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1 
Introduction 

 

 

 

1.1 Context  

In the year that has been declared by the United Nations as the International 

Year of Light, we stress the importance of photonics as the leading light-based 

technology of the 21st century. Actually, this word derives from the Greek word φωτός 

(phōtos), which means light, and appeared at the end of the 1960s, in analogy with 

electronics, to describe a field of research based on the use of photons for practical 

purposes, as electronics is based on electrons [1]. In particular, the term photonics refers 

to the generation, transmission, amplification, processing, and detection of light from 

the ultraviolet to infrared spectral regions [1]. 

Undoubtedly, research in the field of photonics was devoted in the past decades mainly 

to the development of optical communication systems to replace the old electronic 

communication systems, which were based on coaxial cables to transmit the 

information between two distant points. Even if high frequency signals can be 

transmitted in these conductive cables, they present many drawbacks such as a low 

capacity, large attenuation losses (0.5-1 dB/m), heavy weight, low flexibility, and 

moreover, they are affected by electromagnetic interference [2]. These drawbacks stem 

from the characteristics of electrical signals and they can be eliminated when using 

optical signals to carry the information.  

With the invention of the laser [3] and the laser diode [4] in the 1960s, high-coherent 

and collimated monochromatic light beams became available. However, a low loss 

medium able to transmit information in the form of light signals was missing. Kao and 

Hockman were the first who, in 1966, proposed that glass was an adequate material to 

develop low loss dielectric waveguides able to propagate light signals [5], due to the 
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low scattering and absorption losses of glass. Glass absorption losses in the infrared 

region are related to the presence of impurities, such as metal and hydroxyl ions, and 

they can be strongly reduced by using high purity starting chemicals and adequate 

fabrication procedures [5]. Thus, only few years later, in 1970, low loss optical fibres 

with intrinsic losses of 7 dB/km, close to Kao’s theoretical limit, were demonstrated [6]. 

However, the fabrication of ultra low loss fibres, having an attenuation of 0.2 dB/km at 

1.55 µm, from a P2O5-doped SiO2 glass [7] showed in 1979 that Kao’s theoretical limit 

was conservative. Nowadays, we know that attenuation losses of 0.2 dB/km are close to 

the real theoretical minimum losses of silica fibres (0.125 dB/km at 1.55 µm). These 

intrinsic losses stem from Rayleigh scattering and infrared absorption. In addition, 

residual OH- impurities generate an extrinsic absorption band at ~1.4 µm as it is 

illustrated in Fig. 1.1.   

 
Figure 1.1: Attenuation of a conventional silica fibre as a function of wavelength, adapted 
from [8]. The spectral regions corresponding to the short (S), conventional (C), long (L), 
and ultralong (U) wavelengths of the current optical transmission window are indicated in 
the figure. 

With the fabrication of ultra low loss silica fibres, the transmission of optical signals 

over large distances (up to 50 km) became possible without the need of amplification, 

but optical-electrical-optical (OEO) repeaters were needed if larger distances wanted to 

be covered [2]. However, the high cost of OEO repeaters and their low efficiency, i.e. 

each OEO could amplify only the signal at one wavelength, needed to be overcame by 

replacing them with all-optical amplifiers in order to make optical communications 

feasible [2]. In 1987, an efficient optical amplifier at 1.54 µm was achieved at last by 

doping silica fibres with Er3+ ions [9]. This was possible thanks to the matching 
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between the minimum loss region of silica fibres and the main Er3+ photoluminescent 

emission around 1.5 µm. The popular erbium doped fibre amplifiers (EDFA) was 

born. With the use of EDFAs, a transoceanic transmission of 2.4 Gbit/s data over 21000 

km was demonstrated in 1995 [10]. A major advantage of EDFAs is that they amplify 

many wavelengths at the time, thus, they allowed implementing wavelength division 

multiplexing (WDM) systems to increase the data capacity of optical fibres by dividing 

the transmission window in several bands, each of them transmitting independent 

signals [11]. The early WDM systems used the spectral region where the fibre 

attenuation losses are minimum and the EDFA amplification is maximum (1.53-1.56 

µm) for long-haul transmission systems. This was named the conventional band (C-

band) [12]. With the development of broadband EDFAs or Raman amplifiers, WDM 

systems could exploit larger bandwidths around 1.5 µm to increase the data capacity of 

optical fibres, such as the short (S), long (L) and ultralong (U) transmission bands (Fig. 

1.1) [12]. However, the spread of Internet along with the demand for more transmission 

capacity have boosted an increase of fibre capacity of a factor of ~10 every 4 years, as it 

is shown in Fig. 1.2, requiring additional systems to WDM ones [13]. Nowadays, 

optical fibres transmit signals that have been multiplexed in time, wavelength, 

polarization, and phase (High spectral efficiency coding) to send more information than 

ever before. However, the maximum capacity of 100 Tbit/s per fibre cannot be 

overcome with the current technology. Thus, new types of fibres and new technologies 

have to be addressed, such as space division multiplexing (SPD), which is based on 

optical fibres able of supporting hundreds of spatial modes that can be exploited as 

parallel channels for transmitting independent signals [13].  

 
Figure 1.2: Evolution of transmission capacity of optical fibres as evidenced by laboratory 
demonstrations, from Ref. [13]. 
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Even if optical fibres ensure the transmission of large amounts of data with low losses, 

the performance of current data networks is limited by the electronics necessary to 

distribute the data to the final user through the routing, storing and queuing of data 

packets [14]. The elimination of this bottleneck implies necessarily the replacement of 

electronic components with optical components that will allow the future development 

of high-capacity all-optical networks [14]. Moreover, the successful migration from 

electronic to optical devices is strictly related to the capability of fabrication and 

integration of multiple optical components such as waveguides, beam splitters, gratings, 

couplers, polarisers, interferometers, sources, and detectors on a common planar 

substrate (integrated photonics) since this implies size reduction, production costs 

savings, low power consumption and compatibility with the current fibre technology 

[15]. For example, the success of EDFA and the advantages of integrated photonics led 

to strong research efforts to develop Er doped waveguide amplifiers (EDWA) and lasers 

(EDWL) over the last 20 years [16]. Today, EDWA can enhance light signals on a 

robust, low-cost, miniature chip, as it is schematically represented in Fig. 1.3.  

 
Figure 1.3: Schematic representation of an Er doped waveguide amplifier (EDWA) for 
integrated applications, adapted from Ref. [16]. 

With the development of integrated photonic devices, new and ubiquitous applications 

have emerged in many different fields apart from optical communications, as 

illumination, information processing, metrology, spectroscopy, holography, bio-

medicine, defence, material processing and manufacturing, green-energy, agriculture, 

robotics, etc. [17]. In this regard, Figure 1.4 illustrates how the European funding 

dedicated to photonics during 2007-2012 (Framework Programme 7) has been assigned 
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to many different research areas, health care and biology being the most funded ones 

[18]. 

 
Figure 1.4: Distribution of photonics-related funding in the EU under Framework 
Programme 7 (2007-2012) [18]. 

Due to the diversification of photonic applications, new devices are designed for 

spectral regions that are beyond the near-infrared (0.7-2.0 µm) and comprise the visible 

(0.4-0.7 µm) and mid-infrared (2.0-15 µm) regions [17]. Applications in the visible 

include lasers for consumer equipments such as barcode scanners, laser printers, 

DVD/Blu-ray devices, as well as phosphors for illumination and displays [17]. On the 

other hand, laser sources in the mid-infrared are of tremendous scientific and 

technological interest for applications in spectroscopy, bio-medicine, materials 

processing, and chemical or bio molecular sensing since the strong characteristic 

vibrations of many important molecules (H2O, CO2, CH4, NO2, etc.) lie in this spectral 

region [19]. For instance, mid-infrared laser sources at the fundamental stretching 

vibration of O-H (2.95 μm) have significant benefits in soft-tissue surgery due to the 

absence of carbonization and fast ablation rates [20]. Moreover, LIDAR (light detection 

and ranging) systems employing mid-infrared lasers may be used to detect greenhouse 

gases (CO2, CH4) and pollutants (NO2) through their characteristic absorption 

‘fingerprints’ [20]. Finally, the two atmospheric transmission windows (3-5 and 8-13 

μm) in which the Earth's atmosphere is relatively transparent, can be used for 

atmospheric, security, and industrial applications such as remote explosive detection, 

countermeasures against heat-seeking missiles, and covert communication systems [19]. 
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However, the development of integrated photonic devices is a complex task since there 

is not a unique optical material, as it is silicon for microelectronics, that is suitable for 

the design and fabrication of different optical components on a single chip [15]. 

Moreover, adequate materials should not only present the proper optical properties to 

implement a given function in the desired spectral range, but they should also be 

compatible with the existing fabrication techniques and integration on microelectronic 

chips [15]. Therefore, a large number of organic and inorganic materials have been 

studied to develop integrated photonic devices [21, 22, 23]. Undoubtedly, silicon has 

been the most researched material to develop integrated photonic devices since it allows 

using standard semiconductor fabrication techniques and it can be easily integrated with 

microelectronic chips [24, 25]. However, the principal drawback of Si resides in its 

indirect bandgap which strongly limits efficient light emission and therefore the 

achievement of a Si laser at room temperature [25]. Photonic materials based on silicon 

are out of the scope of this thesis and more information can be found in the review by 

Pavesi [25] and in the paper by Liang and Bowers on Si lasers [26].  

Apart from silicon, glass is obviously among the most promising materials for the 

development of integrated photonic devices due to its very good optical properties, the 

ease of preparation and possibility of shaping it in a variety of forms (bulk, fibre, thin 

film) with a relatively low-cost production [27, 28]. In addition, glass is a very versatile 

material since its properties1 can be easily tuned by adjusting its composition and 

processing parameters in order to meet the requirements for a specific application [27]. 

In the particular case of optical and photonic glasses, such as these considered in the 

present thesis, they are required to have good chemical stability, homogeneity, thermo-

mechanical properties together with a low absorption and adequate linear and nonlinear 

refractive indices in the desired wavelength range [28].  

Photonic glasses are usually divided in two types: active photoluminescent glasses, and 

nonlinear glasses [27, 28]. While the nonlinearity is an intrinsic property of glass [29], 

photoluminescence is obtained by doping glasses with rare earth ions [30]. In this thesis 

we focus only on photoluminescent glasses. The peculiarity of rare earth ions resides 

in their electronic configuration2 which presents multiple excited levels that can decay 

either radiatively or nonraditively. Radiative transitions of rare earth ions cover a broad 

                                                      
1 Glass properties are described in chapter 2. 
2 The electronic configuration and spectroscopic properties of rare earth ions in solids are presented in 
chapter 2. 
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spectral range from the visible to infrared, thus rare earth doped glasses have been 

employed as optical amplifiers, solid-state lasers, phosphors, etc. [27, 30]. For instance, 

optical amplifiers for telecommunication have been obtained at 1.5 µm from Er3+ doped 

glasses, as described above, while many solid state lasers at 1.0 µm have been achieved 

from Nd3+ doped glasses thanks to the high efficiency of their emission [30]. Moreover, 

Er3+ presents many excited levels that may decay radiatively in glasses, emitting in the 

visible and mid-infrared regions [30]. However, the probability of radiative or 

nonradiative transitions depends mainly on the glass composition and structure, since 

they determine two important parameters such as the solubility of rare earth ions and the 

maximum phonon energy of the glass matrix [30]. In particular, glasses with a high rare 

earth solubility, large linear refractive index and low phonon energy are suitable hosts 

for rare earth ions since maximize their probability of radiative transitions [30]. 

Therefore, during the last decades, the research on glass as host for rare earth ions has 

been focused on the study of novel glass compositions in order to obtain improved rare 

earth emissions [27]. In this context, tellurite glasses have been indicated as promising 

candidates for developing high-performance integrated active devices [31, 32] and 

broadband amplifiers or lasers [33, 34], since they present: 

i. Wide transparency region in the visible and infrared wavelength range (typically 

0.4-6 µm), compared to silicate glasses (0.2-3 µm) [35]. 

ii. Good thermal stability and corrosion resistance, which are important in glass 

manufacture [35]. 

iii. The lowest phonon energy (~800 cm-1 vs. ~1100 cm-1 of silica glasses) among 

oxide glasses, which reduces the probability of nonradiative decay through 

multiphonon relaxation [33, 35]. 

iv. High linear refractive index and rare earth solubility, which enhances the 

electromagnetic field at rare earth sites and reduces concentration quenching 

effects, respectively [35]. 

As we show in this thesis, the addition of fluoride compounds to the composition of 

tellurite glasses improves further the efficiency of their photoluminescent emissions. 

Fluorotellurite glasses present an increased mid-infrared transparency and low OH- 

content due to the presence of fluorine that acts as a drying agent [36, 37]. Thus, 

nonradiative rare earth transitions induced by the high energy vibrations of OH- groups 
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are reduced in theses glasses. Finally, fluorotellurite glasses offer a more ionic 

environment to rare earth ions than tellurite glasses, with the consequent reduction of 

the probability of their multiphonon relaxation [38]. 

In addition to the fabrication of novel rare earth doped glasses with improved 

photoluminescence emissions, another way to enhance rare earth emissions goes 

through the production of transparent rare earth doped glass-ceramic hosts [39, 40]. 

They can be synthesized through controlled crystallisation3 [41, 42] of glass, which 

allows reducing light scattering and producing highly transparent glass-ceramics [43]. 

These materials show enhanced properties (e.g. large absorption and emission cross-

sections, high energy transfer rates), compared to their glassy counterparts, when a 

crystalline phase of the desired nature and structure is generated around rare earth ions 

[39, 40]. In particular, oxyfluoride glass-ceramics have been indicated as the most 

promising host for rare earth ions since to achieve high-efficient emissions, since they 

combine the properties of an oxide glass matrix with those of a fluoride crystalline 

phase [42, 44]. In such a way, when rare earth ions are segregated in the fluoride 

crystalline phase, they are found in an ionic environment characterized by a low phonon 

energy that leads to a strong reduction of nonradiative decay of excited rare earth levels 

[42, 44]. In this regard, fluorotellurite glasses, which belong to the family of oxyfluoride 

glasses, are adequate candidate to produce rare earth doped glass-ceramic with 

improved emissions, as we demonstrate in this thesis.  

 

 

 

1.2 Aim and methodology 

The Laser Processing Group (LPG) of the Instituto de Óptica (CSIC, Madrid) 

has a well established experience in the production of bulk and thin film glasses for 

optical applications. In particular, the wide expertise of the group about pulsed laser 

deposition for fabricating dielectric films with good optical properties [45, 46, 47, 48], 

has been successfully applied to the synthesis of multicomponent film glasses [49, 50, 

51]. Rare earth doped glass films were considered for application as waveguide 

amplifiers in integrated optical devices [49] while lead-niobium-germanate [52] and 

                                                      
3 The controlled crystallisation process to obtain glass-ceramics is described in chapters 2 and 5. 
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tellurite [53] glass films showed a large optical nonlinear susceptibility which make 

them promising to implement integrated ultrafast optical switches. Moreover, the LPG 

has been devoted to the study of optical properties of glasses [52, 54], femtosecond 

laser writing of waveguides in glasses [55, 56] and the study of the photoluminescence 

response of rare earth doped glasses [50, 57, 58].  

The know-how of the LPG on glass fabrication and characterization techniques, 

together with its knowledge on the relation between the structure and composition of 

glass with its optical properties, is applied in this thesis in the case of rare earth doped 

TeO2–ZnO–ZnF2 glasses and glass-ceramics.  

The starting point of this thesis has been the synthesis and characterization of two 

different TeO2–ZnO–ZnF2 glasses doped with Er3+. The structure, linear optical 

properties, thermal properties, and visible upconverted and near infrared 

photoluminescence emissions of these glasses have been studied in order to find the 

glass composition having the best properties for active applications. Moreover, the 

glasses have been doped with increasing Er3+ content (0.5-3 wt%) to study how this 

affects their photoluminescence response. The most promising TeO2–ZnO–ZnF2 glass 

host was finally codoped with Er-Yb or Er-Tm with the aim of improving the pumping 

efficiency of Er3+ ions and generating an ultra broad near infrared emission, 

respectively. 

The characterization of rare earth doped TeO2–ZnO–ZnF2 glasses settled the basis for 

the main objective of this thesis, that was the production of transparent rare earth doped 

TeO2–ZnO–ZnF2 glass-ceramics. This was performed by the controlled crystallisation 

of precursor glass samples in a temperature range indicated by the experimental 

nucleation and crystal growth curves. Then, the microstructure, optical properties, and 

photoluminescence response of the transparent Er3+ doped TeO2–ZnO–ZnF2 glass-

ceramics have been studied and compared to those of the precursor glass sample. From 

these analyses, we have confirmed that large part of Er3+ ions are segregated in a 

fluoride crystalline phase in glass-ceramics. This affects strongly the photoluminescence 

response of Er3+ ions, and in particular the upcoverted red emission.  

Finally, the last objective of the thesis has been the fabrication of Er doped TeO2–ZnO–

ZnF2 thin film glasses. The experience of the LPG on the fabrication of transparent 

tellurite film glasses by pulsed laser deposition [53] served as starting point to 

determine the appropriate parameters, such as oxygen pressure and laser fluence, for 
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successful fabrication of transparent fluorotellurite glass films with good optical quality. 

Both as-grown and annealed films have been studied and compared to the bulk glass. In 

particular, the annealed films showed an improver near infrared emission at 1.5 µm 

while maintaining similar structure and optical properties to those of as-grown films and 

bulk glass. 

  

 

 

1.3 Thesis structure 

The work developed in this thesis is structured in seven chapters, whose content 

is summarized in the following: 

- Chapter 1 corresponds to the present introduction, where the context, the aim, and the 

methodology of the thesis are described. 

- Chapter 2 focuses on the main properties of glass and rare earth ions in solids. At the 

end of the chapter some relevant applications of rare earth doped glasses and glass-

ceramics are presented.  

- Chapter 3 describes the experimental techniques used in this thesis for the synthesis 

of bulk and film glasses and for the compositional, structural and optical 

characterization. 

- Chapter 4 is dedicated to the characterization of rare earth doped TeO2–ZnO–ZnF2 

fluorotellurite glasses with different Zn/Te and F/O ratios and rare earth (Er3+, Er3+-

Yb3+, Er3+-Tm3+) concentration. In particular, the thermal and optical properties along 

with their photoluminescence response are related to the glass composition and 

structure.  

- Chapter 5 presents the production and characterization of Er3+ doped TeO2–ZnO–

ZnF2 glass-ceramics. Initially, the chapter focuses on the thermodynamic behaviour of 

Er doped fluorotellurite glasses in order to design appropriate thermal treatments that 

lead to transparent glass-ceramic samples. Once this goal is achieved, the structure, 

optical properties, and photoluminescence response of the produced glass-ceramics are 

studied.  
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- Chapter 6 reports the fabrication of Er doped TeO2–ZnO–ZnF2 film glasses by pulsed 

laser deposition in a dynamic oxygen atmosphere at room temperature. The 

composition, structure, optical properties, photoluminescence response, and OH- content 

of as-grown and annealed films are compared to those of the bulk glass used as target in 

the pulsed laser deposition. 

- Chapter 7 summarizes the main conclusions of the thesis. 
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Introducción 
 

 

 

El vidrio es un material que la humanidad ha utilizado desde hace siglos. Entre sus 

características destacan su baja absorción y su muy pequeña dispersión de la luz visible. 

Sin embargo, solo fue a partir del los años 60 del pasado siglo, con el nacimiento de la 

fotónica [1], cuando se impulsó la investigación de este material con el objetivo de 

poder propagar la luz con muy bajas perdidas [5]. El desarrollo y fabricación de fibras 

ópticas con pérdidas de tan solo 0.2 dB/km (a 1,55 µm) [7], y posteriormente, de 

amplificadores en fibra dopados con erbio (EDFA) [9], basados en la coincidencia entre 

la región espectral de mínimas perdidas de las fibras de sílice vítrea y la emisión 

principal de los iones Er3+ (a 1,54 µm), hizo posible el empleo de señales ópticas para 

transmitir la información en los sistemas de telecomunicación.  

Actualmente, la investigación en materiales fotónicos está dirigida principalmente a la 

integración de múltiples componentes ópticos en un único dispositivo para reducir el 

tamaño y los costes de producción de los mismos [17]. Además, el campo de aplicación 

de estos dispositivos se ha ampliado desde las comunicaciones ópticas hacia otras áreas 

como biomedicina, iluminación, defensa, agricultura, energía, etc. [17]. Esto implica 

que la región espectral para la cual los dispositivos fotónicos deben estén diseñados se 

haya ampliado desde el infrarrojo cercano (0,7-2,0 µm) al visible (0,4-0,7 µm) y al 

infrarrojo medio (2,0-15 µm) [17]. Por ejemplo, equipos de consumo tan habituales 

como impresoras, reproductores DVD, lectores de códigos de barras, etc., emplean 

láseres visibles mientras que los materiales luminiscentes se utilizan en la fabricación de 

pantallas y dispositivos de iluminación [17]. Por otro lado, láseres operando en el 

infrarrojo medio podrían ser empleados en biomedicina, como por ejemplo en cirugía 

mínimamente invasiva; en el procesado de materiales; en la detección de gases 

responsables del efecto invernadero, entre otras aplicaciones, ya que en esta región 

espectral se encuentran  las bandas de absorción de moléculas químicas y biológicas tan 

importantes como las de H2O, CO2, CH4, entre otras. [19]. Además, en el infrarrojo 
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medio se encuentran dos ventanas de transmisión (3-5 y 8-13 µm) en las cuales la 

atmosfera de la tierra es poco absorbente, que pueden permitir el desarrollo de sistemas 

de defensa y de comunicación [19]. 

Para desarrollar nuevos dispositivos fotónicos o mejorar los que ya existen se han 

considerado tanto materiales orgánicos como inorgánicos [21, 22, 23]. Entre estos 

últimos, el vidrio presenta algunas ventajas importantes, con respecto a otros 

materiales, como la facilidad de producción en multíplices formas, con un coste 

relativamente bajo, además de ser extremadamente versátil ya que muchas de sus 

propiedades1 (ópticas, térmicas, mecánicas, etc.) pueden ser ajustadas a la aplicación de 

interés modificando su composición y su procesado [27, 28]. Si nos centramos en los 

vidrios ópticos, estos deben poseer: buena estabilidad química, buena homogeneidad, 

elevada resistencia termo-mecánica y, además, deben presentar una baja absorción y un 

índice de refracción, lineal y no lineal, con el valor deseado en el intervalo espectral de 

interés [28]. Por último, según la configuración que presente el vidrio (masivo, fibra, 

lámina delgada), este podrá ser empleado en dispositivos diferentes. Así, vidrios en 

láminas delgada, con un espesor de pocas micras, y que se hayan depositado sobre un 

sustrato plano, son aptos para el desarrollo de dispositivos integrados [15]. 

Entre las principales aplicaciones de los vidrios en óptica y fotónica destacan las no 

lineales y las luminiscentes [27]. Mientras la no linealidad es una propiedad intrínseca 

del vidrio [29], los vidrios fotoluminiscentes se obtienen mediante el dopado con iones 

activos, como las tierras raras [30]. Estos iones se caracterizan por una configuración 

electrónica2 con numerosos niveles excitados que al decaer pueden emitir luz en un 

intervalo espectral que va desde el ultravioleta al infrarrojo medio en función de la tierra 

rara. La probabilidad de transiciones radiativas o no radiativas2 de las tierras raras 

depende principalmente de la composición y estructura del vidrio, que determinan a la 

vez la solubilidad de estos iones y la máxima energía de fonón de la matriz vítrea [30]. 

Una alta solubilidad y una baja energía de fonón minimizan la probabilidad de 

transiciones no radiativas de los iones de tierras raras y en consecuencia maximizan la 

eficiencia de las transiciones radiativas [27, 28]. Por ello, es fundamental tener en 

cuenta la composición del vidrio en relación a su dopado con los iones de tierras raras. 

                                                      
1 Las propiedades del vidrio se describen en el capítulo 2. 
2 La configuración electrónica y las transiciones radiativas y no radiativas de los iones de tierras raras en 
los sólidos se presentan en el capítulo 2. 
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Entre los vidrios de óxidos, los teluritos poseen la menor energía de fonón (~800 cm-1), 

así como una alta solubilidad para los iones de tierras raras, un elevado índice de 

refracción lineal y no lineal, un amplio intervalo de transparencia (0.4-6 μm), además de 

una buena estabilidad térmica y una elevada resistencia a la corrosión [33, 35]. Por ello, 

estos vidrios son muy atractivos como matrices para las tierras raras [31]. Además, la 

introducción del flúor en la composición de los teluritos mejora las propiedades de 

dichos vidrios, especialmente en lo que se refiere a su dopado con iones de tierras raras. 

Por un lado, el entorno de los iones de tierras raras se vuelve más iónico, con lo que 

disminuye el acoplo electrón-fonón que causa el decaimiento no radiativo de los iones 

de tierras raras [38]. Por otro lado, el flúor actúa como un agente “desecante” durante la 

fabricación de los vidrios, disminuyendo la concentración de grupos hidroxilos y así la 

absorción del vidrio en el infrarrojo medio [36, 37]. La reducción de los grupos 

hidroxilos es también beneficiosa para los iones de tierras raras ya que estos grupos, con 

su vibración, inducen el decaimiento no radiativo de las tierras raras [30].  

Por último, pero no menos importante, los vidrios de fluoroteluritos pertenecen a la gran 

familia de vidrios de oxifluoruros que es de las más prometedoras para la síntesis de 

vitrocerámicos dopados con iones de tierras raras altamente eficientes, que combinen 

una matriz vítrea con las propiedades de los vidrios de óxidos, con una fase cristalina de 

fluoruros [42, 44]. De este modo, los iones de tierras raras que se encuentran en la fase 

cristalina “perciben” una máxima energía de fonón muy reducida con respecto a la de la 

matriz vítrea, aumentando así la eficiencia de sus emisiones rediativas [42, 44]. 

En esta tesis se estudian los vidrios y vitrocerámicos de fluoroteluritos del sistema 

TeO2–ZnO–ZnF2 como matrices para iones de tierras raras. Además, los vidrios de 

teluritos han sido previamente estudiados por el Grupo de Procesado por Láser (GPL), 

demostrando ser candidatos prometedores tanto para aplicaciones lineales como no 

lineales [52, 54].   

El punto de partida del trabajo presentado en esta tesis ha sido la síntesis y la 

caracterización de vidrios de TeO2–ZnO–ZnF2 dopados con Er3+ (Capítulo 4). Se ha 

estudiado la estructura, las propiedades ópticas, y la respuesta fotoluminiscente de 

dichos vidrios en el visible y en el infrarrojo cercano para determinar cuál de ellos era el 

más prometedor para eventuales aplicaciones activas. Además, se ha estudiado el efecto 

del aumento de concentración de Er3+ (0,5-3,0 % en peso) en la respuesta 

fotoluminiscente. El vidrio que se ha considerado más prometedor se ha codopado con 
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Er-Yb u Er-Tm con el objetivo de mejorar la eficiencia de bombeo de los iones Er3+ y 

de generar una emisión de banda ultra ancha en el infrarrojo cercano, respectivamente. 

A partir de dicho estudio se abordó el que era uno de los objetivos principales de esta 

tesis: la producción de vitro-cerámicos transparentes de TeO2–ZnO–ZnF2 dopados con 

iones de tierras raras (Capítulo 5). Esta se llevó a cabo mediante cristalización 

controlada de muestras de vidrio en el intervalo de temperaturas determinado a través 

del estudio de los procesos de nucleación y crecimiento cristalino. Posteriormente, se 

estudió la microestructura, propiedades ópticas, y respuesta fotoluminiscente de los 

vitro-cerámicos transparentes de TeO2–ZnO–ZnF2 dopado con Er3+ y se comparó con 

las del vidrio. A partir de estos análisis, se confirmó que gran parte de los iones de Er3+ 

se encuentran en un entorno cristalino de fluoruro en los vitro-cerámicos sintetizados. 

Este hecho afecta principalmente la emisión visible (a 650 nm) por conversión de 

energía (upconversion) de los iones de Er3+.  

El último objetivo de esta tesis ha sido la fabricación de láminas delgadas de vidrios de 

TeO2–ZnO–ZnF2 dopados con Er3+ (Capítulo 6). La experiencia del GPL en la 

fabricación de láminas delgada de vidrios de teluritos mediante la técnica del depósito 

por láser pulsado, ha sido utilizada para determinar los parámetros experimentales para 

la fabricación de láminas de fluoroteluritos con una muy buena calidad óptica. 

Sucesivamente, se estudiaron las propiedades y la respuesta fotoluminiscente (a 1,5 

micras) de láminas crecidas a temperatura ambiente y de láminas tratadas térmicamente  

y se compararon con las del vidrio masivo. Los tratamientos térmicos mejoraron 

notablemente la respuesta fotoluminiscente de las láminas delgadas, sin alterar sus 

propiedades ópticas y estructurales lo que se ha relacionado con la reducción del 

contenido de iones hidroxilos en las láminas recocidas.  
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2 
Properties of glass and rare earth ions  

 

 

 

2.1 Introduction 

A key figure and one of the forefathers of modern glass research was the 

German scientist Dr. Friedrich Otto Schott (1851-1935). He was one of the first 

researchers who used scientific methods to study the effects of different chemical 

elements on the optical and thermal properties of glass. In 1884, Schott established in 

association with Dr. Ernst Abbe and Carl Zeiss, the Glastechnische Laboratorium 

Schott & Genossen (Schott & Associates Glass Technology Laboratory) in Jena, which 

manufactured specialized glasses with precisely defined and reproducible properties. 

This made possible the mass production of powerful microscopes and other optical 

devices giving to glass the status of relevant optical material. A few decades later, the 

research in the field of glass acquired an increasing importance as it is witnessed by the 

establishment of the International Commission on Glass by W.E.S. Turner in 1933 “to 

promote international collaboration and to spread information throughout the glass 

community” [59].  

Nowadays the research on glass covers many fields in modern technology. In optics, 

glass has been and will continue to be the material of choice in imaging systems [60]. In 

this area, the research on high quality imaging system for aircraft and space applications 

is focused on the development of glasses with low mass density in order to reduce the 

weight of the optical system [60]. Moreover, microlenses and radial gradient index 

(planar) lenses have been made possible the production of integrated optical systems 

[27, 60]. Optical glasses with improved chemical resistance and low thermal expansion 

coefficient represent another important field of research for optical applications in 

extreme conditions [60].  
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Besides to imaging systems, glasses are also the material of choice in optoelectronic 

and photonic systems [21, 27, 28, 60]. For example, in microelectronics, the wavelength 

of the radiation source used in lithography processes has decreased accordingly with the 

dimensions of integrated circuits increasing the demand of glass substrates with an 

improved ultraviolet transmission in order to increase the diffraction limit of the system 

[60]. Glass substrates are also replacing traditional aluminium substrates for developing 

magnetic discs with high density storage capacity due to their very high surface 

smoothness [60]; while glasses with a large nonlinear refractive index have been 

proposed as ultrafast light modulators or switches in optical circuits [27, 28].  

Finally, active photoluminescent glasses, that are obtained by doping glasses with rare 

earth ions, have played and still play a major role to produce optical amplifiers, solid-

state lasers, phosphors, etc. [27, 30]. Moreover, the spectroscopic properties of rare 

earth ions are strongly related to the structure and optical properties of the glass. 

Since this thesis is devoted to the study of rare earth doped glasses, we will first 

describe the principal properties of glasses, to stress their uniqueness as optical material. 

Then, we will focus on rare earth ions in solids, with special emphasis on the relation 

between the properties of the host material (e.g. crystalline/amorphous, refractive index, 

phonon energy, etc.) and the spectroscopic properties of rare earth ions. Finally, we will 

briefly illustrate how the choice of the glass composition and the modification of its 

structure, i.e. glass-ceramics, have been employed to achieve improved rare earth ions 

emissions.  
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2.2 Structure and properties of glass 

The most relevant properties of glass are undoubtedly its optical properties, 

quantified by means of its refractive index, dispersion and transmission. However, these 

properties are largely determined by the chemical composition of glass and, to a lesser 

degree, by the fabrication method employed (e.g. melt-quenching, chemical vapour 

deposition, etc.) since they affect the structure of glass and determine how this interacts 

with light. Therefore, we first describe how glass is produced from a fast cooling melt 

and then we focus on the glass structure and how it affects the optical properties of 

glass. 

  

 

2.2.1 Thermodynamic properties 

Glass can be defined as a super-cooled liquid, which is in a thermodynamically 

metastable state and it has a viscosity larger than 1014 dPa [59]. This definition is 

strictly related to the most common way to produce glass, that is through a fast cooling 

of a homogeneous melt. This thermodynamic process can be described by considering 

the volume-temperature curve shown in Fig. 2.1. 

 
Figure 2.1: Volume-temperature curves for the formation of glass and crystal from a melt. 

When a melt is cooled from a high temperature, its volume diminishes in a continuous 

way until it reaches the melting temperature Tm (line A-B in Fig. 2.1). At this 

temperature, if the cooling rate is slower than the crystal growth rate, the melt goes 
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through the region B-C in Fig. 2.1 and undergoes a contraction. Then further cooling of 

the melt can generate a solid crystalline material (line C-D in Fig. 2.1). But, if the 

cooling rate is faster than the crystal growth rate, the melt passes Tm without 

crystallising and becomes a super-cooled liquid (line B-E in Fig. 2.1). The transition 

between a super-cooled liquid to a solid glass (point E in Fig. 2.1), which corresponds 

to a high value of viscosity (~1014 dPa), occurs at a temperature that is called the glass 

transition temperature Tg. This temperature is not constant for a given glass but it 

depends on its cooling rate. In fact, a rapid cooling will produce a glass with a higher Tg 

and therefore, it will present a higher volume and a more open structure than a slowly 

cooled melt. Typically, optical glasses are reheated at a temperature close to Tg to 

reduce strains formed by non-uniform volume changes during the fast cooling of the 

melt. At this temperature, the atomic arrangement of glass is modified and strains are 

reduced through a process known as structural relaxation [59].  

The transformation from a glass to a viscous liquid is reversible and it occurs when the 

glass is heated at a temperature higher than Tg. Moreover, in the temperature range 

between Tg and Tm, the glass can crystallise if the duration and temperature of the 

annealing are adequate. The crystallisation of glass is an exothermic process, i.e. it 

releases energy. The optimal temperature for glass crystallisation, known as 

crystallisation temperature Tc, is the one for which the crystal growth rate is 

maximum. However, the crystallisation of glass is a process that usually occurs in two 

steps. First, when the glass is reheated, submicroscopic clusters of atoms, arranged in a 

periodic manner, are formed (nuclei); then, nuclei become crystals once they reach a 

critical size. Nuclei formation is named nucleation while their growth is the crystal 

growth. Figure 2.2 illustrates the temperature dependence of nucleation and crystal 

growth rates in glasses [41].  
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Figure 2.2: Schematic representation of nucleation and crystal growth rates in glasses 
as a function of temperature. The dashed region represents the zone of super cooling of 
the melt. 

The nucleation rate is limited by viscosity at low temperatures, close to Tg, while the 

crystal growth rate is limited by the lack of thermodynamic driving forces close to Tm. 

Moreover, the two curves may overlap in a temperature range where the nucleation and 

crystal growth processes occur at the same time. The maximum nucleation rate is 

reached at the optimal temperature of nucleation (Tn in Fig. 2.2) while the temperature 

at which the nucleation curve reaches zero defines the start of the zone of super cooling 

(Fig. 2.2).  

The knowledge of nucleation and crystal growth rates as a function of temperature is 

fundamental both to avoid the crystallisation of glass during its manufacture and to 

design thermal treatments able to induce a controlled devitrification of glass. In the last 

case, glass-ceramic materials can be produced, which consist of a glass matrix in which 

a crystalline phase is dispersed. The interest in these materials arises from their unique 

properties, such as high thermal resistance and mechanical strength or improved 

electrical and optical response, with respect to both crystalline ceramics and glasses [43, 

61]. At the end of the chapter we will focus on the properties of active glass-ceramics, 

with special emphasis on rare earth doped oxyfluoride glass-ceramics.  

The properties of glass-ceramics depend mainly on their microstructure: the type of 

crystals and their morphology, as well as the chemical composition and physical 

properties of the residual glass. Nucleation plays the major role in determining the 

microstructure of glass-ceramics and, therefore, it has been the focus of extensive 
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research for decades [62]. Nucleation can be classified as homogeneous or 

heterogeneous. In homogeneous nucleation, nuclei form in the absence of any phase 

inhomogeneity, surface borders or interfacial boundaries. On the contrary, 

heterogeneous nucleation starts at interface boundaries and surfaces and is catalyzed by 

the presence of foreign impurities and nucleating agents, as introduced by Stookey 

during the 1950s [63]. Another classification of nucleation is related to where the 

crystals are nucleated first. In bulk or volume nucleation, crystals are first nucleated in 

the glass volume while in surface nucleation they are first nucleated on the glass 

surface. Fundamental studies on nucleation and crystal growth in glass melts are often 

restricted to isochemical systems, where the crystal phase which is formed has the same 

chemical composition of the amorphous phase [64]. Thus, little is known on the 

nucleation and crystal growth mechanisms in multi-component glasses, which are 

usually non-isochemical systems [41].  

Finally, there are two important parameters that are commonly used to characterize the 

thermodynamic behaviour of glass. They are: the glass-forming ability and the glass 

stability. The glass-forming ability relates to the ease of forming a glass by cooling a 

melt while avoiding its crystallisation. A quantitative measure of glass-forming ability 

is based on the critical cooling rate, that is the slowest cooling rate (RC) at which a glass 

can be produced [65]. For example, pure tellurite glasses are difficult to obtain due to 

their high critical cooling rate [66]. In fact, while most glasses are formed by cooling a 

melt at a rate between 1-5 ºC/min., pure tellurite glasses could be formed only at a 

minimum cooling rate of 20 ºC/min [67].  

The glass stability is defined as the resistance of glass towards devitrification during 

reheating, especially above the glass transition temperature Tg. A quantitative measure 

of glass stability is given by (Tc – Tg), where Tc and Tg are the crystallisation and the 

glass transition temperature, respectively. Tc and Tg can be determined by differential 

scanning calorimetry (DSC) or differential thermal analysis (DTA) measurements, 

which will be described in the next chapter. It must be noted that Tc depends on the 

heating rate in DSC/DTA measurements as well as on the particle size of glass sample 

used in the case that glass nucleates from the surface. Therefore, the glass stability is not 

an unambiguous value [41, 65]. 

The glass-forming ability and the glass stability are relevant properties in technological 

applications which involve glass manufacture. For example, they have to be taken into 
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account when producing optical fibres by heating preforms. In fact, if devitrification 

occurs during glassmaking, then the preforms will be flawed and unusable; whereas if 

the glass stability (Tc – Tg) is too small, then fibre drawing will not be possible without 

glass crystallisation.  

 

 

2.2.2 The vitreous state 

Another definition of glass refers to its structure and is that of a noncrystalline 

solid that shows a glass transition [27]. In fact, the atomic arrangement of glass lacks of 

a long range order as liquids; but, contrary to them, it is solid at room temperature. 

