of the ceramic targets and NPs 

produced by PLAL are shown in the log–log plots of Figure 8.4 a) and b), respectively. As 

already mentioned, it is well established [23,24,26,27,30,31] that the upconverted emission 

intensity scales with a power law, Iems ∝ Pexc n, where Pexc corresponds to the excitation 

power and n is the number of photons involved in the process, as defined before. For the 

analysed ZrO2:Er3+ samples n ranges between 1 < n < 2, agreeing well with the rate 

equations model of Pollnau et al. [26]. As discussed above, according with this model, the 

intensity of the emitting state follows a Pn law for systems where the upconversion 

(ETU/ESA) mechanisms could be neglected in the intermediate states and adopt a P1 law in 

systems where the same upconversion processes dominates [26]. As such, a unitary slope of 

the luminescence intensity is expected to occur with increasing power excitation. Besides 
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these two limit situations, real cases can be located in an intermediate regime, where a 

competition between the linear decay and upconversion processes for the depletion of an 

intermediate state arises, leading to slopes among the two mentioned values [23,24,26,30]. As 

aforementioned, additional processes (e.g. CR mechanisms) also influence the intensity of 

the upconverted luminescence, as earlier reported by Auzel [23,27,31] and Pollnau et al. [26].  

 

Figure 8.4. Excitation power dependence of the integrated green and red RT upconversion 
luminescence for different Er3+ concentrations doped ZrO2 targets (a) and NPs (b). The 
excitation was performed with 980 nm wavelength photons corresponding to the GSA 
4I15/2⟶4I11/2. c) Er concentration dependence of the slope of the green and red upconverted 
light. d) Red/green intensity ratio for the prompt (378 nm excitation) and upconversion Er3+ 
emission (980 nm excitation at 228 mW). 
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The data shown in Figure 8.4 allows further investigation about the dominating processes 

involved in the upconversion mechanims for the ZrO2:Er3+ samples. As a starting point, it 

should be emphasized that either for the green or red luminescence none of the measured 

slopes corresponds to n= 2. This corresponds to the case where a linear decay from the 

intermediate levels is expected and the upconversion processes are insignificant. However, 

the higher slope tendency observed for the green 4S3/2⟶4I15/2 multiplet transition in 

samples with lower erbium concentration, suggests that the radiative decay is the dominant 

process involved on the depopulation of intermediate levels, instead of the competitive UC 

processes. As such, the values close to n= 2 reflect the photon excitation steps for the 

population of the 4S3/2 level. On the other hand, the measured slope for the red luminescence 

originated in the 4F9/2 multiplet for the same set of samples (lower amount of erbium ions) is 

slightly lower than those of the green emission. As above mentioned the tendency for a 

lower n value, means that a higher competition occurs among the radiative depletion of the 

intermediate states and the upconversion processes. For instance, besides the 

4I15/2⟶4I11/2⟶4F7/2 path (involved on the population of the 4S3/2 and 4F9/2 multiplets) a likely 

mechanism for the population of the 4F9/2 state corresponds to the two step excitation 

following the 4I15/2⟶4I11/2⟶4I13/2⟶4F9/2 route, with nonradiative relaxation among the 

4I11/2 and 4I13/2 states. As both processes own for different probability rates a different slope 

for the red emission intensity is expected when compared with the green one, suggesting a 

higher competition among the upconversion mechanisms and the radiative decay of the 

intermediate level to the ground state. Figure 8.4 c) shows the concentration dependence of 

the slope of the green and red upconverted light, while the red/green luminescence 

intensity ratio for the downshifted and upconversion luminescence of Er3+ is shown Figure 

8.4 d). A linear decrease slope tendency of the green and the red upconverted light emission 

is observed. In addition, a stronger increase of the red/green intensity ratio with erbium 

concentration is observed for the UC luminescence comparatively to the downshifted 

luminescence. The slope tendency, with a value close to the unity for the highest doped 

samples, leads to the assumption that large upconversion rates arise for these samples, 

reflecting the role of the increase in the lattice symmetry (from monoclinic ⟶ monoclinic + 

tetragonal ⟶ tetragonal ⟶ cubic) and ion site location on the transition probability rates of 

the observed emission. On the other hand, and for samples with higher erbium amounts, a 

promotion of the red 4F9/2⟶4I15/2 transition was found, either in downshifted as in the UC 

luminescence. As aforementioned for the DS luminescence, this behaviour leads us to 

consider that the suppression of the green emission could involve additional nonradiative 

pathways for the depopulation of the 4S3/2. On the other hand, considering the excitation 
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with low energy 980 nm photons the increase in the population of the 4I11/2, 13/2 results in 

enhanced red emission intensity as observed in other sesquioxides such as Y2O3 [32]. 

Summary  

The UC luminescence of ZrO2 NPs produced by PLAL, and ceramic targets doped with 

different concentration of Er ions, were studied with 980 nm photon excitation. UC emission 

in green and red regions was identified due to Er3+ transitions from the 4S3/2 and 4F9/2 

multiplets to the 4I15/2 ground state, respectively. As observed previously in the downshifted 

luminescence of these Er3+ doped samples, the green to red luminescence intensity ratio was 

found to be dependent of the erbium amount, accompanying the increase in the lattice 

symmetry. The suppression of the green transition for higher concentrations was discussed 

based on nonradiative competitive mechanisms such as cross-relaxation processes between 

near neighbouring ions, as expected for higher dopant contents. The power dependence of 

the visible Er3+ upconversion emission reveals slopes between 1 and 2 meaning that 

competition occurs among the radiative depletion of the intermediate states and the 

upconversion mechanisms. The lowest doped samples, showing a dominant green light, 

evidence higher slope suggesting small upconversion rates. On the opposite side, the highest 

doped samples (those where the red emission prevails) exhibit a slope near the unity. In 

both cases, the visual appearance of the green and red upconverted light is clearly observed 

at RT with naked eye. 

8.2.2 UC luminescence in Er3+doped and Er3+, Yb3+ co-doped YSZ 

The UC luminescence of the Er3+ doped and Er3+ and Yb3+ co-doped YSZ ceramic targets, 

crystals and NPs, produced by the different techniques discussed earlier and identified in 

Table 8.3, was also studied under NIR excitation. The effect of Yb3+ sensitizer in the Er3+ UC 

luminescence was analysed.  

Table 8.3 Samples identification and respective chemical composition. 

