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RESUMEN 

Los materiales ópticamente activos basados en vitrocerámicos transparentes 

dopados con tierras raras (TR) son considerados materiales muy prometedores para 

aplicaciones fotónicas. La incorporación de las TR en los nanocristales de fluoruro de 

baja energía fonónica mejora la emisión óptica y los procesos de transferencia de 

energía entre TR. La combinación de propiedades específicas de los cristales con los 

métodos de procesamiento del vidrio permite el desarrollo de nuevos materiales, como 

vitrocerámicos en forma de fibra óptica o película delgada. Sin embargo, la correlación 

entre el método de procesamiento, la estructura y las propiedades ópticas es un 

aspecto clave para una mejor comprensión y optimización de estos materiales. 

Se han preparado materiales tanto por fusión como por sol-gel y se ha llevado a 

cabo una comparación con respecto a mecanismo de cristalización, estructura, 

incorporación de las TR en los nanocristales y propiedades ópticas. 

Por fusión se han preparado vitrocerámicos de oxifluoruro transparentes a partir 

de  composiciones de aluminosilicato. A partir del control de la composición del vidrio 

base se ha conseguido la cristalización nanocristales de LaF3,  y -KLaF4, y soluciones  

sólidas de nanocristales de NaLuF4, después del tratamiento térmico a Tg + 20-100 C. 

También se han preparado fibras ópticas vitrocerámicas con nanocristales de LaF3 y 

NaLuF4 mediante el proceso de fusión directa y el método de “varilla en tubo”. 

Por el método sol-gel se han obtenido, por primera vez, materiales con 

composiciones (100-x)SiO2-x, con contenidos de hasta un 20% molar de fase activa x. 

Mediante el control de la síntesis y tras un tratamiento térmico entre 350 y 750 C se 

han obtenido nanocristales de LaF3, GdF3 y KLaF4 en una matriz vítrea de SiO2. 

El mecanismo de cristalización y la estructura de los materiales en masa, en forma 

de película delgada y como fibras se han estudiado exhaustivamente, comparando los 

resultados y estableciendo la diferencia según el método de procesamiento. 

La cristalización de los materiales preparados por fusión se basa en un proceso 

controlado por difusión que puede comenzar o no a partir de zonas de separación de 

fase en el vidrio. El agotamiento de los elementos formadores de cristales induce un 
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cambio en la composición de la matriz vítrea, lo que provoca un crecimiento de los 

cristales auto limitado. El efecto de las TR sobre la cristalización también ha sido 

estudiado por análisis térmico diferencial y difracción de rayos X. Además, en el caso 

de cristales polimorfos, niveles específicos de dopaje favorecen la nucleación de ciertas 

fases. 

Por otro lado, la cristalización de los materiales fabricados por sol-gel se produce 

mediante una reacción química seguida de la precipitación de los nanocristales. 

Mediante el proceso sol-gel se obtienen todas las fases polimorfas, aunque la fase más 

estable se convierte en la fase principal para tiempos largos de tratamiento térmico. En 

comparación con los materiales preparados por fusión, se han observado nanocristales 

homogéneamente distribuidos en la matriz vítrea después de tratamientos muy cortos.  

La incorporación de las TR en los nanocristales de fluoruro se ha estudiado 

mediante absorción de rayos X y resonancia paramagnética electrónica. Tanto en el 

vidrio inicial como en el xerogel, se ha observado un entorno rico en flúor alrededor de 

las TR, lo que ha permitido elucidar el mecanismo de incorporación de las TR en los 

nanocristales.  

También se ha cuantificado tanto la fracción cristalina, utilizando refinamiento 

Rietveld, como la concentración de TR en los nanocristales del fluoruro, demostrando 

cómo concentraciones bajas de dopante en todo el material (0,1% molar) producen 

concentraciones efectivas mucho más altas en los nanocristales. Además, se han 

observado diferencias relevantes para los materiales preparados por fusión y por sol-

gel. 

La caracterización óptica de los materiales dopados con TR ha mostrado la mejora 

de PL en los vitrocerómicos en comparación con los vidrios y xerogeles sin tratar. Los 

procesos de transferencia de energía más eficientes tienen lugar en los vitrocerámicos. 

Se han reproducido características ópticas similares a las de los monocristales tanto en 

los materiales masivos como en fibra preparados por sol-gel y por fusión 

respectivamente.  
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Se han obtenido por primera vez, espectros de fotoluminescencia en fibras ópticas 

vitrocerámicas similares a los de los monocristales de LaF3:Nd3+.  

Sin embargo, para materiales obtenidos por sol-gel, se han observado diferencias 

notables en las medidas de fotoluminiscencia de materiales en masa y película delga y 

correlacionandose con las diferencias en la estructura.  
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ABSTRACT 

Active optical materials based on transparent glass-ceramics doped with rare-earth 

(RE) ions are considered promising materials for photonic applications. The 

incorporation of RE ions in low phonon energy fluoride nanocrystals (NCs) enhances 

the optical emission along with the energy transfer processes between RE ions. The 

combination of specific crystal properties and glass processing methods allows novel 

materials to be developed, such as glass-ceramic optical fibres and thin films. 

However, the correlation between processing method, structure and optical properties 

is an essential step for a better understanding and optimisation of performance.  

Materials have been prepared by melt quenching (MQ) and sol gel (SG), providing 

a comparison with respect to crystallisation mechanism, structure, dopant 

incorporation in the NCs and optical properties.  

Transparent oxyfluoride glass-ceramics based on aluminosilicate compositions 

have been prepared by MQ. The crystallisation of LaF3,  and -KLaF4, and a solid 

solution of NaLuF4 NCs after heat treatment at Tg +20-100 C has been achieved by 

controlling the base glass composition. Glass-ceramic optical fibres with LaF3 and 

NaLuF4 NCs have also been prepared using direct melting process and the rod-in-tube 

method.  

Sol-gel materials of compositions (100-x)SiO2-x, with up to 20 mol % of active 

phase x, have been obtained for the first time. LaF3, GdF3 and KLaF4 NCs have been 

precipitated by controlling the synthesis process and after heat treatment at 350-750 C.  

The crystallisation mechanism and structure of bulk materials, films and fibres 

have been extensively studied, comparing and establishing the differences according to 

the processing method.  

The crystallisation of MQ materials is based on a diffusion-controlled process that 

may or may not start from initial phase-separation regions. The depletion of crystal 

formers induces a compositional change in the glass matrix causing a self-limited 

crystal growth. The effect of RE dopants on the crystallisation has also been studied by 
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DTA and XRD. Moreover, specific doping levels favour the nucleation of certain 

phases in polymorphous crystals.  

In contrast, the crystallisation of sol-gel materials occurs via chemical reactions 

followed by crystal precipitation. In the case that all polymorphous phases are 

obtained, the principal phase is the most stable after long thermal treatments. NCs 

homogeneously distributed in the SiO2 glass matrix are observed after fast heat 

treatment, compared to MQ materials.  

The incorporation of RE dopants in the fluoride NCs has been studied using X-ray 

Absorption Spectroscopy (XAS) and Electron Paramagnetic Resonance Spectroscopy 

(EPR). The mechanism of RE incorporation in the NCs was elucidated from evidence of 

a fluorine-rich environment for RE ions in the initial glass and xerogel.  

The quantification of crystal fraction, using Rietveld refinement, and RE-ion 

incorporation in the fluoride NCs have also been determined, demonstrating how low 

doping levels (0.1 mol%) produce much higher effective concentrations in the NCs. 

Relevant differences in the crystallised fraction have been observed for MQ and SG 

materials. 

The optical characterisation of RE-doped materials showed the photoluminescence 

(PL) enhancement in the glass-ceramics compared to the untreated glass and xerogel 

samples. Stronger energy-transfer processes take place in the glass-ceramic.  Crystal-

like optical features have been reproduced in bulk and fibre materials prepared by SG 

and MQ, respectively.  

PL spectra of LaF3:Nd3+ single crystals in glass-ceramic optical fibres have been 

obtained for the first time. 

However, for SG materials, notable differences in the PL of bulk samples and thin 

films have been observed and correlated to the structure. 
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1. INTRODUCCIÓN GENERAL 

1.1. Justificación de la temática  

El vidrio es uno de los materiales más versátiles y sus aplicaciones van desde 

productos tradicionales hasta los dispositivos ópticos más avanzados. En el campo de 

la fotónica, considerada una tecnología clave para el siglo 21, los vidrios juegan un 

papel muy importante debido a su transparencia en una amplia gama del espectro 

electromagnético y por la variedad de métodos de procesamiento que permite preparar 

materiales para láser, recubrimientos nanométricos transparentes o fibras ópticas. Por 

otra parte, la transformación del vidrio en un material vitrocerámico a través de un 

proceso de cristalización controlada permite la mejora de muchas de las propiedades 

finales. 