Besides, contrary to crystalline materials, there is neither crystal lattice nor lattice point 

in the structure of glass and thus, its X-ray diffraction (XRD) pattern presents a broad 

halo instead of the characteristic diffraction peaks of crystalline materials. 

Early theories on the glass structure considered that glass was an aggregate of very 

small crystals embedded in amorphous regions [59]. However, structural analysis of 

vitreous SiO2 and GeO2 by XRD made by Warren in 1930 [68], showed that the 

structure of glass was typical of a noncrystalline solid. In such a way, Warren 

established the fundaments of the glassy state which was later generalized by 

Zachariasen, who introduced the random network theory on the atomic arrangement of 

glass. This theory considers that the structural units of glass and crystal are the same, 

but they are connected in different ways [69]. In his own words: 

“The atoms in glass are linked together by forces essentially the same as in 
crystals. Over large ranges of temperature the atoms are oscillating about 
definite equilibrium positions. As in crystals extended three-dimensional 
networks are formed. The principal difference between a crystal network 
and a glass network is the presence of symmetry and periodicity in the 
former and the absence of periodicity and symmetry in the latter.” 

We can illustrate this model with the case of silica glass. The structural units that form 

the structure of amorphous silica (fused silica) and crystalline silica (quartz) are the 

same SiO4 tetrahedra. But, they are randomly connected in fused silica, whereas they 

possess a periodic arrangement in quartz, as shown in the schematic representation of 

Figure 2.3. However, the structure of glass exhibits a short range order (up to few Å), 

due to the chemical bonding constraints in local atomic polyhedra. For example, in 
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silica glass every silicon atom is coordinated to 4 oxygen atoms in each SiO4 tetrahedral 

unit and the Si-O bond length shows only small variations in the entire structure, as 

shown by X-ray scattering and neutron scattering analysis [68, 70]. Moreover, besides 

the short range order in the glass network, some authors have also addressed a medium 

range order (extending up to ~20 Å) in some glasses, that is represented by how the 

neighbouring structural units, i.e. cation-centred tetrahedra or pyramids, are positioned 

and oriented [71, 72, 73].  

(a) 

 

 

 

 

 

 

(b) 

 

Figure 2.3: Two-dimensional schematic representation of the atomic arrangement of: (a) 
crystalline SiO2; (b) glassy SiO2. A fourth oxygen atom, here omitted for clarity, is bonded to each 
silicon atom either under or above the plane. 

A variety of inorganic compounds such as oxides, halides and chalcogenides are able to 

form glass. The principal component of a glass is the network former which constitutes 

the backbone of the glass structure. In principle, a glass can be formed by only one 

chemical compound, e.g. SiO2 in fused silica (Fig. 2.3). In this case, oxygen ions act as 

bridges between the structural units, e.g. SiO4 tetrahedra, and thus, they are called 

bridging oxygens (BO). However, in multi-component glasses, other compounds are 

added in a small percentage to modify the properties of the glass. They are called 

network modifiers. They participate in the glass network by occupying thermodynamic 

stable sites or by replacing some of the network formers. The introduction of network 

modifiers breaks the glass network and leads to the creation of non-bridging oxygens 

(NBO): contrary to BO, they are negatively charged and are connected to the glass 

network only at one end. As an example, Figure 2.4 represents a scheme of the binary 

sodium silicate glass where Na2O is the network modifier [74]. The braking of Si-O-Si 

bonds leads to the creation of NBO ions. 

SiO4 unit 

Si4+

O2-
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Figure 2.4: Schematic representation of the atomic arrangement of a sodium silicate 
glass [74]. SiO2 is the network former while Na2O is the network modifier. The 
introduction of Na2O generates NBO (non-bridging oxygens) while BO (bridging 
oxygens) connect two Si4+ ions in the network. In the sketch are represented only the 
bonds between the SiO4 units.  

The introduction of network modifiers and the formation of NBO decrease the 

connectivity of the glass network which becomes more flexible and less strong [27]. 

Therefore, the short range order in the glass network is altered by the introduction of 

network modifiers. The structural modifications induced by the compositional changes 

affect the macroscopic properties of glass such as its chemical resistance, transmittance, 

and ability to fiberisation, among others [27]. The correlation between the chemical 

composition of glasses, their structure, and their macroscopic properties is on the basis 

of modern glass science. In particular, we will focus in this thesis on zinc tellurite 

(TeO2–ZnO) glasses with partial substitution of ZnO with ZnF2. In this glass system 

TeO2 is the glass former and ZnO and ZnF2 are the glass modifiers. In chapter 4 we will 

discuss how the relative content of glass modifiers affects the optical properties of 

TeO2–ZnO–ZnF2 glasses. 

 

 

 

2.2.3 Optical properties 

Glass has been extensively used for various optical components for many 

centuries due to its very high transparency in the visible region of the electromagnetic 

spectrum. In this regard, Galileo built a telescope at the beginning of the XVII century, 

using only 38 mm lenses and a 1 m long wooden tube (Figure 2.5).  

BO 

NBO 

O2- Na+ Si4+ 
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This simple instrument made possible the observation of the Moon, the closest planets, 

and the Sun, thus providing evidences on the role of the Earth in the Solar system.  

 

Figure 2.5: Galileo’s first telescope (Museo Galileo, Florence). 

The origin of the optical properties of glass is found in its microstructure. Actually, 

when the glass is free from defects, it has very low intrinsic scattering losses since there 

are not grain boundaries or interfaces within its volume. However, a small contribution 

to Rayleigh scattering is always present in glass due to local variations in its density and 

composition [27]. The transparency region, or low absorption loss region, of glass is 

determined by its two intrinsic absorption edges in the ultraviolet and infrared regions 

[75]. Electronic transitions from the valence band to the conduction band happen when 

the electromagnetic energy matches the band-gap energy of glass. This high energy 

(short wavelength) defines the absorption edge of glass in the ultraviolet. On the other 

extreme of the transparency region, the lowest energy (high wavelength) that generates 

atomic and molecular vibrations in glass corresponds to the glass absorption edge in the 

infrared region. Apart from ultraviolet and infrared intrinsic absorption losses (αin), 

which depend on the composition and structure of glasses, extrinsic absorption losses 

(αex) may also be present due to the presence of impurities such as transition metal ions 

and water (OH-) [75]. Thus, optical glasses are produced from the purest chemical 

reagents to minimize the value of αex [27]. 

As an example of the importance of the composition and structure of glass on its optical 

properties, Figure 2.6 compares the transparency region of silica and tellurite glasses.  
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Figure 2.6: Transmittance (%) of silica (––) and tellurite (---) glasses. Intrinsic 
absorption edges are observed for the tellurite glass while the absorption band due to the 
presence of OH- is observed in the spectrum of the silica glass in the 2-3 µm range. 

Silica glass shows a higher transmittance than tellurite glass in the ultraviolet and 

visible spectral regions; but its transparency in the infrared region (λ> 2 µm) is strongly 

limited by intrinsic and extrinsic losses. On the contrary, the tellurite glass shows a red 

shifted UV absorption edge (~400 nm) but its transparency region extends in the 

infrared up to 5 µm. 

In addition to transparency, another fundamental optical property of glass is the 

refractive index which, at the macroscopic scale, accounts for the velocity and bending 

of light, i.e. refraction, when it passes from one medium to another. At the microscopic 

scale, the refractive index is correlated with the electric dipole moment (p) generated by 

the interaction between the electromagnetic field (E) of the incident beam and the glass 

atoms. The two major factors which contribute to the refractive index value (n) are the 

glass density (ρ) and the glass polarizability (α= p/E), which are connected one to the 

other by the Lorentz-Lorenz formula [76]:  12  43  (2.1)

where M is the molar weight and NA is the Avogadro number. This relation holds when 

the macroscopic polarization induced in the medium (P) is proportional to the electric 

field by the linear electric susceptibility tensor (χ(1)): P = χ(1)E. However, when the 

intensity of the electric field E is very high, for example in the case of laser beams, 

higher order terms have to been take into account in the relation between P and E. Then, 

P is expressed as a power series of the field strength E as [77]: 
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 χ  χ  χ  (2.2)

For simplicity, P, E, and the n-order susceptibility χ(n) are scalar quantities in eq. 2.2. 

However, in a more general notation χ(n) are tensors and P and E vectorial fields [77]. 

The coefficients χ(2) and χ(3) in eq. 2.2 are the second-order and the third-order nonlinear 

susceptibilities, related to second and third order nonlinear effects, respectively; while 

other components of the nonlinear susceptibility with order higher than three are 

negligible [76]. However, in centrosymmetric isotropic materials, such as glasses, which 

possess inversion symmetry, χ(2) is equal to zero since polarization changes in opposite 

directions compensate each other [27]. On the contrary, third-order nonlinear optical 

interactions can occur both in centrosymmetric and noncentrosymmetric media. The 

principal third-order nonlinear effect is the Kerr effect, that is the dependence of the 

refractive index on the intensity of the applied light (I) or, in other words, the 

anisotropic refractive index induced in a transparent medium by a strong electric field 

[78]:    (2.3)

In eq. 2.3 n0 is the linear refractive index and n2 the nonlinear refractive index (in 

m2/W or esu, depending on the system of units used). The third-order nonlinearity is 

present in all glasses and it is a non-resonant intrinsic effect when the wavelength of 

excitation is larger than the band-gap wavelength. The nonlinear refractive index is 

mostly due to electronic contribution, i.e. anharmonic terms of the polarization of bound 

electrons [78]. The response time of the nonlinear optical effect is ultrafast (~fs) and, for 

this reason, optical glasses having high nonlinear optical susceptibility have been 

proposed as ultrafast photonic switches [79]. Usually, optical glasses with a large linear 

refractive index and high dispersion are good candidates as nonlinear optical materials 

[80]. On the other side, glasses with a low nonlinear refractive index are needed in high 

power laser applications in order to avoid self-focusing effects and the damage that 

these induce [27]. 

In summary, glass is an optically isotropic material that is usually also chemically and 

thermally stable. In addition, the optical and structural properties of glass may show 

large variations depending on its composition and fabrication process. Thus, it is 

possible to tune the glass properties in order to meet the requirements for the desired 
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application. In particular, for active applications of rare earth doped glasses, it is 

important to take into account the glass structure, which determines the maximum 

phonon energy of the glass network and the environment of rare earth ions.  

In the next sections, we recall the basic fundamentals on the electronic and 

spectroscopic properties of rare earth ions in solids. We will focus on the relation 

between the probability of radiative and nonradiative transitions of rare earth ions and 

the structure of their host material. 

 

 

 

2.3 Electronic and spectroscopic properties of rare earth 
ions in solids 

Traditionally, the term rare earth (RE) ions refers to trivalent lanthanide ions (Ln3+) 

with partially filled 4f orbitals, whose electronic f-f transitions are of interest in optical 

applications: from cerium (Ce, Z= 58) to ytterbium (Yb, Z= 70). Even if “rare earth” is 

a misnomer because lanthanides, except promethium (Pm), actually are not rare 

elements, this term is widely employed in the optics community and so it will be used in 

this thesis. 

The study of RE ions began at the end of the 19th century when lanthanide optical 

spectroscopy was employed by chemists such as Sir Crookes, Lecoq de Boisbaudran, 

and Demarçay to test the purity of their crystallisations [81]. The characteristic 

luminescence spectra of lanthanide ions allowed Lecoq de Boisbaudran to discover 

gallium, samarium and dysprosium. Some years later, Demarçay isolated europium 

from a contaminated samarium sample. The interest in the absorption and emission 

transitions of Ln3+ ions in crystalline solids led Van Vleck in 1937 to analyze the 

physical mechanisms involved in order to explain the experimental results [82].The 

principal characteristic of Ln3+ ions is that they absorb and emit light in a broad range of 

wavelengths: from ultraviolet (Gd3+) to visible (e.g. Pr3+, Sm3+, Eu3+, Tb3+, Dy3+, Tm3+, 

Er3+, etc.) and infrared (e.g. Er3+, Yb3+, Ho3+, Nd3+, etc.) wavelength range [81]. 

Moreover, the characteristics of their emissions depend strongly on the material where 

they are found [21].  
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The optical absorption and emission spectra of Ln3+ ions originate from intrashell 4f 

electronic transitions between different energy levels related to the 4f orbitals. 

Therefore, the understanding of photoluminescence emissions of Ln3+ ions requires a 

deeper analysis of the electronic configuration of these ions. The neutral electronic 

configuration of lanthanides is, with minor exceptions, [Xe]4f (n+1)6s2. Upon their 

incorporation in a host, they are normally found in the trivalent oxidation state (Ln3+) 

after losing their weakly bounded 6s2 and usually one 4f electron. The usual electronic 

configuration of Ln3+ ions is therefore: [Xe]4f n, being n the number of 4f electrons 

(from 1 to 13). Depending on the number of 4f electrons, these can be distributed in 

different energy levels, which basically arise from electron-electron and electron-host 

interactions [81].  

In this thesis we adopt the Russell-Saunders, or LS, coupling scheme [83] to label 

these energy levels. Following the notation of this coupling scheme, each energy level 

that can be occupied by 4f electrons in Ln3+ ions is denoted as 2S+1LJ, where:  

- S is the total spin angular momentum; 

- L is the total orbital angular momentum;  

- J= S+L is the total angular momentum. 

 L and S are the vector sums of the orbital and spin quantum numbers for all the 4f 

electrons of a given Ln3+ ion, respectively. The splitting into several energy levels of a 

single 4f level, representing the central field approximation1, stems from electron-

electron and electron-host interactions. As an example, Fig. 2.7 shows the energy 

diagram of Eu3+ which illustrates the interactions leading to the splitting of electronic 

energy levels. 

                                                      
1 In this approximation each electron is assumed to move independently in a spherical and symmetric 
potential due to the contribution of the nucleus and all other electrons. The quantum numbers L, S, and J 
are degenerated in the central field approximation. 
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Figure 2.7: Energy level diagram of Eu3+ with the interactions leading to the splitting of 
electronic energy levels. 

First, Coulomb, or electrostatic, interactions between 4f electrons lift the angular 

degeneracy and produce the 2S+1L energy levels (LS terms), separated by an energy of 

~104 cm-1. Then, the spin-orbit coupling, the strongest of magnetic interactions, lifts the 

degeneracy in the total angular momentum (J) and splits the LS terms into J levels 

(2S+1LJ), separated by ~103 cm-1. The J levels represent the energy levels of a Ln3+ free 

ion. However, when the ion is in a host, electron-host interactions further split the J 

levels into Stark sublevels, due to the effect of the electric field of the matrix (crystal 

field effect) [30]. This effect is quite small, compared to the previous ones, and shifts 

the J levels only few ~100s cm-1 since the 4f orbitals are shielded from the environment 

by the filled 5s and 5p sub-shells. This is an important characteristic in the spectroscopy 

properties of rare earth ions, since they maintain an atomic-like energy level structure 

even when they are incorporated in a host material [30].  

Nevertheless, the crystal field induced by the host is what determines the shape of the 

absorption and emission spectra of Ln3+ ions [30]. The most relevant spectroscopic 

difference is observed when comparing the spectra of RE ions in crystals and glasses. In 

the first case, the absorption and emission bands have a very narrow bandwidth, even at 

room temperature. On the contrary, the spectra of RE ions in glasses show a broad 

bandwidth at room temperature. Two processes are responsible for the spectral 

broadening of Ln3+ ions in noncrystalline solids [30]. The first is caused by lifetime 
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broadening due to phonon-induced transitions among Stark components of the same J 

level. Since this process is the same for each Ln3+ ion in the host, it is referred as 

homogeneous broadening. Instead, the second process stems from the differences in the 

sites occupied by Ln3+ ions in the host, and thus, each Ln3+ experiences a different 

crystal field. In this case the process is termed inhomogeneous and the spectral 

broadening is the result of the energy distribution of each Stark sublevel.  

To conclude, Fig. 2.8 shows the energy levels of the thirteen trivalent lanthanide ions in 

a silicate glass [84].  
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2.3.1 Radiative transitions 

Absorption of photons with an adequate energy promotes 4f electrons of Ln3+ 

ions from the ground level to a higher energy level. Then, the decay of excited 4f 

electrons from the high energy level to a lower energy one can generate emission of 

photons. In this case, the intrashell 4f transition is called radiative. On the contrary, 

when the deexcitation is not accompanied by light emission, the transition is called 

nonradiative. We have seen in the previous sections that the electronic configuration of 

Ln3+ ions is little affected by their host; but the probability of radiative and nonradiative 

4f transitions is strongly affected by their environment. Thus, the choice of an adequate 

host material is very important in relation with the photoluminescence response of rare 

earth ions. 

In this section we recall the parameters commonly used to characterise the radiative 

transition of rare earth ions and that will be employed in the next chapters. 

According to Laporte’s parity selection rule, electric dipole (ED) f-f transitions should 

be forbidden in Ln3+ ions since they are between states with the same parity [85]. 

However, they become partially allowed when the Ln3+ ion is under the influence of a 

ligand field. This last generates non-centrosymmetric interactions which mix electronic 

states of opposite parity into the 4f wavefunctions, thus relaxing Laporte’s selection rule 

[85]. The partially allowed ED transitions are therefore called forced or induced. Apart 

from forced ED transitions, other types of f-f transitions are possible in Ln3+ ions. They 

are: magnetic dipole (MD) and electric quadrupole (EQ) transitions, that are parity 

allowed. However, the low symmetry of sites occupied by Ln3+ ions in glasses makes 

MD and EQ transitions weaker than forced ED transitions [27, 30, 85].  

If we define Ar,ab (Anr,ab) as the probability of a spontaneous radiative (nonradiative) 

transition between two energy levels a and b of a given Ln3+ ion, each of them 

characterized by their L, S, and J quantum numbers; then, the fraction of excited Ln3+ 

ions at time t (N(t)) can be estimated through the equation [27]: 

 , ,  (2.4)

The solution to eq. 2.4 is:   0 ,   , 0  (2.5)
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With: 1, ,  (2.6)

where τobs is the observed, or experimental, lifetime of the spontaneous emission a→b 

that describes the decay of electrons from the excited level a to the lower energy level b. 

The inverse of the lifetime is commonly called the decay rate. In the absence of 

nonradiative decay processes (Anr,ab = 0), the radiative lifetime is defined as: τrad = 

1/Ar,ab. An important parameter used to characterise the efficiency of radiative 

transitions is the quantum yield (Q) that is related to the ratio between the number of 

emitted photons to the number of absorbed photons per unit time [27, 86]:   (2.7)
 

The maximum quantum yield for a radiative transition is equal to 1, when τobs = τrad 

(Anr,ab = 0).  

The cross-section is a commonly used parameter to quantify the likelihood of optically 

induced transition events, either absorption or emission, of Ln3+ ions in glasses [30]. It 

is expressed as a function of the wavelength, or photon frequency (ν), of light. In 

particular, considerable efforts have been devoted to determine the cross-section of the 

fundamental Er3+ transition (4I13/2→4I15/2) due to its importance in lasers and optical 

amplifiers. In this regard, the McCumber’s relation allows calculating the emission 

cross-section (σe) of the 4I13/2→4I15/2 Er3+ transition from the absorption cross-section 

(σa) of the 4I15/2→4I13/2 transition [87]:  

 ν   ν   (2.8)
 

where h is the Planck constant, k is the Boltzmann constant, and ε is the net free energy 

required to excite one Er3+ ion from the 4I15/2 to the 4I13/2 level at temperature T. σa is 

easily calculated from the absorption spectrum of bulk glasses through the Beer-

Lambert law (chapter 3):  ν ν / , where A is the absorbance, N is the rare 

earth ion concetration per unit volume, and L is the thickness of the sample. The exact 

calculation of ε requires the knowledge of the position of all Stark levels for both the 
4I15/2 and 4I13/2 manifolds, which is obtained through detailed measurements of the 
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electronic structure of Er3+ ions in the host. However, usually an approximate procedure 

is used to determine ε without the need of knowing the Er3+ electronic structure [88].  

The probability of a spontaneous radiative transition a→b (Ar,ab) can be calculated 

theoretically in terms of  a dimensionless quantity, that is its oscillator strength (fab), in 

the case of an induced ED transition [85]: 

,  8 ν   (2.9)

where m is the mass and e the charge of the electron; c is the speed of light in vacuum; ν 

is the frequency of the transition a→b (in 1/s); χED= n(n2+2)2/9 is the local field 

correction for ED transitions and represents the enhancement of the electric field in the 

proximity of Ln3+ ions, due to the polarizability of the medium (n is the linear refractive 

index). 

In addition, the oscillator strength of the transition a→b is proportional to the spectral 

integral of the corresponding absorption cross-section (σa). Thus, fab can be calculated 

from the experimental absorption spectrum, through [85]: 

 1 ν ν (2.10)

In the framework of the Judd-Ofelt theory [89, 90], the theoretical oscillator strength 

of the radiative ED transition a→b is expressed through the Judd-Ofelt intensity 

parameters, Ωt (t= 2, 4, 6), and the matrix element of the tensor operator, || U(t) ||, in the 

form:  

 8 ν3 2 1 Ω, , | |  (2.11)

where Ja is the total angular momentum of the initial state a. While the Ωt parameters 

depend on the characteristics of the sites occupied by rare earth ions (i.e. the crystal 

field effect), the matrix elements of the tensor operator are considered independent from 

the host. Thus, the values calculated by Morrison for the matrix elements are widely 

employed [91] and the Judd-Ofelt intensity parameters Ωt (t= 2, 4, 6) can be determined 

by a least-square fitting procedure between the theoretical and experimental oscillator 

strengths of ED transitions [92]. Once the Ωt parameters are known for a given Ln3+-

host, the probability of any radiative transition is easily obtained through eq. 2.9. 
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2.3.2 Nonraditive transitions 

In the previous section we have introduced the probability of the nonradiative 

transition a→b (Anr,ab) but we have not described the processes that contribute to it. The 

principal nonradiative decay process of excited 4f electrons in RE ions occurs by energy 

transfer to the host through the emission of phonons, which conserve the energy of the 

transition. This decay mechanism is called multiphonon deexcitation or relaxation. The 

theory of multiphonon relaxation was first formulated for RE ions in crystals [93] and 

then extended to glasses [94].  

Multiphonon relaxation of RE ions in glasses arises from the same general physical 

processes as in crystals. It is caused by the interaction of rare earth ions with the 

fluctuating crystal field due to lattice and molecular vibrations (called oscillators) [94]. 

Therefore, multiphonon deexcitation is extremely host dependent and the dominant 

contribution stems from the maximum phonon energy of the host. In glasses, these 

vibrations are the higher energy stretching modes of the polyhedra forming the glass 

network. Thus, the maximum phonon energy of glasses can be determined from their 

Raman spectra. Table 2.1 reports the maximum phonon energy of some glass hosts used 

in optical applications [27, 86]. 

Table 2.1: Maximum phonon energy of glass hosts commonly used in optical 
applications.  

Glass host Phonon energy 
(cm-1) 

Borate 1400 

Phosphate 1200 

Silicate 1100 

Germanate   900 

Tellurite   800 

Fluorozirconate   500 

Chalcogenide   350 

The order of the multiphonon de-excitation is the number of phonons required to bridge 

the energy gap between two consecutive levels. The probability of multiphonon 

relaxation decreases exponentially with the order of the process and with the energy gap 

between the two levels [94]. For example, multiphonon relaxation between the 4I13/2 and 
4I15/2 Er3+ levels (ΔE≈ 6500 cm-1) is significant only for borate glasses at room 
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temperature while for other glasses the order of the process is larger than five (see Table 

2.1) and therefore the probability of multiphonon relaxation is very small.  

The other relevant nonradiative mechanism is due to interionic processes [95, 96]. 

These are electric dipole-dipole interactions, which cause energy transfer between 

neighbouring rare earth ions. The two main processes causing nonradiative decay of 

excited states between two adjacent RE ions are cross-relaxation and energy transfer 

upconversion (ETU). They become important when the distance (d) between RE ions is 

small, e.g. in case of a high concentration or clustering of ions, since their probability 

scales as 1/d 6 [96].  

In cross relaxation an excited Ln3+ ion gives half its energy to an adjacent ion in the 

ground state so, at the end, both Ln3+ ions are in an intermediate energy level [27, 30]. 

From this level the two ions relaxes to the ground state through multiphonon de-

excitation. Thus, all the excitation energy is lost nonradiatively. For example, this 

mechanism is considered the responsible for the concentration quenching of Nd3+ [30]. 

On the contrary, ETU happens between two neighbouring Ln3+ ions, which are both in 

an excited state [27, 30, 96]. One of them transfers its energy to a close ion, which is 

promoted to a higher energy level, while the first relaxes to the ground state. From this 

higher level, the ion can relax either by emitting a photon with higher energy than the 

exciting photon (i.e. upconverted emission) or via phonons and a lower-energy photon. 

In any case, at least one exciting photon is lost in the ETU process.  

Besides to energy transfer between adjacent RE ions, nonradiative decay is also caused 

by interactions between excited RE ions and impurities or defects in the host material 

[95]. Among the most important impurities that causes nonradiative decay of excited 

RE ions in glasses there are OH- groups (hydroxyl ions) [30]. In a similar way to what 

happens with phonon vibrations, the fluctuations in the crystal field by experienced by 

rare earth ions due to vibrations of hydroxyl ions, may induce their nonradiative 

deexcitation. Moreover, due to the high-energy O-H stretching vibrations (~3000 cm-1), 

OH- groups are more important luminescence quenchers than phonons for the majority 

of rare earth ions [30]. As mentioned above, the probability of multiphonon relaxation 

of the 4I13/2 level is very small for Er3+ ions in glass hosts, but energy transfer to 

hydroxyl ions play a major role in the nonradiative decay of this level [95, 97, 98]. 

Since the energy gap between the 4I13/2 and 4I15/2 Er3+ levels is ~6500 cm-1 the vibration 

of two OH- groups (~6000 cm-1) is enough to bridge the gap, thus nonradiative de-
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excitation of the 4I13/2 level by OH- vibrations is similar to a two-phonons quenching 

mechanism [95, 97].  

Finally, Yan and co-authors [97] have proposed two possible energy-transfer 

mechanisms between Er3+ and OH- groups since the 4I13/2→4I15/2 emission has shown a 

reduction with the increase of both the Er3+ and OH- concentrations. In the first, a small 

fraction of excited Er3+ ions, very close to OH- groups, are quenched by transferring 

their energy to OH- groups; while in the second, excited Er3+ ions may transfer their 

energy to neighbouring non-excited Er3+ ions until an OH- is found in the transfer route 

and the energy is lost. The latter mechanism is considered dominant because usually 

most of excited Er3+ ions are not close to OH- groups.  

 

 

 

2.4 Applications of rare earth doped glasses and glass-
ceramics 

Glass hosts offer several advantages over crystalline and ceramic hosts. The 

principal one is that glass can be fabricated easily in a broad variety of forms from very 

small (films of 10s nm, fibres of 100s µm) to very large dimensions (rods up to 1m in 

length and over 10 cm in diameter) with good optical quality [99]. Moreover RE ions in 

glasses show broad absorption and emission spectra that are advantageous to increase 

the wavelength tolerance for the pump source and to obtain tuneable sources and 

ultrashort pulses, respectively [99].  

In the last decades, many remarkable results have been obtained from rare earth doped 

glasses in the development of solid-state lasers and optical amplifiers [30, 86]. 

Traditionally, silicate-based glasses have been the most employed hosts for RE ions 

because of their excellent properties such as high stability and chemical durability, 

together with good fluorescence performance. In fact, the first glass laser reported, in 

1961, was a Nd3+ doped barium-silicate glass by Snitzer [100]. Few years later, the first 

glass fibre laser was demonstrated in the same system [101]. The first erbium-doped 

fibre amplifier (EDFA) was developed in a silicate fibre too in 1987, thanks to the 

matching between the Er3+ transition (4I13/2→4I15/2), around 1.5 µm, and the low loss 

window of silica glass [9]. Since then, EDFAs have been and still are widely used in 
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long-haul optical telecommunication fibres to amplify optically the high speed light 

signals travelling along the fibre in a wavelength division multiplexing (WDM) 

configuration [102]. Light from an external source (usually at 980 or 1450 nm) is used 

to excite Er3+ ions which then amplify the signal by generating  stimulated emission of 

photons at the signal wavelength [30]. The same principle is used in erbium doped 

waveguide amplifiers (EDWAs) and lasers, that are also based on Er doped glasses as 

gain media; but, contrary to EDFAs, they are conceived for integration on a photonic 

circuit board. However, the manufacture requirements are much more stringent for 

EDWAs than for EDFAs. Fundamental issues are about the glass composition and the 

technique to pattern the waveguide, as this should possess adequate dimensions and low 

losses. The doping technique plays an important role too, since a much higher 

concentration of RE ions is required in devices of small dimensions, and often 

homogenous doping is not the best option. The review of Bradley and Pollnau provides 

an exhaustive description of the background and the state of the art about Er doped 

waveguide amplifiers and lasers [16].  

The attainment of best performances by EDFAs has driven the search of glass hosts for 

rare earth ions different than silica, since this last present important drawbacks such as a 

low refractive index, high phonon energy and OH- content [103]. Alternative glass hosts 

should have a low phonon energy, high refractive index, and large solubility of rare 

earth ions in order to improve the efficiency of rare earth ions emissions [27]. In this 

regard, the demonstration in 1994 of a broadband emission at 1.5 μm in Er doped 

tellurite glasses, together with their excellent rare earth solubility, triggered the interest 

in these hosts [33]. Soon after, a single-mode Nd3+ doped tellurite fibre laser was 

successfully achieved together with a broadband Er3+ doped tellurite fibre amplifier that 

almost doubles the bandwidth of silica-based EDFA [104, 105].  

Moreover, tellurite glasses show other attractive properties such as: a wide transparency 

region in the visible and infrared wavelength range (typically 0.4-6 µm); a higher non-

linear refractive index, lower phonon energy, lower processing temperatures (relative to 

silica glass) and a large number of compositions leading to stable glasses [33, 66].  

Rare earth doped oxide glasses have been employed successfully as lasers and 

amplifiers devices in the near infrared spectral region, but the development of active 

devices in the visible and mid-infrared regions is not possible with such glass hosts due 

to their high phonon energy, which reduces the efficiency of their emissions in these 
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regions. Thus, novel glass compositions such as fluorides, and chalcogenides, 

characterised by a low phonon energy, have been considered to develop active devices 

in the visible and mid-infrared [106]. For example, strong green, blue, and ultraviolet 

emissions have been observed in Eu3+ doped fluoride glasses [107]; a three-color, solid-

state, volumetric display has been demonstrated based on upconversion emissions of 

rare earth-doped heavy metal fluoride glasses [108]; rare earth doped chalcogenide and 

fluoride glasses have been proposed to develop mid- and long- infrared fibre lasers [20, 

109]. However, the poor stability and troublesome fabrication of non-oxide glasses are 

still unsolved issues [20].  

An attractive alternative to fluoride and chalcogenide glasses is represented by 

transparent glass-ceramics as hosts for rare earth ions [110]. As described in the 

previous sections, glass-ceramics are composite materials, consisting in a glass matrix 

and a crystalline phase dispersed in it. Transparent glass-ceramics can be achieved when 

the crystals are large (~µm) but with low birefringence and similar refractive index to 

the glass matrix, or when the crystals are much smaller than the wavelength of visible 

light (~10s nm) [43]. The most interesting glass-ceramics as host for rare earth ions are 

oxyfluoride glass-ceramics that combine the high chemical resistance and refractive 

index of the oxide glass matrix with the low phonon energy and high rare earth 

solubility of the fluoride crystal phase [42]. Wang and Ohwaki reported for the first 

time, in 1993, a transparent oxyfluoride glass-ceramic co-doped with Er3+ and Yb3+, 

containing fluoride nanocrystals dispersed throughout the aluminosilicate base glass 

[111]. This glass-ceramic showed an upconverted visible emission 100 times stronger 

than the precursor oxyfluoride glass due to the segregation of rare earth ions into the 

fluoride nanocrystals (Fig. 2.9).  
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Figure 2.9:  Room temperature fluorescence spectra of (a) oxyfluoride glass before the 
thermal treatment; (b) oxyfluoride glass after the thermal treatment excited at 0.97 µm 
(From Fig. 3 of Ref. [111]). 

Then, Dejneka demonstrated improved visible emissions from Eu3+ in aluminosilicate 

glass-ceramics with LaF3 nanocrystals [112]. LaF3 is one of the most studied crystalline 

phases for doping with Ln3+ ions since there is a small crystallographic mismatch 

between LaF3 and LnF3 crystals, which eases the incorporation of Ln3+ ions into the 

LaF3 crystalline phase [113, 114].  

Later on, many rare earth doped oxyfluoride glass-ceramics based on silicate glass 

matrices and a fluoride crystal phase, such as LaF3, CaF2, PbF2, etc. have been proposed 

as active media for solid state lasers, optical amplifiers, phosphors or to enhance the 

efficiency of photovoltaic cells [115, 116, 117, 118, 119, 120]; while little information 

is found in the literature on other rare earth doped oxyfluoride glass-ceramics, different 

from oxyfluoride silicate glasses [42, 110].  

In chapter 5 we show how we have successfully produce transparent glass-ceramics 

with Er3+ ions segregated in fluoride nanocrystals through controlled crystallisation of 

Er doped TeO2−ZnO−ZnF2 glasses. To our knowledge, it is the first time that such 

glass-ceramics have been obtained. They present an improved visible upconverted 

emission with respect to the precursor glass.  
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3 
Experimental techniques 

 

 

 

3.1 Introduction 

In this chapter we introduce the experimental techniques employed. First, we 

describe the techniques used to synthesize the glass samples: bulk glasses were 

produced by melt-quenching while pulsed laser deposition was considered in the case of 

thin film glasses.  

The composition, thermal, structural and optical properties of glass samples were 

determined using different methods. Ion beam analysis techniques: Rutherford 

backscattering spectrometry (RBS) and proton induced gamma-ray emission (PIGE) 

were employed to determine the atomic composition of bulk and film glasses. The 

thermal properties of bulk glasses were studied using differential scanning calorimetry 

(DSC). The glass structure of both bulk and film samples was determined by Raman 

spectroscopy. Moreover, the microstructure of glass ceramics was studied through 

transmission electron microscopy (TEM) and energy dispersive X-ray spectrometry 

(EDX), while the surface of film glasses was analyzed by scanning electron microscopy 

(SEM). Finally, we describe the techniques involved in the optical characterization of 

the samples. Linear optical properties of bulk and film glasses were studied by 

spectroscopic ellipsometry and spectrophotometry. The first allowed measuring the 

linear refractive index of bulk and film glasses and the thickness of the latter. The 

second provided information about the transparency range and the absorption 

coefficient of glasses. The chapter ends with the description of the techniques employed 

to study the photoluminescence response of rare earth ions in bulk glasses and glass-

ceramics, and in thin film glasses: steady-state and time-resolved photoluminescence 

spectroscopy techniques.  
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3.2 Glass fabrication 

The glass samples studied in this thesis have been produced by melt quenching 

(bulk glasses) and pulsed laser deposition (thin film glasses). 

 

 

3.2.1 Melt-quenching 

Bulk glass fabrication process is commonly referred to as melt-quenching 

technique. Although it is a simple technique from the conceptual point of view, there 

are many chemical and physical transformations that take place at high temperature 

during the transformation of a batch of powders into a molten glass. The dissociation of 

chemical reagents, their recombination as well as the existence of phase 

transformations, make the process of glass formation a very complex field of study [59]. 

In this section we restrict ourselves to a general description of the experimental 

procedure employed to prepare the fluorotellurite glasses studied in this work.  

First, a batch of the desired glass composition was prepared from commercial high-

purity (> 99.99% in weight) powder reagents (TeO2, ZnO, ZnF2, LnF3 where Ln= Er, 

Nd, Yb, Tm). We chose to use rare earth fluorides instead of rare earth oxide reagents 

because the first are well known to act as nucleation agents in glasses and thus, they 

could favour the attainment of glass-ceramic samples [44].  

Prior to the glass melting, the batch was mechanically mixed in an agate ball mill during 

10 minutes at 320 rpm. Then, the batch was placed in a covered platinum crucible and 

introduced in an electrical vertical furnace at a temperature in the range 750-850 ºC, 

depending on glass composition, for 30 minutes. Only platinum crucibles were used 

since platinum does not react with the fluorine present in the batch. Furthermore, the 

crucible was covered in order to reduce the fluorine evaporation from the melt when 

forming volatile compounds such as HF (see Section 4.2.1). Before pouring the melt, 

this was homogenized by using an electrical platinum stirrer. Finally, the melt was 

poured on a preheated brass mould having the desired shape and introduced 

immediately into an annealing furnace to minimize thermal stress and strains. Glass 

samples were kept in the annealing furnace for 15 minutes at temperatures ranging from 

300 to 320 ºC and then cooled down to room temperature at a controlled cooling rate of 

1 ºC/min. 
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3.2.2 Pulsed laser deposition  

Pulsed Laser Deposition (PLD) is a thin film deposition technique based on the 

use of a laser to ablate material from a target to be deposited in a thin film. Therefore, 

its origin is strongly connected to that of the laser. Soon after the fabrication of the first 

optical laser, the ruby laser in 1960 [3]; the interest on the interaction of a laser beam 

with a solid began to be an important a subject of research. Only two years later, Breech 

and Cross studied the emission spectrum of a solid material vaporized by a ruby pulsed 

laser [121] and in 1965 the first demonstration of PLD took place [122]. However, the 

technique did not arise significant interest since the deposited films showed inferior 

optical quality than those obtained via other deposition techniques, such as chemical 

vapor deposition (CVD) or molecular beam epitaxy (MBE). Nevertheless, in 1987 the 

situation completely changed with the deposition of superconductive ceramic materials 

(YBa2Cu3O7) with very good quality [123]. This triggered the interest in the technique 

and favoured its spreading. At the same time the development of new laser 

technologies, such as lasers with high repetition rate, short pulse durations, and short 

wavelength made PLD a very competitive and reliable tool for the growth of thin films 

with complex stoichiometry [124]. 

As in the case of melt-quenching, PLD seems a simple technique. However, the 

physical processes involved from the ablation of the target material to the nucleation 

and growth of the thin film are very complex. They exceed the aim of this thesis, since 

we only used PLD as a deposition technique to synthesize thin films from bulk glasses 

produced by melt-quenching. Thus, in this section, we describe briefly PLD basics and 

we mainly focus on the experimental set-up employed. A detailed description of the 

fundamentals of PLD and of the state of the art of the technique can be found in the 

book by Eason [125]. 

Pulsed laser deposition is based on a high power (>108 W·cm-2) pulsed laser, typically in 

the ultraviolet range, which is focused on the surface of a target material that is placed 

inside a vacuum chamber [126, 127]. When the laser pulse hits the target, and its energy 

is higher than a threshold, the material is ablated from the surface before the end of the 

pulse. The ejected material expands in the direction perpendicular to the target surface 

while the absorption of the laser pulse tail by the ablated material generates a plasma 

plume. This contains a significant fraction of ionized species (electrons and ions) and 

atoms with a high kinetic energy (10-100 eV) [126]. The expansion of the ejected 
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material can occur either in vacuum (~10-4 Pa) or in the presence of a background gas 

(up to 10s Pa) such as argon (inert atmosphere) or oxygen (reactive atmosphere). In 

particular, an oxygen atmosphere is usually used to ensure the stoichiometry of oxide 

films, as we will see next in the case of thin film glasses. By placing a substrate in the 

path of the expanding plasma, it is possible to collect a fraction of the ablated material, 

which thus leads to the nucleation and growth of a thin film. The film can be either 

amorphous or crystalline depending on the type of substrate and its temperature. 