Sample name Lattice Activator dopant Sensitizer dopant Synthesis process 

Target YSZ:Er 
8 mol.% YO1.5 

stabilized zirconia 

1 at.% Er 

- Pressing and 
densification of 

SCS powder Target YSZ:Er, Yb 1 at.% Yb 

NPs YSZ:Er 8 mol.% YO1.5 
stabilized zirconia 

- 
PLAL 

NPs YSZ:Er, Yb 1 at.% Yb 

Single crystal YSZ:Er 8 mol.% YO1.5 
stabilized zirconia 

- 
LFZ 

Single crystal YSZ:Er, Yb 1 at.% Yb 
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Figure 8.5 a) and b) depicts RT PL spectra of the different doped and co-doped samples, 

respectively, under excitation with 980 nm laser line. As already mentioned, such excitation 

energy is resonant with 4I15/2⟶4I11/2 absorption transition of the Er3+ (in the doped 

samples) and additionally to the 2F7/2⟶2F5/2 absorption of the Yb3+ ions (in the co-doped 

samples). With this excitation, and for the studied spectral range, the 2H11/2⟶4I15/2 and 

4S3/2⟶4I15/2 green and the 4F9/2⟶4I15/2 red emissions were identified, as also observed in 

downshifted PL. With the 980 nm photon wavelength excitation conditions the doped and 

co-doped YSZ appear as an efficient media to produce green light as identified by the visual 

appearance of the RT upconverted luminescence shown in Figure 8.5 c) and d). In the case 

of the single crystals the ion luminescence is guided along its millimetric length which is of 

interest for waveguide applications. 

 

Figure 8.5. PL spectra of the YSZ ceramic targets, NPs and crystals doped with Er3+ (a) and 
co-doped with Er3+ and Yb3+ under 980 nm laser excitation. Photos of the doped (c) and 
co-doped (d) samples under 980 nm excitation. 

The intensity of the overall UC luminescence was found to be dependent on the presence of 

the Yb3+ sensitizer, as revealed by the PL spectra measured in the same excitation and 

detection conditions of the ceramic targets shown in Figure 8.6 a), where an increase in the 

overall intensity of the UC emission, by a factor of ~3, was observed in the co-doped sample. 

This result is expected due to the higher absorption cross section of Yb3+ to the 980 nm 



293 

radiation [1] and to the efficient energy transfer to the Er3+ activators. In addition, a 

comparison of the integrated intensity ratio of the red and green luminescence in the doped 

and co-doped samples revealed a slight increase in the relative intensity of the red emission 

in all the co-doped samples, as shown in Figure 8.6 b). This behaviour is similar to the one 

observed for samples doped with higher concentration of Er3+.  

 

Figure 8.6. a) Comparison of the UC luminescence intensity in the doped and co-doped ceramic 
targets excited with 980 nm photons. b) Comparison of the ratio between the red and green 
intensity in the doped and co-doped samples. c) Partial energy diagram of the Er,Yb system. 

In order to understand the increase in the relative intensity of the red emission for the 

co-doped samples, the UC luminescence of ZrO2 powders co-doped with 1 at.% Er3+ and with 

different concentrations of Yb3+, produced by SCS, was investigated. Figure 8.7 a) shows the 

RT PL spectra under 980 nm excitation of the ZrO2 powders co-doped with different Yb3+ 

concentration. As observed in the ZrO2 samples doped with different Er3+ concentrations, a 

strong increase in the relative intensity of the red emission occurs with increasing 

concentration of Yb3+ sensitizer, Figure 8.7 b), and a tuneable visible emission, from green 

(at low Yb3+ concentrations) to red (at high sensitizer concentrations) is achieved. Such 
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results confirm that the increase in the relative intensity of the red emission is promoted by 

the interaction between neighbour ions due to their higher proximity in highly doped 

samples. These interactions seems to favour the occurrence of energy transfer processes 

between neighbour Er and Yb ions, such as CR, that increase the population of the 4F9/2 red 

emitting level.  

 

Figure 8.7. a) RT PL spectra of the ZrO2 powders produced by SCS co-doped with 1 at.% Er3+ 
and with different concentration of Yb3+. The samples were excited with 980 nm photon. b) 
Integrated intensity ratio between the red and green emission for the sample co-doped with 
different Yb3+ amounts.  

As illustrated in the partial energy diagram of Er3+ and Yb3+ system, shown in Figure 8.6 c), 

and assuming the Er3+ ions in the ground state, in the case of the Er3+ doped samples, the 

mechanism involved in the population of the green and red emitting levels are the same as 

the ones discussed above for the ZrO2 samples doped with different Er3+ concentrations. The 

Er3+ ion is raised to the 4I11/2 excited multiplet under the GSA of a 980 nm wavelength 

photon. The sequential absorption of a second photon, before the decay of the intermediate 

state, involving ESA promotes the population of the 4F7/2 multiplet, with an excitation 

pathway for the green and red upconversion luminescence described by 

4I15/2⟶4I11/2⟶4F7/2. From the 4F7/2 multiplet further nonradiative multiphonon relaxations 

to the 2H11/2, 4S3/2 and 4F9/2 excited states occur, with the radiative return from these states 

to the ground one, responsible for the green and red emissions. An alternative way to the 

population of the 4F7/2 multiplet resides in the ETU process related with the interaction of 

two Er3+ ions in the 4I11/2 excited state where one of the ions relaxes to the 4I15/2 ground state 

and the other one is raised to the 4F7/2 (4I11/2+4I11/2⟶4I15/2+4F7/2). An additional comment 

should be done concerning the population of the 4F9/2 state via nonradiative relaxation from 

the 4S3/2 multiplet. The energy difference between these two multiplets is around 3200 cm-1 
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which means that at least five lattice phonons should be involved to bridge the energy gap. 

This leads to a low nonradiative rate for the multiphonon relaxation process likely 

explaining the low intensity of the red light, in sample doped with low erbium 

concentration, in which additional process involving the interaction between neighbour ions 

are negligible.  

In the case of the Er3+, Yb3+ co-doped samples the majority of the 980 nm wavelength 

photons will be absorbed by the Yb3+ ions, which has larger absorption cross section. The 

absorption of the excitation energy promotes the Yb3+ from the ground state (2F7/2) to the 

excited one (2F5/2) and further energy transfer to the 4I11/2, 4F9/2, 4F7/2 excited states of the 

Er3+ are expected to occur in order to observe visible upconverted light. In the case of the 

4I11/2 state a sequential absorption of a second photon from the same or a neighbour Yb3+ 

raises the Er3+ to the 4F7/2 multiplet as mentioned before. On the other hand, as an higher 

integrated intensity of the red/green upconverted emission was found in the co-doped 

samples, an alternative route to increase the 4F9/2 population consists in consider a 

nonradiative depletion from the 4I11/2 intermediate state to the 4I13/2 multiplet followed by 

4I13/2⟶4F9/2 ESA/ETU.  