Los materiales ópticos activos basados en vitrocerámicos transparentes dopados 

con iones de TR han despertado un gran interés durante los últimos 20 años. La 

posibilidad de desarrollar ciertas fases nanocristalinas dopadas con TR embebidas en 

una matriz vítrea altamente estable ha demostrado el aumento de la emisión 

luminiscente y la posibilidad de obtener procesos ópticos nuevos o mejorados con 

respecto a los vidrios de partida. Además, la transparencia se puede mantener en el 

vitrocerámico mediante, entre otros, el control del tamaño de los nanocristales. 

La preparación de vidrios de vitrocerámicos de oxifluoruro los cuales contienen 

nanocristales de fluoruro, conocidos por ser excelentes huéspedes de TR, ha sido el 

objeto de numerosos trabajos que se vienen desarrollando desde principios de los años 

90 [1]. Las ventajas de estos materiales, con respecto a los vidrios y cristales de 

fluoruro, están relacionadas con la mayor estabilidad química y mecánica de los 

vidrios de óxidos y la posibilidad de cristalizar fases de fluoruro que no pueden ser 

preparadas de otro modo y/o conservadas a temperatura ambiente. Estos materiales 

han demostrado muy buenas propiedades fotónicas. La incorporación de las TR en los 

NCs de fluoruro da lugar a intensos fenómenos luminiscentes y procesos ópticos no 

lineales similares a los que se obtienen para mono-cristales de fluoruro. Además, los 

mismos métodos de procesamiento del vidrio pueden también ser aplicados a los 
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vitrocerámicos, permitiendo la preparación de nuevos dispositivos como fibras ópticas 

con núcleo vitrocerámico y películas delgadas.  

El método de fusión es el proceso utilizado para producir vidrios y vitrocerámicos 

ópticos comerciales y es el método más utilizado para preparar vitrocerámicos de 

oxifluoruros. Sin embargo, este método presenta algunas limitaciones, por ejemplo, la 

dificultad de obtener materiales muy homogéneos a lo largo de la muestra, o la 

importante pérdida de flúor asociada a las altas temperaturas empleadas durante la 

fusión. 

Por estas razones, el procesamiento sol-gel ha ganado cada vez más importancia 

para la preparación de materiales ópticos, especialmente en forma de película delgada 

para sistemas integrados o para aplicaciones en guía de onda. Este proceso químico 

permite obtener materiales mediante reacciones de hidrólisis y policondensación de 

precursores moleculares (típicamente a partir de alcóxidos metálicos). Se utilizan 

reactivos químicos muy puros y bajas temperaturas de sinterización, lo que permite 

obtener muestras más homogéneas y composiciones de oxifluoruro imposibles de 

preparar por el método de fusión. 

La síntesis de vitrocerámicos de oxifluoruro utilizando el método sol-gel se 

remonta a finales de la década de los 90 [2–4], pero poca innovación, con respecto a 

síntesis y procesamiento, ha sido aportada durante los últimos 30 años. Las ventajas 

del método sol-gel no han sido plenamente explotadas y la mayoría de las 

publicaciones reportadas hasta la fecha se basan en síntesis muy parecidas. Por otra 

parte, el estudio de la relación entre procesamiento, estructura y propiedades ópticas 

es esencial para establecer el mejor método de procesamiento para una aplicación 

concreta. Dicho estudio se realiza en raras ocasiones y en la mayoría de los casos los 

trabajos de investigación se centran únicamente en la caracterización óptica. Además, 

un conocimiento profundo de la relación entre estructura y propiedades ópticas de los 

materiales preparados por diferentes rutas de procesamiento es fundamental para una 

mejor comprensión y optimización de los mismos. 
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1.2. Objetivos y aportación original 

El objetivo principal de esta tesis es estudiar la relación entre el procesamiento, 

estructura y propiedades ópticas de vidrios y vitrocéramicos preparados utilizando los 

métodos de fusión y sol-gel para su uso en dispositivos ópticos. 

Los objetivos específicos se resumen en tres puntos: 

1. Preparación y caracterización de materiales vitrocerámicos dopados con TR, 

tanto en masa como en fibra, usando el método de fusión. 

2. Preparación y caracterización de películas delgadas y materiales en masa 

dopados con TR, usando el método sol-gel. 

3. Establecer la relación entre el procesamiento, la estructura atómica y las 

propiedades ópticas. 

La elucidación del mecanismo de cristalización de los materiales vitrocerámicos 

desarrollados es clave para comprender las propiedades ópticas finales y se ha 

realizado en detalle en esta tesis. Otras cuestiones interesantes están relacionadas con 

la cuantificación de la fracción cristalizada dependiendo del método de procesamiento, 

y el estudio del mecanismo de incorporación de las TR en los nanocristales de fluoruro. 

El cambio del entorno cristalino alrededor de las TR es fundamental para la 

interpretación de las propiedades ópticas. Todos estos estudios se han abordado 

utilizando numerosas técnicas experimentales. 

Como punto de partida para la preparación de vitrocerámicos dopados con varias 

TR y para obtener procesos ópticos tanto lineales como no lineales, se han empleado 

dos composiciones de vidrio, previamente estudiadas en otra tesis [5]. Una novedad 

notable es la preparación, por primera vez, de fibras ópticas con núcleo vitrocerámico 

conteniendo cristales de LaF3 o NaLuF4 y dopadas con Nd3+ o Er3+-Yb3+. Se ha llevado a 

cabo un detallado estudio estructural y óptico, demostrando cómo ciertas propiedades 

se ven afectadas durante el proceso de fibrado. Aún más interesante son las 

propiedades ópticas de cristales de LaF3 dopados con Nd3+ que replican tanto en los 
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materiales en masa como en fibra. Se ha estudiado el efecto de los iones Nd3+ sobre la 

cristalización de LaF3 y KLaF4, poniéndose de manifiesto cómo el nivel de dopaje 

puede alterar la fracción cristalina y/o las fases. La incorporación de dopantes en los 

nanocristales se ha estudiado por resonancia paramagnética electrónica, observándose 

cómo la difusión de TR en los nanocristales se ve afectada según el tipo de precursor. 

La combinación de varias técnicas experimentales ha permitido obtener una imagen 

clara del proceso de cristalización e incorporación de las TR, junto con una mejor 

comprensión de cómo ambos parámetros afectan a las propiedades ópticas. 

 

Las principales novedades introducidas en esta tesis en relación al procesamiento 

sol-gel son la preparación de vitrocerámicos con un contenido de fase activa, LaF3 y 

GdF3, al menos doble con respeto a lo descrito hasta ahora en la literatura. La adición 

de un nuevo precursor al proceso de síntesis es también una gran novedad en este 

campo, que ha demostrado su eficacia para aumentar el espesor de las películas 

delgadas y la resistencia mecánica de las muestras masivas. La cristalización de LaF3 en 

los materiales sol-gel ha sido descrita en detalle y en los materiales en masa se han 

medido espectros de emisión de cristales de LaF3 dopados con Nd3+. También se 

obtuvieron espectros de tipo cristalinos usando otros dopantes, lo que demuestra que 

la ruta sol-gel es una alternativa prometedora para la preparación de materiales ópticos 

novedosos. Varias técnicas estructurales, tales como la resonancia paramagnética 

electrónica, resonancia magnética nuclear y espectroscopía de absorción de rayos X, 

han aportado una información clara sobre el mecanismo de cristalización e 

incorporación de los dopantes. Estas técnicas no habían sido utilizadas antes para la 

caracterización de vitrocerámicos de oxifluoruros preparados por sol-gel. Comparando 

las propiedades estructurales y ópticas de películas delgadas y materiales en masa se 

ha observado que, para una misma fase cristalina, se obtienen diferentes tamaños de 

cristal y propiedades ópticas, lo que demuestra de nuevo el papel clave desempeñado 

por el método de procesamiento.  
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1.3. Trabajos compendiados 

Los principales resultados obtenidos en esta tesis han sido descritos en 9 artículos 

científicos publicados en revistas científicas internacionales de alto prestigio. Sin 

embargo, este manuscrito se centra en 11 artículos científicos (9 de ellos publicados y 2 

en preparación). Las publicaciones descritas en esta tesis se enumeran a continuación: 

 

1. Transparent glass-ceramics produced by sol-gel: a suitable alternative for 

photonic materials 

G. Gorni, J.J. Velázquez, J. Mosa, R. Balda, J. Fernández, A. Durán, Y. Castro 

Materials 11, (2018) 212. doi:10.3390/ma11020204  

2. Transparent oxyfluoride nano-glass ceramics doped with Pr3+ and Pr3+-Yb3+ 

for NIR emission. 