There are many advantages in the use of PLD for the growth of thin films. Without any 

doubt, the most relevant one is its capability for stoichiometric transfer of material 

from target to substrate. This is due to the congruent vaporization of the target surface 

by the laser pulse, which is a consequence of the removal of material at a faster rate than 

those of the segregation of individual target components [127]. Moreover, if PLD takes 

place in the presence of a background atmosphere it is possible to modify the plasma 

dynamic through multiple collisions that reduce the kinetic energy of the plasma 

species. In addition, a reactive atmosphere can compensate for the loss of target 

components such as oxygen or nitrogen [127, 128, 129]. This is one of the key features 

of PLD, which enables the deposition of thin film with a complex composition, such as 

glasses and semiconductors [125]. Almost any material which absorb the laser beam can 

be deposited at relatively high deposition rates (~10s nm/min) with a very precise 

control of the amount of material deposited, due to the pulsed nature of PLD [125]. 

Besides, the high kinetic energy of the ablated species (10-100 eV) promotes their 

surface mobility which improve the adherence of the material to the substrate and lead 

to dense films without the need of annealing [128]. Another advantage of PLD, 

compared to other film deposition techniques, is that it allows the growth of multilayer 

films in an efficient and easy way by sequentially changing the target material during 

deposition. This technique is often called alternate PLD (a-PLD).  

Of course PLD presents technical and fundamental drawbacks as well. First of all, due 

to the high energy of the laser pulse, the ablated material may contain molten droplets of 

up to ~10 μm in size [126, 127]. This phenomenon is negligible in dielectric materials 

but becomes important in metals with high thermal conductivity and low melting 

temperature, which leads to films with poor properties [129]. This drawback can be 

controlled by reducing the laser fluence. Second, the plasma plume created during the 

laser ablation process is highly forward directed, therefore the area of deposited material 
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is typically limited to few cm2. Another consequence of the high directionality of the 

plasma plume is that the thickness of the deposited film may be non-uniform and the 

film composition may vary across the deposited surface as well, due to the different 

angular distribution of the species in the plume [127]. However, uniform films, in 

thickness and composition, can be produced by rastering the laser spot across the target 

surface and rotating the substrate during the deposition.  

In particular, the characteristics of PLD make the technique adequate to synthesize thin 

films of the fluorotellurite glasses considered in this thesis, which have a complex 

stochiometry (TeO2–ZnO–ZnF2–ErF3). The fluorine present in the plasma plume does 

not represent a problem, since PLD works well in presence of reactive gases and films 

containing fluorine have been previously deposited by PLD [130]. Moreover, in order to 

produce transparent films with a similar stoichiometry to the bulk target glass, they 

were deposited in an oxygen atmosphere. Figure 3.1 shows a scheme of the PLD set-up 

used to deposit fluorotellurite thin films. It comprises an excimer laser source, a vacuum 

chamber where the substrate and multi-target stages are placed, and an in-situ 

reflectometry system to monitor the film deposition process. Two motors ensure the 

rotation of the target and the substrate stages during the deposition. The objective is to 

reduce the cumulative damage on the target surface due to the laser ablation process 

and, as described above, to homogenize the distribution of the material deposited on the 

substrate. The laser, the multi-target stage, and the reflectometry system are connected 

to a PC which enables the automatic control of the deposition process with the 

capability of changing the ablation target in order to grow multilayered films. 
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Figure 3.1: Scheme of the pulsed laser deposition system used. 

The ArF excimer laser generates laser pulses at 193 nm with a duration of ≈ 20 ns (full 

width at half maximum). The laser beam is focused using a fused silica lens on the 

surface of the target at an angle of incidence of 45º, which lead to a spot size of ≈ 1.5 

mm2. The substrate is placed parallel to the target at a distance of 4 cm. We have 

employed a moderate fluence of 2 J/cm2 and a repetition rate of 10 Hz to ablate the 

glass target. The deposition took place at room temperature in a dynamic oxygen 

pressure of 10 Pa to compensate for the oxygen losses in the films. Film glasses were 

deposited on silicon and fused silica substrates that were previously ultrasonically 

cleaned with acetone and ethanol. These substrates are well suited to the different 

structural and optical characterization techniques employed. Si substrates were used for 

compositional analysis and linear optical characterization, whereas fused silica 

substrates were used to measure the transmission and the Raman spectra as well as 

infrared absorption spectra of the produced thin films. 

The in-situ reflectometry system (in red in Fig. 3.1) is composed by a laser diode (λ = 

670 nm) incident on the substrate and a Si photodetector, connected to a lock-in 

amplifier, to detect the reflected beam. The interference between the beams reflected on 

the air-film and film-substrate interfaces leads to a periodic variation of the reflected 

signal as the film is being deposited, whose amplitude and number of periods are related 
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to the optical constants (n and k) of both the film and the substrate and to the film 

thickness [76]. The experimental reflectivity can be fitted using the Fresnel reflection 

coefficients, which allow us to extract film thickness and the linear refractive index at 

the diode wavelength.  

As an example, Figure 3.2 shows the evolution of the reflectivity during the deposition 

of transparent and absorbing glass films on silicon and fused silica substrates, 

respectively. 
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Figure 3.2: Reflectivity signal from (––) a transparent glass film on Si substrate and 
from (---) an absorbing glass film on fused silica substrate. 

In the case of the transparent film the period and the intensity of the reflectivity are 

constant with the deposition time, since the signal is not attenuated (k is negligible) as 

the film is becoming thicker. On the contrary, the reflectivity signal of the absorbing 

film presents a decreasing intensity and period as the deposition time increases (and so 

the film thickness), which indicates that k is large. Therefore, the in-situ measurement of 

reflectivity allows checking simultaneously the thickness of the film being deposited, 

related to the number of periods; and the film optical properties, related to the intensity 

of oscillations.  

 
 
 
3.3 Compositional, thermal, and structural characterization  

The techniques used in this thesis to characterize the TeO2–ZnO–ZnF2 glass 

samples were: i) Rutherford backscattering spectrometry and proton-induced gamma-

ray emission to determine their composition; ii) differential scanning calorimetry to 
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analyse their thermodynamic behaviour; and iii) Raman spectroscopy to study their 

structural units. Finally, we introduce transmission electron microscopy and scanning 

electron microscopy which have been used to analyse the microstructure of glass-

ceramics and thin films glasses, respectively. 

 

 

3.3.1 Ion beam analysis techniques 

The composition of the fabricated bulk and thin film glass samples has been 

determined using ion beam analysis techniques: Rutherford Backscattering 

Spectrometry (RBS) and Proton-Induced Gamma-ray Emission (PIGE). They are 

based on the use of an ion beam with high energy, typically in the range 0.5-4 MeV, 

which impinges on the sample surface and interact with the atomic nuclei of the sample. 

Both RBS and PIGE measure the concentration and in-depth distribution of elements 

(up to few micrometers) in the sample in a non-destructive way, but the physical 

processes involved in each technique are different [131].  

  

Figure 3.3: Sketch of the ion beam analysis techniques used in this work. (a) 
Rutherford Backscattering Spectrometry (RBS); (b) Proton-Induced Gamma-ray 
Emission (PIGE). 

Figure 3.3 illustrates the two techniques. RBS (Fig. 3.3a) is an elastic ion scattering 

process which relies on Coulomb interactions between the incoming ions and the target 

nucleus. It is a non-destructive quantitative technique which does not need reference 

samples. For these characteristics, it is widely used for the near surface layer analysis of 

solids and thin films. As illustrated in Fig. 3.3a, after bombarding the sample with high 

energy light ions such as protons or He2+, these are elastically scattered with different 
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energy and directions by the atoms constituting the target. RBS records the energy of 

the backscattered ions by means of an energy sensitive detector, typically a solid state 

detector, positioned at an appropriate backscattered solid angle with respect to the 

incident ion beam.  The energy of the backscattered ions is dictated by conservation of 

energy and momentum between the incident ion and the scattering atom and thus can be 

related to the depth and mass of the atoms in the sample [132]. Moreover, the amount of 

backscattered ions from any given element is proportional to its concentration 

[132].  Therefore, RBS can be used as a tool to measure the depth profile of individual 

elements in a solid. However, a spectrum simulator is needed to determine the atomic 

concentration of the elements present in the sample by fitting the experimental RBS 

spectrum with a calculated one. Finally, since the Rutherford cross-section, i.e. the 

number of scattered ions per unit time, is proportional to the atomic numbers (Z) of the 

incident ion and the target nucleus, the sensitivity of the technique is low for light 

elements. This is an important drawback of RBS which requires its combination with 

other nuclear based methods such as nuclear reaction analysis (NRA) or PIGE for the 

analysis of light elements [131].  

Contrary to RBS, which involves electrostatic interactions, PIGE is based on low-

energy nuclear forces. Basically, in PIGE, the ion beam impinging on the sample should 

have an energy high enough to penetrate the Coulomb barrier of atomic nuclei to induce 

various nuclear reactions, resulting in excited nuclei. Then, these nuclei emit γ-rays 

during their de-excitation process (Fig. 3.3b). The energy of the emitted γ-rays is a 

fingerprint of the nuclei (isotopes). Moreover, the concentration of the isotope in the 

sample can be determined by measuring the yield of γ photons collected by the detector, 

which has to be previously calibrated with a well known sample [133]. Since PIGE 

cross-sections drastically drop when increasing Z of the target element, due to increased 

Coulomb repulsion, the best sensitivity is obtained for low-Z elements (3 < Z < 20). 

Besides, contrary to RBS, PIGE does not show continuous sensitivity but it depends 

strongly on the element to measure and on the possibility that their nuclear reactions 

with the incident beam emit γ-rays. The most common reaction in PIGE is the nuclear 

reaction by Coulomb excitation (inelastic Coulomb scattering). The projectile (proton: 

p) exchanges energy with the target through the Coulomb interaction, thus, the target is 

driven to an excited state which decay through emission of γ-rays and protons of lower 

energy (p’) [133].  



52                                                                 3. Experimental techniques 

Ion beam analysis experiments were performed at the Centro Nacional de Aceleradores 

(Sevilla) in collaboration with F.J. Ferrer. For the RBS measurements a proton beam at 

1.5 MeV was used to irradiate the samples and the backscattered protons were collected 

through a solid state detector at a dispersion angle of 160º. Then, the experimental RBS 

spectra were simulated with the SIMNRA code [134] to obtain the atomic percentage of 

Te, Zn, Er, and O. As an example, Figure 3.4a shows an experimental RBS spectrum 

and the corresponding simulation of a bulk TeO2–ZnO–ZnF2 glass.  

The edges belonging to (Te + Er) at ~1520 keV, Zn at ~1480 keV, and O at ~1200 keV 

are marked in Fig. 3.4a. By enlarging the region close to 1500 keV, it is possible to 

distinguish the small edge of Er from that of Te (inset of Fig. 3.4a). The intensity of 

each edge is proportional to the atomic percentage of the corresponding element. The 

experimental error in the atomic percentage is ± 10 % for the elements with well 

defined edges (O, Zn, Te in Fig. 3.4a) while is larger, ± 30 %, in the case of elements 

having overlapping edges and/or small atomic percentages, as in the case of Er.  

Figure 3.4: RBS and PIGE spectra of a TeO2–ZnO–ZnF2: ErF3 bulk glass. (a) RBS spectrum (black line) 
along with its fitting using the SIMNRA code (red line); (b) PIGE spectrum showing the peaks 
corresponding to the nuclear reaction 19F(p,p’γ)19F. The edges corresponding to Er, Te, Zn and O are 
indicated in (a). The inset in (a) zooms in the region corresponding to the Er edge at ~1520 keV.  

 

PIGE analysis was employed to quantify the fluorine concentration of TeO2–ZnO–ZnF2 

glasses. A proton beam at 2.3 MeV and a detection angle of 145º were used. Figure 3.4b 

presents an experimental PIGE spectrum from a fluorotellurite bulk glass. It shows two 

peaks at 110 and 197 keV that correspond to the γ photons emitted by the nuclear 

reaction 19F(p, p’γ)19F [135]. The fluorine concentration in the samples was determined 
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by comparing the area of the peak at 110 keV with that of a reference sample, having a 

known fluorine concentration [136].  

 

 

3.3.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) monitors heat effects associated with 

phase transitions and chemical reactions in a material as a function of temperature. It is 

a very important technique for the thermodynamic characterisation of materials, 

particularly glasses. A DSC trace records the difference in the heat flow to the sample 

and a reference as a function of temperature, which are held in a gas flow at the same 

temperature. The sample is placed in a container (e.g. in an alumina pan), while a 

second empty container is used as reference. Both containers have individual heating 

elements as well as temperature sensors associated with them. The sample and the 

reference are heated equally at a constant rate until a transformation occurs in the 

sample. At this point, the sample temperature deviates from that of the reference, thus,  

the DSC adjusts the heat input to each container in order to maintain a zero temperature 

difference (ΔT= 0) between them [137]. Since the DSC operates at a constant pressure, 

the quantity of electrical energy per unit time (i.e. heat flow: dE/dt) applied to the 

heating elements in order to maintain ΔT= 0 between the sample and the reference is 

assumed to be proportional to the enthalpy change per unit time (d(ΔH)/dt), [137]: ddt  ∝  d ∆dt  (3.1)

Moreover, the heat flow difference between the sample and the reference can be either 

positive or negative, indicating the type of transformation which is occurring in the 

sample. In fact, in an endothermic process, heat is absorbed by the sample and, 

therefore, heat flow to the sample is higher than to the reference (dE/dt > 0). For 

example, glass transition and melting are endothermic processes. On the contrary, in an 

exothermic process, such as crystallisation, heat is released by the sample and then the 

heat flow to the sample is lower than to the reference (dE/dt < 0).  

We have used a commercial DSC (TA Instruments, SDT-Q600), to study the 

thermodynamic properties of glass samples. The DSC provided simultaneous 

measurements of weight changes and differential heat flow. It was calibrated before 
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each measurement using the melting point of zinc (Tm= 419.5 ºC). We have measured 

both glass chips and grinded glass samples of 10s mg, by placing them in high purity 

alumina pans and heating them at a constant rate (5-20 ºC·min-1) in a N2 gas flow (100 

ml/min). An empty alumina pan was used as reference and a baseline taken with empty 

pans was subtracted from each DSC run. DSC heat flow data were dynamically 

normalized using the instantaneous sample weight at any given temperature. Finally, the 

convention for the sign of the heat flow is changed in the DSC traces shown in this 

thesis: the heat flow is positive for exothermic reactions and negative for the 

endothermic ones. Figure 3.5 shows a characteristic DSC trace obtained for a TeO2–

ZnO–ZnF2 glass sample studied in this thesis. 
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Figure 3.5: DSC trace of a TeO2–ZnO–ZnF2 glass. The glass transition (Tg), onset of 
crystallisation (Ton), crystallisation (Tc) and melting (Tm) temperatures are indicated in 
the figure. 

From the DSC trace shown in Fig. 3.5 it is possible to determine the characteristic 

temperatures of glass. We have determined the glass transition temperature (Tg) as the 

inflection point of the first endothermic variation in the heath flow (Fig. 3.5); the onset 

of crystallisation temperature (Ton) as the point where the exothermic peak begins, the 

crystallisation (Tc) and melting (Tm) temperatures as those corresponding to the 

exothermic and endothermic peaks, respectively [137]. These temperatures were found 

to be reproducible within ± 3 ºC for different DSC runs of the same sample. 
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3.3.3 Raman spectroscopy 

Raman spectroscopy has been employed to determine the structural units that 

compose the glass network of the produced bulk and thin films glasses. It relies on the 

inelastic scattering of light, which was first described by Sir C.V. Raman, awarded 

with the Nobel Prize for Physics in 1930 for his discovery [138]. He observed that, 

when a monochromatic light goes throughout a transparent solid, some of the scattered 

light changes its colour. This phenomenon is due to the energy variation, i.e. 

wavelength, of the photons that are scattered by the atoms and molecules of the solid 

[139]. When photons interact with matter, they are usually absorbed or elastically 

scattered (Rayleigh scattering) while only a small fraction of them is inelastically 

scattered (Raman scattering). Figure 3.6 summarizes these processes.  

 

Figure 3.6: Diagram representing the energy transitions involved in infrared absorption, 
Rayleigh scattering and Raman scattering processes. Up arrows indicate absorption of 
photons while down arrows the emission of photons. 

Photons are absorbed (IR abs. in Fig. 3.6) when their energy matches the difference 

between two energy levels of the system; then, the system is promoted to an excited 

state. Instead, in the case of Rayleigh and Raman scattering, the energy of photons does 

not match with any excited state of the system, so photons are not absorbed. However, 

the photon-matter interaction distorts the electron cloud around the nuclei and therefore 

the molecule is promoted to a high energy short-lived state, called virtual state, that 

relaxes immediately by re-emitting the photon (Fig. 3.6). The difference between elastic 

and inelastic scattering lies in the energy of incident and scattered photons. In the first 

case, there is no variation in the energy of the incident and scattered photons, and the 
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system is found in the ground state before and after the interaction with photons 

(Rayleigh scattering). On the contrary, the energy of the incident and scattered photons 

is different in the inelastic scattering and it depends on the initial state of the system. If 

the system is found in the ground state when photons hit it, then the energy of the 

scattered photons will be lower than that of the incident photons (Stokes Raman 

scattering) since part of their energy is lost in the excitation of vibrational states. In 

contrast, if the system is in an excited vibrational state when photons hit it, the scattered 

photons will have a higher energy than the incident ones (anti-Stokes Raman 

scattering). The relative intensities of Stokes and anti-Stokes Raman scattering are 

related to the thermal population of the different vibrational states of the system and, 

therefore, the intensity of Stokes scattering is usually much higher than that of anti-

Stokes scattering.  

The number and the energy shift of inelastically scattered photons give important 

information about the vibrational states of the system under investigation. In this regard, 

in 1970, Shuker and Gammon presented a calculation which allowed relating the 

intensity of Raman scattering to the vibrational density of states in amorphous materials 

[140]. Thus, it is possible to determine the type of structure of a given system and the 

relative amount of structural units which compose the system through its Raman 

spectrum. 

In Raman spectroscopy, a laser beam is used to excite the sample under investigation. 

Then, the more intense Rayleigh scatting, which has the same wavelength of the laser, is 

filtered out and the intensity of the Raman scattering is measured using a 

monochromator and a detector. Raman spectra are often represented as a function of the 

energy difference (Raman shift) between the laser energy and the scattered signal. 

Raman spectra from bulk and film fluorotellurite glasses of this thesis were recorded in 

collaboration with C. Domingo and M. Hernandez from the Instituto de Estructura de la 

Materia (CSIC, Madrid). Two different systems were used: a Fourier Transform (FT)-

Raman (Bruker MultiRAM) equipped with a laser line at 1064 nm and a confocal 

Raman microscope (Renishaw inVia) equipped with different laser lines. In particular, 

we used a laser diode emitting at 785 nm and a He-Cd laser emitting at 442 nm. In 

addition, in the case of the Raman microscope, the laser beam was focused on the 

samples using 50x (bulk glasses) and 100x (film glasses) magnification objectives with 

a spectral resolution of 2 cm-1. The output laser power was ~30 mW in both cases. 
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Rayleigh and anti-Stokes scattering were removed using an edge filter and the signal 

was detected by means of an electrically refrigerated CCD camera. Acquisition time 

was 5-10 minutes for each spectrum. 

All the Raman spectra shown in this thesis were corrected by using the reduced 

spectrum correction, to eliminate spurious effects due to thermal population and 

frequency effects [141]. These appear mainly in the low-frequency range of the Raman 

spectrum and are due to the scattering by thermally-excited low-energy phonons and to 

the Rayleigh scattering, respectively. Once they are eliminated by applying the 

correction for the reduced Raman spectrum, it is possible to compare spectra recorded at 

different temperatures as well as the intensity of low frequency Raman bands with that 

of high frequency bands in the same spectrum.  

The intensity of the reduced (Stokes) Raman spectrum was obtained by applying the 

relation [141]: 

I ω ∝  I ω  1ωL ω ωn ω, T 1 (3.2)

where Ired(ω) and Iexp(ω) are the intensity of the reduced and the experimental Raman 

spectrum, respectively; ω is the value of the Raman frequency shift; ωL is the frequency 

of the laser excitation line (in cm-1); and n(ω,T)= [exp(-ħω/kBT) – 1]-1 is the Bose-

Einstein distribution function for phonons at Stokes frequency.  

Raman spectra of the studied glass samples were reduced and normalized to their 

maximum intensity to ease their comparison. Moreover, in the case of thin film glasses, 

the contribution to the Raman spectra from the substrate was carefully subtracted. 
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Figure 3.7: (---) Experimental and (––) reduced Raman spectra of a bulk TeO2–ZnO–
ZnF2 glass of this thesis. 
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Figure 3.7 compares an experimental and the corresponding reduced Raman spectra of a 

bulk TeO2–ZnO–ZnF2 glass, where we can observe the three characteristic bands of 

tellurite glasses at 400-550, 600-700, and 700-850 cm-1. As it will be shown in chapter 

4, these bands correspond to the vibrational modes of Te-O bonds in the different 

structural units that comprise the vitreous network of tellurite glasses. Finally, we note 

that the intensity of the low frequency Raman bands decreases in the reduced Raman 

spectrum with respect to the experimental spectrum, whereas the Raman band at high 

frequency is little affected by the correction.  

Finally, we have performed what is known as Raman micro-spectroscopy, that is based 

on hyperspectral imaging, in the case of glass-ceramic samples. In this case, Raman 

spectra are taken at different points across a portion of the sample surface. Then, a map 

of the sample composition and structure at a microscale can be obtained by analyzing all 

the collected spectra, which shows the location and amount of different components. 

Confocal Raman microscopes have a very high spatial resolution; therefore they allow 

hyperspectral imaging of the sample without the need of any sample preparation. We 

have used this technique to look for evidence of micro-crystallisation at the surface of 

glass-ceramic samples, as it can induce phase separation with the consequent 

degradation of the optical quality of the samples (see chapter 5). Hyperspectral images 

of glass-ceramics samples were obtained by means of a 2D spatial scanning, with a step 

of 2 µm, on a 20x20 µm2 sample surface. Each Raman spectrum, corresponding to a 

point of the hyperspectral image, was acquired by exciting at 442 nm and focusing the 

laser beam with a 50x objective.   

 

 

3.3.4 Electron microscopy techniques 

Electron microscopy techniques were used to study the microstructure of 

fluorotellurite glass-ceramics and thin films. In the first case, we employed 

transmission electron microscopy (TEM), which are among the most versatile and 

powerful tools for microstructural characterization, whereas scanning electron 

microscopy (SEM) was used to study the surface morphology of thin film glasses. 

Both TEM and SEM employ a source of electrons, such as a heated tungsten filament, 

maintained at a high voltage in order to accelerate the electron beam. Typically, the 
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applied voltage is of ~100s kV in TEM while in SEM is only 10s kV [142]. Since the 

high energy electron beam has a limited path length in air, the whole electron 

microscope column is kept under vacuum (~10-5 Pa) [142]. Figure 3.8 compares TEM 

and SEM techniques highlighting the similarities and differences between them.  

 
Figure 3.8: Schematic representation of transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) techniques. 

Both microscopes use electromagnetic condenser lens systems to focus the electron 

beam, but the process to acquire an image of the specimen is different in each case.  

In TEM, the electron beam impinges on the specimen. In order to allow most of the 

high energy electrons to pass through the specimen, its thickness should be less than 

100 nm. Elastically scattered electrons, which emerge from the specimen, carry 

information about its structure. The objective, composed by electromagnetic lenses, 

magnifies the collected electron image of the specimen. An important feature of TEM is 

that it allows collecting both data in the real space, i.e. images of the sample, and in the 

reciprocal space, that is, electron diffraction patterns of the sample. In the case of 

crystalline samples, electron diffraction patterns supply information about the reciprocal 

lattice geometry for a certain crystal orientation presenting a projection axis as the 

optical axis of the microscope [142]. Finally, a fluorescent screen converts the electron 

image into a visible image. The resolution of TEM depends on the properties of the 

electron beam, such as electron wavelength and divergence of the beam, and the 
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properties of the electromagnetic lenses, such as their spherical aberration coefficient. In 

high resolution transmission electron microscopy (HRTEM) the point-to-point 

resolution is usually ~0.2 nm [142].  

In SEM a probe lens, on top of the specimen, substitutes the objective lens used in TEM 

[142]. It focuses the electron beam that impinges on the specimen and determines the 

resolution of the acquired image, which depends on the beam size. Usually, the 

maximum point-to-point resolution in SEM is of the order of few nanometers [142]. 

The microstructural information is provided by the low energy secondary electrons, 

which are inelastically scattered from the surface of the specimen. Therefore, contrary 

to TEM, there is no limit on the maximum thickness of the specimen to be analysed by 

SEM. However, the fundamental difference in the operation of TEM and SEM lies in 

the way the signal from the sample is collected to form the image. While TEM collects 

simultaneously the signal over the full field of view, SEM collects the signal 

sequentially from each point of the surface while the electron beam is scanned across 

the sample field of view [142]. The scan rate must be restricted in order to ensure that 

the signal recorded for each data point is statistically adequate. The final image of the 

surface of the sample is the sum of all the point images and it is projected on a monitor.  

Apart from providing a magnified image of the sample, electron microscopy can 

integrate microanalytical techniques, such as energy dispersive X-ray spectrometry 

(EDX), to determine the composition of the sample under investigation. EDX detects 

the X-rays photons emitted from the specimen upon the interaction with the electron 

beam. The energy of the emitted X-ray photons is characteristic of each element; 

therefore, the composition of the sample can be determined at a nanometric scale [142].  

The need for a very thin specimen restricts sometimes the use of TEM analysis to thin 

films since the thinning of a bulk sample is a nontrivial and time consuming task. 

Mechanical or electrochemical thinning, focused ion-beam (FIB) milling or the replica 

method are some of the techniques used to prepare TEM specimens. In the present 

thesis, FIB milling and the replica method have been used to prepare specimens of 

glass-ceramic samples.  

FIB milling is a versatile tool for removing the final surface layers from samples 

intended for TEM [142]. In general, two ion guns are used to sputter from both sides of 

the sample. The angle of incidence and the energy of the ion beam are usually restricted 
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to no more than 15º and 5 kV, respectively, in order to avoid sub-surface radiation 

damage and topographic surface irregularities. In addition, inert gases (typically argon) 

are used as sputtering ions in order to avoid ion-induced chemical reactions.  

The replica method overcomes the necessity of thinning the sample to be examined by 

TEM. Figure 3.9 illustrates the preparation of a replica from the surface of the glass-

ceramic sample. First, a carbon film was deposited on the surface of the sample. Then, 

the carbon replica was released by etching of the glass matrix, preserving the 

nanocrystals in their original configuration. Finally, the replica was collected on a 

copper grid for TEM examination. 

 
Figure 3.9: Sketch of the replica method applied to glass-ceramic samples to prepare specimens for TEM 
analysis. 

The specimen prepared by FIB was examined by a JEOL 2010F TEM operating at 200 

kV coupled with a Gatan image filter (energy resolution of 0.8 eV) at the Centros 

Científicos y Tecnológicos (Universitat de Barcelona), to study the inner microstructure 

of glass-ceramics. The glass-ceramic specimen prepared using the replica method was 

analyzed through a JEOL JEM 2100 TEM operating at 200 kV (point-to-point 

resolution of 0.25 nm) at the Centro Nacional de Microscopía Electrónica (Universidad 

Complutense de Madrid), to study the microstructure of the surface of glass-ceramics. 

This last TEM was equipped with an energy dispersive X-ray detector which allowed 

the analysis of the nanocrystals and the determination of their composition.  

Finally, SEM measurements of thin film fluorotellurite glasses were performed at the 

Instituto de Ciencia y Tecnología de Polímeros (CSIC, Madrid) using a Hitachi SU 

8000 microscope operating at 1 kV.  
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3.4 Optical characterization 

Optical characterisation of rare earth doped TeO2–ZnO–ZnF2 glasses has 

included: i) determination of their linear optical constants, n and k, by spectroscopic 

ellipsometry and transmittance measurements; ii) measurement of their transparency 

range by spectrophotometry; and finally, iii) determination of their emission spectra as 

well as the time evolution of the photoluminescence signal by steady-state and time-

resolved photoluminescence spectroscopy, respectively. 

 

 

3.4.1 Spectroscopic ellipsometry 

Ellipsometry is based on the change of the polarization of light when it is 

reflected at the interface between two media. Figure 3.10 schematizes the polarization 

change occurring between the incident and the reflected beams on a sample interface. 

The polarization change is related to the linear optical constants, i.e. the refractive index 

n and the absorption coefficient k, as well as to the characteristics of the interface, such 

as its smoothness.  

 
 

Figure 3.10: Scheme of the measuring principle of ellipsometry. 

Usually, the quantity measured by ellipsometry is the ratio (ρ) between the Fresnel 

reflection coefficients for the p (Rp) and s (Rs) polarization components of the beam, 

which is a complex number. This quantity is expressed in terms of [143]: 

ρ RR tanΨe  (3.3)
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where tanΨ gives the modulus of Rp/Rs and Δ the phase shift between the p- and s-

components of the reflected beam. TanΨ and Δ are related to the refractive index (n) 

and absorption coefficient (k) of the sample, respectively. Moreover, the components Rp 

and Rs are function of the incidence angle, being the difference between them maximum 

at the Brewster’s angle [76]. Therefore, ellipsometry measurements are generally 

performed at the Brewster’s angle in order to have a larger signal to noise ratio [143]. 

Once the ellipsometric parameters of the sample have been measured in the wavelength 

range of interest, the optical constants and the thickness of the sample can be deduced 

through data analysis. It consists of three major parts: i) dielectric function modelling, 

when this is unknown (e.g. Sellmeier’s or Cauchy’s equation is used for modelling 

transparent dielectrics); ii) construction of an optical model (e.g. substrate + film + 

roughness layers); and finally, iii) fitting of the ellipsometric data produced by the 

model to the experimental ellipsometric spectra. 

In the present work, bulk and thin film glasses were modelled using a Cauchy-type 

dispersion for the refractive index (3.4), and an exponential decay for the extinction 

coefficient (3.5) [143]: 

A  Bλ Cλ  (3.4)

 A  exp B 1λ 1γ   (3.5)

where An, Bn, Cn, Ak, and Bk are adjustable parameters and γ is the optical gap of the 

material (in nm). 

The experimental ellipsometric parameters have been measured using a commercial 

variable angle spectroscopic ellipsometer (VASE, J.A. Woollam Co.). The light source 

is a lamp emitting unpolarized light in the range from 250 to 1700 nm. The wavelength 

and the polarization of the incident beam are selected by means of a monochromator 

and a linear polarizer, respectively. Then, the intensities of the p- and s-components of 

the beam reflected by the sample are measured using a continuously rotating analyzer 

and a solid state photodetector. Furthermore, the light source and the detector are 

mounted on a motorized goniometer, which allows moving them in order to measure at 

different angles of incidence. 
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Ellipsometric data analysis of glass samples of this thesis was made by considering two 

optical models [143]:  

i) A transparent dielectric layer and a top roughness layer in the case of bulk 

glasses, since they have a thickness larger than 5dp (dp: penetration depth of 

light). In this case, optical interferences due to backside reflection were 

negligible;  

ii) A multilayer composed by the Si substrate as bottom layer, a transparent 

dielectric layer, and a top roughness layer in the case of film glasses, that in all 

cases had a thickness between 100 and 1500 nm (smaller than dp). They present 

interference fringes arising from the combination of the reflected beams at the 

air-film and film-substrate interfaces, which depend on the thickness of the film. 

Fitting of the experimental data to the model was made using the software Wvase32 

(Woolam) and the Marquardt-Levenberg iterative algorithm to find the parameters that 

minimized the mean square error between the simulated and experimental data [144]. 

Figure 3.11a shows the experimental spectra of the ellipsometric parameters (Ψ and Δ) 

in the case of a TeO2–ZnO–ZnF2 glass film deposited on silicon substrate, measured at 

an incident angle of 65º. The best fit of the experimental ellipsometric data, obtained by 

using the model of the inset, is also shown in Fig. 3.11a. Besides, Fig. 3.11b shows the 

dispersion of the optical constants n and k, which are two fitting parameters in Fig. 

3.11a. 
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Figure 3.11: (a) Ellipsometric experimental data of a TeO2–ZnO–ZnF2 glass film on a 
Si substrate measured at an incidence angle of 65º and their fitting using the model 
shown in the inset. (b) Dispersion of the linear refractive index (n and k) deduced from 
the ellipsometric data presented in (a). 

The thickness of the measured film, which is the third fitting parameter, is ~730 nm. 

The experimental error for n is ± 0.005, while for k is 1% of its value. We want to stress 

that it is not possible to determine the value of k in the wavelength range where the 

sample is transparent (i.e. from 700 to 3000 nm) since our experimental detection limit 

for k is 10-4, a value that is orders of magnitude larger than the typical k value of 

transparent materials.  

 

 

3.4.2 Spectrophotometry 

As it has been described in chapter 2, glasses are characterised by a very low 

intrinsic scattering and by two intrinsic absorption edges in the ultraviolet and infrared 

wavelength range, which define their transparency region, that is the wavelength range 
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where the transmittance has a high value or, analogously, the absorbance has a 

negligible value.  

The transmittance (T) of a sample is defined as the relation between the intensity of 

transmitted light (It), i.e. after passing through the sample, and the intensity of incident 

light on the sample (Iin), at normal incidence. Moreover, the transmittance is related to 

the optical and physical properties of the sample through the Beer-Lambert law [60]: II 1 r e L (3.6)

where α is the absorption coefficient, L is the thickness of the sample, and r is the 

Fresnel reflection coefficient at normal incidence at the interface air-sample, that 

depends on the real part of the refractive index (n) [60]: n 1n 1  (3.7)

Therefore, the absorption coefficient α can be easily calculated once T, n and L are 

known. Besides, the relation between the absorption coefficient, α(λ), in cm-1, and the 

extinction coefficient, k(λ), is [60]: 

λ α λ λ4π  (3.8)

where λ is the wavelength of light (in cm). In addition, sometimes it is convenient to use 

the absorbance (A), rather than transmittance. The absorbance is defined as: A= ln(1/T) 

so it varies linearly with the absorption coefficient and the thickness of the sample. 

In this thesis we have determined the transparency region of TeO2–ZnO–ZnF2 glasses in 

the ultraviolet, visible and near infrared wavelength range with a commercial 

spectrophotometer (Cary 5000) operating at normal incidence in the range 200-3000 

nm. In the case of bulk glasses, we have measured the transmittance of optically 

polished plano-parallel glass slabs ~1 mm thick; whereas in the case of thin film glasses 

produced by PLD, they were grown on transparent substrates, such as fused silica, to 

measure their transmittance in this wavelength range. Since the ultraviolet absorption 

edge of the substrate is blue shifted with respect to the absorption edge of the glass film, 

the transmittance measurement of glass films was not affected by the presence of the 
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substrate. We estimated the ultraviolet absorption edge of bulk glasses by calculating 

the value of their cut-off wavelength (λc), defined as the wavelength at which T(λc)= 

0.5Tmax [76].  

However, we cannot compare the cut-off wavelength of bulk and film glasses since the 

accuracy of the measurements depends on the thickness of the sample, as we describe 

next. Figure 3.12 shows the visible and near-infrared transmittance of a TeO2–ZnO–

ZnF2 bulk glass (1 mm thick) and of a thin film glass (100s nm thick) deposited on 

fused silica (SiO2), both with the same nominal composition.  
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Figure 3.12: Transmittance spectra of bulk and film Er-doped TeO2–ZnO–ZnF2 glasses 
with similar composition. The transmittance spectrum of the fused silica substrate, 
where the film was grown, is included for comparison. 

From Fig. 3.12, we note that the cut-off wavelength (λc) of the film and bulk glasses are 

apparently very different. Even if a small difference in λc between the two types of 

glasses could arise from their slightly different composition and structure originated by 

the different fabrication methods; the large difference observed in Fig. 3.12 is an 

artefact that is due to the maximum sensitivity of the spectrophotometer detector, which 

is able to measure a minimum value of transmittance equal to 5·10-4 (assuming the 

maximum transmittance is 1). Since T scales as exp(–αL), the transmittance reaches 

zero (i.e. 5·10-4) when αL= –ln(5·10-4), neglecting the reflection coefficient (r≈ 0). 

Therefore, the maximum α value measured by the spectrophotometer depends on the 

thickness of the sample (L), this value being larger for thinner samples. For example, a 

bulk glass (L= 0.1 cm) will have T= 5·10-4 at a wavelength for which α= 76 cm-1, while 

for a thin film glass (L= 10-4 cm) the value T= 5·10-4 will be reached for a wavelength 

corresponding to α= 76·103 cm-1. Therefore, since the cut-off wavelength of the film 

corresponds to a much larger α than in the case of the bulk glass, it will be blue shifted 
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with respect to that of the bulk, as shown in Fig. 3.12. For this reason, we cannot 

compare the cut-off wavelength of glasses with very different thickness as film and bulk 

glasses. 

The upper wavelength limit of the Cary 5000 spectrophotometer in the infrared region 

(3000 nm) did not allow us to determine the position of the infrared absorption edge of 

TeO2–ZnO–ZnF2 glasses neither the magnitude of the infrared absorption bands due to 

OH- molecular vibrations. Therefore, we have performed Fourier transform infrared 

(FTIR) absorption measurements of bulk and thin film glasses in collaboration with B. 

Maté from the Instituto de Estructura de la Materia (CSIC, Madrid). We have used a 

Bruker IFS 66 spectrophotometer in the range 1.5-10 µm, subtracting the contribution 

of atmospheric OH-s from each measured spectra. Moreover, in the case of thin film 

glasses, deposited on transparent substrates (borosilicate glasses), the contribution of the 

substrate was subtracted from the measured spectra (film + substrate) in order to 

determine the absorption spectra of film glasses.   

We have determined the concentration of OH- groups (ions cm-3) in TeO2–ZnO–ZnF2 

glasses through the Beer-Lambert law:  

NOH NAε  αOH (3.9)

where NA is the Avogadro’s number; ε= 49.1·103 cm2 mol-1 is the molar absorptivity of 

OH- groups in silicate glasses [98]; αOH (in cm-1) is the absorption coefficient 

corresponding to OH- groups in the infrared absorption spectrum of glass.  