The pumping mechanisms of the upconverted visible luminescence for the crystals, targets 

and PLAL NPs were analysed based on the dependence of the green (2H11/2, 4S3/2⟶4I15/2) 

and red (4F9/2⟶4I15/2) luminescence intensity, Iems, with the pump power, Pexc, as depicted in 

Figure 8.8. An expected increase of the overall UC luminescence with the excitation powder 

was observed for all samples. Slight variation on the relative intensity between the 

emissions bands were observed in the normalized PL spectra acquired at low and high 

power excitation. The slopes of the green and red upconverted intensity light in a double 

logarithmic scale are shown in Figure 8.9 for the different studied samples. Again, values of 

n between 1<n<2 were obtained by the slope of the represented curves, which are similar to 

the ones obtained for the ZrO2 samples doped with different Er3+ concentration. For the 

erbium doped samples a higher slope to the intensity of the green band versus the pump 

power was found meaning that, according with Pollnau et al. model [26], negligible 

upconversion rates are involved in the excitation of the green emitting levels. An almost 

linear slop was found for the red transition meaning that higher upconversion rates are 

involved in such emission. 
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Figure 8.8. Power excitation dependence in UC emission spectra of the doped and co-doped 
samples, with 980 nm excitation. Insets show a comparison of the normalized PL spectra 
acquired at low and high power excitations. 
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Figure 8.9. Excitation power dependence of the integrated green and red RT upconversion 
luminescence for the doped and co-doped samples. 

A similar trend to the one observed in the doped samples was identified in the case of the 

Er3+, Yb3+ co-doped samples while in general the slope of the red light increases when 

compared with the single doped samples. Additionally, a decreasing slope was observed 

with increasing pump power, in a more pronounced way to the NPs, revealing that the 

upconversion rates are dominating for higher excitation densities although other saturation 

effects could not be discarded. 

Summary  

Green and red visible upconversion was observed with 980 nm wavelength photon 

excitation in Er3+ doped and Er3+ and Yb3+ co-doped YSZ samples. A higher intensity of the 

green and red Er3+ luminescence was found in the presence of the Yb3+ sensitizer. Moreover, 

an increase in the red/green intensity ratio was identified for the co-doped samples. The 

pumping mechanisms of the upconverted emission were analysed based on the dependence 

of the luminescence intensity as a function of the power pump and the slope of the 

upconverted green and red light was found to be 1 < n < 2. The doped and co-doped 

tetragonal YSZ NPs show to be promising valuable systems for bioimaging sensing with NIR 

excitation. 
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8.2.3 UC luminescence in Tm3+, Yb3+ co-doped YSZ  

The UC luminescence of the YSZ sample co-doped with Tm3+ and Yb3+ produced by LFZ, 

densification of SCS powders and PLAL (see Table 8.4), were studied under NIR radiation.  

Table 8.4. Identification of the studied Tm3+, Yb3+ co-doped samples  

Sample name Lattice Activator dopant Sensitizer dopant Synthesis process 

Target YSZ:Tm, Yb 

8 mol.% YO1.5 

stabilized zirconia 
0.3 at.% Tm 1 at.% Yb 

Pressing and 

densification of SCS 

powders 

Single crystal YSZ:Er, Yb LFZ 

NPs YSZ:Tm, Yb PLAL 

As mentioned before, the corresponding photon excitation energy is nearly resonant with 

the absorption between the ground and excited state of the Yb3+ sensitizer. Figure 8.10 a) 

displays the UC luminescence spectra of the YSZ:Tm3+,Yb3+ single crystal, ceramic target and 

NPs upon the NIR excitation. The spectra are composed of four groups of emission lines in 

the UV, blue/green, red and NIR spectral regions, corresponding to the 1D2⟶3H6, 

1D2⟶3F4/1G4⟶3H6, 1G4⟶3F4 and 1G4⟶3H5/3H4⟶3H6 transitions of the 3+ charged thulium 

ions. Comparing the Stokes shifted luminescence discussed in the sections 5.2.2.4 and 

7.2.2.6, using high energy photons in the excitation (pumping directly the 1D2 multiplet), 

with the samples luminescence observed by the excitation with 980 nm photons, the 

intensity ratio of the (blue + red)/NIR emission is much higher in the former case than in 

the upconversion process, revealing that the NIR UC luminescence is enhanced by energy 

transfer from the 2F7/2⟶2F5/2 photon absorption of the Yb3+ ions. These findings agree well 

with the model described by Ostermayer et al. [33] and Pandozzi et al. [34] where the 

population of the excited energy levels of the Tm3+ ions is realized via nonradiative energy 

transfer and multiphonon decay. After the non-resonant energy transfer 

2F7/2, 3H6⟶2F5/2, 3H5 (where the excess in energy, ∼1650 cm−1, is assisted by absorption of 

the YSZ lattice phonons) multiphonon relaxation into the 3F4 multiplet of the Tm3+ occurs. 

This process is followed by a second energy transfer (or via ESA) to the 3F2 state with 

subsequent multiphonon relaxation into the 3H4 from where the NIR 3H4⟶3H6 emission 

arises. This route has a high probability of occurring due to the low energy difference 

between the 3F2 and 3F3 levels (∼640 cm−1) which can be easily covered by an YSZ host 

phonon. On the other hand, the subsequent nonradiative relaxation to the 3H4 (displaced 

from the 3F3 by ∼1800 cm−1) requires the assistance of a low number of host phonons [33,34]. 

Therefore, the intensity of the 3H4⟶3H6 transition is higher under the excitation with the 
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low energy photons than when observed by visible or UV excitation. In the latter case a 

preferential radiative depopulation of the higher energetic levels (separated from the lower 

lying levels by a high energetic gap) is expected to occur, as also reported by Pandozzi et al 

[34]. From the UC luminescence spectra it is seen that, at RT, a fourth non-resonant energy 

transfer occurs in the Tm3+ ions involving the population of the 1D2 level since the blue 

1D2⟶3F4 and the UV 1D2⟶3H6 transitions were identified. 

 

Figure 8.10. a) RT PL spectra of the YSZ:Tm3+,Yb3+ samples in air upon 980 nm photon 
excitation. c) Partial energy level diagram of Tm3+ and Yb3+ with excitation and emission 
process after 980 nm photon excitation. c) Photos of the single crystal (left), target (middle) 
and PLAL produced NPs deposited in a sapphire substrate (right) under 980 nm excitation at 
RT. 