G. Gorni, A. Cosci, S. Pelli, L. Pascual, A. Durán, M.J. Pascual. 

Front. Mater. (2017) 3:58. doi: 10.3389/fmats.2016.00058.  

Publicado en: W. Höland, J. Deubener, eds. (2017). Nucleation and 

Crystallization of Glasses and Glass-Ceramics. Lausanne: Frontiers Media. 

doi: 10.3389/978-2-88945-224-8  

3. Selective excitation in transparent oxyfluoride glass-ceramics doped with 

Nd3+. 

G. Gorni, J.J. Velázquez, G.C. Mather, A. Durán, G. Chen, M. Sundararajan, R. 

Balda, J. Fernández, M.J. Pascual. 

J. Eur. Ceram. Soc. 37 (2017) 1695-1706. doi:10.1016/j.jeurceramsoc.2016.11.014 

4. Effect of the heat treatment on the spectroscopic properties of Er3+-Yb3+-

doped transparent oxyfluoride nano-glass-ceramics. 

G. Gorni, R. Balda, J. Fernández, L. Pascual, A. Durán, M.J. Pascual. 

J. Lumin. 193 (2018) 51-60. doi:10.1016/j.jlumin.2017.05.063 

  



     1. INTRODUCCIÓN GENERAL 

 

 

13 

 
 

5. Effect of dopant precursors on the optical properties of rare-earths doped 

oxyfluoride glass-ceramics. 

G. Gorni, A. Serrano, G.R. Castro, D. Bravo, R. Balda, J. Fernández, A. Durán, 

M.J. Pascual. Borrador 

6. Phase evolution of KLaF4 nanocrystals and their effects on the 

photoluminescence of Nd3+ doped transparent oxyfluoride glass-ceramics. 

 A. Cabral, R. Balda, J. Fernández, G. Gorni, J.J. Velázquez, L. Pascual, A. 

Durán, M.J. Pascual. 

CrystEngComm. 20 (2018) 5760–5771. doi:10.1039/C8CE00897C 

7. Oxyfluoride glass-ceramic fibers doped with Nd3+: structural and optical 

characterization. 

G. Gorni, R. Balda, J. Fernández, I. Iparraguirre, J.J. Velázquez, Y. Castro, L. 

Pascual, G. Chen, M. Sundararajan, M.J. Pascual, A. Durán. 

CrystEngComm. 19 (2017) 6620-6629. doi: 10.1039/C7CE01380A 

8. Crystallization mechanism in sol-gel oxyfluoride glass-ceramics. 

G. Gorni, M.J. Pascual, A. Caballero, J.J. Velázquez, J. Mosa, Y. Castro, A. 

Durán.  

J.  Non-Cryst. Solids 501 (2018) 145-152. doi:10.1016/j.jnoncrysol.2018.01.031 

9. 80SiO2-20LaF3 oxyfluoride glass ceramic coatings doped with Nd3+ for 

optical applications. 

G. Gorni, R. Balda, J. Fernández, J.J. Velázquez, L. Pascual, J. Mosa, A. Durán, 

Y. Castro 

Int. J. Appl. Glass Sci. 9 (2018) 208-217. doi:10.1111/ijag.12338 

10. Transparent sol-gel oxyfluoride glass-ceramics with high crystalline 

fraction and study of RE incorporation. 

G. Gorni, J.J. Velázquez, J. Mosa, G.C. Mather, M. Vila, A. Serrano, G R. 

Castro, D Bravo, R Balda, Fernández, A Durán, Y Castro. Borrador. 
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11. Transparent SiO2-GdF3 sol-gel nano-glass ceramics for optical applications. 

J.J. Velázquez, J. Mosa, G. Gorni, R. Balda, J. Fernández, L. Pascual, A. Durán, 

Y. Castro. 

J. Sol-Gel Sci. Technol. 89 (2019) 322-332. doi: 10.1007/s10971-018-4693-z  

1.4. Estructura de la tesis 

La tesis se divide en cinco partes. En la primera parte se ofrece una introducción 

general sobre los materiales sólidos dopados con TR para aplicaciones ópticas y 

fotónicas, indicando las diferencias más relevantes entre los materiales cristalinos y no 

cristalinos. Se ha prestado especial atención a los métodos de procesamiento de los 

vidrios y los vitrocerámicos, en particular a las composiciones de oxifluoruro 

transparentes preparadas por fusión y SG. Se describen brevemente los conceptos 

básicos de nucleación y cristalización junto con la explicación del fenómeno físico 

subyacente a la transparencia en los vitrocerámicos. También se presenta una revisión 

sobre las fibras vitrocerámicos de oxifluoruro junto con una revisión extendida sobre 

los vitrocerámicos de oxifluoruro preparados por SG. Esta primera parte termina con la 

explicación de las propiedades espectrales de las TR en sólidos, en el marco de la 

mecánica cuántica, junto con una descripción de los principales mecanismos de 

transferencia de energía. 

La segunda sección describe los métodos experimentales utilizados en esta tesis: 

desde la preparación de los materiales hasta las caracterizaciones térmicas, 

estructurales y ópticas. Se proporciona una descripción resumida, pero con todos los 

detalles más importantes, para cada técnica experimental. De hecho, es difícil obtener 

una interpretación correcta y profunda de los resultados sin el conocimiento de los 

principios físicos básicos de cada técnica, especialmente cuando se comparan medidas 

obtenidas a partir de diferentes técnicas. 

La tercera parte resume los principales resultados obtenidos en esta tesis que no se 

presentan necesariamente en orden cronológico de publicación.  
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Las conclusiones generales se describen en la cuarta parte y están escritas tanto en 

inglés como en español.  

En la última parte, las publicaciones utilizadas para esta tesis se adjuntan 

siguiendo el orden secuencial utilizado en la parte de discusión. 
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2. GENERAL INTRODUCTION 

2.1. Motivation 

Glass is one of the most versatile materials and its uses range from traditional 

glassware products to advanced optical materials. In the field of Photonics, considered 

a key-technology of the 21st century, glasses play a very crucial role for their 

transparency in a wide range of the electromagnetic spectrum and for the availability 

of processing methods that allows glass products to be shaped as bulk laser materials, 

transparent nanometric coatings or optical fibres. An improvement of certain glass 

properties is offered by the transformation of glass into glass-ceramics as a 

consequence of a controlled crystallisation process.  

Active optical materials based on transparent glass-ceramics doped with RE ions 

have gained increasing interest during the last 20 years. The possibility to develop 

certain RE-doped NCs embedded in a highly stable glass matrix showed a great 

enhancement of the luminescence emission and the possibility to obtain new or 

improved optical processes with respect to glasses. Moreover, by controlling the NCs 

size, the transparency of an optical glass can be maintained.  

A particular attention has been devoted to the preparation of oxide glasses 

containing fluoride NCs, known as excellent RE hosts. Such materials are known as 

oxyfluoride glass-ceramics and were developed since the 1990s [1]. The benefits of 

these materials, with respect to fluoride glasses and crystals, are associated with the 

higher chemical and mechanical stability of oxide glasses and the possibility to 

crystallise fluoride phases that cannot be otherwise prepared and/or preserved at room 

temperature. These materials have shown very good photonic properties. The 

incorporation of RE ions into fluoride NCs originates strong luminescence and 

nonlinear optical processes similar to those obtained for pure fluoride mono-crystals. 

Moreover, the same glass processing methods can also be applied to glass-ceramics, 

which permit the preparation of novel devices such as glass-ceramic optical fibres and 

thin films. 
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The classical MQ method is the process used to produce commercial optical 

glasses and glass-ceramics and it is still the most widely used method to prepare 

oxyfluoride glass-ceramics. However, this method has shown some limitations, for 

example the difficulty to obtain homogeneous materials with very small 

inhomogeneity throughout the sample, or the high temperatures involved during the 

melting of oxyfluoride compositions that cause relevant fluorine losses.  