We have also estimated the parts per million (ppm) of OH- groups in bulk glasses using 

the equation [145]:  

COH NOHWOHNOHWOH N W  (3.10)

where WOH and Wglass are the molecular weight of OH- and glass, respectively, while 

NOH and Nglass are the number of OH- and glass molecules in 1 cm3, respectively.  
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3.4.3 Steady-state and time-resolved photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy was employed to investigate the 

photoluminescence response of rare earth doped TeO2–ZnO–ZnF2 glasses. The 

experimental measurements of PL spectroscopy can be classified into: steady-state and 

time-resolved measurements. The main difference between them lies in the type of 

illumination used to excite the sample and in the system used to detect the PL signal. 

Steady-state measurements are performed under constant illumination conditions while 

time resolved measurements are performed with a pulsed illumination. In steady-state 

spectroscopy, the glass sample is illuminated with a continuous laser beam and the 

emission spectrum is recorded by means of a monochromator and a photodetector. 

Because of the short timescale of photoluminescence from rare earth ions in glasses (µs 

up to ms range), steady-state is reached almost immediately when the sample is first 

exposed to light [86]. Thus, most PL measurements are steady-state. Instead, in time-

resolved spectroscopy the sample is exposed to a pulse of light that has duration shorter 

than the one of the PL signal. Then, the intensity of PL is recorded as a function of time 

by a photodetector and an oscilloscope. In this case, the intensity I(t) of PL that results 

from exciting the sample with light, whose intensity K(t) varies with time t in an 

arbitrary way, can be expressed by [86]: 

 K t t t t  (3.11)

where φ(t) is the photoluminescence decay function. This relation is generally valid if 

the number of excited molecules in a system is small compared with the total number of 

molecules and the system does not undergo a permanent change under light excitation. 

For the particular case of a steady-state excitation turned off at t = 0 (K(t)= 1 for t< 0 

and K(t)= 0 for t> 0 in eq. (3.11)) then, the PL intensity is given by:  

 t t  (3.12)

The advantage of using a pulsed excitation is the possibility of extracting information 

about the relaxation mechanisms of the photoluminescent ions. In particular, the PL 

decay time, or lifetime of the emitting state, can be determined.  
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It general, the mean lifetime of the PL emission is determined as [86]: t t dtt dt  (3.13)

In the particular case when the photoluminescence decay function (φ(t)) is purely 

exponential, i.e. φ(t)= φ(0)exp(−t/τ), then τm = τ = φ(0)/e. The τ value is usually called 

the lifetime of the PL emission or 1/e decay time. A single exponential decay of the PL 

emission is associated with fast diffusion of the excitation energy among rare earth ions, 

that is, spatial equilibrium of the excitation is reached in a time shorter than the decay 

time [146]. Nevertheless, sometimes the PL decay function is not a single exponential 

function but it can be fitted by using two different single exponential functions. This 

fact may be due to local inhomogeneities in the environment of rare earth ions [146]. 

For example, in chapter 5, the exponential decay of the 4I13/2→4I15/2 Er3+ emission in 

glass-ceramic samples is fitted by two single exponential functions due to the presence 

of Er3+ ions in crystalline and amorphous environments. 

The characterization of the PL response of rare earth doped TeO2–ZnO–ZnF2 bulk and 

film glasses was performed in collaboration with A. Miguel and R. Balda from the 

Departamento de Física Aplicada I (Universidad del País Vasco, Bilbao). Figure 3.13 

shows a schematic representation of the experimental system used to acquire the PL 

emission spectra of rare earth doped TeO2–ZnO–ZnF2 glasses through steady-state 

measurements.  

 

Figure 3.13: Scheme of the set-up employed to perform steady-state photoluminescence 
measurements. 
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The sample were excited either by an Ar laser (visible range) or a Ti:sapphire ring laser 

(near infrared range). Then, the PL signal was analyzed with a 0.19 m monochromator 

(Horiba Jobin-Ivon) equipped with three diffraction gratings with blaze wavelength 500 

nm, 1000 nm, and 1500 nm, respectively. The monochromator is coupled to a 

photomultiplier (Hamamatsu R928 or H10330A-75 for visible and near infrared 

detection, respectively) to collect the PL signal and convert it into an electrical signal. 

Finally, the PL signal was amplified by a standard lock-in technique and the PL 

spectrum was recorded with the help of a computer software. 

The PL decay signal of rare earth doped TeO2–ZnO–ZnF2 glasses was recorded with a 

set-up similar to that of Fig. 3.13 through time-resolved measurements. Contrary to 

steady-state measurement, pulsed excitation light sources were used in this case: a dye 

laser pumped by a pulsed nitrogen laser as visible excitation (1 ns pulse duration) or a 

Ti:sapphire laser pumped by a pulsed frequency doubled Nd:YAG laser as near infrared 

excitation (9 ns pulse duration). The PL emission was detected by the adequate 

photomultiplier and finally the PL decay signal was obtained by processing the signal 

with a digital oscilloscope and recorded by a computer software. 

As an example, Figure 3.14 shows the emission spectrum and the photoluminescence 

decay of the near infrared transition 4I13/2→4I15/2, measured in an Er doped TeO2–ZnO–

ZnF2 bulk glass. 
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Figure 3.14: (a) Emission spectrum of the Er3+ transition 4I13/2→4I15/2 by pumping a TeO2–ZnO–ZnF2 
glass at 980 nm (cw). (b) Photoluminescence decay function of the maximum intensity of the emission 
4I13/2→4I15/2 (at 1531 nm) by pumping the sample with a laser pulse of 9 ns, at 980 nm. 
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4 
Rare earth doped TeO2–ZnO–ZnF2 glasses 

 

 

 

4.1 Introduction 

As described in the introductory chapters, fluorotellurite glasses present 

improved properties with respect to tellurite glasses, in particular when considered as 

hosts for rare-earth ions. The introduction of fluorine improves the mid-IR transmission 

of fluorotellurite glasses by reducing the content of hydroxyl groups [37, 147]. 

Moreover, the efficiency of rare earth radiative transitions increases by decreasing the 

OH- concentration in glasses since these groups are nonradiative quenching centres for 

excited rare earth ions, as described in chapter 2. Actually, Zhan and co-authors 

reported an intense infrared emission at 2.7 μm (4I11/2→4I13/2) in Er3+-doped 

fluorotellurite glasses, that is usually quenched in tellurite glasses. They relate this 

emission to the very small OH- concentration in their glasses that led to a larger 

population of the 4I11/2 level [148]. Furthermore, the introduction of fluorine modifies 

the local electrostatic field symmetry around rare earth ions, which results in a reduction 

of the electron-phonon coupling. Thus, nonradiative deexcitation via multiphonon 

relaxation is reduced and the efficiency of radiative transitions increases in doped 

fluorotellurite glasses with respect to tellurite glasses [38, 149]. 

In this chapter we report and discuss the results obtained in the study of the TeO2–ZnO–

ZnF2 glass system as host for RE ions. This system has already been reported to show 

good structural and optical properties [149, 150, 151]. We dedicate the first part of the 

chapter to the characterisation of the composition, thermal behaviour and structure of 

the produced glasses. Then, we present their transmittance and their linear refractive 

index. In the second part of the chapter, we study the photoluminescence response of 

rare earth doped glasses by varying the type and concentration of the dopant ion. We 

start with the study of a series of Er-doped TeO2–ZnO–ZnF2 glasses to find out the most 
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suitable doped glasses for optical applications. In fact, both the properties of the glass 

host and concentration quenching effects, arising when increasing the dopant 

concentration, have to be taken into account for practical applications. Moreover, the 

exhaustive characterization of these Er-doped glasses served as preliminary step to 

select adequate candidates for the production of Er-doped TeO2–ZnO–ZnF2 glass-

ceramics, as it will be shown in chapter 5, which has never been reported before.  

The chapter ends with the photoluminescence characterisation of the selected TeO2–

ZnO–ZnF2 host co-doped with different Er3+-Yb3+ and Er3+-Tm3+ concentrations to 

improve the pumping efficiency of Er3+ ions and generate an ultra broad near infrared 

emission, respectively. 
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4.2 Composition and density  

TeO2–ZnO–ZnF2 glasses were produced by the conventional melt-quenching 

technique, described in chapter 3. We have selected two TeO2–ZnO–ZnF2 glass hosts 

(DF-1 and DF-2) having different Zn/Te and F/O ratios, from the study of Nazabal and 

coworkers [151]. Their nominal composition is: 

- DF-1: 74.6 TeO2–8.8 ZnO–16.6 ZnF2 (mol%)        Zn/Te≈ 0.34; F/O≈ 0.21 

- DF-2: 46.6 TeO2–18.2 ZnO–35.2 ZnF2 (mol%)        Zn/Te≈ 1.15; F/O≈ 0.63 

Each glass matrix was doped with an increasing concentration of ErF3: 0.5, 1, 2 and 3 

wt% (corresponding to 0.35, 0.7, 1.4 and 2.1 mol%, respectively).  

We have measured the density of DF-1 and DF-2 by applying the Archimedes’ 

principle, using bromonaphthalene at room temperature (C10H7Br, ρ20ºC= 1.48 g/cm3) as 

immersion liquid, whereas the composition of the fluorotellurite bulk glasses was 

determined by combining Rutherford backscattering spectrometry (RBS) and proton-

induced gamma ray emission (PIGE) techniques, as described in chapter 3. As an 

example, Figure 4.1 presents the experimental and simulated RBS spectra of DF-1 and 

DF-2 glasses doped with 1 wt% ErF3. 

Figure 4.1: Experimental and simulated RBS spectra of: (a) DF-1: 1 wt% ErF3; (b) DF-2: 1 wt% ErF3. 
We clearly observe three edges in the RBS spectra of Fig. 4.1 at ~1520, ~1480, and 

~1200 keV which belong to Te, Zn and O signals, respectively. Moreover, their height 

is related to the content of each element in the glass. Thus, we infer that the Te content 

is larger in DF-1 than in DF-2 while the Zn content is smaller in DF-1 than in DF-2. 
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Table 4.1 summarizes the relative nominal and experimental compositions as well as the 

density of DF-1 and DF-2, doped with 1 wt% ErF3. The density and the atomic 

concentration of Te, Zn, O and F are similar in the other DF-1 and DF-2 glasses doped 

with different ErF3 concentrations within the resolution of the experimental set-up used, 

and therefore they are not reported here.  

The relative concentration of each element, [X]rel, was calculated by normalizing the 

atomic concentration of the element, X (% at.), determined from RBS or PIGE analysis, 

to the total cationic concentration: [X]rel = (X/Σ Xi,cat)x100. The estimated experimental 

error is ± 10 % for the concentration of Te, Zn, O and F while is ± 30 % for the Er 

concentration, due to its small RBS signal (see chapter 3). The maximum experimental 

error affecting the density measurements is ± 0.5 %.  

Table 4.1: Nominal and experimental relative composition and density of DF-1 and DF-2 glasses 
doped with 1 wt% ErF3. 

Sample 
 
 

[Te]rel 

(%) 
[Zn]rel 

(%) 
[Er]rel 

(%) 
[O]rel 
(%) 

[F]rel 
(%) 

Density 
(g/cm3) 

DF-1 
Nominal  74 25 0.6 157 35  

Experimental  68 ± 7 31 ± 3 0.8 ± 0.3 152 ± 15 19 ± 2 5.48 ± 0.03 
        

DF-2 
Nominal  47 52 0.5 110 73  

Experimental 38 ± 4 61 ± 6 0.3 ± 0.1 108 ± 18 37 ± 4 5.36 ± 0.03 

The density values presented in Table 4.1 for DF-1 and DF-2 are in good agreement 

with those reported in the literature for glasses of similar composition [151]. DF-2, 

which has a larger Zn and F content and a smaller Te content with respect to DF-1, 

presents a density smaller than DF-1. This behaviour stems from the higher atomic 

weight of Te (127.6) compared to Zn (65.4), as it has been described in the literature for  

zinc-tellurite glasses with varying Te/Zn ratio [149, 152]. 

The measured fluorine relative concentration shows that both DF glasses present large 

fluorine losses that are about 45-50 % of their nominal value, while the relative oxygen 

content is similar to the nominal one. Concerning the cationic concentration, a relative 

enrichment of Zn with respect to Te is observed both in DF-1 and DF-2. As described 

above, the small Er content is affected by a large experimental error and thus it is not 



4. Rare earth doped TeO2–ZnO–ZnF2 glasses   77 
 

possible to extract any conclusion about its relative concentration with respect to Te or 

Zn.  

From the results of RBS-PIGE analysis, we have calculated the real composition of DF-

1 and DF-2 glasses: 

- DF-1: 68 TeO2–22 ZnO–10 ZnF2 (mol%)            Zn/Te≈ 0.47; F/O≈ 0.12 

- DF-2: 35 TeO2–46 ZnO–19 ZnF2 (mol%)             Zn/Te≈ 1.86; F/O≈ 0.33 

We clearly observe in both glasses a reduction in TeO2 and ZnF2 with respect to ZnO 

content. Finally, the difference between the real and nominal composition is larger for 

DF-2, which has the largest F content, than for DF1-1. 

Fluorine losses are usually observed during the melting of fluorotellurite glasses [37, 

147, 151] and it is difficult to avoid them even when using a covered crucible, as it was 

done in this work. The addition of fluorine to the batch, in the form of ZnF2, chemically 

dehydrates the melt by eliminating both the OH-s inside the glass melt (in the form of 

[≡Te-OH]) and, at the same time, adventitious atmospheric water dissolved in the melt 

(H2O). The chemical reactions taking place between ZnF2 and the OH-s inside the glass 

melt (4.1) and between ZnF2 and the atmospheric water (4.2), generate HF which is 

volatile and leads to the partial loss of fluorine [37, 147]: 

2 [≡Te-OH] + ZnF2 → ≡Te–O–Te ≡ +ZnO + 2HF↑ (4.1)
 

ZnF2 + H2O → ZnO + 2HF↑ (4.2)

Furthermore, according to the reactions 4.1 and 4.2, ZnF2 is converted in ZnO during 

the melting dehydration. In addition, Zn enrichment, i.e. the increase in the Zn/Te ratio, 

can be attributed to a partial loss of Te during the melting. Te losses have been 

previously observed in glasses of similar composition and attributed to evaporation 

from the glass melt of highly volatile compounds, such as TeF4 [151].  
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4.3 Thermal analysis  

An important parameter to consider in the manufacture and technological 

applications of glass is its stability, which is defined in terms of glass resistance to 

crystallisation during heating. Glass stability, or thermal stability, is measured as the 

difference between the crystallisation (Tc) and the glass transition (Tg) temperatures, for 

a sample heated at a specified linear rate. In order to be more conservative and to follow 

the same criterion used by Nazabal and co-authors [151], we have calculated the glass 

thermal stability as the difference between the onset of crystallisation (Ton) and the glass 

transition temperatures.  

Figure 4.2 shows the experimental DSC curves for the two TeO2–ZnO–ZnF2 glasses 

considered in this work, with an increasing concentration of ErF3. The heating rate used 

in the DSC measurements was 10 ºC/min. From the DSC curves we have determined 

the glass transition (Tg), onset of crystallisation (Ton), crystallisation (Tc) and melting 

(Tm) temperatures as described in chapter 3. 
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Figure 4.2: DSC curves of TeO2–ZnO–ZnF2 glasses doped with ErF3 (0.5-3 wt%): (a) DF-1; (b) 
DF-2. 

Table 4.2 summarizes the experimental values of Tg, Ton, Tc and Tm for each glass 

composition, together with the glass thermal stability calculated as (Ton – Tg). 
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Table 4.2: Glass transition (Tg), onset of crystallisation (Ton), peak crystallisation (Tc), peak 
melting (Tm) temperatures, and glass thermal stability (Ton – Tg) for DF-1 and DF-2 doped 
with increasing ErF3 content (wt%). 

Sample  Tg (ºC) Ton (ºC) Tc (ºC) Tm (ºC) Ton – Tg (ºC) 
DF-1:      
0.5 % Er 300  418 456 491, 591 118 
1 % Er 305  425 463 490, 592 120 
2 % Er 318 430 471 609 112 
3 % Er 328 443 480 606, 647 115 
      
DF-2:      
0.5 % Er 290 417 458 652 127 
1 % Er 301 420 461, 514 589, 655 119 
2 % Er 310 422 460, 498 592, 638 112 
3 % Er 327 440 476 643 103 

Both DF-1 and DF-2 glasses have a large thermal stability range: (Ton – Tg)> 110 ºC, 

except glass DF-2: 3% Er which has a smaller value, but still > 100 ºC. Therefore, these 

Er-doped fluorotellurite glasses should be suitable for optical fibre drawing. Moreover, 

they show a similar trend with the increase of ErF3 content: Tg, Ton and Tc shifts towards 

higher values, while Tm seems to be not affected by the increase of ErF3. Jha and co-

authors reported this behaviour in Er doped tellurite glasses where they related the 

increase of Tg and Tc to the strong bonding of Er3+ with nonbringing oxygens, which led 

to an increase of the rigidity of the glass network [153]. We also observe that Tg is 

lower in DF-2 than in DF-1 for glasses with the same Er content. This fact has been 

previously described by Nazabal and co-authors [151]. They relate it to the breaking of 

the strong TeO2 covalent network upon addition of F and Zn. The first forms ionic, non-

bridging bonds with Te atoms, enabling the glass-forming liquid to be more fluid at low 

temperatures; hence the isoviscous point, i.e. Tg, decreases as fluorine concentration 

increases [37]. In a similar way, the addition of Zn, which is a network modifier, 

decreases the rigidity of the glass network too by decreasing the number of bridging 

oxygens and the coordination number of Te [151, 153].  

The crystallisation of zinc-fluorotellurite and zinc-tellurite glasses has been studied by 

Nazabal and Nukui, respectively, by using in-situ high-temperature X-ray 

diffractometry (XRD) [151, 154]. This technique consists in recording rapid X-ray 

diffraction patterns while the sample is heated. Therefore, the structural changes and the 

crystalline phases which form when heating the glass can be identified and related to the 
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DSC curve of the sample. They observed that the principal crystalline phases that 

nucleate in zinc-fluorotellurite and zinc-tellurite glasses are: α-TeO2 (paratellurite) and 

Zn2Te3O8 [151, 154]. These crystalline phases are present in the XRD patterns of zinc-

fluorotellurite and zinc-tellurite glasses until reaching their main melting temperature 

(~600 ºC), when they disappear [151, 154].  

We have performed XRD measurements on an annealed DF sample (DF-1: 1 wt% ErF3) 

which showed clear sign of crystallisation, i.e. it was opaque after the annealing 

treatments. We have identified α-TeO2 and Zn2Te3O8 crystalline phases in the XRD 

pattern of the sample (Fig. 4.3), in agreement with the study by Nazabal and Nukui. For 

this reason, we also attribute the endothermic peaks observed close to 600 °C in the 

DSC curves of DF-1 and DF-2 glasses (Fig. 4.2) to the melting of these phases.  
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Figure 4.3: XRD pattern of a partially crystallized glass (DF-1: 1 wt% ErF3). 
Diffraction peaks belong to α-TeO2 (Δ) and Zn2Te3O8 (O) crystalline phases. 

Besides, we observe additional crystallisation and melting peaks in some of DF glasses, 

such as in the case of DF-2: 1, 2 wt% ErF3 (Fig. 4.2b). Nazabal identified an additional 

crystalline phase (ZnTeO3) through in-situ high-temperature XRD analysis in a glass 

with similar composition [151]. This phase crystallised in crystallised in correspondence 

of the main crystallisation peak (~460 °C). Furthermore, the crystallisation temperature 

of the α-TeO2 phase was shifted to a higher temperature in this sample, which might 

explain the additional crystallisation peak observed at ~500 ºC in the DSC curves of 

DF-2: 1, 2 wt% ErF3 (Fig. 4.2b). However, the additional melting peak at ~650 ºC 

observed for some of DF glasses (Fig. 4.2), could not be attributed to the melting of any 

known phase [151].   
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Finally, the small endothermic peak present at ~490 ºC in the case of DF-1: 0.5, 1 wt% 

ErF3 (Fig. 4.2a) was assigned by Nazabal to the melting of γ-TeO2, an instable 

crystalline phase found in glasses with similar composition to DF-1, which disappeared 

at lower temperatures than α-TeO2 and Zn2Te3O8 [151].  

 

 

 

4.4 Structural characterization 

Fourier-transform (FT) Raman spectroscopy has been employed to study the 

glass network structure of DF glasses. Er-doped DF-1 and DF-2 samples were excited at 

1064 nm with an incident power of 30 mW. Experimental Raman spectra have been 

normalized to their maximum intensity and reduced to ease their comparison, as 

described in chapter 3. Figure 4.4 presents the Raman spectra of Er-doped DF-1 and 

DF-2 glasses (0.5-3 wt% ErF3) in the 200-1000 cm-1 range. They show three broad 

bands, peaking at about 440, 660 and 740-770 cm-1, which are characteristic of zinc-

tellurite glasses [152, 153, 155, 156, 157] and zinc-fluorotellurite glasses, obtained by 

partial substitution of ZnO with ZnF2 [149, 150, 151]. The increase in ErF3 content does 

not affect the glass network, since all DF-1 and DF-2 spectra are very similar between 

them. Of course, this is related to the small percentage of erbium present in the glass. 

However, Jha and co-authors have addressed the role Er3+ plays in the network of 

tellurite glasses and have suggested that Er3+ ions most likely act as network modifiers 

[153].  
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Figure 4.4: Normalized reduced Raman spectra of the Er-doped TeO2–ZnO–ZnF2 glasses (0.5-3 wt% 
ErF3). (a) DF-1; (b) DF-2. 
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An excellent starting point to understand the network structure of DF-1 and DF-2 

glasses is to consider the structure of α-TeO2 and Zn2Te3O8, which are the main 

crystalline phases that nucleate in these types of glasses, as described in the previous 

section. Moreover, Raman vibrations are mainly sensitive to the polarizability of 

tellurium entities, therefore we first describe the structural units formed by Te in these 

glasses. The structure of α-TeO2 is formed by a three-dimensional network of TeO4 

trigonal bipyramids (tbp) connected in infinite chains by shared vertices. In each TeO4 

group, Te forms two equatorial bonds (Te-Oeq) and two axial bonds (Te-Oax) with 

oxygen with a bond length of 1.9 and 2.08 Å, respectively [158]. TeO4 tbp are linked by 

sharing an oxygen atom, being in axial position in one polyhedron and in equatorial 

position in the other, and so forming Te-axOeq-Te bonds (see Fig. 4.5a) [159]. The 

structure of Zn2Te3O8 is built up of infinite chains of Te3O8 groups, which are formed 

by one TeO4 tbp and two TeO3+1 polyhedra, which are distorted TeO4 tbp. They are 

connected by a long Te-O bond (~2.4 Å) in infinite chains, as represented in Fig. 4.5b 

[157, 160].  

 
Figure 4.5: Schematic drawing of the structural units in tellurite crystals and glasses. (a) TeO4 
trigonal bipyramids (tbp); (b) TeO4 tbp linked to a TeO3+1 polyhedron; (c) TeO4 tbp linked to a 
TeO3 trigonal pyramid. Bridging oxygen (BO) and non-bridging oxygen (NBO) atoms are 
indicated in the figure. 

A pure tellurite glass would present a structure similar to that of α-TeO2. However, 

during the vitrification process of a zinc-tellurite glass, the introduction of ZnO leads to 

a progressive transformation of the α-TeO2 structure to a Zn2Te3O8 structure due to the 

addition of a glass modifier cation, such as Zn2+, which leads to the deformation and 
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breaking of Te-Oax bonds in TeO4 tbp [152, 156, 157]. When one of the axial bonds of a 

TeO4 tbp is stretched, this becomes a TeO3+1 polyhedron (Fig. 4.5b). In the limit, a  

Te-Oax bond can be cleaved and thus a TeO3 trigonal pyramidal (tp) structural unit is 

produced (Fig. 4.5c). Therefore, Te will have a reduced coordination number in the 

resulting glass network [155, 161].  Moreover, the formation of TeO3+1 and TeO3 units 

leads to the conversion of some of the single bonded bridging oxygens (BO) into single 

bonded or doubly bonded non-bridging oxygens (NBO), as shown in Fig. 4.5b-c.  

The described structural modifications in zinc-tellurite glasses have been confirmed by 

neutron diffraction experiments, which show that ZnO forms ZnO6 polyhedra in these 

glasses, which are incorporated in infinite chains of TeO4-TeO3 units and lead to the 

formation of TeO3 and TeO3+1 polyhedra [158]. Figure 4.6 shows a structural model 

adapted from Kozhukharov et al. [158] that illustrate the atomic arrangement of a zinc-

tellurite glass (80 TeO2–20 ZnO mol%).  

 
Figure 4.6: Model representing the atomic arrangement of a 80 TeO2–20 ZnO mol% 
glass. A fraction of ZnO6 polyhedra are incorporated into and between the infinite 
chains of TeO4–TeO3 units. Adapted from Ref. [158]. 

In order to assign the Raman bands in the spectra of DF glasses (Fig. 4.4) to molecular 

vibrations in the structural units TeO4, TeO3+1 and TeO3 described above, we have first 

deconvoluted the Raman spectra of DF-1 and DF-2, doped with 1 wt% ErF3, into 5 

Gaussian bands. The number of bands and their initial position was set according to the 

Raman bands of α-TeO2 [153]. Then, a fitting was realized to determine the peak 
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position, width and intensity of each Gaussian band, by minimizing the mean square 

error (MSE) between the experimental and calculated Raman envelopes [162]. The 

Gaussian bands obtained with this procedure are shown in Figure 4.7 for DF-1 and DF-

2 and indicated as A, B, C, D and E. They have been assigned to the stretching and 

bending vibrations of Te-O, Te-O-Te and Te-ONBO bonds in the TeO4, TeO3+1 and TeO3 

structural units according to the literature on the structure of zinc-tellurite and zinc-

fluorotellurite glasses [151, 150, 152, 153, 155, 157].  
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Figure 4.7: Deconvolution of the Raman spectra of DF-1 and DF-2, doped with 1 wt% 
ErF3, in five Gaussian bands: A, B, C, D and E. Spectra have been shifted vertically to 
ease their comparison. 

Band A, at ~440cm-1, corresponds to the low energy broad band in the Raman spectra of 

DF glasses. It is assigned to symmetric and bending vibrations of Te-O-Te bonds at 

corner sharing sites of TeO4, TeO3+1 and TeO3 polyhedra. Its intensity is related to the 

network connectivity.  

The middle broad Raman band, at ~660 cm-1, has been deconvoluted into two Gaussian 

bands (B and C). Band B is associated to vibration of a continuous TeO3/TeO4 network 

while band C is assigned to the symmetric stretching of Te-O bonds in TeO4 units 

together with coupled symmetric vibrations along Te-O-Te links in TeO4/TeO3 pairs. 

Finally, the broad band at the highest energy, ~740-770 cm-1, has been deconvoluted 

into two Guassian bands (D and E) as well. Band D is assigned to the symmetric 

stretching of Te-O bonds in TeO3+1 units and to vibrations of Te-ONBO bonds in 

TeO3+1/TeO3 units, whereas band E is assigned to the symmetric stretching of Te-O 
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bonds in TeO3 polyhedra. Table 4.3 summarizes the position and the band assignment 

for each Gaussian band of Fig. 4.7. 

Table 4.3: Band assignment, peak position (Peak) and normalized intensity (IN) of the Gaussian bands 
obtained by deconvolution of the Raman spectra of DF-1 and DF-2 doped with 1 wt% ErF3. 

 

Raman 
band 

DF-1  
 

Peak (cm-1); IN 

DF-2  
 

Peak (cm-1); IN 
Assigned vibrational modes 

A 442; 0.23 441; 0.07 Symmetric and bending vibrations of Te-O-Te bonds at 
corning sharing sites. 

B 603; 0.08 635; 0.06 Vibration of continuous TeO3/TeO4 network. 

C 661; 0.59 687; 0.30 Symmetric stretching of Te-O in TeO4 units. 
Coupled symm. vib. along Te-O-Te in TeO4/TeO3 pairs. 

D 734; 0.84 753; 0.52 Symm. stretching of Te-O in TeO3+1 units. 
Vibrations of Te-ONBO in TeO3+1/TeO3 units. 

E 795; 0.65 792; 0.74 Symm. stretching of Te-O in TeO3 units. 

We note that the most intense band in the Raman spectrum of DF-1 is band D, related to 

TeO3+1 units, while the most intense band in the spectrum of DF-2 is band E, related to 

TeO3 units (Fig. 4.7). In addition, by considering the intensity of the deconvoluted 

bands (Table 4.3), we can infer that the structure of DF-1 (Zn/Te≈ 0.47) is mainly 

composed by TeO3+1 units (band D), followed by TeO3 (band E) and TeO4 (band C) 

polyhedra in almost equal parts. On the contrary, the network structure of DF-2 (Zn/Te≈ 

1.86) is mainly composed by TeO3 trigonal pyramids (band E) followed by TeO3+1 

polyhedra (band D) and by only few TeO4 trigonal bipyramids (band C). Besides, the 

glass network is well connected in DF-1 while is poorly connected in the case of DF-2, 

as indicated by the reduced intensity of band A in the latter case. However, both DF 

glasses present a continuous network formed by TeO3/TeO4 polyhedra (band B).  

Both the reduced intensity and the peak positions of bands B, C, and D in the case of 

DF-2, which shifts towards higher energy values with respect to DF-1 (see Table 4.3), 

have been associated to a large Zn content in zinc-tellurite glasses [152]. As described 

above, Zn2+ cations break up the tellurite network by converting TeO4 units into TeO3+1 

and TeO3 units and thus leading to a poorly connected and less rigid network. 

Therefore, the structure of DF glasses is mostly affected by the Zn/Te ratio, which 

determines the type and the quantity of structural units composing the glass network.  

With respect to the influence of the F/O ratio on the structure of zinc-fluorotellurite 

glasses, this has been studied by Sidebottom and co-workers [150]. They compared the 
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Raman spectra of TeO2−ZnO−ZnF2 glasses with a fixed Zn/Te ratio and varying F/O 

ratio and observed that the increase in the F/O ratio did not affect the intensity of the 

high frequency Raman bands. However, it affected the relative intensity of the bending 

mode, i.e. band A, which increases due to the conversion of TeO3 units into Te(O,F)3+1 

units. They concluded that F is easily dissolved into the tellurite network by replacing O 

without producing any further breakup.  

Finally, it is worth mentioning that the cut-off frequency of vibrational modes, related to 

the maximum phonon energy of the glass network, occurs at ~850 cm-1 in both DF 

glasses (Fig. 4.7). A similar value is found in the literature for zinc-tellurite and zinc-

fluorotellurite glasses [151, 150, 155]. This leads to a reduction of the multiphonon 

relaxation of rare earth ions in these glasses with respect to other oxide glasses, as it was 

discussed in chapter 2 [33]. 

 

 

 

4.5 Optical characterization  

The transmittance spectra and the dispersion of the real part of the refractive 

index (n) of DF glasses, in the visible and near infrared wavelength range, were 

determined by spectroscopic measurements and ellipsometry, respectively, while their  

infrared absorption was investigated by means of Fourier transform infrared 

spectroscopy. All the measurements were performed on polished glass slabs of ~1mm 

thick. 

 

 

4.5.1 Transmittance and refractive index 

Figure 4.8 shows the transmittance spectra of DF-1 doped with increasing ErF3 

content, 1-3 wt% (Fig. 4.8a), and with the same content (1 wt%) of different rare earth 

ions: Er3+, Tm3+, and Yb3+ (Fig. 4.8b). Absorption bands due to rare earth’s transitions 

from the ground level to excited levels in the 400-1800 nm wavelength range have been 

identified and assigned in Fig. 4.8b. As it can be deduced from Fig. 4.8, the general 

features of the transmittance spectra, i.e. absorption edge and maximum transmittance 

of both DF glasses, do not depend on the type of rare earth dopant and its concentration. 
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Figure 4.8: (a) Transmittance spectra of DF-1 doped with increasing ErF3 content (1-3 wt%). 
(b) Transmittance spectra of DF-1 doped with 1 wt% of different rare earths (ErF3, TmF3, 
YbF3). Er3+, Tm3+, and Yb3+ absorption bands are labelled in (b) with the upper levels of the 
transitions, originated in the ground level. The spectra in (b) have been shifted vertically to 
ease their comparison. 

Similarly to the transmittance, the dispersion of the linear refractive index (n) is not 

sensitive to the type and concentration of rare earths ions doping the glass. Therefore, 

we will focus in the following analysis only on DF-1 and DF-2 doped with 1 wt% ErF3 

in order to compare the optical properties of the two glass matrices. The experimental 

transmittance and the calculated dispersion of n are presented in Fig. 4.9 for DF-1 and 

DF-2. 
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Figure 4.9: (a) Transmittance spectra and (b) refractive index dispersion of DF-1 and 
DF-2 glasses, doped with 1 wt% ErF3. 

Both DF-1 and DF-2 present sharp absorption edges in the ultraviolet (UV) region and a 

high transmittance in the visible and near infrared regions (Fig. 4.9a). DF-2 shows a 

slightly higher maximum transmittance (82 vs 79 %) and a blue-shifted UV absorption 

edge when compared to DF-1. The UV absorption edges of DF-1 and DF-2, calculated 

according as the wavelength for which T(λc)= 0.5·TMAX (chapter 3), are λc≈ 343 nm for 

DF-2 and λc≈ 385 nm for DF-1. 

The dispersion of n shows a strong decay up to the near infrared region for both glasses. 

Then, for λ> 900 nm the refractive index stays at an approximately constant value of 

1.82 for DF-2 and of 2.00 for DF-1 (Fig. 4.9b). The imaginary part of the refractive 

index (k) is under the experimental resolution limit (10−4) of our experimental set-up for 

wavelengths larger than 500 nm, except for the wavelength ranges where rare earth 

absorption bands occur. 

It is well known that the optical properties of glass such as its transmittance (or 

absorption) and refractive index, depend on the glass composition.  

In the case of DF glasses we observe that the absorption edge (λc) blue shifts and the 

refractive index (n) decreases as the Zn/Te ratio increases. This behaviour arises from 

the structural changes induced by the breakup of the covalent tellurite network upon 
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Zn2+ introduction. As described in the previous section, the increase of the Zn/Te ratio 

in zinc-tellurite and zinc-fluorotellurite glasses leads to a decrease of the rigidity and 

strength of the glass network. Moreover, the degree of covalency and polarizability of 

the glass network decrease too when the Zn/Te ratio increases (Zn has a smaller 

polarizability than Te) [151, 152, 153]. Another consequence of the increase of the 

Zn/Te ratio is the reduction in the glass density, as seen in section 4.2. The resulting 

effect is the decrease of the refractive index according to the Lorentz-Lorenz formula 

(Eq. 2.1). In addition, the reduction of the electronegativity difference among anionic 

and cationic elements in the glass network with the increase of the Zn/Te ratio (Zn has a 

lower electronegativity than Te) leads to an increase of the band gap energy, i.e. λc 

shifts to shorter wavelengths [151].  

 

 

4.5.2 Infrared absorption 

In chapter 2 we described the effect that OH- groups present in the glass matrix 

may have on the nonradiative decay of rare earth ions. High energy vibrations of OH- 

groups not only quench the radiative emissions of rare earth ions but also limit strongly 

the mid-infrared transparency of glasses (see Fig. 2.6). Thus, we have measured the 

infrared absorption of DF-1 and DF-2, doped with 1 wt% ErF3, in the 6000-1500 cm-1 

region (corresponding to 1.7-6.7 µm) to determine both their mid-infrared absorption 

edge and the magnitude of their OH- absorption bands. Figure 4.10 shows the 

experimental spectra, which are similar to those of other rare earth doped DF glasses. 
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Figure 4.10: Infrared absorption spectra of DF-1 and DF-2 doped with 1 wt% ErF3. The 
inset zooms in the region between 2000-4000 cm-1 where are observed the absorption 
bands attributed to molecular vibrations of OH- groups. 

We clearly observe in both cases the multiphonon absorption edge at ~1600 cm-1 (~6 

µm), which represents the long wavelength (low energy) limit in the transparency 

region of glasses. This value is similar to that of other tellurite and fluorotellurite 

glasses described in the literature [151, 163]. In addition, both spectra present a broad 

absorption band between 2000-4000 cm-1, which is attributed to stretching vibrations of 

OH- groups present in the glass [98, 37, 163]. The maximum intensity of this absorption 

band is ~0.6 cm-1 (at ~3000 cm-1) in the case of DF-1 and ~0.35 cm-1 (at ~3200 cm-1) in 

the case of DF-2 (inset Fig. 4.10). Moreover, we observe as well a small band peaking 

at ~2900 cm-1 in both spectra, that can be due to molecular vibrations of CH/CH2/CH3 

doublets coming from contaminants on the glass surface, such as wax or oil [37]. 

Finally, the infrared absorption spectrum of DF-2 shows small bands at ~3600 cm-1, 

which are related to the presence of atmospheric water during the measurement [37].  

The position of OH- absorption bands depends on the type of hydrogen bonding 

between OH- groups and the cations of the glass network [98]. O’Donnell et al. [37] 

have assigned them in the case of fluorotellurite glasses. They attributed the absorption 

band peaking at ~2300 cm-1 to strongly H-bonded Te-OH groups (strong OH -s); the 

band at ~3000 cm-1 to weakly H-bonded Te-OH groups (weak OH -s); and finally, the 

high energy shoulder of this last band to free Te-OH groups (free OH -s), i.e. not H-

bonded to the glass network, and/or molecular water [37].  

Thus, we have deconvoluted the OH- absorption bands observed in the infrared 

absorption spectra of DF-1 and DF-2 to quantify the contribution of strong, weak, and 
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free OH-s. To do that we have first subtracted the contribution of the multiphonon edge, 

which partially hides the lower energy OH- band due to strong OH-s [37]. The results 

are showed in Fig. 4.11.  
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Figure 4.11: Gaussian deconvolution of the absorption band due to OH- groups in the case of (a) DF-1 
and (b) DF-2, doped with 1 wt% ErF3.  

We observe the presence of the three types of OH- groups in the glasses. However, the 

main contribution to the absorption band is due weak OH-s in the case of DF-1 while is 

due to both weak and free OH-s for DF-2 (Fig. 4.11). Table 4.4 summarizes the results 

of the Gaussian deconvolution: peak position, intensity and area of the different types of 

OH- groups in DF-1 and DF-2. Moreover, we have determined the OH- concentration 

(NOH) and OH- parts per million (COH) corresponding to each sub-band in Fig. 4.11 

from Eq. 3.9 and 3.10, respectively.  

Table 4.4: Peak position (λP); peak intensity (IP); band area (AB); OH- concentration 
(NOH); and OH- parts per million (COH) corresponding to each sub-band obtained by 
Gaussian deconvolution of the OH- absorption bands in the infrared spectra of DF-1 and 
DF-2. 

 λP (cm-1)  IP (cm-1) AB NOH  
(1018 ions/cm3) 

COH  
(ppm) 

DF-1      
Strong OH-s 2248 0.25 68 3.1 15.4 
Weak OH-s 2937 0.56 386 6.9 35.3 
Free OH-s 3308 0.11 31 1.3 6.6 
      
DF-2      
Strong OH-s 2150 0.11 45 1.3 6.9 
Weak OH-s 2936 0.25 132 3.1 15.9 
Free OH-s 3327 0.26 118 3.2 17.0 
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We have estimated the total OH- content in DF-1 and DF-2 from the concentration of 

the different types of OH- groups included in Table 4.4. This value is 56.3 ppm (1.13 

1019 ions/cm3) in the case of DF-1, while is 39.8 ppm (0.76 1019 ions/cm3) for  

DF-2. These values are lower than those reported by Massera and coauthors in the 

TeO2–Bi2O3–ZnO glass system [36].  