Particularly, for bioimaging purposes, the intense 1G4⟶3H5/3H4⟶3H6 transitions of Tm3+, 

located ~800 nm, well within the biological window, is of upmost importance [35]. As 

mentioned in Chapter 2, NIR wavelength leads to a deeper light penetration in the biological 

tissues and a high image contrast due to the absence of the tissue autofluorescence 

background and reduced light scattering [35]. Although in the studied spectral region the 

infrared emission is the strongest one, in the visible spectral region the blue emission is the 

most intense and is responsible for the blue appearance of the samples observed with the 

unaided eye at RT, when pumped with 980 nm light (Figure 8.10 c). 
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An in-depth comprehension of the UCL mechanisms for the YSZ:Tm3+,Yb3+ samples was 

obtained through the investigation of the power excitation dependence of the UC 

luminescence intensity as shown in Figure 8.11 a), b) and c) for the single crystal, the 

ceramic target and NPs, respectively.  

 

Figure 8.11. Dependence of the UC luminescence intensity with the excitation power in the 
YSZ:Tm3+,Yb3+ single crystal (a), target (b) and NPs (c). d), e) and f) comparison of the visible 
luminescence upon lower and high power excitation and g), h) and i) linear dependence in a 
log-log representation of the UC luminescence intensity with the excitation power and 
respective slopes. The measurements were realized with the samples at the atmospheric 
pressure 

As can be identified, within the incident light power range studied, the overall UC 

luminescence intensity was found to increase with the pump power. However, as one can 

see in Figure 8.11 d), e) and f), where the normalized PL spectra under lower and higher 

power excitations are compared, such increase in the visible UC luminescence intensity 

follows distinct trends for single crystals, targets and NPs. For the single crystal, the 
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normalized spectra under lower and higher power excitations are almost overlapped, in all 

the visible spectral range. This means that the increase in the power pumping results in an 

almost equal increase in the intensity of the blue and red upconverted light. However, it is 

possible to observe that for the higher power excitation the ratio between the red and blue 

luminescence slightly increases when compared to the lower power excitation. Moreover, 

looking at the blue emission, a slight change in the intensity ratio between the emissions 

arising from the different energy levels is also observed with the increase in power 

excitation. This effect is much more pronounced for the ceramic target and NPs due to 

heating effects as discussed later on. In the ceramic target, the increase in power excitation 

leads to a strong increase of the intensity ratio between the red and blue luminescence, 

compared to the lower power excitation. Additionally, a broadening of the blue emission is 

also observed for the higher power excitation due to the changes in the relative intensities 

of the 1D2⟶3F4, and 1G4⟶3H6 transitions. In the case of the NPs, the increase in the power 

excitation originates a reversed change in the dominant emission, as seen by the change in 

the intensity ratio between the red and blue light. An n value of 3 and 4 is expected for the 

population of the 1G4 and 1D2 multiplets by excitation with 980 nm photons, as shown in the 

energy diagram in Figure 8.10 b). The log–log plots of the blue and red integrated UC 

luminescence as a function of the excitation power for the YSZ:Tm3+,Yb3+ single crystal, 

target and NP samples presented in Figure 8.11 g)-i) show two main regimes. In the first 

regime, with a lower power excitation, both the blue and red light show a pronounced 

increase. A slope of ∼2 was found for the single crystals and targets for both transitions 

indicating saturation effects in the feeding levels. In the case of the heated NPs, a slope of ∼3 

reflects the increase in the population of the 1D2 multiplet being, however, accompanied by 

saturation. The experimental slopes are lower than the expected number of absorbed 

photons, as also documented in the literature for different host lattices, [36,37] including 

co-doped ZrO2 nanocrystals [15]. After a certain power threshold, a second regime is 

observed. In this higher excitation power regime, the increase of the integrated UC 

luminescence intensity with the excited power saturates, as evidenced by the calculated 

slope value (near 1). In the single crystal both blue and red emission follow almost the same 

trend in both regimes, and no significant changes are observed in the relative emission 

intensities. In the ceramic target the blue and red intensity follows different trends after the 

power threshold, evidencing a higher saturation effect for the blue light, explaining the 

increase in the intensity ratio between the red and blue transitions for higher power 

excitation. The effect of the saturation of blue light is enhanced in the case of NPs as shown 

by a slope of ∼0.6, explaining the change in the dominant emission colour for the PLAL NPs. 

Due to the nonlinear effect of the upconversion, for higher power excitation conditions 
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(when the upconversion rates are large) saturation effects are expected, explaining the 

deviation of the measured n values when compared with the predicted ones [23,26,27,31,38]. 

Additionally, the nanosized YSZ particles exhibit a higher heating than larger materials 

resulting in a pronounced saturation effect for higher excitation powers.  

The temperature dependence of the upconverted emission for the YSZ:Tm3+,Yb3+ single 

crystal and target was investigated with the samples in an evacuated cryostat in the 

temperature range between 12 K and 300 K, as shown in Figure 8.12. The case of the NPs 

will be discussed later on. With the used incident light power, the overall intensity was 

found to increase with temperature for both samples, which can be explained by an 

additional feeding of the emitting levels. Particularly, a notable rise of the intensity of the 

high energy transitions arising from the 1G4 and 1D2 multiplets is clearly identified with the 

increase of temperature, as can be well identified in the 14 K and RT normalized PL spectra 

shown in Figure 8.13. The temperature dependence of the UC luminescence intensity is well 

accounted for by a thermal population law described by a classical Boltzmann distribution 

defined by Eq. 8.16 [39], where T is the absolute temperature, I(T) and I0 stand for the UC 

luminescence integrated intensity at a given temperature T and 10 K, respectively 

(assuming negligible nonradiative processes at low temperatures), C corresponds to the 

ratio of the electronic levels and the effective degeneracies, kB is the Boltzmann constant and 

Ea is the activation energy for the thermal population.  

𝐼(𝑇)

𝐼0
= 1 + 𝐶 ∙ 𝑒

− 
𝐸𝑎

𝑘𝐵(𝑇−𝑇0)                                                        𝐸𝑞. 8.16 

Figure 8.12 b) and d) display the dependence of the blue and red integrated intensity with 

the temperature, with the full lines corresponding to the theoretical fits according to 

Eq. 8.16, for the single crystal and the target, respectively. Activation energies of ca. ∼10 

meV and 30 meV were obtained for the thermal population of the blue and red emitting 

states for the single crystal and the target, respectively, likely due to phonon 

absorption/emission energy compensation mechanisms as discussed by Auzel [23,27,31]. The 

estimated values match well with the low energy phonons of the YSZ host, found in the 

Raman spectra, responsible for the material thermal conductivity. For these large sized 

materials (single crystal and targets) the thermal dissipation process is realized via 

multiphonon nonradiative processes. 