For these reasons, the SG process has acquired increasing importance for the 

preparation of optical glass materials, especially as thin films for integrated systems or 

waveguide applications. This chemical process is based on hydrolysis and 

polycondensation reactions of molecular precursors (typically a metal alkoxide). It uses 

very pure chemical reagents and low sintering temperatures, thus providing more 

homogeneous samples and oxyfluoride compositions impossible to be prepared 

through the melting process.  

The preparation of oxyfluoride glass-ceramics using the SG process dates back to 

the end of the 90s [2–4] but poor innovation with respect to synthesis and processing 

has been provided during the last thirty years. The advantages of the SG process have 

not been fully exploited and most publications reported until now are based on very 

similar synthesis. Moreover, the knowledge of the relationship between processing, 

structure and optical properties is essential for the assessment of the best processing 

method for a specific application. Such a study is rarely done and in most cases, 

research papers are only focused on the optical characterisation. Hence a detailed 

study of the structure and optical properties of materials prepared by different 

processing routes is necessary to understand and optimise these materials.  

2.2. Objectives and original contribution 

The study of the effects of the processing method on the structural and optical 

properties is essential to optimise the processing and properties of novel optical 

materials. Therefore, the goal of this thesis is to study the relationship between 

processing-structure-optical properties of oxyfluoride glasses and glass-ceramics prepared 

using MQ and SG methods. 
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The main objectives of this thesis are summarised in three points:  

1. Preparation and characterisation of RE-doped glass-ceramics in bulk and fibre 

form by MQ method.  

2. Preparation and characterisation of RE-doped glass-ceramic thin films and bulk 

materials by SG method.  

3. To establish the relationship between processing, atomic structure and optical 

properties. 

The elucidation of the crystallisation mechanism for the glass-ceramic materials is 

a key-feature to understand the final optical properties and it is a crucial point faced in 

this thesis. Other interesting issues are related to quantify the obtained crystal fraction 

according to the processing method, and to study the mechanism of RE ions 

incorporation in the active fluoride NCs. The change of the environment around the RE 

ions after the crystallisation process is essential for the interpretation of the optical 

properties. Many efforts have been dedicated to this study using several experimental 

techniques. 

Two glass compositions, previously studied in another thesis [5], have been used 

as starting point for the preparation of glass-ceramics doped with several RE ions to 

obtain linear and nonlinear optical processes. A remarkable novelty is the preparation, 

for the first time, of LaF3 and NaLuF4-glass-ceramic fibres doped with Nd3+ and Er3+-

Yb3+, respectively. A detailed structural and optical study was carried out 

demonstrating how certain properties are affected during the fibre drawing process. 

Even more interesting is that the optical properties of LaF3:Nd3+ bulk glass-ceramics are 

replicated in fibre form. The effect of Nd3+ ions on the crystallisation of LaF3 and KLaF4 

glass-ceramics has been described showing how the doping level can alter the crystal 

fraction and/or its phase. The incorporation of dopants, using different precursors, was 

studied by electron paramagnetic resonance, showing how the RE ions diffusion in the 

fluoride NCs changes. The combination of several experimental techniques has 

permitted a clear picture of the crystallisation process and RE dopants incorporation to 
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be obtained, together with a better understanding of how both parameters affect the 

optical properties.  

The major novelties introduced in SG processing are the preparation of LaF3 and 

GdF3 glass-ceramics with an active phase content at least double than that reported so 

far. The addition of a new precursor to the synthesis process is also a great novelty in 

this field, demonstrating its effectiveness for increasing the thickness of films and the 

mechanical resistance of bulk samples. The crystallisation of LaF3 in SG materials was 

also described in detail and LaF3:Nd3+ crystal spectra have also been measured for SG 

bulk glass-ceramics. Crystal-like optical features were also obtained using other 

dopants, demonstrating that the SG route offers a promising alternative for the 

preparation of novel optical materials. Several structural techniques such as EPR, NMR 

and XAS, have also given in this case a better and clearer picture about crystallisation 

mechanism and dopants incorporation. Such techniques have never been used for 

characterisation of SG oxyfluoride glass-ceramics. The comparison of structural and 

optical properties of thin films and bulk materials demonstrated that, for the same 

crystal phase, different crystal size and optical properties are obtained.  

Thanks to the aforementioned results, a comparison between MQ and SG route 

has been made, demonstrating the key role played by the processing method. 

Summarizing, this thesis revealed how the crystallisation mechanism and RE ions 

incorporation are strongly affected by the selected route. The optical properties depend 

on composition, distribution of RE ions and processing method. 

2.3. List of publications 

The main results obtained in this thesis have been described in 9 scientific articles 

published in notorious international scientific journals. However, this manuscript is 

focused on 11 publications (9 already published and 2 in preparation). The publications 

discussed in this thesis are listed below: 

1. Transparent glass ceramics produced by sol-gel: a suitable alternative for 

photonic materials 

G. Gorni, J.J. Velázquez, J. Mosa, R. Balda, J. Fernández, A. Durán, Y. Castro 
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Materials 11, (2018) 212. doi:10.3390/ma11020204  

2. Transparent oxyfluoride nano-glass ceramics doped with Pr3+ and Pr3+-Yb3+ 

for NIR emission. 

G. Gorni, A. Cosci, S. Pelli, L. Pascual, A. Durán, M.J. Pascual. 

Front. Mater. (2017) 3:58. doi: 10.3389/fmats.2016.00058 Published in: W. 

Höland, J. Deubener, eds. (2017). Nucleation and Crystallization of Glasses 

and Glass-Ceramics. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-224-

8 

3. Selective excitation in transparent oxyfluoride glass-ceramics doped with 

Nd3+. 

G. Gorni, J.J. Velázquez, G.C. Mather, A. Durán, G. Chen, M. Sundararajan, R. 

Balda, J. Fernández, M.J. Pascual.  

J. Eur. Ceram. Soc. 37 (2017) 1695-1706. doi:10.1016/j.jeurceramsoc.2016.11.014 

 

4. Effect of the heat treatment on the spectroscopic properties of Er3+-Yb3+-

doped transparent oxyfluoride nano-glass-ceramics. 

G. Gorni, R. Balda, J. Fernández, L. Pascual, A. Durán, M.J. Pascual. 

J. Lumin. 193 (2018) 51-60. doi:10.1016/j.jlumin.2017.05.063 

5. Effect of dopant precursors on the optical properties of rare-earths doped 

oxyfluoride glass-ceramics. 

G. Gorni, A. Serrano, G.R. Castro, D. Bravo, R. Balda, J. Fernández, A. Durán, 

M.J. Pascual. Draft 

6. Phase evolution of KLaF4 nanocrystals and their effects on the 

photoluminescence of Nd3+ doped transparent oxyfluoride glass-ceramics. 

 A. Cabral, R. Balda, J. Fernández, G. Gorni, J.J. Velázquez, L. Pascual, A. 

Durán, M.J. Pascual. 

CrystEngComm. 20 (2018) 5760–5771. doi:10.1039/C8CE00897C 
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7. Oxyfluoride glass-ceramic fibers doped with Nd3+: structural and optical 

characterization. 

G. Gorni, R. Balda, J. Fernández, I. Iparraguirre, J.J. Velázquez, Y. Castro, L. 

Pascual, G. Chen, M. Sundararajan,, M.J. Pascual, A. Durán. 

CrystEngComm. 19 (2017) 6620-6629. doi: 10.1039/C7CE01380A 

8. Crystallization mechanism in sol-gel oxyfluoride glass-ceramics. 

G. Gorni, M.J. Pascual, A. Caballero, J.J. Velázquez, J. Mosa, Y. Castro, A. 

Durán.  

J.  Non-Cryst. Solids 501 (2018) 145-152. doi:10.1016/j.jnoncrysol.2018.01.031 

9. 80SiO2-20LaF3 oxyfluoride glass ceramic coatings doped with Nd3+ for 

optical applications. 