The small OH- content of DF glasses stems from the dehydration of the glass melt 

according to the chemical reactions between fluorine and water described in section 4.2 

(Eq. 4.1 and 4.2). The dehydration process is proportional to both fluorine content and 

duration of the melting, which was the same for all DF glasses. Therefore, the smaller 

OH- content estimated for DF-2 is in agreement with the larger fluorine content (and 

fluorine losses!) of this glass with respect to DF-1. A similar behaviour has been 

described by Nazabal et al. in fluorotellurite glasses with similar composition [151] and 

by O’Donnell et al. in the TeO2–ZnF2–Na2O glass system [37].  

Finally, it is worth mentioning that the small magnitude of the infrared absorption bands 

due to OH-s stretching vibrations do not limit the infrared transparency region of DF-1 

and DF-2, contrary to what is reported for other tellurite glasses [98, 163]. 

 

 

 

4.6 Photoluminescence response of Er3+ doped TeO2–ZnO–
ZnF2 glasses  

Erbium is the element of choice when considering doping of glasses with rare 

earths. This is due to the multiplicity of possible applications of Er-doped glasses both 

in the near-infrared and in the visible spectral regions. In fact, besides the main Er3+ 

emission in the optical C-band (1530 to 1565 nm), that is currently used by EDFAs and 

EDWAs to amplify optical signals in telecommunication networks (chapter 1 and 2), 

green and red upconverted Er3+ emissions may be employed in applications such as 

visible lasers, temperature sensors, and even to improve the efficiency of solar cells 

[164, 165, 166].  

In order to have indications on the site symmetry and bonding of Er3+ ions in DF-1 and 

DF-2 hosts, we have determined the Judd-Ofelt parameters Ωt (t= 2, 4, 6) by calculating 

the experimental oscillator strength of Er3+ transitions from the experimental absorption 
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cross-section (σa) of DF-1 and DF-2 doped with 2wt% ErF3 (Fig. 4.12) [167], using the 

procedure described in chapter 2.  
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Figure 4.12: Absorption cross-section (σa) of DF-1 and DF-2 doped with 2 wt% ErF3. 

Table 4.5 reports the Judd-Ofelt parameters as well as the spectroscopy quality factor 

(Ω4/Ω6) of DF glasses and of a zinc-tellurite glass (80 TeO2–19 ZnO–1 Er2O3 mol%) 

reported in the literature [168]. The spectroscopy quality factor is considered an 

important indicator of the intensity of the major laser transitions of the considered rare 

earth ion, in this case Er3+ [169].  

Table 4.5: Judd-Ofelt parameters Ωt (t= 2, 4, 6) and spectroscopy quality factor (Ω4/Ω6) 
obtained for Er3+ in DF-1, DF-2 glass hosts. Ωt values obtained in Ref. [168] for a 
TeO2–ZnO glass (80 TeO2–19 ZnO–1 Er2O3 mol%) are included for comparison. 

Host Ω2 
(10-20 cm2) 

Ω4 
(10-20 cm2) 

Ω6 
(10-20 cm2) Ω4/Ω6 

DF-1 4.71 1.57 1.13 1.39 

DF-2 3.02 1.28 1.14 1.12 

TeO2– ZnO[168] 6.30 1.55 1.29 1.20 

It is well known that the value of the parameter Ω2 is indicative of the amount of 

covalent bonding between the rare earth ions and their ligand anions [170]. Therefore, 

the reduction of Ω2 in DF hosts with respect to the zinc-tellurite host indicates that Er3+ 

ions are in a less covalent (or more ionic) environment, i.e. around fluorine anions, in 

DF glasses. Moreover, Ω2 is lower in DF-2 with respect to DF-1, in good agreement 

with the higher F/O ratio in the first host. Finally, the spectroscopy quality factor of 

both DF glasses is quite high when compared to other glass hosts, whose quality factor 



94                                          4. Rare earth doped TeO2–ZnO–ZnF2 glasses 

is in the range 0.43-1.5 [171]. In particular, DF-1 has a spectroscopy quality factor of 

1.39, which is larger than that of DF-2 and the zinc-tellurite reference glass (Table 4.5). 

Thus, DF-1 is in principle the most promising host between DF glasses to achieve 

stimulated Er3+ emissions, as we have in fact demonstrated in the case of Nd3+ doped 

glasses [172].  

 

 

4.6.1 Near infrared emissions 

The near infrared emission was measured at room temperature for all the Er3+ 

doped DF-1 and DF-2 glasses, by exciting them at 801 nm, in resonance with the 4I9/2 

level (Fig. 4.13). Due to the small energy gap (~2200 cm-1) between the 4I9/2 level and 

the next lower level (4I11/2), level 4I9/2 is mainly depopulated by multiphonon relaxation. 

Then, from the 4I11/2 level, emission to the ground level (4I15/2) and nonradiative decay to 

the 4I13/2 level occur. Finally, from the 4I13/2 level, the fundamental Er3+ emission 

(4I13/2→4I15/2) takes place (Fig. 4.13).  

 
Figure 4.13: Energy level diagram of Er3+ ion excited at 801 nm, in resonance with the 
4I9/2 level. Dashed down arrows indicate nonradiative transitions. The 4I11/2→4I15/2 and 
4I13/2→4I15/2 near infrared emissions are indicated as down arrows.  

Figure 4.14a-b presents the near infrared emission spectra measured for DF-1 and DF-2 

glasses doped with increasing Er3+ concentration (0.5-3 wt% ErF3), while Figure 4.14c 

compares the emission spectra of DF-1 and DF-2 doped with 1 wt% ErF3.  



4. Rare earth doped TeO2–ZnO–ZnF2 glasses   95 
 

950 1000 1500 1600
0

2

4

6
(a)

λexc= 801 nm

4I13/2→4I15/2

4I11/2→4I15/2

DF-1

 

In
te

ns
ity

  (
ar

b.
 u

ni
ts

)

Wavelength  (nm)

 0.5% Er
 1% Er
 2% Er
 3% Er

950 1000 1500 1600
0

2

4

λexc= 801 nm

(b)

4I13/2→4I15/2

4I11/2→4I15/2

DF-2
 

In
te

ns
ity

  (
ar

b.
 u

ni
ts

)

Wavelength  (nm)

 0.5% Er
 1% Er
 2% Er
 3% Er

950 1000 1500 1600
0.0

0.5

1.0
λexc= 801 nm

 DF-1: 1% Er
 DF-2: 1% Er

(c)
4I13/2→

4I15/2

4I11/2→4I15/2

 

 

 
N

or
m

al
iz

ed
 in

te
ns

ity

Wavelength  (nm)  

Figure 4.14: Room temperature near infrared emission spectra of Er3+ doped (a) DF-1 and (b) DF-2 
glasses excited at 801 nm. (c) Normalized near infrared emission spectra of DF-1 and DF-2 glasses, 
doped with 1 wt% ErF3. 

In all DF glasses, the maximum intensity of 4I11/2→4I15/2 and 4I13/2→4I15/2 emissions is at 

980 nm and 1532 nm, respectively, and their value increases with the ErF3 content. The 

intensity at 980 nm increase 3 times in DF-1 and 4 times in DF-2 while the intensity at 

1532 nm increase 7 times in DF-1 and 6 times in DF-2 with the increase of ErF3 

content. However, DF-2 shows a more intense 4I11/2→4I15/2 and a less intense 
4I13/2→4I15/2 emission with respect to DF-1. In particular, if we compare DF-1 and DF-2 

doped with 1 wt% ErF3 (Fig. 4.14c), we observe that the emission intensity at 980 nm is 

only ~20 % of the maximum emission intensity (at 1532 nm) for DF-1, while it reaches 

~60 % in the case of DF-2 (Fig. 4.14b).  

If we consider the energy gap between 4I11/2 and 4I13/2 levels (~3600 cm-1, Fig. 4.13), 

nonradiative decay from 4I11/2 to 4I13/2 may be induced both by multiphonon deexcitation 

and by the vibrations in OH- groups, which are maximum at ~3000 cm-1 in the case of 

DF-1 and ~3200 cm-1 in the case of DF-2 (Fig. 4.9). Both processes may contribute to 
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reduce the intensity of the 4I11/2→4I15/2 emission in DF-1; however, the probability of 

these nonradiative processes is smaller in the case of DF-2 host. This stems from the 

larger fluorine concentration of DF-2, which leads to a smaller OH- content in this glass 

with respect to DF-1, as described in section 4.5.2. Furthermore, as indicated by the 

value of the Judd-Ofelt parameter Ω2 (Table 4.5), Er3+ ions in DF-2 are in a more ionic 

environment with respect to DF-1, which also contributes to decrease their multiphonon 

deexcitation rate. The global effect is that the 4I11/2 level is more populated in DF-2 than 

in DF-1 and by consequence the 4I13/2 is less populate in DF-2 than in DF-1 and thus, 

the relative intensity at 980 nm with respect to 1532 nm is higher in DF-2 than in DF-1. 

Since the main Er3+ transition, 4I13/2→4I15/2, is relevant for application of Er doped DF 

glasses as optical amplifiers and lasers in the optical C-band, we have determined the 

parameters that characterize this transition in DF-1 and DF-2, in order to compare their 

value with those of other glasses. These parameters are:  

i) The full width at half maximum (FWHM), that is commonly employed as an 

estimation of the available bandwidth for optical amplification at 1.5 µm. A large 

value of FWHM is particularly relevant for systems based on wavelength division 

multiplexing (WMD) [31]. Another way to estimate the bandwidth of the 
4I13/2→4I15/2 emission is by calculating the effective bandwidth, defined as [173]: ∆λ λ λ/ . This is considered a more accurate estimation of the 
4I13/2→4I15/2 emission bandwidth than the FWHM, due to the asymmetry of the 

emission band [174, 175]. 

ii) The peak of the emission cross-section (σe
peak), calculated from the McCumber’s 

relation (Eq. 2.8). It is used to quantify the probability of spontaneous/stimulated 
4I13/2→4I15/2 emission events [87]. A large value of σe

peak is therefore beneficial for 

signal amplification. 

iii) The experimental lifetime (τ), obtained by fitting the photoluminescence decay 

signal of the 4I13/2 level to a single exponential function (see chapter 3). It is an 

important parameter in optical amplifiers since a long lifetime leads to slow gain 

dynamics, which are desirable when amplifying high-rate signals [102].  

Figure 4.15 shows the experimental decay of the 4I13/2 level in DF-1 glasses.  
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Figure 4.15: Semilogarithmic plot of the room temperature photoluminescence decay 
of the 4I13/2 level for DF-1 glasses excited at 801 nm.  

We note that, contrary to what we may expect, the experimental decay of the 4I13/2 

level becomes longer when the Er concentration increases in DF-1 glasses. This 

behaviour is similar also in the case of Er doped DF-2 glasses. Instead, the usual 

trend for the fluorescence lifetime is that it decreases when the dopant concentration 

increases, due to concentration quenching effects (chapter 2). However, another 

phenomenon that may influence the experimental fluorescence decay is self-

absorption that causes a delay in the detected fluorescence signal due to successive 

reabsorption and re-emission of photons inside the sample [175, 176]. It is 

proportional to the thickness (L), absorption cross-section (σa) and rare earth 

concentration (N) of the sample and becomes important when the emission and 

absorption bands overlap as it occurs for Er3+ at 1.5 µm. Following the approach of 

Auzel and coauthors [177], the fluorescence lifetime corrected for self-absorption 

can be determined as: τPL= τ/(1 + σaNL) from the experimental lifetime τ.  

Finally, we have calculated two figures of merit (FOM), which are commonly used to 

quantify the performance of Er-doped glasses as optical amplifiers in terms of their 

emission cross-section, bandwidth and lifetime [31, 178]. The FOM for the bandwidth 

of the amplifier (FOM-BW), is calculated as the product of the peak value of the 

emission cross-section (σe
peak) by the FWHM. The FOM for the gain of the amplifier 

(FOM-Gain), is calculated as the product of the emission cross-section (σe
peak) by the 

lifetime (τ). The value of FOM-Gain is inversely proportional to the threshold for laser 

action for continuous wave operation while for pulsed operation the threshold becomes 

independent of τ when the pump pulse duration is much shorter than τ [99].  
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Table 4.6 summarizes the values of the parameters described above for all the Er3+ 

doped DF-1 and DF-2 glasses. The values of these parameters in other Er-doped 

tellurite/fluorotellurite or commonly used glasses are included in Table 4.6 for 

comparison [31, 178, 179, 180]. 

Table 4.6: Properties of the 4I13/2→4I15/2 emission (peaking at 1532 nm) for DF-1 and DF-2 glasses, doped 
with 0.5-3 wt% ErF3. N is the concentration of Er3+ ions per unit volume; Δλeff is the experimental 
effective bandwidth; FWHM is the full width at half maximum; σe

peak is the peak value of the emission 
cross-section; τ is the experimental lifetime; τPL is the emission lifetime corrected for self-absorption; 
FOM-BW is the figure of merit for the amplifier bandwidth; FOM-Gain is the figure of merit for the 
amplifier gain. The values found in the literature for tellurite/fluorotellurite hosts and other types of glass 
hosts are included for comparison. 

Sample  N (Er3+) 
(1020 cm-3) 

Δλeff 
(nm) 

FWHM 
(nm) 

σe 
peak 

(10-21 cm2) 
τ 

(ms) 
τPL 

(ms) 
FOM-BW 

(10-21 cm2 nm) 
FOM-Gain 

(10-24 cm2 s) 

DF-1:         
0.5 % Er 0.73 67.7 53 8.2 5.4 5.1 435 44 
1 % Er 1.47 73.4 63 8.8 5.9 5.3 554 52 
2 % Er 2.97 74.6 66 8.7 6.1 4.9 574 53 
3 % Er 4.44 77.0 68 9.2 6.8 4.8 626 63 
         
DF-2:         
0.5 % Er 0.71 66.7 51 7.1 7.7 7.3 362 55 
1 % Er 1.44 68.8 55 7.5 8.2 7.4 412 61 
2 % Er 2.85 74.5 65 7.5 8.5 6.8 487 64 
3 % Er 4.35 75.1 65 7.8 7.6 5.5 507 59 
Tellurite/Fluorotellurite hosts* 
TZNE1 [178]  - - 56 6.9 2.5 - 374 17 
TZN [31] - - 75 8.6 7.6 - 650 65 
TG1 [179] - - 72 8.4 3.0 - 605 25 
TBN3 [180] - - 73 9.1 2.1 - 663 19 
Non-tellurite hosts 
Al/SiO2 [31] - - 45 5.5 10 - 250 55 
ZBLAN [31] - - 65 4.8 10 - 300 48 
Phosphate [180] - - 37 6.4 - - 237 - 
Germanate [180] - - 53 5.7 - - 302 - 
* TZNE1: 75TeO2–20ZnO–4Na2CO3–1Er2O3 (mol%); TZN: 80TeO2–10Na2O–9ZnO–1Er2O3 (mol%);  
   TG1: 85TeO2–10PbF2–4AlF3−1ErF3 (mol%);  TBN3: 70TeO2–12B2O3–3Nb2O5–15ZnO (mol%): 1 wt% Er2O3.  

The emission band broadens (Δλeff and FWHM in Table 4.6) for DF glasses as the Er3+ 

concentration increases. In particular, the emission FWHM increases from 53 to 68 nm 

in DF-1 and from 51 to 65 in DF-2 when the Er3+ concentration goes from 0.5 to 3 wt% 

ErF3. However, the absorption FWHM (4I15/2→4I13/2) does not change when increasing 

Er3+ concentration in both DF glasses. As an example, Fig. 4.16 shows that the 
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absorption FWHM of DF-1 glasses does not change (inset) even if the intensity of the 
4I15/2→4I13/2 absorption band scales with Er concentration.  
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Figure 4.16: 4I15/2→4I13/2 absorption band as a function of wt% ErF3 in DF-1. In the 
inset the absorption bands have been normalized to their maximum value to compare 
their width. 

Thus, the broadening of the emission band (4I13/2→4I15/2) cannot be attributed to changes 

in the sites occupied by Er3+ ions when their concentration increases, since if this was 

the case, both absorption and emission bandwidths should increase [167, 175]. 

Similarly, this phenomenon has been observed in other tellurite and fluorotellurite 

glasses and attributed to self-absorption [175, 176, 179], that is also responsible for the 

lengthening of the experimental lifetime (τ) with the increase of Er3+ concentration, as 

described above. The lifetime of the 4I13/2 level corrected for self-absorption (τPL), 

contrary to τ, decreases with Er3+ content in DF-1 and DF-2 (Table 4.6). Moreover, τ 

and τPL are similar for DF samples with the lowest Er concentration (0.5 wt%), for 

which self-absorption is small, while their difference is maximum for the samples with 

the highest Er concentration (3 wt%).  

Finally, we compare the bandwidth (FOM-BW) and gain (FOM-Gain) figures of merit 

of DF glasses with those of other glass hosts listed in Table 4.6. In particular, we focus 

on DF-1 and DF-2 doped with 1 wt% ErF3, since they have a similar Er3+ content than 

the rest of doped glasses.  

If we compare the FOM-BW and FOM-Gain of DF-1 and DF-2 with those of tellurite 

and fluorotellurite glass hosts, we note that, except for TZN [31] and TZNE1 [178] 

glasses, the other tellurite/fluorotellurite glasses [179, 180] present a larger FOM-BW 

but a smaller FOM-Gain than DF glasses. This is mainly due to the larger FWHM and 
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the smaller lifetime of the 4I13/2 level (τ) in the case of these glasses with respect to DF 

glasses. A large value of τ has been related to the reduction of the hydroxyl content in 

rare earth doped zinc-fluorotellurite glasses [38, 151].  

From the data summarized in Table 4.6 we conclude that DF glasses, and DF-1 in 

particular DF-1, present simultaneously large bandwidth, emission cross-section and 

lifetime values, which are reflected on their large FOMs. In fact, DF glasses have a 

larger FOM-BW than silicate, fluorozirconate (ZBLAN), phosphate and germanate 

glasses and comparable FOM-Gain with respect to those of silicate and fluorozirconate 

glasses (see Table 4.6) [31, 180]. Their larger FOM-BW is related to their larger 

FWHM and emission cross-section with respect to non-tellurite hosts. In particular, the 

large FWHM of tellurite glasses is a consequence of their network structure, which 

presents different sites, and so different crystal fields, that can be occupied by rare earth 

ions (inhomogeneous broadening) [153]; while their large cross-section stems from the 

large refractive index of tellurite glasses (n≈ 2), which increases  the local field 

correction for rare earth ions in the glass matrix (chapter 2) [173]. 

These results suggest that DF-1 is the most promising candidate for developing 

broadband amplifiers in the optical C band. In fact, it presents, simultaneously, large 

FOM-BW and FOM-Gain values, and furthermore they increase with Er3+ 

concentration.  

 

 

4.6.2 Visible upconverted emissions 

Near infrared (NIR) to visible upconverted photoluminescence was measured at 

room temperature for all Er doped DF glasses by exciting them at 801 nm with a Ti-

sapphire laser. Figure 4.17 presents the experimental upconverted emission spectra of 

DF glasses doped with increasing Er3+ concentration (0.5-3 wt% ErF3). They show three 

emission bands centred at around 525, 545 and 660 nm. The two bands in the green 

region corresponds to (2H11/2, 4S3/2)→4I15/2 transitions while the band in the red is 

attributed to the 4F9/2→4I15/2 transition (Fig. 4.13).   



4. Rare earth doped TeO2–ZnO–ZnF2 glasses   101 
 

520 540 560 640 660 680

2% Er

3% Er

1% Er

In
te

ns
ity

  (
ar

b.
 u

ni
ts

)

0.5% Er

4F9/2→
4I15/2

(a)

DF-1λexc= 801 nm

(2H11/2,
4S3/2)→

4I15/2

 

Wavelength  (nm)
520 540 560 640 660 680

2% Er

3% Er

1% Er

0.5% Er

In
te

ns
ity

  (
ar

b.
 u

ni
ts

)

λexc= 801 nm

(2H11/2,
4S3/2)→

4I15/2
4F9/2→

4I15/2

(b)

DF-2

 

Wavelength  (nm)  
Figure 4.17: Room temperature visible upconverted emission spectra of Er3+ doped (a) DF-1 and 
(b) DF-2 glasses excited at 801 nm.  

The most intense emission in both glasses is the green emission from the 4S3/2 level, 

which is visible also by naked eyes. The weaker green emission from the 2H11/2 level is 

observed too, since this level is populated at room temperature through thermocoupling 

with the 4S3/2 level. Finally, the red emission from level 4F9/2 is quite weak compared to 

the green emission for samples with Er concentrations lower than 1 wt% ErF3. 

However, the intensity of the red emission increases with Er concentration and becomes 

comparable to the green one for DF-2 doped with 3 wt% ErF3 (Fig. 4.17b). In order to 

quantify the increase of the red emission band with Er concentration, we have calculated 

the red to green (4S3/2) intensity ratio (IRED/IGREEN) for all the doped glasses and the 

results obtained are presented in Fig. 4.18.  
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Figure 4.18: Red (4F9/2) to green (4S3/2) intensity ratio (IRED/IGREEN) as a function of Er 
concentration (0.5-3 wt% ErF3) for DF-1 and DF-2 glasses excited at 801 nm. Dashed 
lines are guides to the eye. 

The increase of the IRED/IGREEN ratio is more pronounced in DF-2 than in DF-1. While it 

increases from 0.03 to 0.3 for DF-1, it goes from 0.04 to 0.7 as ErF3 increases from 0.5 

to 3 wt% in the case of DF-2.  

In order to analyze the mechanisms involved in the green and red upconversion, we 

have first studied the dependence of their intensities (IUP) on the laser pump power 

(Pexc) at 801 nm. Actually, IUP ∝ (Pexc)m where m is the number of IR photons involved 

in the upconversion pumping mechanism [96]. Figure 4.19 shows the dependence of the 

intensity of green and red emissions on the pump power in the case of DF-1 doped with 

2 wt% ErF3.  
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Figure 4.19: Room temperature upconversion emission intensities as a function of 
pumping power at 801 nm in DF-1 doped with 2 wt% ErF3. Dashed lines are the linear 
fitting of experimental measurements, which lead to a slope of 2.22 and 2.16 for the 
green and red emissions, respectively. 

DF-2 shows also a quadratic dependence (m≈ 2) of IUP with Pexc. This behaviour 

suggests that the upconverted emission of DF glasses is likely related to excited state 
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absorption (ESA) or energy transfer (ET) mechanisms, since they are two photons 

processes. In order to distinguish which mechanism, ESA or ET, dominates in the 

population of 4S3/2 and 4F9/2 levels in DF glasses, we have compared the experimental 

lifetime of these levels under infrared excitation (λexc= 801 nm) and visible, or direct, 

excitation (λexc= 488 nm). In this last case, Er3+ ions are excited in resonance with the 
4F7/2 level and the 4S3/2 and 4F9/2 levels are populated by multiphonon relaxation (Fig. 

4.13). As an example, Fig. 4.20 shows the experimental decay of the 4S3/2 and 4F9/2 

levels in DF-1 and DF-2 doped with 3 wt% ErF3. The values obtained for all Er doped 

DF glasses are summarized in Table 4.7.  

0.0 0.2 0.4

-2

0

2
(a)

4S3/2→4I15/2
DF-1: 3% Er

 λexc= 488 nm
 λexc= 801 nm

 

 

Ln
 [I

(t)
]  

(a
rb

. u
ni

ts
)

Time  (ms)  
0.0 0.5 1.0 1.5

-2

0

2
(b)

4S3/2→4I15/2
DF-2: 3% Er

 λexc= 488 nm
 λexc= 801 nm

 

 

Ln
 [I

(t)
]  

(a
rb

. u
ni

ts
)

Time  (ms)

0.0 0.5 1.0

-2

0

2
(c)

4F9/2→4I15/2
DF-1: 3% Er

 λ
exc

= 488 nm
 λexc= 801 nm

 

 

Ln
 [I

(t)
]  

(a
rb

. u
ni

ts
)

Time  (ms)  

0 2 4

-2

0

2

Time  (ms)

Ln
 [I

(t)
]  

(a
rb

. u
ni

ts
) DF-2: 3% Er

(d)

4F9/2→4I15/2

 λexc= 488 nm
 λexc= 801 nm

 

 

 

Figure 4.20: Semilogarithmic plot of the room temperature photoluminescence decay of 4S3/2 and 4F9/2 
levels under visible excitation (λexc= 488 nm) and near infrared excitation (λexc= 801 nm) in (a, c) DF-1 
and (b, d) DF-2, doped with 3 wt% ErF3.  

We note that the fluorescence decay from 4S3/2 and 4F9/2 levels under infrared and 

visible excitation do not follow a single-exponential function. However, the decay from 

the 4F9/2 level under infrared excitation shows a two-exponential behaviour. Thus, in 

this case, we have fitted the decay signal using a short (τs) and long (τl) time constants. 
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In the other cases, we have calculated the mean lifetime of the 4S3/2 and 4F9/2 emissions 

using Eq. 3.13. Moreover, the lifetime of the 4S3/2 level is slightly longer under infrared 

excitation than under visible excitation, whereas the lifetime of the 4F9/2 level is strongly 

enhanced under infrared excitation with respect to visible excitation in both DF glasses 

(Fig. 4.20). 

Table 4.7: Lifetime of the 4S3/2 and 4F9/2 levels under visible excitation (λexc= 488 nm) and infrared 
excitation (λexc= 801 nm) in Er-doped DF glasses. The signal was too weak to measure the lifetime of the 
4F9/2 level in the samples doped with 0.5 wt% ErF3. The lifetime of the 4I11/2 level (λexc= 801 nm) is 
included for comparison.  

Sample 
4S3/2 lifetime (ms) 4F9/2 lifetime (ms) 4I11/2 τm (ms)

λexc= 488 nm λexc= 801 nm λexc= 488 nm λexc= 801 nm  λexc= 801 nm 

DF-1:      
0.5 % Er 0.071 0.108 0.075 - 0.49 
1 % Er 0.054 0.082 0.061 τs=0.061; τl=0.377 0.42 
2 % Er 0.036 0.058 0.048 τs=0.047; τl=0.409 0.36 
3 % Er 0.035 0.055 0.034 τs=0.030; τl=0.375 0.32 
      
DF-2:      
0.5 % Er 0.178 0.776 0.204 - 1.9 
1 % Er 0.143 0.445 0.196 τs=0.199; τl=1.770 2.0 
2 % Er 0.083 0.252 0.150 τs=0.163; τl=1.720 1.7 
3 % Er 0.048 0.192 0.122 τs=0.121; τl=1.640 1.5 

Upconverted emissions originated from ESA processes show a similar lifetime under 

visible and infrared excitation. Moreover, ESA occurs during the excitation pulse width, 

and leads to an immediate decay of the luminescence after excitation. On the contrary, 

upconverted emissions that are originated by ET processes show a characteristic rise 

time in their decay curves, that is the delay from the laser pulse to the population of the 

emitting level by energy transfer. Another characteristic of the upconversion generated 

by ET is that its lifetime is longer under infrared excitation than under visible excitation 

and it depends on the lifetime of the intermediate and emitting levels as well as on the 

dopant concentration. [96] 

In the present case, the photoluminescence decay from the 4S3/2 level does not show any 

rise time under infrared excitation (Fig. 4.20a and b), which may indicate ESA 

processes from the 4I13/2 and 4I11/2 levels which populate the 4S3/2 level. However, since 

the lifetime measured under infrared excitation is longer than the one measured under 

visible excitation (see Table 4.7), additional ET processes should populate the 4S3/2 

level. For example, ET processes may occur between two close Er3+ ions, both in the 
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4I11/2 level. One ion passes its energy to the other and goes to the ground state. Then, the 

other ion reaches the 4F7/2 level from which the 4S3/2 level is populated by multiphonon 

relaxation. ESA and ET processes described above are schematically represented in Fig. 

4.21.  

 
Figure 4.21: Energy level diagrams of Er3+ ions in DF glasses. Visible emissions from 
the 2H11/2, 4S3/2 and 4F9/2 levels are indicated as down arrows while absorption from the 
ground state or from an excited state (ESA: excited state absorption) are indicated as up 
arrows. Dashed down arrows indicate nonradiative transitions. Energy transfer (ET) 
processes, when exciting at 801 nm in resonance with level 4I9/2, are represented as 
dashed cyan arrows.  

Regarding the upconverted red emission, there are different mechanisms that may 

populate the 4F9/2 level in DF glasses, depending on Er concentration. When the Er3+ 

concentration is low (0.5 wt% ErF3), the 4F9/2 level can be mainly populated by 

multiphonon relaxation from the 4S3/2 level. In this case, the intensity of the 4F9/2→4I15/2 

transition is very low, compared to the green emission (Fig. 4.17). However, when the 

Er3+ concentration increases, the intensity of the red upconverted emission show a 

dramatic enhancement (see Fig. 4.18). As described above, this behaviour indicates that 

the 4F9/2 level is mainly populated by ET mechanisms. Moreover, Table 4.7 shows that 

the short lifetime (τs) components of the 4F9/2 level, under infrared excitation, have a 

similar value than the lifetime of the 4F9/2 level under visible excitation; whereas, the 

long lifetime (τl) components of the 4F9/2 level, under infrared excitation, are very close 

to the lifetime of the 4I11/2 level (λexc= 801 nm). This behaviour suggests that the 

intermediate level where ET is originated is the 4I11/2 level. For example, as sketched in 
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Fig. 4.21, an Er3+ ion in the 4I11/2 level may be promoted to the 4F9/2 level (4I11/2→4F9/2) 

by receiving the energy from a close Er3+ that undergo the nonradiative transition 
4I9/2→4I13/2. Another ET process able to populate the 4F9/2 level is between an Er3+ in the 
4F7/2 level and another in the 4I11/2 both ending in the 4F9/2 level through the transitions 
4F7/2→4F9/2 and 4I11/2→4F9/2 (Fig. 4.21).  

The results presented have shown that Er doped DF-2 glasses have stronger 

upconverted emissions, both in intensity and lifetime, than DF-1 glasses. This stems 

from the larger probability of ESA and ET processes between adjacent Er3+ ions in  

DF-2 than in DF-1, which is proportional to the lifetime of intermediate levels, such as 
4I11/2, where these processes are originated [96]. As described in the previous sections, 

this is due to the larger fluorine concentration, and hence larger F/O ratio in DF-2 which 

reduces both the nonradiative processes due to multiphonon relaxation and OH-s 

molecular vibrations. Thus, the lifetime of Er3+ excited levels becomes longer in DF-2 

than in DF-1.  

However, the mechanisms that originate the visible upconverted emissions are similar 

in DF glasses: the green emission (4S3/2→4I15/2) is attributed mainly to ESA processes 

with a small contribution of ET processes, while the red emission (4F9/2→4I15/2) is due 

mainly to ET processes. 

 

 

 

4.7 Photoluminescence response of codoped TeO2–ZnO–
ZnF2 glasses   

As described in the introduction, suitable combinations of rare earth ions may 

lead to achieve improved emissions from RE doped glasses. For example, Yb3+ is well 

known to act as a sensitizer for Er3+, increasing the pumping efficiency of Er doped 

glasses at 980 nm [181, 182]. This is due to the larger absorption cross-section of Yb3+ 

with respect to Er3+, at 980 nm, and to its broader absorption band, which extends from 

~900 to ~1000 nm. In addition, due to the matching between the 2F7/2→2F5/2 (Yb3+) 

emission and the 4I15/2→4I11/2 (Er3+) absorption, the energy is transferred from Yb3+ to 

Er3+ through cross-relaxation. Another possibility is codoping glasses with Er3+-Tm3+ to 

achieve broadband optical amplifiers in the near infrared region. In fact, Tm3+ ions 
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present an emission (3H4→3F4) peaking at 1460 nm, in the short wavelength window of 

optical communications (S band), and another (3F4→3H6) peaking at 1800 nm, which 

covers the long wavelength window of optical communications (L, U bands). These 

emissions along with the Er3+ emission at 1530 nm (C band) may provide optical 

amplifiers covering the entire optical telecommunication transmission window for 

multi-channel wavelength division multiplexing (WDM) systems [183, 184, 185].  

However, in order to have efficient energy transfer processes between RE ions, it is 

fundamental that the glass host in which they are embedded possesses a low non-

radiative deexcitation rate in order to avoid quenching of energy transfer processes. In 

this regard, as described in the previous sections, DF glasses are idoneous candidates to 

be co-doped with RE ions since their maximum phonon energy is around 850 cm-1. In 

particular, we chose the DF-1 glass host to be codoped with Er3+-Yb3+ and Er3+-Tm3+ 

since this is a promising host for broadband optical amplifier at 1.5 µm when doped 

with Er3+, as we have shown in section 4.6.1. 

In the following we present the most relevant results obtained in the photoluminescence 

characterization of codoped DF-1 glasses.  

 

 

4.7.1 Er3+-Yb3+ codoping 

The sensitisation effect of Yb3+ in Er-doped DF-1 glasses was studied in three Er3+-

Yb3+ codoped samples with a fixed Er concentration (0.5 wt% ErF3) and an increasing 

Yb concentration (0.5-2 wt% YbF3), that were produced by melt-quenching (Table 4.8). 

Moreover, Er3+ and Yb3+ single-doped glasses were produced too as references.  

Table 4.8: Nominal Er and Yb content in the three Er3+-Yb3+ codoped DF-1 glasses.  

 ErF3 (wt%)  N(Er) (1020 ions/cm3)  YbF3 (wt%)  N(Yb) (1020 ions/cm3) 

 0.5    0.73  0.5    0.72 

 0.5    0.73  1     1.5 

 0.5    0.73  2    2.9 

Yb3+ is characterised by having only one excited level (2F5/2) at a similar energy 

(~10000 cm-1) than the 4I11/2 (Er3+) level. This is illustrated in Fig. 4.22 where we 
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compare the absorption spectra of the Er single-doped sample (0.5 wt% ErF3) and that 

of an Er-Yb codoped sample (0.5 wt% ErF3–2 wt% YbF3).  
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Figure 4.22: Absorption spectra of DF-1 glasses single-doped with 0.5 wt% ErF3 and 
codoped with 0.5 wt% ErF3−2 wt% YbF3. 

They only differ in the wide and intense absorption band in the 900-1000 nm range that 

peaks at 980 nm. This band is due to the overlap of the 4I15/2→4I11/2 (Er3+) and the 
2F7/2→2F5/2 (Yb3+) absorption bands. The introduction of Yb3+ increases the absorption 

cross-section at 980 nm by one order of magnitude with respect to the Er3+ single-doped 

sample (σEr-Yb= 2.93·10-20 cm2 vs. σEr= 3.18·10-21 cm2). Thus, to exploit this large 

absorption cross-section, we have excited the codoped samples with a Ti-sapphire laser 

at 980 nm (room temperature) and compared the near infrared 4I13/2→4I15/2 (Er3+) 

emission of Er-Yb codoped samples with that of the Er single-doped sample. The 

experimental room temperature emission spectra are presented in Fig. 4.23.  
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Figure 4.23: Room temperature infrared emission spectra of the 4I13/2→4I15/2 (Er3+) 
transition for DF-1 single-doped with 0.5 wt% ErF3 and codoped with 0.5 wt% ErF3 and 
0.5, 1, and 2 wt% YbF3 excited at 980 nm.  
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All emission spectra have a very similar shape, which is independent from Yb3+ content. 

They peak at ~1530 nm and their FWHM is close to 52 nm, as in the case of the Er 

single-doped glass. However, the intensity of the 4I13/2→4I15/2 (Er3+) emission increases 

with Yb3+ concentration. It becomes 5 times larger in the codoped glass with 0.5 wt% 

ErF3 and 2 wt% YbF3, with respect to the Er3+ single-doped glass (0.5 wt% ErF3). This 

behaviour stems from the fact that Yb3+ ions can decay either radiatively by emitting at 

~980 nm (2F5/2→2F7/2) or nonradiatively by transferring their energy to nearby Er3+ ions 

since the probability of multiphonon deexcitation of the 2F5/2 level is negligible due to 

its large energy gap with respect to the ground level (~10000 cm-1). In the last case, the 

population of the 4I13/2 (Er3+) level is increased by energy transfer (ET) processes from 

Yb3+ ions and thus the intensity of the 4I13/2→4I15/2 (Er3+) emission increases too.  

The comparison between the photoluminescence decay of the 2F5/2 (Yb3+) level in Yb3+ 

single-doped and Er3+-Yb3+ codoped DF-1 samples may offer another proof of energy 

transfer from Yb3+ to Er3+. We have measured the decay of the 2F5/2 (Yb3+) level at 

room temperature, under excitation at 980 nm, by recording the photoluminescence 

signal at 1070 nm in order to avoid any signal from the 4I11/2→4I15/2 (Er3+) emission. 

Figure 5.24a compares the experimental decay curves of the 2F5/2 (Yb3+) level in the 2 

wt% YbF3 single-doped sample and in the 0.5 wt% ErF3–2 wt% YbF3 codoped sample. 

We have also studied the temporal evolution of the 4I13/2→4I15/2 (Er3+) emission in the 

series of Er-Yb codoped glasses excited at 980 nm (Fig. 4.24b).  
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Figure 4.24: (a) Semilogarithmic plot of the room temperature photoluminescence decay of the 2F5/2 
(Yb3+) level for DF-1 doped with 2 wt% YbF3 and codoped with 0.5 wt% ErF3–2 wt% YbF3 excited at 
980 nm. (b) Semilogarithmic plot of the room temperature photoluminescence decay of the 4I13/2 (Er3+) 
level for DF-1 doped with 0.5 wt% ErF3 and codoped with 0.5 wt% ErF3 and 0.5, 1, 2 wt% YbF3 excited 
at 980 nm.   
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The decay curves presented in Fig. 4.24 can be fitted by a single exponential function 

which gives us the lifetime of the emitting 2F5/2 (Yb3+) and 4I13/2 (Er3+) levels. The 

lifetime of the 2F5/2 level is shorter in the Er-Yb codoped sample (~0.54 ms) than in the 

Yb3+ single-doped sample (~0.70 ms), which confirms the existence of nonradiative 

energy transfer from Yb3+ to Er3+. Similarly, the lifetime of the 4I13/2 (Er3+) level is 

slightly reduced by the addition of YbF3, as Fig. 4.24b shows. For example, the lifetime 

of the 4I13/2 level is 4.7 ms in the Er3+ single-doped sample while is 4.4 ms in the sample 

codoped with 0.5 wt% ErF3–2 wt% YbF3. This fact indicates that little ET, or back 

transfer, from Er3+ to Yb3+ occurs in the codoped samples. 