303 

 

Figure 8.12. a) and c) Temperature dependence of the PL spectra, with 980 nm excitation, of 
the single crystal and target, respectively. b) and d) Temperature dependence of the 
integrated intensity of the red, and NIR green emission for the single crystal and target, 
respectively. 

 

Figure 8.13. Comparison between the normalized PL spectra at 12 K and RT of the single 
crystals (a) and targets (b). 
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Anti-Stokes Blackbody radiation  

Unlike that observed in the single crystal and in the target, the RT UC luminescence of the 

NPs was found to be strongly sensitive to the samples environment pressure conditions (air 

and vacuum, ∼10−3 mbar) and incident power excitation as shown in Figure 8.14. 

 

Figure 8.14. RT PL spectra of the NPs upon 980 nm excitation performed in air (black lines), in 
vacuum (red lines) at 10-3 mbar and in air after vacuum (blue lines). The dashed lines are the 
PL spectra in the spectral range between range 440 and 810 nm and the solid lines are 
magnifications of the same PL spectra in the visible region. Inserted in the figure are photos of 
the sample when pumped with 980 nm photons in the different atmospheric condition. 

In air, the blue and red NPs upconversion luminescence (black lines in Figure 8.14) exhibits 

the same behaviour of the single crystal and the target. Independently of the used incident 

excitation power the blue light is the dominant colour as observed by the naked eye. Under 

vacuum, in few seconds, a gradual colour change from blue to yellow/orange is observed for 

the NPs upconverted emission (photos in Figure 8.14). This effect is totally reversible, with 

further air replenishments in the cryostat, with a prompt change of the UC luminescence to 

blue light (upper spectrum in Figure 8.14) showing a non-contact colour-pressure sensor 

behaviour. In contrast to the line spectra measured for the Tm3+ intraionic emission, the NPs 

anti-Stokes radiation measured after a few seconds of keeping the samples under vacuum, 

corresponds to an almost unstructured continuous broad band. The ratio of these two broad 

band/intraionic anti-Stokes processes was found to be dependent on the used power 
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excitation conditions and material dimensions as shown in Figure 8.15, being enhanced for 

the NPs. Particularly, in this case, an increase of the broad band intensity was observed with 

increasing excitation power. The same effect was observed to a minor extent in the ablated 

area of the targets, whereas no difference was detected for the UC luminescence in single 

crystals under air and vacuum atmospheres.  

 

Figure 8.15. a) RT PL spectra of NPs, obtained with 980 nm photon excitation, performed in 
vacuum (10-3 mbar) at different power excitation showing the changes in the intensity ratio of 
the UCL broad band/Tm3+ luminescence. Comparison of the UCL acquired at atmospheric 
pressure in air and vacuum, for the single crystal (b), target (c) and NPs (d). 

These results suggest that the phenomenon is related to material size reduction, namely 

with the way the heat is dissipated on the NPs. It is well established that reducing the 

material size implies a strong modification of the material physical properties. Particularly, 

a discrete phonon density of states is expected for the nanocrystals as well as a cut-off of the 

acoustic phonons [40]. Recently, in distinct classes of undoped and doped nanomaterials with 

reduced thermal conductivity (YSZ is a thermal barrier coating with typical values of 0.02–

0.03 W cm−1 K for thermal conductivity [41]), anti-Stokes broad unstructured bands have 

been reported in different spectral regions [42–55], when the samples are excited with NIR 

photons. The anti-Stokes broad band has been discussed based on two main models: 

blackbody radiation [42–48] and the photon avalanche mechanism [49–54]. Typically, the 

emission is enhanced under vacuum conditions. Under such reduced pressure conditions, 
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the samples can only dissipate absorbed energy from the incident laser as radiation. On the 

other hand, for higher pressures, alternative mechanisms of heat dissipation such as gas 

collisions result in the quenching of the broad band emission. Accordingly, the emission 

intensity is expected to decrease exponentially with increasing pressure as reported in 

literature [44,46,47,50–52]. Low pressures and strong excitations were found to promote the 

observation of the broad band [42] as identified in the studied NPs. In order to gain insights 

into the nature of the anti-Stokes broad band, additional measurements were performed on 

nominally undoped YSZ and YSZ:Er3+,Yb3+ NPs with identical dimensions, as shown in Figure 

8.16. As one can see, the observation of the broad band is independent of the presence of 

lanthanide ions (Figure 8.16 a)-c), suggesting that the observed anti-Stokes band is due to 

thermal radiation of the NPs. The broad emissions observed in the Tm,Yb and Er,Yb 

co-doped YSZ NPs and in the undoped YSZ produced by PLAL, acquired upon different 980 

nm laser power excitation (depicted in Figure 8.16 a), b) and c), respectively) were well 

described by the Planck's law of blackbody radiation defined by Eq. 8.17 (black dot curves in 

the figures), where I is the spectral radiance that is proportional to the intensity of the 

radiation, λ the wavelength, c the vacuum speed of light, h and kB the Planck’s and 

Boltzmann’s constants, respectively, and T the absolute temperature [45]. 

𝐼(𝜆, 𝑇) =
2𝜋ℎ𝑐2

𝜆5(exp (
ℎ𝑐

𝜆𝑘𝐵𝑇
) − 1

                                    𝐸𝑞. 8.17 

The absolute temperature of the blackbody radiation revealed to be very dependent on laser 

powder excitation and focusing conditions and increases with powers excitation. These 

results confirm the blackbody radiation nature of the anti-Stokes broad emission observed 

in the NPs produced by PLAL. 

It was also observed that for a fixed incident power the intensity of the unstructured band 

intensity increases monotonically with increasing wavelength and the band maxima of the 

emission (limited by the detector cut-off) exhibits a shift to high energies with increasing 

incident laser power (Figure 8.16 d), as expected for a blackbody radiation behaviour. A 

supralinear dependence of the band intensity on the incident power excitation is in fair 

agreement with other recently published studies [44,46]. On the other hand, this model was 

also supported by the excitation and deexcitation transients of the emitted radiation (Figure 

8.16 e). As expected for a blackbody radiation the excitation transients evidence a long rise 

time when compared with the decay lifetime [44]. Figure 8.16 f) gives additional support for 

the blackbody radiation model of the anti-Stokes broad band. A near constant intensity of 

the emission when the cryostat temperature is cooled down from RT to 10 K was observed. 
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As expected, such behaviour indicates that the emitted radiation is nearly insensitive to the 

measured cryostat temperature. Similar findings were reported by Strek et al. [51]. However, 

in this case the authors assign the broad emission to a CT-lanthanide model supported by 

photoconductivity data, in analogy with other cases [55].  