G. Gorni, R. Balda, J. Fernández, J.J. Velázquez, L. Pascual, J. Mosa, A. Durán, 

Y. Castro 

Int. J. Appl. Glass Sci. 9 (2018) 208-217. doi:10.1111/ijag.12338 

10. Transparent sol-gel oxyfluoride glass-ceramics with high crystalline 
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2.4. Structure of the thesis 

The thesis is divided into five parts. In the first part, a general introduction about 

RE-doped solid materials for optics and photonics is given, indicating the most 

relevant differences between crystalline and non-crystalline materials. Special attention 

has been paid to the glasses and glass-ceramics processing methods, in particular to 

transparent oxyfluoride compositions prepared by MQ and SG. The basic concepts of 

nucleation and crystallisation are briefly described along with the explanation of the 
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physical phenomenon underlying the transparency in glass-ceramics. A review about 

oxyfluoride glass-ceramic fibres is also presented together with an extended review 

about SG oxyfluoride glass-ceramics. This first part ends with the explanation of the 

spectral properties of RE ions in solids, in the framework of quantum mechanics, along 

with a description of the main energy transfer mechanisms.  

The second section describes the experimental methods used in this thesis: 

including materials preparation, thermal, structural and optical characterisations. A 

brief description, but with all the most important details, is given for each experimental 

technique. In fact, it is hard to obtain a correct and deep interpretation of the results 

without the knowledge of the basics physical principles of each technique, especially 

when measurements of different techniques are compared. 

The third part summarises the main results obtained in this thesis that are not 

necessarily presented according to the chronological order of the corresponding 

publications.    

The general conclusions are described in the fourth part and are also written in 

Spanish.  

In the last part, the publications used for this thesis are attached following the 

order of citation in the text 

2.5. Optics and photonics: the key role of materials processing  

Optics and photonics are fundamental technologies in modern life that provide us 

advanced devices as lasers, optical fibres, displays on our smartphones, medical 

diagnostics tools etc. [6]. Optics and photonic technologies have strongly increased 

across the globe over the past several years to such an extent that UNESCO declared 

2015 the International Year of Light and Light-based technology [7].  

Photonic technologies have brought a great boost towards innovation in several 

fields of science. Since 1960, 30% of Nobel Prize laureates have been photonics-related 

or strongly benefited from photonic technologies [8]. In 2014, Nature Photonics 

published an Editorial entitled “Photonics dominates Nobel Prizes” [9] describing the 
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awards for blue LEDs and super-resolution microscopy, thus highlighting the central 

role of this technology in the modern science. 

Two inventions deserve a special mention in the field of optics and photonics: 

the laser and the optical fibres. The huge revolution brought by these two inventions, 

along with their potentiality and application in many fields, stimulated scientists all 

over the world to study and prepare new optical materials with higher efficiencies 

and/or new functionalities. A broad classification of optical materials is as passive and 

active components [10]. Passive components are generally used to split and combine 

signals, or alter them in various other ways. On the other side, optical active 

components, including optical sending and receiving modules, amplifiers, lasers etc., 

have received greater attention during the last decades.  

In most cases, a central role is occupied by phosphor materials, i.e active 

materials that emit light under exposure to external stimulation, such as an electron 

beam, light at different wavelengths, electric field, etc. When a material emits light 

under optical excitation the term photoluminescence is used. Phosphor materials, also 

called luminescent materials, are widely applied and studied for laser applications, 

sensing, integration in photovoltaic devices, and more recently in biosensing, 

bioimaging or medical diagnosis [11–17]. The optical properties of these materials can 

drastically change depending on the processing parameters, and the correlation 

between the microstructure and the final optical properties has gained increasing 

attention. Such correlation allows a control at the micro/nano-scale, improving the 

luminescence emission and obtaining new or more intense physical phenomena.  

In most optical active devices, a central role is occupied by RE ions that are 

globally recognised essential elements for technological applications especially in the 

field of luminescent materials. IUPAC defines the rare-earth elements (REEs) as a 

group of 17 chemically similar metallic elements including the 15 lanthanides, 

scandium and yttrium [18]. However, in the literature, the word REEs or RE is 

commonly used to indicate only the lanthanides, and this convention will be adopted 

in this thesis. The lanthanides are the elements with atomic number between 57 

(lanthanum, La) and 71 (lutetium, Lu). The lanthanides all occur in nature, although 
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promethium, the rarest, only occurs in trace quantities in natural materials as it has no 

long-lived or stable isotopes [19]. The lanthanides form the largest chemically coherent 

group in the periodic table [20]. When these elements are in liquid or solid compounds 

their most stable oxidation state is 3+, consisting of partially filled inner 4f levels (with 

the exception of La3+ that does not have any electron in f orbitals) screened by outer 5s 

and 5p orbitals and a majority of applications involve electronic transitions between 

states within a 4f configuration. A characteristic property of the 4f electrons is that they 

have localized states and exhibit weak (but observable) coupling to ligand electrons 

and lattice vibrations [21]. This allows the RE ions emission energies centred near the 

same values even in different hosts to be maintained, making them suitable for 

applications where certain wavelengths are required. However, even though there is a 

small interaction between 4f electrons and the surrounding medium, the luminescence 

of RE ions is sensitive to different surrounding media and it can be improved for 

example when the thermal vibrations (phonons) of the host are reduced, hence, it is 

suddenly understood the crucial role of the host material. Moreover, a suitable 

combination of RE ions and host material can provide nonlinear optical phenomena 

and convert the incident light in radiation with higher or lower frequency. The use of 

RE ions in telecom, lasers, lightening, etc. makes them indispensable nowadays. Some 

typical emission wavelengths are shown in Figure 2.1. 

The optical properties of new or already existing materials can be improved, for 

example, by including NCs doped with RE ions in a certain host material. This kind of 

nanomaterials holds promise for bio-applications and photonic devices because they 

combine the unmatched advantages of RE ions properties with those arising from large 

surface-to-volume ratios and quantum confinement that are typical of nanomaterials 

[22]. Many studies consider nanoparticles doped with RE ions suspended in liquid 

phase or with phosphor powders. However, for many applications such as lasers, 

waveguides and optical fibres, lightening devices, etc., transparent solids and materials 

easy-to-handle are required.  
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Figure 2.1. Energy levels of lanthanides, from Ce3+ to Yb3+, and some of the most interesting transitions for 

technological applications. The colour of the arrows indicates roughly the spectral region of the emission. UV and IR 

emission are in black. Adapted from [23]. 

Different preparation methods such as single crystal growth, glass melting and 

ceramics processing have been employed for the production of RE-doped active solid 

materials. The predominance of certain materials with respect to others relies in the 

appropriate combination of properties and, synthesis and processing methods. 

Single crystals have demonstrated better optical properties with respect to non-

crystalline materials, for example the famous Nd3+:YAG is maybe one of the most 

important lasers in the market [24]. RE-doped laser crystals often exhibit sharply 

defined lasing and pumping transitions because the RE ions occupy only one or few 

crystallographic sites. In addition, phonon frequencies of some crystal phases are much 

H

4G
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lower than for other materials and this produces a notable increase in the luminescence 

efficiency. However, single crystals are quite expensive to be produced and time 

consuming. They need to be grown with a high optical quality and specific chemical 

composition for substituting host ions with active RE ions [25].  Moreover, only bulk 

samples are commonly produced, strongly reducing their applications to few devices, 

for example as bulk laser materials. The synthesis of polycrystalline materials has 

shown some advantages, such as the possibility of obtaining materials with good 

optical properties, similar to those of crystalline phases, using simpler processing 

routes. For example, Y2O3, considered as a promising host material for RE ions, can be 

obtained by a simple sintering process while this compound is hardly obtained by 

single crystal growth due to its high melting point, higher than 2400 °C [25].  In 

addition, polycrystalline materials have better thermo-mechanical properties than 

single crystals and the research of novel transparent ceramics has acquired the 

attention of many materials scientists. 

Despite the good advantages of crystalline materials, in many applications 

(technological or not) a central role is occupied by non-crystalline materials, among 

which glasses are the most important [26]. Glass and glass-derived products are 

present everywhere: from the simplest and most common objects as windows or 

laboratory glassware, to high-tech products such as smartphone covering, TV and 

solar-cell panels, optical fibres etc. A unique feature of glass materials is the availability 

of processing methods to produce objects with size and shape ranging from optical 

fibres with micrometric diameter to giant flat glasses for architecture, as well as thin 

sheets for smart glass windows or transparent nanometric coatings, Figure 2.2. 