The energy transfer efficiency from Yb3+ to Er3+ can be calculated as: 1/ , where τYb-Er and τYb are the lifetime of the 2F5/2 (Yb3+) level in codoped and 

single-doped samples, respectively [186]. We have determined that the energy transfer 

efficiency increases with Yb3+ concentration: it goes from 0.05 for the 0.5 wt% ErF3–

0.5 wt% YbF3 sample to 0.22 for the sample with the higher Yb3+ content (0.5 wt% 

ErF3–2 wt% YbF3) [186]. This is due to the reduction of Er3+-Yb3+ distance when Yb3+ 

concentration increases, thus energy transfer processes are favoured. However, the 

largest  calculated for DF-1 glasses (0.22) is lower than the values reported in the 

literature for tellurite and halide modified tellurite glasses, having similar Er3+ and Yb3+ 

contents, which are close to 0.6 [187, 188]. A low value of the Yb3+→Er3+ ET efficiency 

has been related with the presence of back transfer from Er3+ to Yb3+, which becomes 

more important when the lifetime of the 4I11/2 (Er3+) level increases. In this regard, 

Gapontsev et al. reported that the Yb3+→Er3+ ET rate mainly depends on the ratio 

between the back transfer rate (Er3+→Yb3+) and the multiphonon relaxation rate of the 
4I11/2 (Er3+) level [189]. Thus, both the presence of Er3+→Yb3+ back transfer and the low 

multiphonon relaxation rate of the 4I11/2 (Er3+) level in the zinc-fluorotellurite host DF-1 

(see section 4.6.1) may be considered the causes for the small value of . 

We have finally investigated the evolution of the visible upconverted emissions with 

Yb3+ concentration in Er3+-Yb3+ codoped DF-1 glasses by measuring them at room 

temperature after exciting the samples at 980 nm. As discussed in section 4.6.2, the 

green and red emissions are due to the (2H11/2, 4S3/2)→4I15/2 and 4F9/2→4I15/2 (Er3+) 

transitions, respectively. Figure 4.25a shows that the overall intensity of both the green 

and red upconverted emissions increases with Yb3+ concentration while Fig. 4.25b 
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presents the intensity of the green (4S3/2) and red upconverted emission as a function of 

the YbF3 content in DF-1 glasses.  
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Figure 4.25: (a) Room temperature Er3+ visible upconverted emission spectra in the glass host DF-
1 codoped with increasing Yb3+ concentration (0.5-2 wt% YbF3) excited at 980 nm. (b) Maximum 
intensity of the green and red emissions as a function of the YbF3 content. Dashed lines are guides 
to the eye. 

The intensity of the visible upconverted emissions is maximum in the sample codoped 

with 0.5 wt% ErF3–2 wt% YbF3. In particular, the green emission (4S3/2→4I15/2) is ~40 

times stronger in this sample than in the case of the Er3+ single-doped sample (0.5 wt% 

ErF3) and the red emission is ~800 times stronger (Fig. 4.25b). Moreover, the ratio 

between the intensity of the red and green (4S3/2) emissions increases from 0.03, in the 

reference Er single-doped sample (0.5 wt% ErF3), up to 0.55, in the sample codoped 

with 2 wt% YbF3. We have calculated the standardized upconversion efficiency, which 

is defined as the ratio between the visible power density emitted and the absorbed 

infrared power density (fixed to 1 W/cm2) [190], to quantify the upconverted emissions 

of DF-1 glasses and to compare it that of other glasses. The standardized upconversion 

efficiency for the 4S3/2→4I15/2 emission of the DF-1 glass codoped with the largest YbF3 

content is 1.06·10-4 [186]. This values is three orders of magnitude larger than that of 

silicate glasses (2·10-7) but it is smaller than the upconversion efficiency of fluoride 

glasses (1·10-3) [190]. Yet, it is large enough to make this glass a good candidate for 

optical applications in the visible.  
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The intensity of the green (4S3/2) and red (4F9/2) upconverted emissions shows a 

quadratic dependence on the excitation laser power (Fig. 4.26), similarly to what it was 

observed in the case of Er3+ doped DF glasses; thus indicating that both the 4S3/2 and 
4F9/2 levels are populated by two photon processes such as exited state absorption (ESA) 

or energy transfer (ET) [96].  
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Figure 4.26: Room temperature upconversion emission intensities as a function of 
pumping power at 980 nm in DF-1 codoped with 0.5 wt% ErF3–2 wt% YbF3. Dashed 
lines are the linear fitting of experimental measurements, which give a slope of 2.01 at 
545 nm and of 1.97 at 650 nm. 

Figure 4.27 shows the possible upconversion mechanisms responsible for the green and 

red Er3+ emissions when exciting the codoped DF-1 glasses at 980 nm.  

 
Figure 4.27: Energy level diagrams of Er3+ and Yb3+ in the codoped DF-1 glasses. 
Absorptions transitions are indicated as up arrows from the ground state or from an 
excited state (ESA), while emission transitions as down arrows. Black dashed arrows 
indicate multiphonon deexcitation while cyan dashed arrows indicate energy transfer 
(ET) processes between Yb3+ and Er3+ excited at 980 nm.  
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Er3+ ions can be excited to the 4I11/2 state by ground state absorption and by resonant 

energy transfer from Yb3+ ions through the transitions: 2F5/2→2F7/2 (Yb3+) and 
4I15/2→4I11/2 (Er3+). Therefore, the population of the 4I11/2 (Er3+) level increases with 

Yb3+ co-doping and thus the probability of ESA and ET processes which involve this 

level. For example, once Er3+ ions have been excited to the 4I11/2 level, they can be 

promoted to the 4F7/2 level by excited state absorption of a second infrared photon or by 

energy transfer from a close Yb3+ ion (Fig. 4.27). We can neglect Er3+-Er3+ ET 

processes since the Er3+ content in the glasses considered here is too low (0.73·1020 

ions/cm3). Finally, multiphonon deexcitation of the 4F7/2 (Er3+) level lead to the 

population of the lower levels (2H11/2; 4S3/2) from which the green emission is originated 

(Fig.4.27). Further multiphonon relaxation of the 4S3/2 level can populate the 4F9/2 level 

from which is originated the red emission.  

However, we observe in Fig. 4.25b that the green emission increases at a faster rate than 

the red emission in DF-1 codoped samples with Yb3+ concentration in the range 0.5-1 

wt% YbF3; but both green and red emissions increases at a similar rate in the range 1-2 

wt% YbF3. For this reason, the 4F9/2 (Er3+) level should be populated not only by 

multiphonon relaxation of the 4S3/2 level but also by ET/ESA processes, when the YbF3 

content is between 1-2 wt%. Two likely processes that can increase the population of 

the 4F9/2 level in DF-1 codoped glasses are: i) ESA from the 4I13/2 (Er3+) level; and ii) ET 

from Yb3+ ions which decay nonradiatively to the ground level (4F5/2→4F7/2) passing 

their energy to nearby Er3+ ions in the 4I13/2 level, that thus are promoted to the 4F9/2 

(Er3+) level (see Fig. 4.27).  

To conclude, the DF-1 glass co-doped with the largest Yb3+ concentration (0.5 wt% 

ErF3–2 wt% YbF3) has shown strongly enhanced near infrared (5-fold) and visible 

upconverted Er3+ emissions (green: 40-fold, red: 800 -fold) with respect to the Er single-

doped DF-1 glass. Thus, it is an adequate candidate to develop broadband amplifiers in 

the optical C band as well as devices based on the visible upcoverted Er3+ emissions. 

 

 

4.7.2 Er3+-Tm3+ codoping 

To end this chapter, we investigate the effect of Tm3+ codoping on the near 

infrared photoluminescence response of DF glasses. We have produced a series of four 

Er3+-Tm3+ codoped glasses having a fixed Er content and increasing Tm content by 
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melt-quenching, as summarized in Table 4.9. Er3+ and Tm3+ single doped DF-1 glasses 

were produced too as references.  

Table 4.9: Nominal Er and Tm content in the four Er3+-Tm3+ co-doped DF-1 glasses.  

ErF3 (wt%)  N(Er) (1020 ions/cm3)  TmF3 (wt%)  N(Tm) (1020 ions/cm3) 

 0.3    0.43  0.3    0.43 

 0.3    0.43  0.5     0.72 

 0.3    0.43  0.7    1 

 0.3  0.43  1  1.4 

Figure 4.28 compares the absorption spectrum of the Er single-doped (0.3 wt% ErF3) 

and an Er-Tm codoped DF-1 glasses. In this case, the 4I9/2 (Er3+) and 3H4 (Tm3+) levels 

overlap in a region close to 800 nm. Thus, in order to excite both rare earth ions at the 

same time, codoped samples have been excited with a Ti-sapphire laser at 792 nm, in 

resonance with the 4I9/2 (Er3+) and the 3H4 (Tm3+) levels.  
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Figure 4.28: Absorption spectra of DF-1 single-doped with 0.3 wt% ErF3 and codoped 
with 0.3 wt% ErF3−1 wt% TmF3. 

Figure 4.29a shows the room temperature near infrared emission spectra collected from 

Er-Tm codoped DF-1 glasses and from the reference Er single-doped glass (0.3 wt% 

ErF3). All emission spectra have been normalized to the peak of the 4I13/2→4I15/2 (Er3+) 

emission (at 1532 nm) in order to ease their comparison. 
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Figure 4.29: (a) Room temperature normalized near infrared emission spectra of Er-Tm codoped and Er 
single-doped DF-1 glasses excited at 792 nm. (b) Semilogarthmic plot of the room temperature 
photoluminescence decay of the 4I13/2 (Er3+) level under excitation at 792 nm in Er-Tm codoped and Er 
single-doped DF-1 glasses. (c) Full width at half maximum (FWHM) of the emission spectra in (a) and 
mean lifetime of the 4I13/2 (Er3+) level. Dashed lines are guides to the eye.  

We can clearly distinguish three overlapping bands in the spectra of codoped glasses 

(Fig. 4.29a), which belong to Er3+ and Tm3+ transitions: the band peaking at 1460 nm 

corresponds to the 3H4→3F4 (Tm3+) transition; the one peaking at 1532 nm corresponds 

to the 4I13/2→4I15/2 (Er3+) transition; and finally, the small band at 1620 nm is the short 

wavelength tail of the 3F4→3H6 (Tm3+) transition. Unfortunately, we were not able to 

measure the entire 3F4→3H6 (Tm3+) transition due to the upper limit of the detector at 

1700 nm. The relative intensity of the 3H4→3F4 and 3F4→3H6 (Tm3+) emission bands 

increases with Tm3+ content. Moreover, the full width at half maximum (FWHM) of the 

near infrared emission spectra increases too with Tm3+ concentration, as shown in Fig. 

4.29c. In particular, the FWHM increases from 50 nm, in the reference Er single-doped 

sample (0.3 wt% ErF3), up to 150 nm, in the sample codoped with 1 wt% TmF3. This 

value is larger than the one reported in Er-Tm codoped tellurite glasses (134 nm) [183] 

and it is only 10 nm less than the FWHM of Er-Tm codoped chalcohalide glasses [184] 

and tungsten-tellurite glasses [185]. Thus, the near infrared Tm3+ and Er3+ emissions in 
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DF-1 glasses (from 1430 to 1680 nm) would allow covering the entire optical 

communication window, that is: the S, C, L and U bands in wavelength division 

multiplexing transmission systems [12].  

In addition to the FWHM value, the lifetime of the 4I13/2→4I15/2 (Er3+) near infrared 

emission is another relevant parameter used to characterize the amplifier performance. 

We have obtained the experimental decay of the 4I13/2 (Er3+) level by exciting the DF-1 

codoped glasses at 792 and collecting the photoluminescent signal at 1560 nm in order 

to avoid contributions from the 3H4→3F4 (Tm3+) transition. As we can appreciate in Fig. 

4.29b, the decay of the 4I13/2 (Er3+) level in Er-Tm codoped samples cannot be fitted by a 

single exponential function as in the case of the Er single-doped glass. Thus, we have 

calculated the mean lifetime of the 4I13/2 (Er3+) level in the co-doped glasses by using 

Eq. 3.13. The obtained lifetime values are plotted in Fig. 4.29c as a function of TmF3 

content in DF-1 glasses. We observe that the lifetime of the 4I13/2 (Er3+) level shortens as 

Tm3+ concentration increases. It decreases from 4.9 ms, for the Er single-doped (0.3 

wt% ErF3) glass, to 1.9 ms, for the Er-Tm codoped glass with 0.3 wt% ErF3–1 wt% 

TmF3. This phenomenon can be attributed to a higher probability of nonradiative decay 

of Er3+ ions through energy transfer processes, when Tm3+ concentration increases. As 

illustrated in Fig. 4.30, the 792 nm excitation promotes Er3+ ions to the 4I9/2 level from 

which nonradiative de-excitation occurs, leading to the population of the 4I11/2 and 4I13/2 

levels. While some Er3+ ions decay radiatively to the ground state (4I13/2→4I15/2), others 

ions can transfer their energy to the 3F4 (Tm3+) level through the 4I13/2→ 4I15/2 (Er3+) and 
3H6→3F4 (Tm3+) transitions. This process depopulates the 4I13/2 (Er3+) level and thus 

reduces its lifetime.  
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Figure 4.30: Energy level diagrams of Er3+ and Tm3+ in DF-1 glasses. Absorptions 
transitions are indicated as up arrows from the ground state or from an excited state 
(ESA), while the emission transitions as down arrows. Black dashed arrows indicate 
multiphonon deexcitation while cyan dashed arrows indicate energy transfer (ET) 
processes between Er3+ and Tm3+ excited at 792 nm.  

As in the case of Er-Yb codoped glasses, we have calculated the Er3+→Tm3+ energy 

transfer efficiency (  ) to quantify the Er3+→Tm3+ energy transfer in the codoped 

glasses. It is defined as: 1 / , where τEr-Tm and τEr are the lifetime 

of the 4I13/2 (Er3+) level in co-doped and single-doped samples, respectively 

[191].  ranges from 0.45 for the 0.3 wt% ErF3–0.3 wt% YbF3 sample to 0.60 for 

the sample with the highest Tm3+ content (0.3 wt% ErF3–1 wt% YbF3). These values are 

quite large if we compare them with those of Er-Yb codoped DF-1 glasses. However, 

they are similar to the Er3+→Tm3+ energy transfer efficiency reported for zinc-tellurite 

glasses [192] but they are lower than the   of tungsten-tellurite glasses [185]. 

In conclusion, among the studied DF-1 glasses co-doped with Er3+-Tm3+, the glass co-

doped with the largest Tm concentration (0.3 wt% ErF3–1 wt% TmF3) has shown the 

widest FWHM (150 nm) and the largest Er3+→Tm3+ energy transfer efficiency (0.60). 

Therefore, we consider that this co-doped glass is a suitable candidate to implement 

broadband amplifiers in the entire telecommunication window of WDM systems. 
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4.8 Summary and conclusions 

In this chapter we have studied the structural and optical properties of rare earth 

doped TeO2–ZnO–ZnF2 glasses. We selected two different glass hosts whose nominal 

composition was: 74.6 TeO2–8.8 ZnO–16.6 ZnF2 mol% (DF-1) and 46.6 TeO2–18.2 

ZnO–35.2 ZnF2 mol% (DF-2). Both glass hosts were doped with Er3+ and in addition, 

DF-1 was codoped with Er3+-Yb3+ and Er3+-Tm3+. 

We have first analyzed the composition of DF-1 and DF-2. A large fluorine loss (~45-

50 %), due to the chemical reaction between fluorine and water during glass melting, 

and a relative enrichment of Zn with respect to Te (~40-60 %) are observed in both 

glasses. Thus, the actual composition of the fluorotellurite glasses is: 68 TeO2–22 ZnO–

10 ZnF2 mol% (DF-1) and 35 TeO2–46 ZnO–19 ZnF2 mol% (DF-2). 

Thermal analysis of DF-1 and DF-2 glasses has shown that both have a large thermal 

stability range (Ton – Tg ≈ 100-130 ºC), which slightly decreases when the dopant 

concentration (ErF3) increases. Besides, X-ray diffractometry measurements have 

shown that the main crystalline phases that nucleate at ~420 ºC and melt at ~600 ºC in 

these glasses are α-TeO2 and Zn2Te3O8. 

The structure of TeO2–ZnO–ZnF2 glasses mainly depends on the Zn/Te ratio. This is 

due to the action of the glass modifier cation (Zn2+), which breaks up the strong tellurite 

network by converting TeO4 units into TeO3+1 and TeO3 units. Therefore, the glass with 

the larger Zn/Te ratio (DF-2: Zn/Te≈ 1.86) shows a loose network structure composed 

mainly by TeO3 units and TeO3+1 units, with only few TeO4 units. On the contrary, the 

glass with the smaller Zn/Te ratio (DF-1: Zn/Te≈ 0.47), shows a strongly connected 

glass network which is mainly composed by TeO3+1 units and by TeO3/TeO4 units in 

almost equal parts. Finally, the maximum phonon energy of DF-1 and DF-2 glass 

networks is ~850 cm-1. 

The optical characterization of DF-1 and DF-2 has shown, as already described in the 

literature, that the position of the UV absorption edge and the value of the refractive 

index depend on the Zn/Te ratio. As the content of Te4+ decreases and the content of the 

modifying cation (Zn2+) increases, the UV absorption edge shifts to shorter 

wavelengths, i.e. from ~385 nm (DF-1) to ~343 nm (DF-2), whereas the value of the 

refractive index decreases, i.e. from 2.00 (DF-1) to 1.82 (DF-2) at 1500 nm. However, 
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both DF-1 and DF-2 showed a broad transparency region from the visible to the infrared 

region (up to ~6 µm). Moreover, they present very small absorption bands due to O-H 

stretching vibrations in OH- groups (at ~3.3 µm). From the intensity of these bands, we 

have estimated the total OH- content in DF glasses. This is 56.3 ppm (corresponding to 

1.12·1019 ions/cm3) in DF-1 while it is only 39.8 ppm (corresponding to 0.75·1019 

ions/cm3) in DF-2. This small OH- content is a consequence of the melting dehydration 

caused by the reaction of fluorine with water related. 

The second part of the chapter is devoted to the study of the photoluminescence 

response of Er doped DF glasses. In particular, we have considered the 4I13/2→4I15/2 

near infrared emission and the green (4S3/2→4I15/2) and red (4F9/2→4I15/2) visible 

upconverted emissions. The emission spectra and the lifetime of these emissions were 

measured at room temperature by exciting at 801 nm in resonance with the 4I9/2 level.  

Due to the importance of the 4I13/2→4I15/2 emission in optical amplifiers for 

telecommunication networks, we have determined the parameters of this emission and 

two figures of merit (FOM) on the performance of optical amplifiers. Especially, DF-1 

presents a wider emission bandwidth (FWHM= 63 nm for 1 wt% ErF3) and a larger 

cross-section (σe 
peak = 8.8·10-21 cm2 for 1 wt% ErF3) with respect to DF-2 (FWHM= 55 

nm, σe 
peak = 7.5·10-21 cm2 for 1 wt% ErF3), due to its larger refractive index. Thus,  

DF-1 is a promising candidate for developing broadband optical amplifier in the C 

band (1.5 µm). On the contrary, DF-2 presents stronger infrared to visible upconverted 

emissions than DF-1. In particular, DF-2 doped with 3 wt% ErF3 presents both strong 

green and red emissions that make this glass suitable for devices such as phosphors and 

upconverters. The strong upconversion of DF-2 is related to the large probability of 

excited state absorption and energy transfer processes for Er3+ ions in this glass, which 

populate the 4S3/2 and 4F9/2 levels. The probability of these processes is related to the 

radiative lifetime of intermediate levels, which depends on the environment of Er3+ ions. 

An ionic environment and a low OH- content, as in the case of DF-2, reduce the 

nonradiative relaxation of rare earth ions thus increasing the radiative lifetime of 

intermediate levels.  

Finally, we have studied the photoluminescence response of DF-1 glasses codoped 

with Er-Yb and Er-Tm. In the first case, the objective was to increase the pumping 

efficiency of Er3+ at 980 nm, since Yb3+ presents only one excited level (2F5/2) at the 

same energy of the 4I11/2 (Er3+) level but with a larger absorption cross-section. We have 
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achieved an enhancement of the  4I13/2→4I15/2 (Er3+) near infrared emission (5-fold); the 
4S3/2→4I15/2 (Er3+) green upconverted emission (40-fold);  the 4F9/2→4I15/2 (Er3+) red 

upconverted emission (800-fold), for the glass codoped with 0.5 wt% ErF3–2 wt% YbF3 

with respect to the single Er doped glass. This is due to Yb3+→Er3+ energy transfer 

processes that have a larger probability to occur than energy transfer processes between 

Er3+ ions, due to the larger absorption cross-section of Yb3+ ions (at 980 nm) with 

respect to Er3+ ions. Thus, the DF-1 glass codoped with 0.5 wt% ErF3–2 wt% YbF3 

shows improved photoluminescence emissions with respect to the Er single-doped glass 

and it is therefore an adequate candidate to develop broadband amplifiers in the optical 

C band as well as devices based on the upconverted visible emissions. 

Instead, codoping with Tm3+ was aimed at increasing the emission bandwidth available 

for signal amplification in the near infrared region, which is used in WDM transmission 

systems. When pumped at 792 nm, in resonance with the 4I9/2 (Er3+) and the 3H4 (Tm3+) 

levels, the DF-1 glass codoped with 0.3 wt ErF3–1 wt% TmF3 shows a full width at half 

maximum three times larger than that of the Er single-doped glass (150 nm vs. 50 nm). 

The large emission bandwidth of the Er-Tm codoped glass is due to the superposition of 

Tm3+ and Er3+ emission bands in the infrared region and to energy transfer processes 

between these ions. Thus, the DF-1 glass codoped with 0.3 wt ErF3–1 wt% TmF3 is a 

suitable candidate to implement broadband amplifiers in the S, C, L and U bands of 

the optical telecommunication transmission window.  
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5 
Transparent Er3+ doped TeO2–ZnO–ZnF2    

glass-ceramics 
 

 

 

5.1 Introduction  

In chapter 4 we discussed the structural and optical properties of rare earth 

doped TeO2–ZnO–ZnF2 glasses with two different compositions: 68 TeO2–22 ZnO–10 

ZnF2 mol% (DF-1) and 35 TeO2–46 ZnO–19 ZnF2 mol% (DF-2). We studied the 

photoluminescence response of these glasses as a function of Er3+ concentration to find 

out that DF-1 possessed a more intense near infrared emission (at 1.5 µm) than DF-2, 

although the latter showed stronger upconverted visible emissions. These results were 

related to the glass structure and to the environment of Er3+ ions, which are strongly 

connected with the glass composition and its fabrication process. Therefore, it is 

possible to increase the emission efficiency of rare earth ions by choosing an optimised 

glass host composition.  

However, there is another way to increase the emission efficiency of rare earth ions that 

is based on the engineering of their environment at the nanoscale, by transforming the 

glass host into a glass-ceramic [39, 110]. This allows the combination of the properties 

of glass and a crystalline nano-phase in the same host leading to an improved 

photoluminescence response [111, 112]. In particular, oxyfluoride glasses have been 

indicated as the best candidates to produce rare earth doped glass-ceramics since they 

are able to provide a fluoride crystalline environment for rare earth ions inside an oxide 

amorphous matrix [42, 44]. Thus, oxyfluoride glass-ceramics behave mostly like oxide 

glasses in terms of preparation and processing, e.g. they can be easily fiberized, but in 

addition they allow rare earth ions to be in a low phonon energy environment, which 

increases the efficiency of their emissions.  
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Most rare earth doped glass-ceramics prepared to date have been synthesized from 

oxyfluoride silicate glasses. This is most likely due to the fact that controlled 

crystallisation of these glasses is feasible and their nucleation and crystallisation 

mechanisms have been studied in detail [42, 193, 194]. For example, the ability of LaF3 

crystallisation upon thermal treatments, was related to the NaO2/(SiO2+Al2O3) ratio and 

to a La/Si phase separation in the Na2O–Al2O3–SiO2–LaF3 system [42, 193]. 

On the contrary, very little information can be found in the literature on oxyfluoride 

tellurite (or fluorotellurite) glass-ceramics and only few authors reported results on rare 

earth glass-ceramics of these systems. For example, Rojo and coauthors studied the 

relation between the ionic conductivity and nanocrystals formation in a Li2O-LiF-TeO2 

glass [195] whereas Yu and coauthors reported glass-ceramics in the TeO2–ZnO–ZnF2–

YF3–ErF3 system [196]. They detected the formation of Y2Te6O15 or Er2Te5O13 

crystalline phases and observed a stronger upconversion and near infrared emission, at 

1.5 µm, in the case of glass-ceramic samples. Besides, Hou and coauthors reported the 

precipitation of CaF2 nanocrystals in the TeO2–SiO2–AlF3–CaO–NaF–ErF3 system 

[197]. This glass-ceramic showed a slightly more intense near infrared emission, at 1.5 

µm, than the glass sample. Finally, Joshi et al. reported the precipitation of nano-

crystals of different oxide phases in a TeO2–Li2CO3–PbF2–PbCl2 glass co-doped with 

Er3+/Yb3+ [198]. They observed intense visible upconversion in glass-ceramic and 

ceramic samples.  

In this chapter we study in detail the preparation, the microstructure and the 

photoluminescence response of transparent fluorotellurite glass-ceramics obtained from 

the glass DF-1 doped with 1 wt% ErF3. To our knowledge, this is the first time that 

transparent Er3+ doped glass-ceramics are synthesized in this glass matrix. 
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5.2 Synthesis of glass-ceramic samples  
 
As described in chapter 2, the most common procedure to obtain glass-ceramics 

from glasses is though controlled thermal treatments [41]. In particular, it is usually 

employed a two-step thermal treatment, which consists in heating the precursor glass 

from room temperature (RT) to a temperature T1 during a time D1 to induce nuclei 

formation and then, to further increase the annealing temperature to a value T2 and 

holding the sample at this temperature a time D2 to induce the crystal growth [41]. Once 

the second annealing step is ended the sample is cooled down to room temperature. 

Figure 5.1 represents schematically the two-step thermal treatment described.   

    
Figure 5.1: Two-step thermal treatment used to produce glass-ceramic samples. The 
glass is heated at a fixed rate until a temperature T1 at which is maintained during a time 
D1 to induce nuclei formation. Then, the annealing temperature is increased to the value 
T2 at which the sample stays for a time D2 to induce crystal growth. Finally the sample 
is cooled down to room temperature.    

There are general rules on the optimal range for the nucleation temperature (T1) that 

goes from Tg up to ~50 ºC above it, and the crystal growth temperature (T2), which 

should be kept close to T1 in order to have a low crystal growth rate and so small 

crystals [43]. Nevertheless, the optimal values of T1 and T2 together with the duration 

and heating rate of each annealing step depend on the glass composition and its 

thermodynamic properties. Therefore, we study in detail in the following section the 

nucleation and crystal growth behaviour of DF glasses to design the optimum thermal 

treatments for their nanocrystallisation. 
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5.2.1 Nucleation and crystal growth behaviour of TeO2–ZnO–ZnF2  
glasses 

In chapter 4 we calculated the thermal stability range (Ton – Tg) of DF glasses 

from their DSC curves obtained from glass chips heated at a constant rate of 10 ºC/min. 

Both glasses showed to be thermally stable since their Ton – Tg was larger than 100 ºC. 

In order to investigate the effect of the heating rate on the thermal properties and the 

crystallisation behaviour of DF glasses, we have performed DSC measurements on 

grinded glass samples in the 200-500 ºC interval at different heating rates (5, 10, 15 

ºC/min). The resulting DSC curves are shown in Fig. 5.2a and b, for DF-1 and DF-2 

glasses doped with 1 wt% ErF3, respectively. We note that the glass transition (Tg), 

onset of crystallisation (Ton) and crystallisation (Tc) temperatures shift to higher values 

with increasing heating rates. Moreover, the dependence of these temperatures on the 

heating rate can be fitted linearly in the plot Ln(T) versus the heating rate (q) as shown 

in Fig. 5.2c and d.  
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Figure 5.2: (a, b) DSC measurements at the heating rates of 5, 10, and 15 ºC/min and (c, d) plot of 
Ln(T) versus the heating rate for glass transition temperature (Tg); onset of crystallisation 
temperature (Ton); and main crystallisation temperature (Tc) for (a, c) DF-1 and (b, d) DF-2 doped 
with 1 wt% ErF3. Dashed lines in (c) and (d) correspond to the linear fit to experimental data. 
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The variation of the characteristic temperatures with the heating rate, represented by the 

slope of the linear fit (B in Fig. 5.2c and d), is quite small for both DF glasses. The 

crystallisation temperature (Tc), which corresponds to the value of the main 

crystallisation peak of Fig. 5.2a and b, is the most sensitive to the heating rate in both 

cases but, even in this case, its variation with the heating rate is small: Tc varies from 

398 to 411 ºC in the case of DF-1 and from 389 to 402 ºC in DF-2, as the heating rate 

increases from 5 to 15 ºC/min.  

The variation of Tc with the heating rate (q) allows us to determine an important kinetic 

parameter for glass crystallisation, that is the activation energy for crystallisation (Ec), 

through the Kissinger equation [199]:  

Ln qT ERT Constant (5.1) 

where R is the gas constant (R= 8.314 J/K·mol). Ec is inversely proportional to the rate 

of crystal growth at a temperature lower than Tc; therefore, it is related to the glass 

resistance to crystallisation [199].  

From Eq. 5.1, the slope of the linear fit to experimental data in the plot of Ln(q/Tc
2) vs. 

(1000/Tc)1
 corresponds to –Ec/R. Figure 5.3 shows the Ln(q/Tc

2) vs. 1000/Tc plot with 

the experimental data obtained for DF-1 and DF-2 glasses. 
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Figure 5.3: Plot of Ln(q/Tc

2) versus 1000/Tc for DF-1 and DF-2 doped with 1 wt% 
ErF3. Dashed lines correspond to the linear fit to experimental data.  

We observe in Fig. 5.3 that Ec is similar for both DF glasses, being ~309 kJ/mol and 

~301 kJ/mol in the case of DF-1 and DF-2, respectively, for the phase transformations 

                                                      
1 We choose 1000/Tc instead of 1/Tc in order to obtain Ec in kJ/mol. 
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corresponding to the main crystallisation peak. Moreover, we have also calculated the 

activation energy for crystallisation (Ec’) for the phase transformation corresponding to 

the smaller crystallisation peaks present in the DSC curves of DF-1 and DF-2 at ~360 

and ~420 ºC, respectively (Fig. 5.2a and b). We have found that Ec’ ≈ 374 kJ/mol in the 

first, while Ec’ ≈ 258 kJ/mol in the latter.  

The activation energy for crystallisation of DF glasses is moderate, which indicate that 

their crystal growth rate is moderate too and that they do not show a large resistance to 

crystallisation. If we compare the TeO2–ZnO–ZnF2 glasses considered in this work with 

other tellurite systems we observe that they show a larger Ec than TeO2–LiO2–WO3 

[200] and TeO2–Bi2O3–ZnO [201] glasses (Ec ≈ 150-250 kJ/mol), but smaller than a 75 

TeO2–20 ZnO–4 Na2CO3 glass (Ec ≈ 900 kJ/mol) [178]. 

If we focus on the DSC curves of DF glasses obtained from grinded glass samples, in 

form of powder (Fig. 5.2a-b), and we compare them with the traces presented in chapter 

4, obtained from chips of the same glasses, we can observe important differences. These 

are clearly seen in Fig. 5.4 where we compare the DSC curves (q= 10 ºC/min) from both 

types of samples in the case of DF-1. The same behaviour has been also observed in the 

case of DF-2. 
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Figure 5.4: DSC curves at a fixed heating rate of 10 ºC/min for a glass chip (sphere of 
few mm) and grinded glass (particles of ~0.01 mm) in the case of DF-1 doped with 
1wt% ErF3. 

We observe in the figure that both crystallisation and glass transition temperatures shift 

to lower values when the size of glass samples is reduced from a diameter of a few mm 

to ~0.01 mm. Moreover, the DSC curve belonging to the glass chip shows a very broad 

crystallisation peak compared to the curve of the grinded glass. These differences 
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cannot be related to bulk (or volume) nucleation, since in that case the crystallisation 

peak would not be affected by the size of glass samples used in the measurements. 

Instead, the strong dependence of Tc with the size of glass samples can be attributed to 

surface nucleation, since a small sample (i.e. grinded glass) would crystallise easier, that 

is at a lower temperature, than a large sample (i.e. glass chip), due to the larger surface 

to volume ratio in the first case [41].  

Finally, we have followed the methods proposes by Marotta [202] and Ray [203] to 

determine the nucleation and crystal growth rate-like curves for DF glasses, 

respectively, through differential thermal analysis experiments. While these curves are 

not quantitative, they indicate the temperature range where the nucleation and crystal 

growth rates increase. The first method consists in comparing the temperature 

corresponding to the crystallisation peak with (Tc) and without (Tc
0) an isothermal hold 

for 30 min at a potential nucleation temperature (Tn), as schematically represented in 

Fig. 5.5a. The heating rate employed is 20 °C/min to neglect nuclei formation during 

heating [202]. The nucleation rate-like curve is then obtained from the plot of 

(1/Tc−1/Tc
0) as a function of Tn, since the number of nuclei formed during the 

isothermal hold is proportional to the shift of Tc to lower values [202].  

Figure 5.5: Schematic representation of thermal treatments performed with the DSC to 
determine the (a) nucleation rate and (b) crystal growth rate-like curves. 

The method employed to determine the crystal growth rate-like curve is based on the 

comparison between the area of the crystallisation peak with (AT) and without (A) an 

isothermal hold of the sample during 5 minutes at a potential crystal growth temperature 

(Tcg) [203]. A fixed amount of grinded glass (~50 mg) and a heating rate of 20 °C/min 

were employed in all measurements. After the isothermal hold at Tcg, the sample is 
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cooled down below Tg and stabilised during 5 minutes. In the last step the sample is 

heated again until a temperature larger than Tc. Figure 5.5b represents the thermal cycle 

described above. Then, the crystal growth rate-like curve is obtained from the plot 

ΔA= A−AT versus Tcg, due to the fact that the area of the crystallisation peak is linearly 

proportional to the amorphous phase volume [203]. 

Figure 5.6 presents the nucleation and crystal growth rate-like curves obtained for two 

representative fluorotellurite glasses applying the methods described above.  
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Figure 5.6: Nucleation and crystal growth rate-like curves for (a) DF-1 doped with 1 
wt% ErF3 and (b) DF-2 doped with 3 wt% ErF3. Dashed lines are guides to the eye. 

We note that the nucleation and crystal growth rate-like curves overlap significantly for 

both DF glasses. In the case of DF-1 (Fig. 5.6a), the nucleation rate is low for 

temperatures lower than 340 ºC. From this temperature it grows very fast reaching its 

maximum close to 360 ºC. The isothermal hold of 30 min at 370 ºC did not allow 

determining another point of the nucleation curve since there was no crystallisation peak 

in the DSC trace of this sample, due to the fact that the sample crystallised completely. 
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The crystal growth rate of DF-1 starts to grow at 360 ºC and reaches its maximum at 

390 ºC, for which AT = 0. Therefore, both nucleation and crystal growth take place at 

the same time for DF-1 in the 350-390 ºC range. Similarly, in the case of DF-2 (Fig. 

5.6b), the nucleation rate is maximum around 370 ºC and the crystal growth rate at 400 

ºC. Thus, nucleation and crystal growth should occur simultaneously between 360-400 

ºC in DF-2. As indicated by Massera and coauthors, thermal treatments at temperatures 

in the range where nucleation and crystal growth curves overlap should be avoided if a 

controlled formation of nanocrystals is desired, since they lead to crystals with a broad 

size distribution [201].  

Our study on the nucleation and crystal growth behaviour of DF glasses allow us to 

conclude that: 

i) They present a moderate activation energy for crystallisation (~300 kJ/mol) which 

indicates that these glasses do not show large resistance to crystallisation; 

ii) They show a marked tendency towards surface crystallisation; 

iii) They present overlapping nucleation and crystal growth curves in the 350-400 ºC 

range. 

These results are relevant for the design of thermal treatments to synthesize transparent 

rare earth doped glass-ceramics through controlled crystallisation of DF glasses. 

 

 

5.2.2 Two-step thermal treatments 

As described in the previous pages, the most common form to obtain glass-

ceramic is by two-step thermal treatments in a proper temperature range and for an 

adequate time. Thermal treatments of DF glasses were performed on glass slices, few 

mm thick, in a muffle furnace in air. The temperature and duration of each annealing 

step were chosen according to the Tg and Tc temperatures of each glass and taking care 

to avoid the temperature range where the nucleation and growth curves overlap. Thus, 

as shown in the previous section, the maximum annealing temperature should be limited 

to 350-360 ºC. In particular, the temperature of the first step (T1) was chosen to be close 

to Tg (up to 30 ºC higher) while the temperature of the second step (T2) was ~30-60 ºC 

lower than Tc. The duration of the annealing steps was different for each of them: it was 
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larger for the first step (between 10 and 20 hours), since the nucleation rate is very low 

close to Tg, and shorter for the second one (2.5–3 hours) in order to grow nanocrystals. 

The heating rates were maintained fixes in all cases: 5 ºC/min for the RT-T1 ramp and 2 

ºC/min for the T1-T2 ramp (Fig. 5.1). Since it was no possible to control the cooling rate 

of the furnace, the samples were cooled down to room temperature by turning off the 

heater and keeping them inside the furnace in order to avoid thermal stress that could 

break them. The estimated free cooling rate was ~1-2 ºC/min.  

As an example, table 5.1 lists the thermal treatments performed on DF-1 glasses doped 

with 1 wt% ErF3 (Tg≈ 300 ºC; Tc≈ 390 ºC). We do not show here the thermal treatment 

performed on other DF glasses (DF-2 and DF-1 with different dopant content) since 

they did not lead to the production of transparent glass-ceramic samples. 

Table 5.1: Two-step thermal treatments performed on DF-1: 1 wt% ErF3 samples. The 
temperature and the duration of the first and second step are indicated as T1; D1 and T2; D2, 
respectively.  

DF-1:1% Er  
annealed sample 

T1; D1 
(ºC; hours) 

T2; D2 
(ºC; hours) Comments 

T-1 300; 10 330; 3 No changes in transmittance spectrum 

T-2 300; 14 330; 3 No changes in transmittance spectrum 

T-3 300; 18 330; 3 Increase of Er3+ absorption bands 

T-4 330; 10 360; 2.5 Total loss of transparency 

T-5 (GC0) 300; 10 345; 2.5 Stark transitions in Er3+ absorption bands 
→ Glass-ceramic  

T-6 (GC1) 310; 10 340; 3 Stark transitions in Er3+ absorption bands 
→ Glass-ceramic  

T-7 310; 15 340; 2.5 Sample broken during annealing 

T-8 (GC2) 305; 15 340; 2.5 Stark transitions in Er3+ absorption bands 
→ Glass-ceramic  

T-9 (GC3) 305; 20 340; 2.5 Stark transitions in Er3+ absorption bands 
→ Glass-ceramic  

The easiest and fastest way of checking whether the annealed samples show signs of 

crystallisation and maintain a high degree of transparency is through the measurement 

of their transmittance. This is because we expect that the absorption bands of rare earth 

ions change according to their environment. In particular, the inhomogeneous 

broadening of rare earth ions absorptions/emissions which is observed in glasses is 

strongly reduced when rare earths are in a crystalline environment. Moreover, in this 

last case, transitions from individual Stark sublevels may be well distinguished, as we 
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will show in the next section. In the case of DF-1 doped with 1 wt% ErF3, the annealed 

T-5, T-6, T-8 and T-9 samples (Table 5.1) showed signs of crystallisation in their 

transmittance spectrum while they maintained a high transparency. Further structural 

characterization, presented in the next sections, actually proved that these samples were 

glass-ceramics. 