 

Figure 8.16. a), b) and c) Broad emission band acquired under two different infrared laser 
powers excitation in YSZ:Tm3+,Yb3+, YSZ:Er3+,Yb3+ and YSZ NPs, respectively, produced by 
PLAL. Black dot curves in the figures represent the fit of the broad emission to the Planck's law 
of blackbody radiation. The calculated temperatures are indicated in the figures. d) Power 
excitation dependence of the broad emission in the YSZ:Tm3+,Yb3+ NPs. Inset in the figure 
shows the excitation power dependence of the integrated broad emission. e) Excitation and 
deexcitation transients of the emitted radiation in the YSZ:Er3+,Yb3+ NPs. f) Temperature 
dependence of the broad emission band in YSZ:Tm3+,Yb3+ NPs. Inset in the figure shows a 
comparison between the emission spectra acquired at 10 K and 300 K. 

The high potentialities of the anti-Stokes blackbody radiation appear to be unquestionable. 

For instance, intense white emission was observed under IR laser excitation in some oxide 

hosts paving the way for an alternative approach to efficiently generate white light [46,47], 

displays and IR detection. Additionally, in an ytterbium doped ZrO2 host, the conversion of 

low-energy solar photons into high energetic ones through thermal radiation with power 

efficiencies of 16% was recently reported by Wang et al. [42] opening the way for the use of 

such radiation in photovoltaic developments. Moreover, and as evidenced in this work, the 
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pressure dependence colour-tuning is of upmost interest for the development of 

non-contact pressure sensors. 

Summary  

Intense NIR emission and visible blue light was observed upon infrared excitation in Tm3+, 

Yb3+ co-doped crystals, ceramic target and NPs, produced by LFZ, sintering of SCS powders 

and PLAL, respectively. UC emission was investigated as a function of the incident power 

excitation. Two regimes were found for the blue and red light for single crystals and targets 

with slopes of ∼2 and 1, respectively. The saturation effects were found to be more 

pronounced for the blue light of the YSZ:Tm3+,Yb3+ NPs. The temperature dependence of the 

UC luminescence was investigated for single crystals and targets. An overall increase of the 

integrated intensity was found on account of the thermal activated processes described by 

activation energies of 10 meV and 30 meV for the single crystal and the target, respectively. 

The estimated energy values are well within the expected values for the low energy 

phonons in the YSZ host, responsible for the thermal conductivity in large dimension 

materials. In the case of the NPs, the upconverted luminescence undergoes a change of 

colour from blue to orange in seconds when the samples are placed under vacuum, and to 

white for high power IR excitation. Simultaneously, the spectral shape of the emitted 

radiation under vacuum corresponds to an unstructured wide band starting in the visible 

and extending to the infrared region. The anti-Stokes blackbody radiation was found to be 

dependent on the incident photon energy power level, pressure and material size 

dimensions. The effect is enhanced for the nanosized particles as in such case the thermal 

conduction can be neglected in favour of the thermal radiation. A reversible effect, with a 

dominant blue light occurs when the NPs are again exposed to air ambience. As shown in 

the present work, the UC luminescence of lanthanide co-doped YSZ NPs evidence high 

potentialities for luminescence based sensors aiming biomedical applications. Additionally, 

the new findings on the continuous upconversion emission are of high importance as 

alternative approaches for lighting, photovoltaic and pressure-based sensors applications. 

8.3 Conclusions  

ZrO2 and YSZ hosts doped with Er ions and co-doped with Tm, Yb and Er, Yb trivalent ions, 

produced by simple, fast and one-step procedures, were found to exhibit interesting UC 

luminescence, under excitation within the biological optical window (980 nm). The optical 

activation of different concentration of Er3+ ions in zirconia samples, leads to tuneable UC 
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emission colour, from green to red with increasing dopant concentration. This behaviour 

was explained based on the interactions enhancement between close neighbours ions in 

highly doped samples that promote energy transfer processes between then, such as 

cross-relaxation mechanism, which favours the population of the red emitting level. The 

same effect was observed in Er3+, Yb3+ co-doped ZrO2 powders produced by SCS, in which 

Yb3+ concentration was increased. Such results evidence that the interaction between close 

neighbour’s ions that leads to the preferential population of the red emitting level occurs 

not only between Er3+ ions, but also via Yb3+ ions. The study of the UC luminescence in Er 

lightly doped and Er3+, Yb3+ co-doped samples (crystal, target and NPs), with visual green 

emission at RT, shows that the sensitized luminescence of Er3+ via Yb3+, in the YSZ host can 

be increased by ~3 times (for an activator: sensitizer atomic ratio of 1:1) when compared to 

the emission of the doped samples. This increase is promoted by the high cross section 

absorption of Yb3+ to 980 nm radiation, and evidence an efficient energy transfer process 

between Yb3+ and Er3+ ions in the YSZ crystal, ceramic targets and NPs. Intense blue and NIR 

UC luminescence in Tm3+, Yb3+ co-doped YSZ crystals, ceramic targets and NPs, was achieved 

at RT under 980 nm photon irradiation. In particular, the observed intense NIR to NIR 

emission in the PLAL NPs, well within the biological optical window, is of upmost interest 

for in vivo biodetection and bioimaging. In the single crystal and ceramic targets an overall 

increase in the visible and NIR emission was observed between 12 K and RT. On the other 

hand, an intense yellow/white anti-Stokes blackbody radiation was found in the co-doped 

NPs when these are submitted to vacuum conditions, with 980 nm photon excitation. The 

same phenomena was observed in undoped YSZ and Er3+, Yb3+ co-doped YSZ NPs, and was 

explained based on a strong increase of the temperature in the nanostructured YSZ material 

in the absence of a thermal dissipation medium. The anti-Stokes blackbody radiation shown 

to be dependent on the incident photon energy power level, pressure and material size 

dimensions, and could result in alternative approach for lighting technologies, photovoltaic 

and pressure-based sensors applications. 
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Chapter 9.  

Perspectives of applications 

 In this chapter the perspectives of applications of the produced 

luminescent materials are envisaged. 
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ZrO2 and YSZ materials doped with different trivalent lanthanides, displaying intense and 

tuneable emission colours depending on dopant nature and dopant concentration were 

successfully produced by simple, fast and easy to scale up techniques. Even if additional 

characterization, including the measurements of the quantum yield of the produced 

luminescent materials, are required before further application, the characteristics of the 

produced materials evidence their potential for several optical-based applications, including 

for lighting, sensor and bioapplications. 