Contrary to crystals, the definition of “glass” has been changed and modified several 

times during the last 90 years [27] trying to include in the definition the main and most 

general features of the glassy or vitreous state [28]. The existence of the glass transition 

or transformation temperature, Tg, defines the vitreous state. Although some of glass 

properties can be expressed as a linear combination of the molar fractions of the 

components, the different atomic orderings of the network and the nature of the 

different elements give rise to nonlinear variations in certain transport properties 

(electrical, chemical, etc.). A technical and incomplete definition is “Glass is an inorganic 
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product of fusion that has cooled to a rigid condition without crystallisation" ASTM (C-162-

92). Recently, an updated definition of “glass” has been given by Zanotto et al. [29]. Its 

simpler version is: “Glass is a non-equilibrium, non-crystalline state of matter that appears 

solid on a short time scale but continuously relaxes towards the liquid state“. 

 

Figure 2.2. Some technological applications of glasses prepared with different processing methods. Smart glass (top 

left), flat glass for building (top right), laser glass (bottom left), optical fibre for telecom (bottom centre) and 

hydrophobic or hydrophilic nano-coatings prepared by SG (bottom right).  

Glasses are essential materials for optics and photonics and it has been estimated 

that around 90% of optical components are made of glass [30]. Indeed, most of the 

optical lenses and optical fibres are made of glass. The application of glass technology 

to the preparation of optical active materials dates back to several decades ago and 

immediately demonstrated its potentiality. In 1960 Maiman invented the laser [31] 

(ruby laser) and just one year later, in 1961, Snitzer obtained the first Nd3+ doped glass 

laser [32]. Few years later, taking advantage of the glass processing method, Nd3+ glass 

fibre laser [33] and waveguide amplifiers [34] were obtained. In 1967, Deutschbein et 

al.[35] described Nd3+ doped phosphate glasses and later SCHOTT produced the 

famous LG 750 laser glass [36]. In comparison to crystals, RE-doped glasses show 

much broader transitions and the local environment changes from site to site due to 

lack of long-range order. This multi-site distribution results in the broadening of the 

absorption spectra as well as in the laser emission and luminescence spectra. Many 

glass compositions are transparent over a wide spectral range, from Vis up to 3-5 m 

and some compositions up to 11 µm [37]. In addition, most absorption and emission 
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bands are generally due to RE ions (or other elements) added to glasses and this 

convert them into suitable host materials for photonic applications. Moreover, glass 

compositions are not restricted by stoichiometric rules being possible to introduce 

slight or sometimes heavy modifications to tailor the desired optical or other physical 

properties. Bulk materials, optical fibres or thin films for waveguides have been 

studied extensively and their optical properties have been reported by many 

researchers during decades [20,38–40]. 

A further improvement of glass properties can be achieved by a controlled 

crystallisation to produce glass-ceramics [41–44]. The first applications were mostly 

related to increase the mechanical or thermal properties of glasses. Many papers were 

published describing the new properties of these materials along with a theoretical 

description of the crystallisation process. In particular, glass-ceramics have 

demonstrated to be a suitable choice for optical materials due to the possibility of 

combining the glass processing methods with the improved optical properties of 

certain crystal phases.  

In the next section an introduction to glass-ceramics is given, with special focus on 

transparent oxyfluoride glass-ceramics produced by MQ and SG. 

2.6. Glass-ceramics 

In 1953, Donald Stookey produced for the first time a new type of material named 

glass-ceramic [45,46]. Today we know that such discovery was a fortuitous event 

because it was not Stookey’s intention to heat treat an Ag containing lithium silicate 

glass up to 850 C, quite above the glass transition temperature. But something just 

went wrong in the experiment and the next day this new opaque material was still 

solid and mechanically stronger than the initial glass [44]. The as prepared material 

contained Li2Si2O5 crystals in the glass matrix grown thanks to Ag nuclei. Some years 

later, glass-ceramics based on aluminosilicate compositions were developed and 

commercialized as Corning Ware® for being used in cookery. 

For many years, the term glass-ceramics was used to describe materials obtained 

by a controlled crystallisation of glasses and containing significant crystal fraction 
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(>50%). Some old definitions of glass-ceramics often included a lower limit of crystal 

fraction [47–49]. In fact, it is not obvious that a small fraction of crystals can improve 

some properties of a glass. But nowadays many interesting materials with improved 

properties have been prepared showing for example better luminescence or photo-

refractive properties even though the crystal fraction is lower than 10 wt%. Moreover, 

new processing methods, as laser crystallisation, have emerged and used to produce 

glass-ceramics. To cover all possible glass-ceramics and take into account the variety of 

processing methods, several experts from the glass science community, most of them 

members of the TC07 “Crystallisation and glass-ceramics” of the International 

Commission on Glass (ICG), elaborated in 2018 an updated definition of glass-ceramic 

that is processing-related [50]. The fruitful discussion started during the “12th 

International Symposium on Crystallisation in Glasses and Liquids” that took place in 

Segovia and was organised by Spanish Ceramics and Glass Society (SECV) in 

collaboration with the Ceramics and Glass Institute (CSIC). According to this updated 

definition [50]: 

“Glass-ceramics are inorganic, non-metallic materials prepared by controlled 

crystallisation of glasses via different processing methods. They contain at least one type of 

functional crystalline phase and a residual glass. The volume fraction crystallized may vary 

from ppm to almost 100%”. 

A key feature for the development of glass-ceramics with special properties is the 

possibility of obtaining different microstructures depending on chemical compositions, 

processing method and crystallisation process [44]. A controlled crystallisation process 

of glasses is an important factor for the development of glass-ceramics and without it, 

special properties could not be obtained. The development of crystals in a base glass 

generally takes place in two stages called nucleation and crystal growth. During 

nucleation, the formation of nuclei occurs and during the growth stage such nuclei 

develop into crystals [44]. In 1933, G. Tammann published a work about the glass state 

and introduced the concept of temperature dependence of nucleation and 

crystallisation of glasses [28]. According to Volmer’ s definition, a nucleus is an entity 

that already belongs to the new phase but it is in unstable equilibrium with respect to 
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the supersaturated parent phase [44]. Thermodynamics and kinetics are hence 

fundamental to assess the formation ability of certain nuclei; in particular, as studied in 

detail by many researchers, the change in Gibbs free energy between the melt and the 

crystal is indicated as the thermodynamic driving force for the crystallisation process 

in glasses. 

A distinction must be made between homogeneous and heterogeneous nucleation 

[44,50,51]. The term homogeneous refers to nucleation processes that occur in the 

absence of external active sites and a new phase is developed due to local fluctuations 

of density and kinetic energy. On the contrary, heterogeneous nucleation occurs in 

active sites, catalysing nucleation. These sites can be phase boundaries, special 

catalysts and foreign substrates, different from the parent phase. The change of Gibbs 

free energy during the glass-crystal transition can be expressed considering spherical 

particles of radius r [44]:  

G = −
4

3
r3Gv +  4r2 + GE                     (2.1) 

where the first negative term corresponds to the crystallisation energy release per unit 

volume (Gv) and the second positive one is due to the energy necessary to form a new 

surface, being  the interfacial energy. A further contribution related to elastic 

deformation (GE) can be also taken into account; however, it will be omitted for the 

following reasoning. Due to the opposite effect of the volumetric term with respect to 

the superficial one, it is suddenly understood that a critical radius r* exists. For r > r* 

the Gibbs free energy variation is negative and the crystal grow proceeds while a 

smaller nucleus will dissolve because a positive variation of Gibbs free energy is 

produced.  

r∗ = −
2

Gv
            (2.2) 

When r=r* the corresponding G* is expressed by: 

 G∗ = −
163

3(Gv)2            (2.3) 
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For heterogeneous nucleation the driving forces involved in the formation of a new 

phase are stronger than those required by the parent phase for its transformation into a 

crystal. In this case, GH* can be expressed by G* with an angular factor f() due to 

the contact angle () between a nucleus and the heterogeneous surface or catalyst: 

  

GH
∗ = G∗f ()           (2.4) 

f () =
(2+cos)(1−cos)2

4
          (2.5) 

The angular factor is always less than or equal to 1, hence heterogeneous nucleation 

leads to an effective reduction of free energy. In fact, there is no need to spend energy 

to create the surface. Therefore, surfaces that are readily wet by the liquid (defined by 

the contact angle), provide better nucleation sites. 