These successful treatments have in common a similar T1 temperature (300-310 ºC) and 

the second annealing step (T2= 340-345 ºC and D2= 2.5 hours), whereas the duration of 

the first annealing step (D1) varied between 10-20 hours in these treatments. Therefore, 

we conclude that D1 does not seem to be a critical variable to obtain transparent glass-

ceramic samples. The optimal temperature interval for T2 seems to be very narrow as 

well (T2= 340-345 ºC) since in the case of T-1, T-2, and T-3 samples a slightly lower T2 

(330 ºC) precluded the growth of nanocrystals even if the first annealing step was 

similar to that of T-5, T-8, and T-9 samples, respectively (Table 5.1). At the same time, 

annealing at T2= 360 ºC, in the range where the nucleation and crystal growth curves 

overlap (Fig. 5.6a), avoids the synthesis of transparent glass-ceramics due to formation 

of crystals larger than the wavelength of visible light (T-4 sample).  

The fact that the nucleation and crystal growth curves of DF glasses overlap over a large 

temperature range strongly limits the synthesis of transparent glass-ceramic samples. 

From one side, the first annealing step has to be done at a temperature for which the 

nucleation rate is very low and thus, it is difficult to generate a high density of nuclei in 

the annealed glasses. Form the other side, the second annealing step is even more 

critical since a too long treatment or a slightly larger temperature may lead to nucleation 

and crystal growth at the same time with the consequent generation of large crystals and 

the loss of transparency.  

 

 

 

5.3 Optical characterization 
 
Once the glass samples had been annealed, they were polished until having 

planoparallel surfaces and ~1 mm thickness to perform transmittance and ellipsometry 

measurements.  
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As an example, Fig. 5.7 presents the transmittance spectra, at room temperature, of the 

precursor DF-1 glass (PG), i.e. not annealed, and of T-3, T-6, and T-9 annealed samples 

(Table 5.1). We do not show the transmittance spectra of T-5 and T-8 samples since 

they are very similar to those of T-6 and T-9 samples, respectively. 
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Figure 5.7: Transmittance spectra of precursor and annealed DF-1: 1wt% ErF3 samples. The inset 
shows an enlarged view of the region between 1450-1600 nm where the absorption band due to the 
4I15/2→4I13/2 Er3+ transition lies. 

We observe in Fig. 5.7 that the spectra of annealed DF-1 samples present a red shifted 

UV absorption edge compared to the PG sample. In particular, the cut-off wavelength λc 

(T(λc)= Tmax/2) shifts from 385 nm (PG) to 530 nm in the case of T-6 sample, which 

presents the most red-shifted absorption edge. However, all the annealed samples shown 

in Fig. 5.7 present a high transmittance in the infrared spectral region (~80 %). This 

suggests that the partial loss of transparency in the visible may be attributed to Rayleigh 

scattering due to the presence of nanometric particles, such as nanocrystals, embedded 

in the glass matrix, as it has been reported for other glass-ceramics [204]. We remind 

here that scattering losses are proportional to the size of particles (see chapter 2); 

therefore, T-6 should have the largest particles among the annealed samples included in 

Fig. 5.7.  

Furthermore, we note important differences in Fig. 5.7 among the Er3+ absorption bands 

of the PG and the annealed samples. They can be attributed to the changes induced by 

thermal treatments in the environment (and ligand field) of Er3+ ions. In particular, T-6 

and T-9 samples show a splitting of the Er3+ absorption bands, clearly observed in the 
4I15/2→4I13/2 transition (inset Fig. 5.7). This behaviour stems from a reduction of 
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inhomogeneous broadening due to an “ordered” environment for rare earth ions. Thus, 

individual transitions between Stark sublevels may be clearly observed even at room 

temperature when rare earth ions are segregated in a crystalline phase in glass-ceramics 

[205].  

We have also determined the linear refractive index of the annealed sample T-9 by 

ellipsometric data fitting (chapter 3). Figure 5.8a compares PG and T-9 samples 

whereas Fig. 5.8b presents the dispersion of the real part of their refractive index in the 

400-1800 nm range. 
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Figure 5.8: (a) Image of precursor and annealed (T-9) DF-1: 1wt% ErF3 samples. (b) Refractive 
index dispersion of PG and T-9 samples. 

As shown in Fig. 5.8a, a visual inspection of the annealed sample T-9 shows that it 

maintains a good transparency in the visible. The most noticeable difference between 

PG and T-9 samples is their colour: the first one has a pale pink colour while the second 

present an orange colour, probably due to the scattering of light observed in the blue 

visible spectral region (Fig. 5.7). The dispersion of the refractive is very similar for both 

PG and T-9 (Fig. 5.8b). The refractive index shows a strong decay in the visible region 

and then a slow decrease in the infrared, maintaining almost a constant value for 

wavelengths longer than 1000 nm. The value of n at 1550 nm is 2.00 for the PG and 

1.99 for T-9. 
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5.4 Structural characterization 

Transmittance spectra of T-6 and T-9 strongly indicate that Er3+ ions are in a 

crystalline environment in these samples. Thus, we have performed a detailed structural 

characterization of T-6 to determine the crystalline phases formed and the size of 

crystals dispersed in the glass matrix. With this aim, we initially performed X-ray 

diffraction measurements. Then, we compared the structure of the annealed sample to 

that of the precursor glass sample by Raman spectroscopy. Finally, we analysed the 

microstructure of T-6 by transmission electron microscopy. 

 

 

5.4.1 X-ray diffraction analysis 

X-ray diffraction (XRD) analysis is widely employed to characterize the 

crystalline phases and to estimate the size of crystals present in glass-ceramics. 

Moreover, XRD analysis allows evaluating the crystalline to amorphous ratio of glass-

ceramics. XRD measurements were performed at room temperature on the annealed T-4 

(completely opaque) and T-6 (transparent) samples by using an X'Pert diffractometer 

(PANalytical) employing the Bragg-Brentano geometry (2θ= 10º-70º; incident beam: 

CuKα, λ= 1.54 Å).  

Figure 5.9 compares the XRD patterns obtained for the precursor glass and the annealed 

T-4 and T-6 samples.  
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Figure 5.9: XRD patterns of PG, T-6 and T-4 samples. The peaks in the pattern of the 
T-4 sample have been assigned to α-TeO2 and Zn2Te3O8 crystalline phases. 
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XRD patterns of PG and T-6 samples are similar: they present a broad halo, typical of 

amorphous solids, which peaks at 2θ≈ 29º. Moreover, the pattern of T-6 does not show 

any narrow peak which could indicate the presence of crystalline phases. On the 

contrary, the XRD pattern of T-4 shows several diffraction peaks superimposed on the 

same broad halo observed for PG and T-6 samples. 

We have employed the POWD-12++ software (1997) together with the ICSD (Inorganic 

Crystal Structure Database [206]) to assign the observed diffraction peaks. Taking into 

account the sample composition (TeO2–ZnO–ZnF2: ErF3) we have identified the alpha-

tellurite (α-TeO2) [207] and zinc tellurium oxide (Zn2Te3O8) [208] crystalline phases. 

Since the diffraction peaks attributed to the α-TeO2 phase present larger intensity than 

those attributed to the Zn2Te3O8 phase (Fig. 5.9), we conclude that the first phase 

develops in major proportion than the second one in the case of T-4. This result agrees 

with the study of Nazabal [151] which indicates that the α-TeO2 phase prevails over the 

Zn2Te3O8 phase in similar fluorotellurite glasses annealed at temperatures lower than 

400 ºC. However, even if T-4 is opaque in the visible, the fraction of the amorphous 

phase is large since its diffraction pattern clearly shows the broad halo characteristic of 

amorphous materials (Fig. 5.9).  

Finally, even if no diffraction peaks are observed in the pattern of T-6 (Fig. 5.9) we 

cannot rule out the presence of a small crystalline fraction since the minimum 

crystalline/amorphous ratio that can be detected with the diffractometer used is ≈ 1-2 %.   

Thus, the results provided by XRD analysis suggest that the crystalline fraction of T-6 

should be lower than the sensitivity threshold of the diffractometer. 

 

 

5.4.2 Raman and micro-Raman spectroscopy analysis  

We have employed Raman spectroscopy (λexc= 785 nm) to study eventual 

structural changes in the annealed samples. Figure 5.10 shows the normalized reduced 

Raman spectra corresponding to the precursor glass (PG) and annealed T-4 and T-6 

samples. In addition, we include the Raman spectra of TeO2 and ErF3 polycrystalline 

reagents used to produce PG.  
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Figure 5.10: Normalized reduced Raman spectra (λexc= 785 nm) of PG and annealed 
T-4 (opaque) and T-6 (transparent) samples. Raman spectra of TeO2 and ErF3 
reagents are included for comparison. Spectra have been shifted vertically to ease 
their comparison. 

Both annealed samples show different Raman spectra than the PG. They do not show the 

three distinctive broad bands of zinc-tellurite glasses (see chapter 4) as PG but they show 

sharper bands. Some of them peak at similar positions than ErF3 Raman bands. In 

particular, in the spectra of T-4 and T-6 samples we observe bands at ~286, ~323, ~367, 

and ~660 cm-1 as well as two much less intense bands at ~433, and ~473 cm-1. In 

addition, the spectrum of T-4 shows small bands peaking at ~648, ~720, and ~768 cm-1 

that have been assigned to α-TeO2 and γ-TeO2 phases, respectively [178]. The fact that 

the bands attributed to the α-TeO2 and γ-TeO2 phases are observed only in the Raman 

spectrum of T-4 agrees with the results of the XRD analysis.  

The fact that the Raman spectra of T-4 and T-6 samples show bands at the same 

wavenumbers than the ErF3 polycristalline reagent suggests the presence of ErF3 crystals 

in these samples. The excitation wavelength at 785 nm corresponds to a photon energy 

of ~12739 cm-1 that is very close to the energy gap between the 4I9/2–4I15/2 Er3+ multiplets 

in ErF3 crystals (= 12334 ± 358 cm-1) [171]. Thus, the Raman signal from ErF3 crystals 

is enhanced due to excitation of quasi-resonant electronic Raman transitions, similarly to 

what has been reported by Becker and coauthors in the case of ErPO4 crystals [209].  

To prove this hypothesis, we have compared the Raman spectra of PG, T-4 and T-6 

samples obtained by exciting them at 1064 nm (Fig. 5.11). 
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Figure 5.11: Normalized reduced Raman spectra (λexc= 1064 nm) of PG, T-4, and T-6 
samples. Spectra have been shifted vertically to ease their comparison. 

In this case, only the spectrum of sample T-4 shows some sharp bands (~648, ~683, 

~730, and ~768 cm-1) that are superimposed on the three broad bands observed in the 

spectrum of PG and T-6 samples. The sharp bands are found at similar positions than 

those of TeO2 (Fig. 5.10) which once more supports the presence of tellurite crystalline 

phases in T-4. However, contrary to Fig. 5.10 no sharp bands are observed in the 

spectrum of T-6 due to the fact that quasi-resonant electronic Raman transitions in ErF3 

crystals cannot be excited at 1064 nm.  

Finally, we have carried out a micro-Raman analysis of the surface of T-6 to search for 

evidences of phase separation in its microstructure, which could affect its homogeneity 

at a micrometric scale. For that purpose, we have acquired a Raman spectrum (λexc= 442 

nm) every 2 µm on a surface of 20x20 µm2. As an example, Figure 5.12a compares a 

Raman spectrum acquired on the surface of T-6 with the Raman spectrum of PG. We 

have determined the peak position and the full-width at half maximum (FWHM) of the 

most intense Raman band (at ~742 cm-1 in Fig. 5.12a) over the analysed surface of T-6. 

The resulting 2D Raman mapping is presented in Fig. 5.12b. 
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Figure 5.12: (a) Normalized reduced Raman spectra (λexc= 442 nm) of PG and T-6 samples. 
(b) 2D Raman mapping of the surface of T-6: peak position (top) and FWHM (bottom) of the 
most intense Raman band. 

As expected from the Raman spectra obtained by exciting PG and T-6 at 1064 nm,  

Raman spectra of these samples excited at 442 nm are very similar too (Fig. 5.12a). In 

addition, the 2D Raman mapping (Fig. 5.12b) of T-6 shows no signs of phase separation 

or structural modifications in the analysed surface since the variation of the peak 

position (± 3 cm-1) and FWHM (± 5 cm-1) are very small compared to the reference (PG) 

values: 742 cm-1 and 100 cm-1, respectively.  

 

 

5.4.3 Transmission electron microscopy analysis 

Despite the optical and structural characterization of sample T-6 clearly suggest 

the presence of nanocrystals in an amorphous matrix, the decisive proof requires the 

direct observation of nanocrystals by transmission electron microscopy (TEM). Thus, 

we have acquired TEM images of both the surface and the volume of T-6. As we 

described in chapter 3, an adequate specimen was prepared by the replica method in the 

first case; while, in the second case, focused ion-beam (FIB) milling was used to thin 

the bulk sample. Figure 5.13a shows a plane-view TEM image of a replica of T-6.  

(b) 
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Figure 5.13: (a) Plane-view TEM image of a replica of T-6. (b) EDX spectrum of the 
nanoparticles observed in (a). The inset shows the 0.4-1.7 keV region in more detail. (c) 
EDX spectrum of the region without nanoparticles. Peak assignment is included in (b) 
and (c). 

The replica of T-6 presents several agglomerated nanoparticles (dark grey areas in Fig. 

5.13a) with a dendritic structure and an average size of 50 ± 10 nm. We have performed 

energy dispersive X-ray (EDX) analysis to investigate the composition of the observed 

nanoparticles. The results are shown in Fig. 5.13b and they indicate that the 

nanoparticles are composed by erbium and fluorine. Carbon, copper and oxygen signals 

are also present in the EDX spectrum of the nanoparticles but they come from the 

carbon film and copper grid, respectively, as it is confirmed by the EDX spectrum of the 

light grey area (Fig. 5.13c). We remember here that the replica method only allows 

collecting the crystalline fraction on the sample surface (chapter 3). No signals from Te 

and Zn are detected in the nanoparticles, even if these elements are the principal 

constituents of T-6. This fact agrees with the structural analysis of T-6 described in the 

previous pages which indicates that the sample does not contain any Te and Zn 

crystalline phases. In order to confirm that the nanoparticles observed in Fig. 5.13a are 

nanocrystals, Figure 5.14a shows the enlarged TEM image of a nanoparticle.  
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Figure 5.14: (a) Plane-view TEM image of a nanoparticle observed in the replica of 
T-6. (b) Enlarged view of the region selected in (a). (c) Oscillations corresponding to 
grey value along the dashed line in (b). (d) FFT of the TEM image in (b). 

We observe lattice fringes in Fig. 5.14a, which confirm that the nanoparticles are 

actually nanocrystals [142]. A further zoom-in on the region where the lattice fringes 

are clearer (Fig. 5.14b) allow us to determine the lattice spacings which are a fingerprint 

of crystalline compounds. We have employed two complementary methods to 

determine the lattice spacings. The first one follows the approach described by 

Prathibha et al. [210]. It consists in representing the grey value along a line 

perpendicular to the lattice fringes by means of ImageJ [211] software. The period of 

the oscillations represents the lattice spacing. The second method makes use of the fast 

Fourier transform (FFT) algorithm to collect information about the reciprocal lattice 

geometry analogously to electron diffraction patterns [142]. In the reciprocal space, 

each lattice spacing produces a brilliant spot.  

The first method (Fig. 5.14c) leads to a lattice spacing of 3.4 ± 0.2 Å for the lattice 

fringes intercepted by the dashed line in Fig 5.14b; while the FFT of Fig. 5.14b shows 

two brilliant spots at a distance of 3.3 ± 0.2 Å (Fig. 5.14d). These values match well 

with the (111) and (020) planes of ErF3 crystals (orthorhombic unit cell), which have a 

lattice spacing of 3.19 and 3.42 Å, respectively [212].   
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Due to the marked tendency of DF glasses to surface crystallisation, we have performed 

additional TEM measurements of the core of sample T-6 to be sure of the presence of 

ErF3 nanocrystals in the volume too. Figure 5.15a presents the TEM image of the core 

of T-6. 

  

 

Figure 5.15: (a) Plane-view TEM image of the core of T-6. (b) High resolution TEM image of a 
nanocrystal corresponding to dark grey regions in (a). (c) FFT of the TEM image in (b) indexed 
according to ErF3 crystalline planes. (d) FFT of the region inside the dashed square in (b). 

We observe agglomerated nanocrystals in the core of T-6 that are well dispersed (Fig. 

5.15a). Due to the low resolution, we can distinguish well only the biggest ones having 

a size of ~200 nm. High resolution TEM image of a nanocrystal shows clearly its lattice 

fringes (Fig. 5.15b). The FFT of this image shows different brilliant spots in the 

reciprocal space which can be indexed as: (121), (111), (011), (010), and (020) planes of 

ErF3 crystals oriented in the [101] direction (Fig. 5.15c). On the contrary, FFT of an 

amorphous region (Fig. 5.15d) shows no brilliant spots, as we expected. Table 5.2 

summarizes the experimental lattice spacings from Fig. 5.15c and compares them with 

the tabulated ones [212] for ErF3 crystals.  
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Table 5.2: Experimental lattice spacings observed in Fig. 5.15c (dexp); tabulated lattice 
spacing for ErF3 and corresponding crystalline planes [212].   

dexp (Å) dErF3 (Å) [212] Plane (hkl) [212] 

2.49  2.482  (121)  

3.19  3.190  (111)  

3.38  3.420  (020) 

3.68  3.689  (011) 

6.85  -  (010)  

Therefore, TEM analysis of sample T-6 confirms the presence of ErF3 nanocrystals in 

all the volume of the sample and thus, the success in the synthesis of transparent Er3+ 

doped TeO2–ZnO–ZnF2 glass-ceramics.  

 

 

 

5.5 Photoluminescence response 

The transparent glass-ceramic (GC) samples obtained by two-step thermal 

treatments of the DF-1: 1 wt% ErF3 precursor glass (PG) are composed by an 

amorphous glass matrix, with the same structure as PG, but with embedded ErF3 

nanocrystals. Thus, the Er3+ environment in glass-ceramic samples changes with respect 

to PG. We have determined the Judd-Ofelt parameters Ωt (t= 2, 4, 6) of a glass-ceramic 

sample (T-8 or GC2 in Table 5.1) to estimate the variations of Er3+ environment upon 

annealing. They have been calculated from the absorption spectra of GC2, shown in 

Fig. 5.16, following the procedure described in chapter 2 [213]. 

  



5. Transparent Er3+ doped TeO2–ZnO–ZnF2 glass-ceramics  143 
 

400 600 800 1000 1200 1400 1600
0

2

4

6

8

10

2H11/2

4S3/2

4F7/2

4F9/2

4I9/2
4I11/2

4I13/2

 

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
  (

cm
-1
)

Wavelength  (nm)  
Figure 5.16: Absorption spectra of GC2. Er3+ absorption bands are labelled with the 
upper level of the transition, originated in the ground level. 

Table 5.3 lists the Ωt (t= 2, 4, 6) values and the spectroscopy quality factor (Ω4/Ω6) for 

the GC2 sample and compares them to those of PG, discussed in chapter 4.  

Table 5.3: Judd-Ofelt parameters Ωt (t= 2, 4, 6) and spectroscopy quality factor (Ω4/Ω6) 
of Er3+ in GC2 sample. The values calculated for PG are included for comparison. 

Sample  Ω2 
(10-20 cm2) 

Ω4 
(10-20 cm2) 

Ω6 
(10-20 cm2) Ω4/Ω6 

GC2 1.28 1.04 1.00 1.04 

PG 4.71 1.57 1.13 1.39 

The reduction of the Ω2 parameter indicates that the Er3+ environment is less covalent, 

or analogously more ionic, in the case of GC2 than for PG [170]. Moreover, the Ω2 

value of GC2 is similar to the value reported for an Er doped fluoride glass of the PbF2–

GaF3–ZnF3 system (Ω2 = 1.54·10-20 cm2) [214]. Thus, the Er3+ environment has become 

ionic in the GC2 sample, while it was mainly covalent in the PG. This result agrees with 

the structural characterisation of GC samples which showed the formation of ErF3 

nanocrystals. The variations of Er3+ environment in GC samples affect both the crystal 

field and the maximum phonon energy of the host (chapter 2). In particular, the 

maximum phonon energy is ~300 cm-1 for the fluoride crystalline phase [42] while is 

850 cm-1 for the amorphous fluorotellurite glass matrix (chapter 4). Therefore, we 

expect that the efficiency of Er3+ emissions increases dramatically in glass-ceramic 

samples due to the reduction of the probability of multiphonon relaxation of excited 

levels.  
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Finally, the spectroscopy quality factor of GC2 (Table 5.3) is slightly smaller than that 

of PG, yet is larger enough to make it a promising candidate for stimulated emission 

[171].  

In the next sections we study the photoluminescence response of GC1 and GC2 (see 

Table 5.1) and compare it to the response of PG that was presented in chapter 4.  

 

 

5.5.1 Near infrared emissions  

We have characterized the room temperature near infrared emissions of GC1 and 

GC2 samples by exciting them at 801 nm, in resonance with the 4I9/2 level.  

 
Figure 5.17: Energy level diagram of Er3+ ion excited at 801 nm, in resonance with the 
4I9/2 level. Dashed down arrows indicate nonradiative transitions. The 4I11/2→4I15/2 and 
4I13/2→4I15/2 near infrared emissions are indicated as down arrows.  

As represented in the Er3+ transition diagram (Fig. 5.17), the lower energy levels, 4I11/2 

and 4I13/2, are populated by multiphonon relaxation. Then, radiative transitions from 

these levels to the ground level lead to the infrared emission at ~980 nm (4I11/2→4I15/2) 

and to the main Er3+ emission at ~1530 nm (4I13/2→4I15/2). 

Figure 5.18a compares the near infrared emission spectra of glass-ceramic samples with 

that of PG while Fig. 5.18b compares the fluorescence decay of the 4I13/2 level.   
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Figure 5.18: (a) Room temperature normalized near infrared emission spectra of GC1 
and GC2 samples excited at 801 nm. PG spectrum is included for comparison. (b) 
Semilogarithmic plot of the fluorescence decay of the 4I13/2 level (λem= 1530 nm) for 
PG, GC1 and GC2 samples. 

The shape of the 4I13/2→4I15/2 emission band changes for GC samples with respect to 

that of the PG, while the 4I11/2→4I15/2 emission band presents a similar shape for all the 

samples. The 4I13/2→4I15/2 band is composed by four broad sub-bands in the case of PG 

that split up in one more sub-band in the case of GC samples. In particular, the most 

intense sub-band peaks at ~1530 nm in the spectrum of PG while it peaks at ~1540 nm 

in the spectra of GC samples. In addition, the 4I13/2→4I15/2 emission presents a reduced 

full width at half maximum (FWHM) in the case of GC2 (51 nm) while it does not 

change in the case of GC1 (62 nm) with respect to the PG (63 nm). We described in 

chapter 2 that the shape of absorption and emission bands of rare earth ions is mainly 

affected by their environment (ligand field). The characteristics of the 4I13/2→4I15/2 

emission band in the case of GC samples suggest that Er3+ ions are in a crystalline 
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environment, since this leads to a reduction of inhomogeneous broadening and to well-

resolved sub-bands due to the high degree of symmetry of Er3+ sites [30].  

The experimental fluorescence decay curves of the 4I13/2 level (Fig. 5.18b) show a 

reduced lifetime of the 4I13/2→4I15/2 emission for GC1 and GC2 with respect to PG. In 

addition, the decay curves of GC samples cannot be fitted by a single exponential 

function as in the case of PG. They can be fitted instead by two single exponential 

functions, with short (τs) and long (τl) time constants, respectively. Table 5.4 lists the 

values of τs and τl for GC samples and the lifetime (τ) of the4I13/2 level for PG.  

Table 5.4: Lifetime of the 4I13/2 level in PG, GC1, and GC2 samples excited at 801 nm 
(room temperature). 

Sample 
4I13/2 lifetime 

(ms) 

PG τ= 5.9 
GC1 τs= 1.1; τl= 3.7 
GC2 τs= 1.1; τl= 3.1 

The fact that the lifetime of the 4I13/2 level is fitted by two single exponential functions 

in the case of GC samples suggests that Er3+ ions are partitioned in two different 

environments, which are most likely the crystalline (ErF3 nanocrystals) and the 

amorphous (glass matrix) ones, as it has been described by Goutaland and coauthors for 

aluminosilcate oxyfluoride glass-ceramics [215]. Moreover, the smaller lifetime values 

of both GC samples (Table 5.4), with respect to the PG, may be due to a reduced 

distance between adjacent Er3+ ions in the nanocrystals which would favour dipole-

dipole energy transfer processes that would depopulate 4I11/2 and 4I13/2 levels, as 

described for other glass-ceramics [216]. 

Finally, we have calculated the emission cross-section (σe) of the 4I13/2→4I15/2 transition 

in GC1 and GC2 through the McCumber’s relation (Eq. 2.8) [87]. They are compared in 

Fig. 5.19 with that of PG. 
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Figure 5.19: Room temperature emission cross-section of the 4I13/2→4I15/2 transition 
determined for PG, GC1, and GC2 samples using the McCumber’s relation. 

We note that the emission cross-section of the two GC samples is similar. It differs from 

that of PG in shape and width, since it presents several sub-bands and it becomes 

slightly broader. However, the maximum σe value, which indicates the probability of 
4I13/2→4I15/2 emission events, is similar for both GC and PG samples (~8.8·10-21 cm2).  

 

 

5.5.2 Visible upconverted emissions 

In chapter 4 we studied the near infrared to visible upconversion of Er-doped 

fluorotellurite glasses. Fluorotellurite glasses with ErF3 content lower than 2 wt% 

presented a strong green emission but a very weak red emission. In this section we 

compare the visible upconverted emissions of GC samples with that of the PG. The 

three samples have been excited at room temperature at 801 nm, in resonance with the 
4I9/2 level (Fig. 5.17). Figure 5.20a shows the experimental emission spectra, normalized 

to their maximum intensity (at 545 nm).  
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Figure 5.20: (a) Room temperature normalized visible upconversion emission spectra 
of GC1, GC2 and PG samples excited at 801 nm. (b) Image of the visible emission in 
(b) PG and (c) GC2 samples. 

Both GC and PG samples present three emission bands, two of them in the green and 

the third one in the red spectral regions. The green emission bands are attributed to the 

(2H11/2, 4S3/2)→4I15/2 transitions while the red emission is attributed to the 4F9/2→4I15/2 

transition. In addition, the emission spectra of GC samples show another very weak 

emission at ~450 nm, that is attributed to the (4F3/2, 4F5/2)→4I15/2 transitions (Fig. 5.17). 

The detection of this emission as well as the observation of well resolved sub-bands in 

the spectra of GC samples are due to the low phonon energy of Er3+ environment and to 

its high symmetry, respectively, which are a consequence of the formation of ErF3 

nanocrystals in the glass-ceramics.  

However, the most remarkable difference between the spectra of PG and GC samples is 

the relative intensity of the red emission with respect to the green one. In particular, the 

red to green intensity ratio (IRED/IGREEN) is ~0.06 for the PG ant it increases up to ~0.54 

and ~0.84 in the case of GC1 and GC2, respectively. The variation of IRED/IGREEN can be 

observed also by naked eye: PG sample shows a bright apple green emission (Fig. 

5.20b), while the GC2 sample shows a green-yellowish emission (Fig. 5.20c), due to the 

contribution of the strong red emission.  

(a) 

(b) 

(c) 
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We have finally determined the dependence of the intensity of upconversion emissions 

(at 550 and 660 nm) on the laser pump power (λexc= 801 nm) in the case of GC1 (Fig. 

5.21). The dependence is quadratic, which indicates that excited state absorption (ESA) 

or energy transfer (ET) processes populate the 4S3/2 and 4F9/2 levels [96], as in the case 

of DF glasses (chapter 4).  
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Figure 5.21: Room temperature upconversion emission intensities as a function of 
pumping power at 801 nm for GC1. Dashed lines are the linear fitting of experimental 
measurements, which lead to a slope of 2.01 at 550 nm and of 1.86 at 660 nm. 

As we did for the PG in chapter 4, we have studied the lifetime of the visible emissions 

under near infrared (λexc= 801 nm) and visible (λexc= 488 nm) excitation to determine 

whether ESA or ET processes are responsible for the upconverted emissions [96]. To 

illustrate this, we present in Fig. 5.22 the fluorescence decay curves of 4S3/2 and 4F9/2 

levels for GC2. 
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Figure 5.22: Semilogarithmic plot of the room temperature fluorescence decay of (a) 4S3/2 and (b) 
4F9/2 levels under direct excitation (λexc= 488 nm) and near infrared excitation (λexc= 801 nm) for 
GC2.  



150                                     5. Transparent Er3+ doped TeO2–ZnO–ZnF2 glass-ceramics 

The decay curves can be fitted by two single exponential functions, with a short (τs) and 

long (τl) time constants. The values of τs and τl for the 4S3/2 and 4F9/2 levels are listed in 

Table 5.5 for GC1 and GC2. We also include the average lifetime (Eq. 3.13) of the 4I11/2 

level in Table 5.5.  

Table 5.5: Lifetime of the 4S3/2 and 4F9/2 levels under visible excitation (λexc= 488 nm) and infrared 
excitation (λexc= 801 nm) in GC1 and GC2. The lifetime of the 4I11/2 level is included for 
comparison.  

Sample 
4S3/2 lifetime (µs)  4F9/2 lifetime (µs) 4I11/2 τm (µs) 

λexc= 488 nm λexc= 801 nm λexc= 488 nm λexc= 801 nm λexc= 801 nm 

GC1 τs= 45; τl= 105 τs= 37; τl= 154 τs= 49; τl= 114 τs= 22; τl= 206 275 

GC2 τs= 36; τl= 107 τs= 41; τl= 129 τs= 21; τl= 89 τs= 23; τl= 183 220 

We note in Fig. 5.22a that the photoluminescence decay curve of the 4S3/2 level does not 

show an initial rise time under infrared excitation. This fact indicates that ESA 

processes from the 4I13/2 and 4I11/2 levels followed by multiphonon relaxation of the 

upper 4F3/2, 4F7/2, and 2H11/2 levels are mainly populating the 4S3/2 level (Fig. 5.23). 

However, at the same time, the fact that the lifetime of the 4S3/2 level is longer when 

pumping at 801 nm with respect to direct pumping (Table 5.5) is an indication of the 

presence of additional ET processes such as the 4I11/2→4I15/2; 4I11/2→4F7/2 transitions, 

which would contribute to populate the 4S3/2 level (Fig. 5.23).  

  
Figure 5.23: Energy level diagram of Er3+ in GC samples. Magenta up arrows indicate 
photon absorption from the ground state or from an excited state (ESA). Visible 
emissions are indicated as blue, green and red down arrows. Black dashed down arrows 
indicate nonradiative transitions. Energy transfer (ET) processes, when exciting at 801 
nm in resonance with level 4I9/2, are represented as cyan dashed arrows.  
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On the other hand, the decay curve of the 4F9/2 level under infrared excitation (Fig. 

5.22b) shows a rise time just after the end of the excitation pulse, which is characteristic 

of ET processes [96]. As discussed in the previous section, it is likely that Er3+ ions 

segregated in the fluoride nanocrystals have a shorter distance between them with 

respect to the ions dispersed in the amorphous glass matrix (PG). Thus, the large 

increase of the red upconverted emission in GC samples may be attributed to the 

increased probability of ET processes between nearby Er3+ ions in the nanocrystals.  We 

note that the τl value of the 4F9/2 level under infrared excitation is close to the lifetime of 

the 4I11/2 level for both GC samples (Table 5.5). This suggests that the 4I11/2 level is the 

intermediate level for ET processes in GC1 and GC2. In this way, two ET processes that 

may populate the 4F9/2 level in GC samples are:  4I9/2→4I13/2; 4I11/2→4F9/2 and 
4F7/2→4F9/2; 4I11/2→4F9/2 as illustrated in Fig. 5.23.  

Finally, it is worth mentioning that the small phonon energy of the fluoride crystalline 

phase may also lead to an increase of the population of the 4F9/2 level by reducing its 

multiphonon deexcitation. 
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5.6 Summary and conclusions 

In this chapter we have studied the nucleation and crystal growth behaviour of 

TeO2–ZnO–ZnF2 glasses to design thermal treatments that allow the production of 

transparent rare earth doped glass-ceramics through controlled crystallisation of 

precursor glass samples. We have succeeded only for a specific glass composition: 68 

TeO2– 22 ZnO– 10 ZnF2 (mol%): 1 wt% ErF3. The difficulty encountered for 

synthesizing transparent TeO2–ZnO–ZnF2 glass-ceramics has been attributed to the 

small temperature interval for the optimal crystal growth temperature which lead to the 

formation of nanometric-size crystals in the glass matrix. Moreover, we have found that 

this temperature interval depends on both the glass composition and the dopant 

concentration of TeO2–ZnO–ZnF2 glasses.  

We have performed an exhaustive structural characterization of the produced 

transparent glass-ceramic samples. While XRD analysis did not show any evidence of 

the presence of crystalline phases, Raman spectroscopy showed that transparent glass-

ceramic samples have a structure similar to that of the precursor glass, even at a micron 

scale (micro-Raman analysis). The observation of quasi-resonant electronic Raman 

transitions when λexc= 785 nm suggested the presence of ErF3 crystals. TEM allowed us 

to confirm the presence of dendritic ErF3 nanocrystals in all the volume of glass-

ceramics. The nanocrystals have characteristic sizes of ~50 nm and sometimes they 

aggregate together in clusters of up to 200 nm. The crystalline to amorphous ratio in 

glass-ceramic samples is low (< 1%) due to their low ErF3 content (1 wt%). Thus, even 

if glass-ceramics are mainly amorphous as indicated by XRD and Raman, large part of 

Er3+ ions in these samples are segregated into the fluoride nanocrystals.  

The optical characterization of glass-ceramic samples through transmittance 

measurements has shown that they are highly transparent in the visible and near infrared 

spectral regions even if they present a red shifted UV absorption edge. This shift may be 

attributed to Rayleigh scattering from the nanocrystals dispersed in the glass matrix. 

Moreover, the Er3+ absorption bands observed in the spectra of glass-ceramics show 

well resolved sub-bands that confirm a crystalline environment for Er3+ ions. The 

absorption and the refractive index of glass-ceramics samples are similar to those of the 

precursor glass. In particular, the linear refractive index is close to 2 in the infrared 

region.  
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The fact that Er3+ ions in glass-ceramic samples are segregated in a fluoride crystalline 

environment affects their photoluminescence response at room temperature since they 

“see” an environment different from the one of the amorphous glass matrix, which is 

characterized by a low phonon energy (~300 cm-1).  

The 4I13/2→4I15/2 (~1.5 µm) near-infrared emission spectra of glass-ceramics showed 

well-resolved sub-bands and a slightly reduced width, compared to the precursor glass, 

which indicate that the environment of Er3+ ions is ordered. However, the fluorescence 

decay of the 4I13/2 level in glass-ceramics was fitted by two single exponential functions 

with a shorter lifetime than the precursor glass. We have attributed this behaviour to the 

presence of Er3+ in amorphous and crystalline environments at the same time. In the last 

case, the distances between neighbour Er3+ ions are reduced, which would favour 

energy transfer processes with a consequent depopulation of 4I11/2 and 4I13/2 levels. 

However, the reduced distances between Er3+ ions in the nanocrystals led to a strong red 

upconverted emission (4F9/2→4I15/2) in glass-ceramic samples due to the larger 

probability of energy transfer processes between nearby Er3+ ions. In particular, the red 

to green (4S3/2→4I15/2) intensity ratio was up to 14 times larger for a glass-ceramic 

sample than in the precursor glass sample, becoming the red and green emissions of 

comparable intensity. Finally, the reduced phonon energy of the fluoride nanocrystals 

may also contribute to increase the population of the 4F9/2 level by reducing its 

multiphonon relaxation.  
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6 
Er3+ doped TeO2–ZnO–ZnF2 thin film glasses 

 

 

 

6.1 Introduction 

We have shown in the previous chapters that rare earth doped TeO2–ZnO–ZnF2 

glasses and glass-ceramics are excellent hosts for rare earth ions. They show intense 

near infrared and upconverted visible emissions that can be employed in optical 

amplifiers or phosphors, respectively. However, in order to develop integrated optical 

devices such as erbium doped waveguide amplifiers (EDWA) operating in the optical 

C-band (1.5 µm), the configuration usually adopted is that of Er doped film glasses 

deposited on Si substrates [16, 217]. Among the different chemical and physical 

techniques to produce rare earth doped film glasses such as sol-gel, flame hydrolysis, 

chemical vapour deposition, or pulsed laser deposition (PLD) [27, 125, 218]; we choose 

this last one since it allows the synthesis of multicomponent film glasses maintaining 

their complex stoichiometry and at the same time with a good optical quality [51, 53, 

219, 220].  

 

In this chapter we investigate the synthesis of Er3+ doped TeO2–ZnO–ZnF2 films by 

PLD. We choose the glass DF-1 (68 TeO2– 22 ZnO– 10 ZnF2 mol%) doped with 1 wt% 

ErF3 since, as we have shown in chapter 4, it is a promising candidate to develop 

broadband optical amplifiers in the optical C band. As grown film show a weak 
4I13/2→4I15/2 emission at 1.5 µm, thus we determine the thermal treatments able to 

enhance the near infrared emission. Finally, we relate the enhanced near infrared 

emission to the modifications induced on the structure and composition of Er doped 

TeO2–ZnO–ZnF2 films. 
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6.2 Optical characterization of as-grown films 

Er doped TeO2–ZnO–ZnF2 films were grown by PLD at room temperature by 

using the optimum laser fluence (2 J/cm2) and oxygen pressure (10 Pa), as described in 

chapter 3. As-grown films showed a high transparency by naked eye. We have 

characterized their optical properties by measuring the transmittance of as-grown films 

deposited on fused silica substrates and the linear refractive index of films deposited on 

Si substrates. Figure 6.1 shows the transmittance of a representative fluorotellurite film 

and compares it with that of the bulk glass used as target for PLD.  
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Figure 6.1: Transmittance spectrum of a representative DF-1: 1 wt% ErF3 film glass. 
The transmittance spectra of the fused silica substrate and the bulk glass used as PLD 
target are included for comparison. 