Regarding lighting and displays applications, the intense emission of the produced 

phosphors, in particular the ones doped with Eu3+, Tb3+, Pr3+, or Dy3+ could be very attractive 

for further consideration for phosphor converted LED or other lighting technologies based 

on luminescent materials. In particular, these materials could be of particular interest for 

applications in aggressive work environments, taking advantage of the chemical, thermal 

and mechanical stability of the selected host. However, additional measurements, for 

example regarding the stability of the Ln3+ in the zirconia hosts at high temperatures should 

be performed. The most promising result regarding lighting application is, undoubtedly, the 

one obtained in Dy3+ doped crystals. The strong white emission achieved in this crystal 

under UV excitation could consist in an alternative strategy for white light generation. Once 

again, information of quantum yield is fundamental for further practical applications. White 

light generated by a single phosphor, could be advantageous since it does not requires any 

adjust of phosphors concentration in order to get a white light, allowing a better 

reproducibility of colour in different pc-LEDs. Moreover, problems associated to differential 

variations of the different colour components in a multicolour-based device due to, for 

example, changes in temperature, could be avoided by using a single white phosphor. In 

addition, in the YSZ:Dy3+ phosphor the white light can be adjusted from a more cold to a 

more warm by selecting the appropriated excitation wavelength. As referred in the second 

chapter of this work, usually phosphors are applied in the pc-LED in a powder form, 

embedded in an epoxy or silicon resin. Several problems are associated to this type of 

pc-LEDs configuration, in particular in the high power LEDs. The encapsulating resin highly 

limits the work conditions of the LEDs, as it requires high chemical, photo and thermal 

stability, in order to prevent aging effects. The aging of the resin affects not only the 

intensity of the emitted light by the device but also the colour characteristics of the emitted 

radiation, including the CRI and CCT. Nowadays, an intense research in the development and 

improvements of LEDs is dedicated to find ways to surpass the limitation associated with 

the use of encapsulating resins. An interesting strategy to surpass these problems consists 

in the use of a thin slice of a single crystal on the surface of the chip LED instead of the 
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powders embedded in a resin. Besides the improved physical and chemical stability of the 

single crystals, higher quantum efficiency can be achieved due to the absence of grains 

boundaries losses in the single crystal comparatively to the powders. This concept was 

firstly proposed in 2013 by the group of K. Shimamura [1,2], which used a yellow emitting 

single crystal of YAG: Ce, Gd on the top of a 455 nm commercial LED to produce white light. 

The same strategy could be explored to produce white light using the YSZ:Dy3+ single crystal 

on the top of a UV LED, as schematically represented in Figure 9.1. 

 

Figure 9.1. Schematic representation of the pc-LED configuration using a powder phosphor (a) 
and an YSZ:Dy3+ single crystal layer (b). 

In addition, the NPs produced by PLAL show a high potential to be used as bioprobes for 

both in vivo and in vitro assays. In particular, downshifted luminescent YSZ NPs doped with 

Tb3+ and Eu3+ exhibiting intense long lived emission in aqueous medium could be very 

attractive for TR-FRET assays, avoiding the autofluorescence background. In this case, due 

to the required UV excitation the NPs should be applied for in vitro tests. On the other hand, 

YSZ NPs co-doped with Tm3+, Yb3+ and Er3+, Yb3+, with intense upconversion luminescence 

upon NIR excitation have a strong potential for in vivo biodetection and bioimaging. In 

particular the strong NIR to NIR UC luminescence is of upmost importance for application in 

bioimaging as both excitation and detected radiation are within the biological window. 

Moreover, with NIR excitation, the photo-damage of the tissues are minimized 

comparatively to UV and visible radiation, the penetration depth of excitation light is higher, 

allowing the analysis of more deep tissues, and autofluorescence is not stimulated, resulting 

in higher acquired signal to noise ratio. An illustration of the possible applications of the 

downshifted and UC luminescent YSZ NPs is shown in Figure 9.2. 
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Figure 9.2. Schematic representation of the possible applications of downshifted and UC 
luminescent YSZ NPs doped with lanthanides for biodetection and target imaging. 

Despite the high perspectives of application of the PLAL produced NPs, there is still a long 

way to go until their practical use in bioapplications. As referred above, zirconia is a bio 

inert material that found other practical biomedical applications. Even so, since material 

size and chemical surface play an important role in this field, the toxicity of the doped NPs 

produced by PLAL are now under analysis, in order to ensure their non-toxicity. In addition, 

particle size distribution of the NPs produced by PLAL needs to be narrowed in order to be 

used as bioprobes. Besides the advantageous of the PLAL process in the production of the 

luminescent crystalline NPs (due to its simplicity, NPs and easily incorporation of 

lanthanide activators), the control over particle size distribution without the use of 

surfactant is a crucial issue that need to be solved. The complex interaction between the 

laser beam, plasma plume, produced NPs, target and liquid medium makes difficult to get 

NPs with a strict control over their size distribution. As such, alternative ways should be 

explored in order to narrow the particle size distribution, without jeopardize the other 

advantageous characteristics of the colloidal solutions produced by PLAL. A strategy that 

should be explored is a second laser irradiation of the colloidal solution. Other important 

step for the applications of the produced NPs as luminescent bioprobes is the NPs surface 
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functionalization and further bioconjugation. As shown in Figure 9.3 an appropriated 

overlap between the emissions of YSZ:Tb3+ and, in special of the YSZ:Tm3+,Yb3+ with the 

excitation spectra of a FITC dye (an organic dye extensively used in TR-FRET for detection 

of avidin [3]) occurs evidencing the potential of these NPs in TR-FRET assays in combination 

with FITC dye. Based on this knowledge, a first attempt for the functionalization of the NPs 

surface with amine group, and posterior conjugation with biotin molecules for further 

detection of avidin was performed. However this preliminary experiment was not 

successfully achieved. Alternative approaches for the YSZ NPs surface functionalization 

should be further explored. Strategies based on in situ functionalization during the ablation 

process could be an interesting approach for further exploitations in this field. 

Other potential applications of the YSZ NPs produced by PLAL of upmost interest are those 

related with pressure based luminescent sensors and white light generation, as discussed in 

Chapter 8 based on the blackbody radiation phenomena observed in vacuum conditions. 