Though only thermodynamic considerations have been made so far, the nucleation 

is also a kinetic process and the number of crystalline nuclei per unit volume and per 

unit time, called the nucleation rate I, can be expressed in this way [44]: 

I = A exp (
G∗+Gd

kBT
)          (2.6)  

where Gd is the activation energy for the transport through the interface (diffusion 

barrier of the ions) and G* the change in the Gibbs free energy for the critical nucleus, 

A is a pre-exponential frequency factor, kB the Boltzmann’s constant and T the absolute 

temperature. Once the nucleus has achieved the critical size r* (eq.2.2), the crystal 

growth can start and it is controlled by the extent to which material transport to the 

interface between the nucleus and the surrounding glass matrix is achieved. A general 

expression for the crystal growth rate is given by [44]: 

U = aB exp (−
E𝐷

kBT
) [1 − exp (−

G

kBT
)]        (2.7) 

a is the interatomic distance, B a frequency factor and ED and G the kinetic (activation 

energy for diffusion) and thermodynamic barrier for crystal growth, respectively. I and 

U show maxima but they generally do not coincide and the maximum of I usually 

occurs at smaller temperatures than for U. In particular, for homogeneous nucleation, 
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the maximum nucleation temperature is slightly above the glass transition or 

transformation temperature, Tg, while for heterogeneous nucleation is lower [51].  If 

crystallisation occurs in a region where the crystal growth rate is high, and the 

nucleation rate is low, a relatively small number of large crystallites will be obtained. 

Instead, if crystallisation occurs where the nucleation rate is high and the crystal 

growth rate is low, numerous small crystallites are produced. This second condition is 

usually adopted for the preparation of conventional transparent glass-ceramics. Phase 

separation can be present or not and act as precursor for crystallisation. Phase 

separation is often encountered in oxyfluoride glass-ceramics as explained in detail in 

section 2.8.1. 

2.7. Transparent glass-ceramics 

An important achievement for the application of glass-ceramics in optics and 

photonics has been the development of transparent glass-ceramics. In 1959 Stookey 

reported that certain glasses, when crystallised by a simple heat treatment, form very 

fine-grained transparent materials [52]. In the mid of 1960s, Borrelli et al. [53,54] 

reported electro-optic activity of a microcrystalline ferroelectric niobate phase formed 

within a glass matrix after a controlled heat treatment. The author pointed out that to 

maintain the transparency, the crystal size had to be about one order of magnitude less 

than the wavelength of light. Moreover, the crystal size and the amount of the 

ferroelectric phase, which increase with temperature and time of heat treatment, 

control the dielectric constant of the material. 

In 1969, Beall and Duke [52] published a paper giving a theoretical description of 

the transparency in glass-ceramics. Starting from fundamental physics theory about 

light scattering, the authors assumed spherical particles distributed in a homogenous 

medium and obtained a formula for the intensity of scattered light in a certain angular 

direction: 

I() = I0 (
1+(cos)2

d2 )
84r6


4 |

M2−1

M2+2
|

2

         (2.8) 

where I0 is the intensity of the incident beam, d is the distance from the scattering 

centre, r the radius of the particle,  the wavelength and M the ratio of the refractive 
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index of the particle to that of the surrounding medium. The authors concluded that 

glass-ceramics may transmit visible light if (1) the crystallites of all species are much 

smaller than the wavelength of visible light or (2) the optical anisotropy (birefringence) 

within the crystals and the difference of refractive index between crystals and glass 

matrix are very small. 

Another interesting parameter to assess the transparency conditions is the 

turbidity (or attenuation due to scattering) [55]. There are two possible scenarios for 

particles much smaller than the wavelength of light: (1) independent particles widely 

separated (discrete particle approach); (2) particles more closely spaced with 

interparticle spacing no smaller than the particle radius (quasi-continuum model).  For 

the first case, the turbidity, p, is given by: 

p =
324

34 NVa3(nn)2           (2.9) 

where  is the wavelength, N the particle number density, V is the particle volume, a 

the particle radius, n the refractive index of the crystal and n the refractive index 

difference between crystal and matrix.  Instead, for the second case (quasi-continuum 

model) the turbidity, c, is described by the following equation: 

c =
32 x 10−34

34 (a +
W

2
)

3
(nn)2       (2.10) 

where W is the interparticle spacing. According to this equation, the transparency is 

still maintained for particle sizes  30 nm and n  0.3. Such model was found to fit 

better the experimental turbidity values for transparent glass-ceramics than the model 

based on independent particles [55]. 

Based on this analysis, for non-isochemical systems (that is crystal phases having 

different chemical composition with respect to the glass matrix) [56–58], the crystal size 

generally must be in the nanometric range to preserve the transparency and avoid 

Rayleigh scattering, unless crystals and glass matrix have very similar refractive index. 

Moreover, in all the aforementioned works the authors outlined that a great advantage 

of glass-ceramics with respect to polycrystalline materials, formed by conventional 

ceramic processes, lies in the capacity and diversity of glass processing methods. 
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Therefore, glass-ceramics were considered as interesting materials because they 

combine the good physical properties of certain crystal phases with the glass 

processing methods.  

Many crystalline phases for different applications were precipitated in glass 

matrices [44]. At the beginning, most of phases were oxide crystals containing Al or Si 

in addition to Mg or Zn, for example this is the case for −quartz solid solutions, -

eucriptite, mullite, spinel, willemite, ghanite, forsterite etc.; but there are also other 

oxide phases with important optical or electrical applications as BBO, SnO2, ZnO, HfO2, 

LiNbO3, NaNbO3 etc., that acquired great interest. 

A precise glass composition together with a controlled heat treatment is necessary 

to grow a specific crystal phase. Due to the great variety of crystal phases (oxides, 

fluorides etc.) studied during the last 60 years and taking into account that in many 

cases the glass-ceramic compositions for optical applications were centred on the 

system SiO2/Al2O3/M2O/MO (M2, M=alkaline and alkaline-earth metals), the 

preparation of transparent glass-ceramics coincided with the preparation of nano-glass-

ceramics and in many papers both terms are used interchangeably.  

The great revolution brought by the discovery of transparent glass-ceramics 

manifests itself in some outstanding products. For example, the famous ZERODUR® 

produced by Schott used for telescope mirrors due to its extremely low thermal 

expansion coefficient (CTE < 0.01-0.03 x 10-6 K-1). ZERODUR® is an inorganic glass-

ceramic in the system Li2O-Al2O3-SiO2 with 70 to 78% of - quartz crystallites with size 

between 50-80 nm. The low thermal expansion is explained considering that crystals 

contract when they are subjected to heating, whereas the glass matrix itself expands. 

Several transparent glass-ceramics have been commercialized, see Figure 2.3, and more 

information can be found in the literature [41,44,59]. 

In the following section, a special attention is dedicated to a class of RE-doped 

transparent glass-ceramics containing fluoride crystals in aluminosilicate matrices 

(oxyfluoride glass-ceramics). These glass-ceramics are very attractive active optical 

materials and the objective of this thesis.  



  2. GENERAL INTRODUCTION 

 

37 

 
 

 

Figure 2.3. Applications based on ZERODUR® glass-ceramics. Preparation of mirror substrate (top left) for the 

Very-Large-Telescope (top right).  Ring laser gyroscope for measuring Earth’s rotation in the German Terrestrial 

Reference Station in Wettzell, Germany (bottom left) or for precise position measurement in aircrafts (bottom right). 

A summary of oxyfluoride glass-ceramics prepared by MQ is presented, followed 

by a review about SG materials. In fact, there is abundant literature about MQ 

materials summarised in review papers published recently. Therefore, only the most 

general features will be described, with special focus on glass-ceramic fibres, a very 

novel topic. Instead, a review paper about SG materials was recently published by our 

research group in 2018 and is attached as paper 1. This review describes the active 

oxyfluoride glass-ceramics prepared since the first works at the end of the 1990s and 

shows the improvements introduced by our research group with respect to synthesis, 

processing and structural characterisation of these materials. 

2.8.  Oxyfluoride glass-ceramics 

Oxyfluoride nano-glass-ceramics are attractive materials for photonic applications, 

because they combine the very low phonon energy of fluoride NCs (300-450 cm−1) and 

the high RE ions solubility in these phases, with the high chemical, mechanical and 

thermal stability of oxide glasses, especially the aluminosilicates. 

Fluoride crystals have high electronegativity, small polarizability and weak 

covalency of the Μ-F bonds. When RE ions are embedded in fluoride phases they 

experience a small perturbation of the energy levels (few hundreds of cm-1) and the 

overlapping of absorption and emission lines, which causes non-radiative losses by 
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cross-relaxation, is reduced in these weak crystal field materials [60]. Moreover, the 

probability of non-radiative transitions decrease exponentially with the number of 

phonons emitted. The low phonon energies of fluorides and the smaller crystal field 

splitting reduce the non-radiative decay rates and allow higher quantum efficiencies 

and better energy transfer processes to be reached. Finally, RE ions radiative lifetime is 

longer in fluoride crystals with respect to oxide crystals and glasses. 