The transmittance spectrum of the film shows a high average transmittance (> 85 % for 

λ> 360 nm) and interference fringes, whose number and intensity are related to the 

thickness of the film and to the refractive index contrast (Δn) between the film and the 

substrate, respectively. Contrary to the spectrum of the bulk glass, the characteristic Er3+ 

absorption bands are not observed in the case of the film glass due to its reduced 

thickness that generates interference fringes which hide these bands. As commented in 

chapter 3, it is not possible to compare the cut-off wavelength (λc) of the film and target 

glasses due to their very different thickness (~10-7 vs ~10-3 m). However, while the 

target has a λc≈ 385 nm the film shows a λc≈ 320 nm. 

We have determined as well the linear refractive index (n) dispersion of fluorotellurite 

films by spectroscopic ellipsometry (chapter 3). We do not report the absorption 

coefficient (k) of the films since it was below our experimental resolution limit (k< 10-4) 

for λ> 500 nm.  
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Figure 6.2 presents the dispersion of for a representative as-grown film in the 400-1600 

nm spectral range. The refractive index of the bulk glass is included for comparison. 

400 600 800 1000 1200 1400 1600

1.9

2.0

2.1

2.2

DF-1:1% Er
 Bulk 
 Film

 

R
ef

ra
ct

iv
e 

in
de

x 
n

Wavelength  (nm)  
Figure 6.2: Linear refractive index of a representative DF-1: 1 wt% ErF3 film. The 
refractive index of the bulk glass is included for comparison. 

The refractive index of the film (nF) is smaller than the refractive index of the bulk (nB) 

in all the spectral range considered. In particular, nF = 1.94 while nB = 2.00 at 1500 nm, 

thus the film refractive index is reduced by 3 % with respect to the bulk. This reduction  

may stem from compositional changes or/and a reduced density of the films due to the 

fabrication technique, as it has been previously observed in both transparent tellurite 

and germanate film glasses produced by PLD [53, 221]. However, its value is large 

enough to guarantee a high confinement for the light propagating in the film due to 

large index contrast with respect to the substrate (nSiO2≈ 1.44 at 1500 nm).  

 

 

 

6.3 Near infrared emission  

In the previous section we have shown that as-grown fluorotellurite films 

possess very good optical properties. However, the practical application of these films 

requires combining them with a strong photoluminescence emission at 1.5 µm. Thus, 

we have measured the 4I13/2→4I15/2 emission spectrum and lifetime by exciting the 

samples at 980 nm in resonance with the 4I11/2 level. As we have described in chapter 4 

for bulk glasses, multiphonon relaxation of the 4I11/2 level lead to the population of the 
4I13/2 level, which decays radiatively to the ground level emitting at ~1.5 µm. 
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Unfortunately, as-grown films showed a weak near infrared emission with a signal to 

noise ratio too low to determine the lifetime of the 4I13/2 level. Thus, we have performed 

annealing treatments of the as-grown films in air with the aim of enhancing the near 

infrared emission. We have performed step annealing at increasing temperatures (270 

ºC; 300 ºC; 310 ºC; 315 ºC; and 320 ºC) for 2-3 hours at each temperature. After each 

annealing step we have measured the near infrared emission spectrum to study the 

dependence of the photoluminescence intensity (IPL) at 1.53 µm with the annealing 

temperature (TANN). Figure 6.3 shows the results obtained. 
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Figure 6.3: Room temperature intensity (IPL at 1.53 µm) of the 4I13/2→4I15/2 near infrared 
emission as a function of the annealing temperature (TANN) for fluorotellurite films 
excited at 980 nm. The inset compares the normalized emission spectra of film and bulk 
samples. 

We observe in Fig. 6.3 that IPL shows a moderate increase for TANN ≤ 300 ºC while it 

increases significantly for TANN = 310-315 ºC. In particular, IPL is 20 times larger with 

respect to the as-grown film after annealing at 315 ºC. Instead, a further annealing at 

320 ºC led to a decrease of IPL and to a partial detachment of the film from the substrate. 

In addition, films annealed at temperatures higher than 320 ºC showed a loss of 

transparency probably due to their partial crystallisation. We have also investigated the 

effect of the duration of the annealing treatment on IPL for TANN < 315 ºC and we have 

found that IPL did not change noticeably when increasing the annealing time from 1 hour 

up to 6 hours at a given temperature. Finally, we have observed that films annealed in 

consecutive steps from a lower TANN to a higher one showed a better adherence to the 

substrate and a larger IPL compared to films annealed only in a single step at the highest 

temperature. 
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Contrary to IPL, the emission spectrum of fluorotellurite films (annealed or not) did not 

change with TANN, which suggests that annealing treatments did not alter the Er3+ 

environment in the film glasses. However, the emission spectrum of a film has a slightly 

reduced width than that of the bulk (inset Fig. 6.3). The full width at half maximum is 

57 nm for the film while is 65 nm for the bulk sample. This behaviour is most likely 

related to structural or compositional variations between the bulk and film glasses, as 

we discuss in the next sections.   

Finally, we have studied the dependence of the lifetime of the 4I13/2 level (τ) with TANN 

by annealing a film in three consecutive steps: i) at 300 ºC for 3 hours (sample AF-1); 

ii) at 310 ºC for 3 hours (sample AF-2); and iii) at 315 ºC for 2 hours (sample AF-3); 

and measuring the decay of the 4I13/2 level after each annealing step. Figure 6.4a 

compares the experimental decay of the 4I13/2 level for AF-1 and AF-3 films with that of 

the bulk glass. The decay curves can be fitted by a single exponential function whose 

time constant is τ. The decay of the 4I13/2 level for AF-2, not shown in Fig. 6.4, is fitted 

by a single exponential function too. Figure 6.4b shows the dependence of the measured 

τ on TANN.  
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Figure 6.4: (a) Semilogarithmic plot of the room temperature fluorescence decays from the 4I13/2 level 
(λem= 1531 nm) for bulk, AF-1 and AF-3 samples. (b) Relation between the lifetime of the 4I13/2 level 
(τ) and TANN for fluorotellurite films. Dashed lines between points are guides to the eye. The 
horizontal dashed line in (b) indicates the τ of the bulk glass. 

τ increases from 2.3 ms (AF-1) up to 3.3 ms (AF-3) by increasing the annealing 

temperature from 300 to 315 ºC (Fig. 6.4b). However, the maximum τ (3.3 ms) 

measured for the annealed fluorotellurite film AF-3 is still lower than the τ of the bulk 

glass, which is equal to 3.8 ms. As we have described in chapter 2, the most frequent 

causes for photoluminescence quenching of rare earth ions in glasses there are: a high 
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concentration or clustering of rare earth ions, a high OH- concentration, structural 

defects in the glass matrix. We analyze in the next section the composition and structure 

of as-grown and annealed fluorotellurite films to reveal their effect on the 

photoluminescence response.    

 

 

 

6.4 Compositional and structural analysis 

We have determined the composition of as-grown (AGF) and annealed (AF-3) 

fluorotellurite film glasses through Rutherford backscattering spectrometry (RBS) and 

proton-induced gamma ray emission (PIGE) techniques that were described in chapter 

3. Figure 6.5 presents the experimental and simulated RBS spectra of the AGF sample. 
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 Figure 6.5: Experimental and simulated RBS spectra of a representative as-grown film 
(AGF). 

We clearly observe in the figure the edges associated to Te, Zn, O and Si (substrate) 

while the one associated to Er is barely seen due to its small intensity. The atomic 

content of these elements was determined from the fitting of the experimental RBS 

spectrum through the SIMRA software [134]. Instead, F content was determined trough 

PIGE analysis. The estimated experimental error is ± 10 % for the Te, Zn, O, and F 

concentration while is ± 100 % for the Er concentration. The experimental composition 

determined for bulk, as-grown film (AGF) and annealed film (AF-3) glasses is 

presented in Table 6.1. 
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Table 6.1: Experimental atomic composition ([X] in at.%) of bulk, as-grown film 
(AGF) and annealed film (AF-3) glasses. 

Sample [Te] [Zn] [Er] [O] [F] 

Bulk 23.7 ± 2.4 11.6 ± 1.2 0.3 ± 0.1 58.4 ± 5.8 6.0 ± 1.2 

AGF 22.4 ± 2.2 8.2 ± 0.8 0.1 ± 0.1 66.0 ± 6.6 3.3 ± 0.3 

AF-3 24.4 ± 2.4 8.6 ± 0.9 0.1 ± 0.1 64.2 ± 6.4 2.7 ± 0.3 

Table 6.1 shows that both AGF and AF-3 are enriched in [Te] with respect to [Zn] 

compared to the bulk glass, while the comparison between the films and the bulk 

fluorotellurite glasses is complicated due to its small content and the large error in its 

determination in the case of [Er]. However, the results obtained suggest that Er content 

in the films is comparable to that of the bulk so Er clustering seems unlikely in AGF 

and AF-3 samples. Finally, the most significant compositional change between the film 

and bulk glasses regards their anionic content. While [O] increases, [F] decreases in the 

film glasses, especially in the AF-3 sample. The fact that AGF and AF-3 have a similar 

composition indicates that annealing the films at TANN ≤ 315 ºC does not lead to any 

significant compositional variation within the experimental error of our measurements.  

The composition variations observed in AGF can be attributed to the deposition 

technique. Thin films that are deposited by PLD in the presence of a background gas 

usually are enriched in the heaviest elements [222]. This fact can be attributed to the 

collisions between the ablated species and the background gas molecules which lead to 

a reduction of the kinetic energy and to a modification of the angular distribution of the 

ablated species during their expansion [222]. Scattering of the ablated species by the 

background gas becomes important at pressures above 10 Pa and it is more intense for 

species with masses similar to those of the background gas molecules, i.e. the lightest 

species [223]. In our case this should lead to a relative enrichment of [Te] (at. weight= 

127.6) with respect to [Zn] (at. weight= 65.4), as experimentally observed (Table 6.1). 

Enrichment in [O] has been previously observed in either oxide or oxyfluoride tellurite 

film glasses produced by PLD in an O2 atmosphere [224, 225, 226]. It may have 

different origins such as the incorporation of background oxygen to films during the 

deposition process or through the oxidation of a fraction of the ablated species by 

reaction with background O2 molecules. With respect to the reduction of [F] observed in 

fluorotellurite films this may be attributed to its light weight [223] and its high 
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electronegativity which make it a highly reactive element. In this regard we remember 

that reaction of F with H2O led to the dehydration of DF glasses during their melt 

(chapter 4).   

The excess of oxygen may lead to structural modifications in the case of film glasses. 

Thus, we have analysed the structure of AGF and AF-3 samples through Raman 

spectroscopy (λexc= 442 nm). Figure 6.6 compares the Raman spectra of fluorotellurite 

film glasses with that of the bulk glass.  
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Figure 6.6: Normalized and reduced Raman spectra of bulk, as-grown film (AGF) and 
annealed film (AF-3) glasses. 

Raman spectra of bulk, AGF and AF-3 samples present the same cut-off frequency of 

optical phonon modes (at ~850 cm-1) and show the three distinctive bands of tellurite 

glasses at 400-500 cm-1, 600-700 cm-1 and 700-800 cm-1, which are indicated in Fig. 6.6 

as A, B, and C, respectively. As it was described in chapter 4, these bands are associated 

to: symmetric and bending vibrations of Te-O-Te bonds at corning sharing sites of 

[TeO4], [TeO3+1], and [TeO3] units (band A); symmetric stretching of Te-O bonds in 

[TeO4] units (band B); vibrations of Te-O and Te-ONBO bonds in [TeO3+1]/[TeO3] units 

(band C). We have determined the intensity, peak position and area of A, B, and C 

bands by Gaussian deconvolution of the Raman spectra of bulk, AGF and AF-3 samples 

to ease their comparison. Table 6.2 summarizes these values. 
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Table 6.2: Peak position (Peak), relative intensity (Ip) and area of the bands obtained by Gaussian 
deconvolution of Raman spectra of bulk, AGF and AF-3 fluorotellurite glasses. 

Band 
Bulk  AGF AF-3 

Peak
(cm-1) Ip Area Peak

(cm-1) Ip Area Peak 
(cm-1) Ip Area 

A 438 0.27 40 455 0.24 30 457 0.17 23 

B 658 0.7 62 662 0.63 58 663 0.59 58 

C 760 1 106 769 1 108 766 1 97 

As we observe in Fig. 6.6, the Raman spectra of bulk and film glasses show small 

differences. The peak position of A, B, and C bands shifts toward higher wavenumbers 

in the case of film glasses with respect to the bulk glass. In addition, the relative 

intensity (and area) of bands A and B decreases with respect to the band C. The 

intensity of the band A has been related to the glass network connectivity and to the F/O 

ratio [150]. Thus, its reduction may be related to the composition of film glasses (Table 

6.1) and the increase of non-bridging oxygens (NBO) in these samples, which leads to a 

decrease in the network connectivity. We have qualitatively estimated the fraction of 

NBO in the bulk and film glasses from the intensity ratio between C and B bands 

(IC/IB). This ratio is found to increase from 1.43 in the case of the bulk to 1.59 (AGF) 

and 1.69 (AF-3).  

The analysis of the structure of fluorotellurite film glasses indicates that their glass 

network connectivity is smaller than in the bulk glass as well as the number of [TeO4] 

units, while the number of number of NBO and [TeO3] units increases. However, these 

structural modifications cannot be responsible for the quenching of the near infrared 

emission observed in AGF since the AF-3 sample presents a strong PL emission at 1.5 

µm while having a similar structure to AGF.  
 
 
 
6.5 Surface morphology analysis 

Film glasses for active applications such as EDWA or EDWL should present a 

smooth surface free of voids or large particles to allow propagation of light with low 

losses [16, 219, 220]. We have studied the surface morphology of as-grown (AGF) and 

annealed AF-3 films by scanning electron microscopy (SEM) and atomic force 
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microscopy (AFM). Figure 6.7 shows the plane-view SEM images of the AGF and AF-

3 fluorotellurite film glasses. 

 
 

 
 

 

Figure 6.7: Plane-view SEM images of (a) as-grown (AGF); and (b) annealed AF-3 
fluorotellurite film glasses. 

Both as-grown and annealed films show a uniform surface composed by small particles 

with typical diameters ∅< 100 nm, that belong to the same plane. Only few large 

particles and clusters of agglomerated particles are observed in the AGF and AF-3 

samples. However, we note that in the case of AGF (Fig. 6.7a) the boundaries between 

the particles can be well distinguished which imply that the microstructure of the film 

presents interconnection voids which increase the film porosity. On the contrary, the 

annealed film (Fig. 6.7b) shows a more compact microstructure where only few 

boundaries between adjacent particles are observed. This fact should lead to a reduction 
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of the surface roughness and porosity of the annealed film with a consequent 

improvement of its optical quality. Thus, we have determined the mean surface 

roughness (root mean squared, rms) of AGF and AF-3 by AFM (not shown here). As 

we expected, the rms roughness is ~12 nm for AGF while it reduces to only 8 nm for 

AF-3 (–30 %). These values are well below the typical mean roughness (16 nm) 

reported by Caricato and coauthors [227] for oxyfluoride silicate films synthesized by 

PLD at 200 ºC.  

In addition, the reduced porosity of AF-3 should lead to a higher density and thus to a 

larger refractive index with respect to the AGF. Since the films were deposited on a 

transparent substrate it has not been possible to determine their refractive index by 

spectroscopy ellipsometry. However, we have compared the transmittance spectra of 

these films (Fig. 6.8).  
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Figure 6.8: Transmittance spectra of as-grown (AGF) and annealed AF-3 fluorotellurite 
film glasses. Spectra have been normalized to the substrate transmittance spectrum. 

The spectra of as-grown and annealed films present a high transmittance and the same 

number of oscillations which indicates that their thickness is similar. However, we 

observe in Fig. 6.8 that the amplitude of interferences fringes is slightly larger in the 

case of AF-3. We have already described in section 6.1 that the amplitude of the 

interferences fringes in the transmittance spectrum of a thin film is related to the Δn 

between the film and the substrate. Therefore, the transmittance spectra in Fig. 6.8 

suggest that Δn increases and so the refractive index of the film glass upon annealing, 

which is in good agreement with the results of SEM analysis that indicate a less porous 

structure in the case of the AF-3 sample (Fig. 6.7b). In addition, a second difference 
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between the transmittance spectra of AGF and AF-3 is the presence of an absorption 

band in the 2800-3000 nm range in the spectrum of AGF. We observe that this band is 

strongly reduced in the case of the AF-3 sample, which suggests that the responsible 

process is less intense in the annealed film.  Similar bands in the transmittance spectra 

of glasses have been attributed to OH- vibrations [163]. Thus, in the next section we 

investigate the OH- content of fluorotellurite films and how it is affected by annealing 

treatments.  

 

 

 

6.6 OH- content 

We have measured the infrared absorption spectra of fluorotellurite films by 

FTIR. The substrate (borosilicate glass) employed to deposit the film glasses hides their 

multiphonon absorption edge. Thus, we focus here only on the infrared region where the 

OH- absorption bands are observed. Figure 6.9 compares the absorption coefficient of 

bulk and film glasses obtained as described in chapter 4 for bulk fluorotellurite glasses.  
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Figure 6.9: Absorption coefficient of DF-1: 1 wt% ErF3 bulk, as-grown film (AGF) and 
annealed film (AF-3) glasses in the infrared spectral region. 

We immediately note that the intensity of the absorption band due to OH- vibrations 

(αOH) is more than 3 orders of magnitude larger in the as-grown film (AGF) than in the 

bulk glass. Even if post-deposition annealing leads to a strong reduction of αOH, as we 

observe in the case of AF-3 sample, this is still ~400 times larger than αOH of the bulk 

glass. This result is not surprising since film glasses synthesized by PLD usually shows 

a large OH- content [220, 226]. In particular, Irannejad et al. [226] reported that 
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phospho-tellurite films synthesized by PLD with a substrate held at 100-200 ºC showed 

a 103-104 times larger infrared absorption than the bulk glass.  

Post-deposition annealing not only reduces the maximum αOH of fluorotellurite films 

but it leads to a modification of the shape of the infrared absorption spectrum which 

becomes similar to that of the bulk glass (Fig. 6.9). As discussed in chapter 4, the broad 

absorption band due to OH- vibrations can be deconvoluted into three sub-bands that are 

attributed to strong, weak and free OH-s according to the strength of the hydrogen-

matrix bond [37, 98]. The strongest the bond, the smallest is the vibration energy (or 

wavenumber) of OH- groups. Thus, we can relate the different AFG and AF-3 spectra to 

a variation in the relative amount of strong, weak and free OH-s in the two samples. 

Figure 6.10 shows the Gaussian deconvolution of the OH- absorption band in the 

spectra of AGF and AF-3 samples. 
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Figure 6.10: Gaussian deconvolution of the absorption band due to OH- groups in the case of (a) as-
grown (AGF); and (b) annealed AF-3 fluorotellurite film glasses. 

Table 6.3 summarizes the peak position, intensity, and relative area of strong, weak, and 

free OH- groups in AGF and AF-3 samples. In addition, the OH- concentration (NOH) 

associated to each type of OH- groups has been calculated by Eq. 3.9 and included in the 

table. We have also included in the table the values calculated for the DF-1: 1 wt% ErF3 

bulk glass (chapter 4). 
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Table 6.3: Peak position (λP); peak intensity (IP); relative area (AB); and OH- 
concentration (NOH) corresponding to each sub-band obtained by Gaussian 
deconvolution of the OH- absorption band in the infrared spectra of AGF and AF-3. The 
values calculated for the bulk glass are included for comparison. 

 λP (cm-1)  IP (cm-1) AB (%) NOH  
(1020 ions/cm3) 

AGF     
Strong OH-s 2310 192 7 24 
Weak OH-s 3025 960 72 118 
Free OH-s 3335 520 21 64 
     
AF-3     
Strong OH-s 2324 132 20 16 
Weak OH-s 2879 212 70 26 
Free OH-s 3499 49 10 6 
     
Bulk     
Strong OH-s 2248 0.25 14 0.03 
Weak OH-s 2937 0.56 80 0.07 
Free OH-s 3308 0.11 6 0.01 

We can estimate the total OH- concentration in the case of AGF and AF-3 samples from 

Table 6.3. AGF presents a NOH = 2.0 1022 ions/cm3 which is reduced to NOH = 4.8 1021 

ions/cm3 for AF-3. Thus, AGF shows an OH- density 103 times larger than the bulk 

glass (NOH = 1.1 1019 ions/cm3) while the AF-3 still presents a NOH more than 102 times 

larger. Interestingly, if we look in detail to the relative content of the different types of 

OH- groups in the film and bulk glasses, we observe that AGF possesses the largest 

relative content of free OH-s. Upon annealing, the content of free OH-s decreases by a 

factor of ~10 whereas that of weak OH-s by a factor of ~5. However, the content of 

strong OH-s is only slightly affected by the annealing since it only decreases by a factor 

of ~1.5.  

The large OH- content of fluorotellurite films, even in the annealed one, is most likely 

the responsible of photoluminescence quenching. We have estimated the ratio NOH/[Er] 

(nominal [Er]= 1.47 1020 ions/cm3) for bulk and film glasses. It is 0.08 for the bulk 

glass; 33 for AF-3; and 136 for AGF. This implies that in the AGF Er3+ ions are most 

likely surrounded by OH- groups that quench their photoluminescence emission, while a 

similar process is negligible in the case of bulk glass. The situation of AF-3 is 

somewhat intermediate: Er3+ ions are likely surrounded by OH- groups but at a lower 

extent than in the case of AGF. This leads to a partial quenching of the near infrared 
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emission at 1.5 µm of AF-3, as demonstrated by the reduced experimental lifetime of 

the emission in the case of AF-3 with respect to the bulk glass (Fig. 6.4b).  

The large OH- content in the films has to be related to either the fabrication process by 

PLD or to post-growth incorporation of molecular water. The presence of 

interconnection voids on the film surface and its porous structure (Fig. 6.7a) would 

support this last possibility. In fact, Irannejad and coworkers observed the incorporation 

of molecular water (absorption band at 3700 cm-1) in phospho-tellurite films produced 

by PLD [220]. The deposition of a silica capping layer on the top of the films was 

enough to avoid this process [220]. In order to check this possibility, we compared the 

FTIR absorption spectra of “just” annealed films and the spectrum of the same film 

measured one year after its annealing. They did not show noticeable differences, which 

suggest that in the present case, OH- incorporation takes place during the synthesis 

process itself. 

The PLD deposition chamber was evacuated in all cases to a residual pressure of 10-4 Pa 

prior to the deposition of any film. Thus, residual water vapour present in the deposition 

chamber cannot justify such a large OH- content in the as-grown films. Neither the OH- 

content in the target bulk glass seems to be the origin, since as it is shown in Table 6.3, 

its OH- content is 103 times lower than in AGF, nor the O2 gas used as dynamic 

background during the synthesis of the films, since it has a high purity (99.995 %) and a 

OH- content < 3 ppm. Thus, the origin of such a large OH- content has to be related to a 

possible contamination with H2O of the O2 inlet in the chamber during film deposition. 

In this case, the dehydration process due to the reaction between fluorine and water 

during the melting, which undoubtedly takes place in the case of bulk glasses as it was 

discussed in chapter 4, will be limited in the case of thin films due to their reduced 

fluorine content and therefore, its role in the control of OH- concentration would be 

limited. 
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6.7 Summary and conclusions 

In this chapter we demonstrate that Er3+ doped fluorotellurite film glasses with very 

good optical quality can be synthesized by pulsed laser deposition at room temperature 

in an O2 atmosphere (10 Pa). The films show a high transmittance (> 85 %) for 

wavelengths larger than 360 nm and a refractive index slightly smaller than 2 in the 

near-infrared spectral region. However, the near-infrared 4I13/2→4I15/2 emission at 1.5 

µm is strongly quenched in as-grown film glasses. Post-deposition annealing treatments 

largely improve the near infrared Er3+ photoluminescence emission at 1.5 µm. We have 

obtained the best results for 2-3 hours annealing steps in the range 300-315 ºC. In 

particular, we have achieved up to a 20-fold increase of the emission intensity (at 1.53 

µm) and a single-exponential decay of the 4I13/2 level with a maximum lifetime of 3.3 

ms, while the shape of the emission spectrum is similar to that of the bulk glass and 

little affected by the annealing, thus indicating that Er3+ environment remained 

unchanged.  

We have investigated the modifications induced by the annealing in order to determine 

the origin of photoluminescence quenching in as-grown films. The composition and 

structure of fluorotellurite films, even if slightly different from that of the bulk glass, 

are similar in as-grown and annealed films so we consider that they are not responsible 

for the photoluminescence quenching. On the contrary, the surface morphology of the 

annealed film improves upon annealing: it shows a reduced roughness (8 vs 12 nm) and 

fewer particles/voids with respect to the as-grown film. This contributes to improve the 

optical properties of the annealed film, which may lead to improve its 

photoluminescence response in return. However, the main responsible for the 

photoluminescence quenching of as-grown films is their large OH- content which leads 

to nonradiative deexcitation of the 4I13/2 level through stretching vibrations of O-H 

bonds. In particular, we have estimated that the OH- concentration is 103 times larger in 

the as-grown film and more than 102 times larger in the annealed film, with respect to 

the bulk glass. Therefore, even if the OH- content of annealed films has been strongly 

reduced it is still large enough to induce nonradiative deexcitation of Er3+ ions, as 

evidenced by the fact that the lifetime measured for the bulk glass is larger than for the 

annealed film (3.8 ms vs. 3.3 ms). OH- groups in the produced fluorotellurite films are 

part of the glass network and they do not come from molecular water incorporated to 
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the films after their deposition, as reported in the case of phospho-tellurite films [220, 

226]. The OH- content of as-grown films could be likely reduced by using a heated 

substrate, increasing the duration of post-deposition annealing treatments, and finally by 

avoiding any contamination of the deposition chamber with water vapour.    
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7 
Conclusions/Conclusiones 

 
 
 

Conclusions 
In this thesis we investigate fluorotellurite glasses, glass-ceramics, and film glasses 

belonging to the TeO2–ZnO–ZnF2 system as hosts for rare earth ions and we analyze 

their potential as base materials for active photonic devices. The main conclusions 

achieved are summarized in the following. 

 

 Rare earth doped TeO2–ZnO–ZnF2 glasses 

We have studied the effect of Zn/Te and F/O ratios on the properties of TeO2–ZnO–

ZnF2 glasses. For this purpose we have considered two glass hosts with real 

compositions: 68 TeO2–22 ZnO–10 ZnF2 mol% (DF-1) and 35 TeO2–46 ZnO–19 

ZnF2 mol% (DF-2). We have determined that the glass having the larger Zn/Te and 

F/O ratios (DF-2) presents a poorly connected network structure mainly composed 

by TeO3 units; a lower refractive index (1.82 vs. 2.00 nm at 1500 nm); a lower OH- 

content (39.8 ppm vs. 56.3 ppm) and a blue shifted ultraviolet absorption edge (~343 

nm vs. ~385 nm), with respect to the glass with the lower Zn/Te and F/O ratios (DF-

1). However, both glasses are characterized by a maximum phonon energy of ~850 

cm-1; a large thermal stability (Ton – Tg) ≥ 100 ºC and a broad transparency region 

from the visible up to ~6 µm, which make them promising for practical applications. 

The study of the photoluminescence response of Er3+ doped DF-1 and DF-2 glasses 

(λexc= 801 nm at room temperature), as a function of the dopant concentration, has 

demonstrated that DF-1 is a promising candidate for its application in broadband 

optical amplifiers in the C band (1.5 µm) due to its large emission cross-section and 

bandwidth, while DF-2 doped with 3 wt% ErF3 is suitable for implementing devices 

based on the infrared to visible (green and red) upconverted emissions due to the 

strong intensity and large lifetime of these emissions.  
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Finally, we have studied the room temperature photoluminescence response of Er3+-

Yb3+ and Er3+-Tm3+ codoped DF-1 glasses. The glass codoped with the largest 

Yb3+ content (0.5 wt% ErF3–2 wt% YbF3) is suitable to develop broadband 

amplifiers in the optical C band as well as devices based on the infrared to visible 

(green and red) upconverted emissions since it shows enhanced near infrared 

emission at 1.5 µm (5-fold) and visible upconverted emissions (green: 40-fold; red: 

800-fold) with respect to the single Er3+ doped glass (0.5 wt% ErF3), due to energy 

transfer processes from Yb3+ to Er3+ ions. In the case of Er3+-Tm3+ codoped DF-1 

glasses, we have demonstrated that the glass with the largest Tm3+ content (0.3 wt% 

ErF3–1 wt% TmF3) is a suitable candidate to implement ultra broadband amplifiers 

covering the S, C, L, and U bands of the optical telecommunication transmission 

window since it presents a 150 nm-wide emission spectra due to the superposition of 

the near infrared emission of Er3+ and Tm3+ ions.  

 

 Transparent Er3+ doped TeO2–ZnO–ZnF2 glass-ceramics 

We have studied the thermodynamic behavior of TeO2–ZnO–ZnF2 glasses with the 

objective of producing transparent rare earth doped glass-ceramics through two-step 

thermal treatments of precursor glass samples. We have determined that transparent 

glass-ceramic samples can be produced by controlled crystallisation in a small 

temperature range (340-345 ºC) in the case of the glass with composition: 68 TeO2– 

22 ZnO– 10 ZnF2 (mol%): 1 wt% ErF3. Moreover, this interval is strongly 

dependent on both the glass composition and the dopant concentration. Glass-

ceramics are highly transparent in the visible (> 500 nm) and near infrared spectral 

regions and they present a linear refractive index similar to those of the precursor 

glass (1.99 at 1500 nm). Transmission electron microscopy analysis has evidenced 

the presence of dendritic ErF3 nanocrystals in the amorphous glass matrix, with 

characteristic sizes of ~50 nm. The crystalline to amorphous ratio is low (< 1 %) in 

glass-ceramics due to their low ErF3 content (1 wt%) but the fraction of Er3+ ions  

segregated into the fluoride nanocrystals is large. Thus, the local environment of 

Er3+ ions changes from the amorphous environment of the glass matrix to the 

polycrystalline environment of  fluoride nanocrystals, which is characterized by a 

low maximum phonon energy (~300 cm-1). This fact has important effects on the 

photoluminescence response of Er3+ ions: their absorption and emission bands 
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sharpen and transitions between individual Stark levels can be well resolved at room 

temperature; their upconverted red emission is dramatically enhanced and it 

becomes of comparable intensity to the green one (IRED/IGREEN≈ 0.54-0.84). Thus, 

glass-ceramics may be adequate candidates to develop devices based on Er3+ visible 

upconverted emission such as phosphors and upconvertes.  

 
 Er3+ doped TeO2–ZnO–ZnF2 thin film glasses 

We have synthesized film glasses by pulsed laser deposition at room temperature 

from the 68 TeO2– 22 ZnO– 10 ZnF2 (mol%): 1 wt% ErF3 bulk glass. The glass 

structure of as-grown films is similar to that of the bulk glass, although they show a 

larger fraction of non bridging oxygens and TeO3 units. They present a very good 

optical quality (linear refractive index: 1.94 at 1500 nm, transmittance larger than 85 

% for λ> 360 nm). Unfortunately, the near infrared emission at 1.5 µm of as-grown 

films is too weak to be useful for practical applications. However, this was 

improved through optimized annealing treatments in air in the 300-315 ºC range. In 

particular, a 20-fold increase of the maximum emission intensity with respect to as-

grown films, and a single-exponential decay of the 4I13/2 level with a maximum 

lifetime of 3.3 ms were achieved. This improvement was attributed to the significant 

decrease of the OH- content in the annealed film (1 order of magnitude). OH- 

content remained stable with time, thus suggesting that the incorporation of 

hydroxyl ions to the films takes place during their deposition. Finally, we propose 

the use of a heated substrate and the increase of the annealing time to reduce further 

the OH- content of film glasses.   
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Conclusiones 
En esta tesis investigamos vidrios, vitrocerámicos, y láminas delgadas de vidrios de 

fluoroteluritos pertenecientes al sistema TeO2–ZnO–ZnF2 como matrices para iones de 

tierras raras, así como analizamos su posible aplicación para el desarrollo de 

dispositivos fotónicos activos. Los principales resultados obtenidos se resumen a 

continuación. 

 
 Vidrios de TeO2–ZnO–ZnF2 dopados con iones de tierras raras 

Hemos estudiado el efecto del contenido relativo de Zn/Te y F/O en las propiedades 

de de vidrios de TeO2–ZnO–ZnF2. Para ello, hemos considerado dos vidrios con 

composiciones reales: 68 TeO2–22 ZnO–10 ZnF2 mol% (DF-1) and 35 TeO2–46 

ZnO–19 ZnF2 mol% (DF-2). El vidrio con un cociente de Zn/Te y de F/O mayor 

(DF-2) posee una estructura de red vítrea débilmente conectada, compuesta 

principalmente por unidades TeO3; un índice de refracción menor (1.82 vs. 2.00 nm 

a 1500 nm); un contenido de OH- inferior (39.8 ppm vs. 56.3 ppm) y, por último, un 

borde de absorción ultravioleta desplazado hacía longitudes de onda menores (~343 

nm vs. ~385 nm), en comparación con el vidrio con cociente de Zn/Te y F/O 

menores (DF-1). Sin embargo, ambos vidrios se caracterizan por una máxima 

energía de fonón máxima similar (~850 cm-1); una gran estabilidad térmica (Ton – 

Tg) ≥ 100 ºC y una amplia región de transparencia desde el visible hasta ~6 µm, que 

los hacen prometedores para aplicaciones prácticas. 

El estudio de la respuesta fotoluminiscente de los vidrios DF-1 y DF-2 dopados con 

Er3+ (λexc= 801 nm a temperatura ambiente), en función de la concentración de 

dopante, ha demostrado que DF-1 es un candidato prometedor para el desarrollo de 

amplificadores ópticos de banda ancha en la ventana de transmisión C (1,5 µm) 

dadas su amplia anchura de banda y elevada sección eficaz, mientras que el vidrio 

DF-2 dopado con el 3 % de ErF3 es adecuado para desarrollar dispositivos basados 

en las emisiones visibles (verde y roja) por procesos de conversión de energía 

(upconversion) gracias a la elevada intensidad y largo tiempo de vida de estas 

emisiones. 

Por último, hemos estudiado la respuesta fotoluminiscente a temperatura ambiente 

de vidrios DF-1 codopados con Er3+-Yb3+ e Er3+-Tm3+. El vidrio codopado con el 

mayor contenido de Yb3+ (0.5 % ErF3–2 % YbF3) es un candidato potencial para 
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desarrollar amplificadores ópticos de banda ancha en la ventana de transmisión C, 

así como dispositivos basados en las emisiones visibles del Er3+ por procesos de 

upconversion, dado a que muestra un aumento significativo tanto de la emisión a 1.5 

µm (factor 5), como de las emisiones visibles (verde: factor 40; roja: factor 800) con 

respecto al vidrio dopado solo con Er3+ (0.5 % ErF3), lo que se relaciona con los 

procesos de transferencia de energía desde Yb3+ hacia Er3+. En el caso de los vidrios 

codopados con Er3+-Tm3+, el vidrio con el mayor contenido de Tm3+ (0.3 % ErF3–1 

% TmF3) ha demostrado ser un candidato adecuado para implementar 

amplificadores de banda ultra ancha que cubran las ventanas de transmisión en 

telecomunicaciones S, C, L, y U debido a que presenta un espectro de emisión con 

un anchura de banda de 150 nm gracias a la superposición de las emisiones de Er3+ y 

Tm3+ en el infrarrojo cercano.  
 

 Vitro-cerámicos transparentes de TeO2–ZnO–ZnF2 dopados con Er3+ 

Hemos estudiado el comportamiento termodinámico de los vidrios de TeO2–ZnO–

ZnF2 con el objetivo de producir vitrocerámicos transparentes dopados con tierras 

raras mediante tratamientos térmicos en dos etapas de muestras de vidrios. Hemos 

determinado que es posible producir vitrocerámicos transparentes por cristalización 

controlada, pero solo en un pequeño intervalo de temperaturas (340-345 ºC) y en el 

caso del vidrio: 68 TeO2– 22 ZnO– 10 ZnF2 (mol%) dopado con 1 % en peso de 

ErF3. Además, este intervalo depende fuertemente de la composición del vidrio y de 

la concentración del dopante. Los vitrocerámicos son muy transparentes en el visible 

(> 500 nm) y en el infrarrojo cercano y poseen un índice de refracción lineal similar 

al del vidrio de partida (1,99 a 1500 nm). El análisis por microscopia electrónica ha 

evidenciado la presencia de nanocristales dendríticos de ErF3, con dimensiones 

características de ~50 nm, embebidos en la matriz amorfa. La relación entre las 

fases cristalina y amorfa en las muestras vitrocerámicas transparentes es pequeña (< 

1 %) debido al pequeño contenido de ErF3 (1 % en peso). Sin embargo, la mayoría 

de iones de Er3+ se encuentran segregados en los nanocristales de fluoruro presentes 

en los vitrocerámicos. Por ello, el entorno local de los iones de Er3+ cambia desde el 

amorfo de la matriz vítrea al policristalino de los nanocristales de fluoruro, que se 

caracterizan por una máxima energía de fonón muy baja (~300 cm-1). Este hecho 

tiene un importante efecto en la respuesta fotoluminiscente de los iones de Er3+: sus 
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bandas de absorción y emisión se hacen más definidas, pudiéndose resolver 

transiciones entre niveles Stark a temperatura ambiente; su emisión roja por 

upconversion aumenta mucho, siendo su intensidad similar a la de la emisión verde 

(IROJO/IVERDE≈ 0.54-0.84). Por ello, consideramos que los vitrocerámicos son 

candidatos adecuados para el desarrollo de dispositivos basados en las emisiones 

visibles del Er3+ por procesos de upconversion.   

 

 Láminas delgadas de vidrios de TeO2–ZnO–ZnF2 dopados con Er3+ 

Hemos sintetizado láminas delgadas mediante depósito por láser pulsado a 

temperatura ambiente a partir del vidrio 68 TeO2– 22 ZnO– 10 ZnF2 (mol%) dopado 

con 1 % en peso de ErF3. La estructura de estas láminas es similar a la del vidrio 

masivo, aunque presentan una fracción mayor de oxígenos no puente, así como de 

unidades TeO3. La calidad óptica de las láminas es muy buena (índice de refracción 

lineal de 1,94 a 1500 nm y transmitancia mayor del 85 % λ> 360 nm). Sin embargo, 

las laminas crecidas a temperatura ambiente muestran una emisión en el infrarrojo 

cercano (1,5 µm) demasiado débil para su aplicación práctica. Hemos determinado 

que el tratamiento térmico post-depósito óptimo se encuentra en un intervalo de 

temperaturas de 300-315 ºC en aire. En particular, hemos conseguido aumentar 20 

veces la intensidad máxima de emisión y alcanzar un tiempo de vida del nivel 4I13/2 

de 3.3 ms. Esta mejoría se ha atribuido a una reducción del contenido de OH- de 1 

orden de magnitud en la lámina recocida. Además, este contenido permanece estable 

a lo largo del tiempo, lo cual sugiere que los iones hidroxilos se incorporan a las 

láminas durante su crecimiento y no después. Por último, se propone el empleo de 

un sustrato caliente y de recocidos de mayor duración para reducir aún más la 

concentración de OH- en las láminas.  
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