The dependence of the blackbody radiation versus upconverted emission in co-doped YSZ 

leads to changes in the samples colour emission depending on the pressure conditions that 

can be further explored to be used in pressure based sensors. On the other hand, the strong 

white blackbody radiation observed under NIR excitation could consist in a new and 

efficient alternative for lighting. Based on these ideas, two patents were already submitted 

to the National Institute of Industrial Property. 

 

Figure 9.3. Comparison between emission spectra of YSZ:Tb3+ NPs under, UV excitation, and of 
the YSZ:Tm3+,Yb3+, under NIR excitation, with the excitation spectra of the FITC dye.  
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Chapter 10.  

Overview and final Conclusions  

 An overview of the work undertaken in this thesis and final 

conclusions, followed with new ideas for further developments are 

presented in this chapter. 
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Luminescent materials based on zirconia doped with different trivalent lanthanide ions 

were produced and their properties analysed taking into account their potential 

luminescence-based applications. Three processing methods, LFZ, SCS and PLAL, were 

studied for the preparation of zirconia single crystals, nanopowders and NPs, respectively.  

LFZ revealed to be an effective technique to produce both undoped and Ln3+ doped 

tetragonal YSZ single crystals at relatively high growth rates (20-40 mm/h). The production 

of undoped cubic YSZ crystal was also successfully achieved by this process, but the 

produced crystal show a poor mechanical stability and easily breaks under small mechanical 

impact. On the other hand, the Ln3+ doped intact cubic YSZ crystal could not be produced, as 

the crystal completely shatters during the growth or in the cooling process, when the power 

of the laser is decreased. Such behaviour was associated to the high stress in the grown 

crystal induced by large amount of dopant and stabilizer ions and high temperature 

gradient between the molten zone and the grown crystal. Regarding the growth of Ln doped 

tetragonal YSZ single crystal, different lanthanide ions in the trivalent charge state, were 

successfully incorporated in the YSZ host during the growth process. The ion optical 

activation was successfully achieved, without the need of any additional thermal annealing. 

In general, intense emission at RT was observed in the YSZ doped crystals due to the 

electronic transitions between the energy levels within the 4f configuration of the dopant Ln 

ions in the trivalent charge state. As the energy multiplets of such Ln3+ spread along all the 

visible spectra, different emission colour were obtained by a proper selection of the Ln ion, 

ion concentration and excitation energy: intense green light in Tb3+ doped YSZ, orange/red 

light in Eu3+ doped YSZ, blue light in Tm3+ doped YSZ, green emission in Er3+ doped YSZ, red 

light in Pr3+ doped YSZ, or even white light in Dy3+ doped YSZ crystals fibres. The intense 

emission observed at RT in Ln3+ doped YSZ LFZ grown crystals evidence the potential of 

zirconia host for the production of luminescent materials with potential for practical 

applications. In particular, the white emission obtained in the tetragonal YSZ:Dy3+ crystal 

fibres under UV excitation, is of special importance for lighting applications as it could 

consist in an alternative strategy for white light generation. Such fibres also can be used as 

light guides as was observed from the Ln3+ emission propagation through the fibres. 

In a high number of phosphor applications, for example in lighting and displays, phosphors 

are needed in a powder form. Simple and economic processes are required for large scale 

production of phosphor materials with improved performance characteristics. Solution 

combustion synthesis was effectively used to produce crystalline zirconia nanopowders 

doped with lanthanide ions. The powders produced from metal nitrates and urea fuel (in 

stoichiometric conditions), are composed by crystals with nanometric dimensions. The high 
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temperature achieved in the process allows, on one hand to produce high crystalline 

powders and, in the other hand, an easy incorporation and optically activation of different 

Ln ions in the zirconia host. A comparison between the luminescence of Ln ions in the 

tetragonal YSZ and in the monoclinic YSZ revealed that, in general, an increase in the 

luminescence from additional Ln3+ optical centres is observed in the doped samples where 

the monoclinic phase is present. In addition, the results obtained in ZrO2:Tm3+ and 

tetragonal YSZ:Tm3+ powders show that the luminescence of Tm3+ ions in a tetragonal YSZ 

host has higher stability with temperature, following the same tendency as  the one 

observed in the tetragonal YSZ:Tm3+ single crystal.  

Pulsed laser ablation in water was explored for the preparation of colloidal solution of ZrO2 

and YSZ NPs doped with different lanthanides, envisaging manly their potential application 

as bioprobes. An initial study of the effect of the different processing parameters on the 

characteristics of the ZrO2 NPs and on the process yield was performed. The results revealed 

that, within the studied range of parameters, an appropriated compromise between laser 

power and height of water layer must be achieved in order to avoid the production of big 

particles by fragmentation and improve the yield of the process. For the range of studied 

parameters highly crystalline NPs with a spherical shape and average particle size in the 

order of 10 nm were produced by the ablation of the solid target. Similar characteristics 

were found in ZrO2 and YSZ NPs doped with different Ln ions, including Eu3+, Tb3+, Tm3+ and 

Er3+ produced by the same process. The RT luminescence observed in the as-produced 

doped NPs evidence the easy and successful incorporation of the optically activated ions in 

the zirconia and YSZ lattices. In particular, YSZ NPs doped with Tb3+ and Eu3+ show intense 

long lived luminescence at RT and when dispersed in water, exhibiting higher potential to 

be further used in TR-FRET assays.  

Besides the downshifted luminescence of the trivalent Ln ions in zirconia lattices, with high 

potential for optoelectronic applications (e.g. lighting and displays) the produced samples 

doped with Tm3+ and Er3+ also show interesting upconversion luminescence. In particular 

Er3+ doped and Er3+, Yb3+ and Tm3+, Yb3+ co-doped samples show intense upconverted 

visible light  at RT, when excited with 980 nm photons, well inside the biological optical 

window. Besides the intense visible emission of the co-doped NPs, the intense NIR to NIR 

upconversion emission in the Tm, Yb co-doped NPs produced by PLAL is of upmost 

importance for in vivo biodetection and bioimaging as both excitation and detection are 

within the biological optical window. Moreover, an intense yellow/white anti-Stokes 

blackbody radiation was found in these co-doped NPs which are of superior importance 
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paving the way to the development of non-contact luminescence-based pressure sensors as 

well as new strategies for white light generation.  

Besides the need of additional characterization, mostly regarding to the quantum efficiency 

measurements for the produced ZrO2 based phosphors, and 

functionalization/bioconjugation for the already discussed bioapplications, the results here 

presented evidence the high potential of these materials and laser processing routes for the 

in situ doped hosts, herein assumed with high potential for practical applications in lighting 

technologies, sensors, and bioprobes. 
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