Fedorov et al. [61] summed up some advantages of oxyfluoride glass-ceramics 

with respect to other inorganic fluoride materials (crystals or glasses). A notable 

advantage is the possibility to stabilize metastable fluoride phases that cannot be 

otherwise prepared and/or preserved at room temperature. The oxide glass phase 

prevents NCs agglomeration and inhibits possible inactivation processes at the NCs 

surface (water adsorption etc.). Moreover, inorganic fluorides are hygroscopic, easily 

undergo pyrohydrolysis and in addition, fluoride glasses and their precursors are toxic 

and unstable. 

The great interest towards these materials is reflected in the publications in 2012 

[59] and 2015 [61,62] of three review papers about oxyfluoride glass-ceramics, each one 

containing around 300 references. In another review about transparent glass-ceramics, 

published in 2018 [63], oxyfluoride glass-ceramics were pointed out as promising 

materials for PL applications. Moreover, by typing “oxyfluoride” and “glass-ceramics” 

as keywords on Scopus, around 530 publications plus book chapters are found. It 

means an average of  20 papers per year since the beginning of 1990s.  

2.8.1. Melt-quenching as main processing method 

MQ is the most common method for preparation of oxyfluoride glass-ceramics. It 

consists on melting a glass and then performing a control heat treatment to convert it 

into a glass-ceramic. In general, for MQ materials, the crystallisation process is 

performed at temperatures slightly higher than Tg (Tg + 20-100 °C) to ensure the growth 

of crystals with nanometric size. 

The pioneering work of Wang and Ohwaki published in 1993 [1] demonstrated the 

possibility of obtaining transparent oxyfluoride glass-ceramics. The authors prepared 
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aluminosilicate glasses in which PbxCd1-xF2 crystals co-doped with Yb3+ and Er3+ ions 

were precipitated by a controlled heat treatment. The green up-conversion (UC) PL, 

due to the 4S3/2-4I15 transition of Er3+ ions, was 100 times stronger in the glass-ceramic 

than in the parent glass. This remarkable result was a clear proof of the advantages 

offered by the incorporation of RE ions in fluoride crystals. In 1995, P.A Tick et al. [64] 

reported the first transparent glass-ceramic doped with Pr3+ for optical amplification at 

1300 nm. In this paper, three fundamental issues were also outlined: (1) the 

fundamental role of the oxyfluoride parent glass composition; (2) the role of the NCs in 

reducing the concentration quenching of RE ions; (3) the reduction of non-radiative 

transitions due to low phonon energies of fluorides. For these reasons, many 

compositions have been studied in the last decades, with the purpose of obtaining 

different crystal phases and using different RE ions, singly or co-doped with other RE 

ions, to obtain enhanced linear and nonlinear optical processes [62]. 

A detailed description of most fluoride phases crystallised from aluminosilicate 

glasses is given in [61]. The authors also present a schematic “composition tree” for 

SiO2-Al2O3 based-oxyfluoride glass-ceramics. The glass compositions can be quite 

complex and Fedorov [65,66] demonstrated that systems with 5-7 components have the 

highest possible stability. Some of the most studied active phases include MF2 crystals 

such as CaF2, BaF2, SrF2, PbF2 or solid solutions; MF3 crystals with YF3 and LaF3 being 

the most relevant; and other compositions based on ternary crystals (M1M2F4) as 

NaYF4, NaGdF4, NaLaF4, KLaF4 etc.  

Although glass compositions are not restricted by stoichiometry rules, there is a 

compositional range for oxyfluoride glasses that depends on the kind of fluoride phase 

and its content. A slight variation of known compositions is a good starting point to 

prepare new glass-ceramics, however, if MFx crystals are formed, by replacing M with 

chemically similar elements (M’), it is not ensured that M’Fx crystals will be obtained. 

To predict whether a certain crystal phase will be formed after heat treatment of a new 

glass composition, it is a difficult task. In fact, thermal treatment of multicomponent 

glasses may result in the formation of different crystalline phases in the glass matrix 

[61]. Moreover, the addition of RE dopants can hinder the formation of certain crystal 
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phases that crystallise in the un-doped glass or promote the growth of one phase for 

polymorphous crystals [67,68]. 

The composition of CaF2-glass-ceramics usually varies in the system SiO2-Al2O3-

CaO-CaF2 with 65-80 mol% of (SiO2+Al2O3) and 20-30 mol% CaF2. In the case of PbF2, or 

PbxCd1-xF2 solid solutions, most glass-ceramics are based on the initial Wang and 

Ohwaki’s composition, or on its modifications, in the system SiO2-Al2O3-PbF2-CdF2-

ZnF2 with 45-50 mol% (SiO2 +Al2O3) and 20-30 mol% PbF2 . 

LaF3 has been considered a promising host for its low phonon energy (350 cm-1) 

[69–72] and good RE dopants solubility due to the same charge and similar sizes. LaF3 

has hexagonal symmetry and a tysonite structure with space group P-3cl [73–75]. One 

La3+ ion is surrounded by eleven fluorine atoms in non-equivalent positions. Seven 

fluorine atoms are at the same distance (2.45 Å), two fluorine atoms are farther away 

(2.63 Å), and two at a greater distance (3.04 Å) [75,76]. Most of the results obtained in 

this thesis concern LaF3 crystals. 

LaF3-glass-ceramics were obtained for the first time by Dejneka in 1995 using the 

SiO2-Al2O3-Na2O-LaF3 system and the results published in 1998 [77,78]. Later, Sroda 

[79] gave an extensive description about the different role of single glass components 

for the crystallisation of LaF3. Al2O3 is fundamental to increase the solubility of LaF3 

and Na2O addition is necessary to compensate the unbalanced charge of [AlO4]- 

tetrahedral that otherwise is compensated by La3+ ions making more difficult the 

crystallisation of LaF3. But Na+ can also form bonds with SiO2 producing non-bridging 

oxygens. Therefore, the LaF3 crystallisation ability depends on the Na2O/(SiO2+Al2O3) 

ratio. A LaF3 solubility limit was introduced as a function of Al2O3 and Na2O and 

defined by: 

LaF3 = ([Al2O3]-[Na2O])/4.        (2.11) 

If the LaF3 amount is kept below such limit a transparent glass is obtained, on the 

contrary spontaneous crystallisation takes place.  For typical compositions such limit is 

very low (1-3 mol%) and much higher LaF3 contents (10-15 mol%) are generally added. 

As described by Dejneka [78], a transparent glass can be obtained by pouring it onto a 
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cold mould to inhibit crystallisation. Different SiO2/Al2O ratios were also studied by 

Hemono et al. [80] for similar LaF3 concentrations and it was concluded that LaF3 

crystallisation ability increases with the SiO2/Al2O3 ratio. Moreover, higher SiO2 

contents allow improving the mechanical properties of these materials.  

The most common compositions for LaF3 glass-ceramics are in the system SiO2-

Al2O3-Na2O-LaF3 and have 65-75 mol% (SiO2+Al2O3) and 10-15 mol% of LaF3. Our 

research group developed the composition 55SiO2-20Al2O3-15Al2O3-10LaF3 (55Si-10La) 

[80] that was extensively studied in a previous thesis focusing on its crystallisation 

mechanism [5,81]. This composition doped with RE ions has also been used in this 

thesis to correlate structure and optical properties. Moreover, it was also selected to 

prepare the first glass-ceramic fibres. 

Other novel glass-ceramics are those in which ternary crystals M1M2F4 are formed. 

Some of them are polymorphous and can assume more than one crystal structure, 

generally two. These crystal phases have shown excellent luminescent properties and 

the possibility to host RE ions in more than one crystallographic site [82,83]. For 

example, NaYF4 was described as a promising UC host for Er3+-Yb3+ [84–89] with 

efficiency higher than LaF3 [90]. Much less publications about M1M2F4 glass-ceramics 

are encountered in the literature especially about the crystallisation mechanism of 

these glass-ceramics. Muñoz et al. [58] studied the crystallisation of LaF3 and NaLaF4 

concluding that NaLaF4 crystallisation is favoured with respect to LaF3 for SiO2 > 55 

mol% and Al2O3 < 20 mol%. By replacing Na2O with K2O, KLaF4-glass-ceramics of 

molar composition 70SiO2-7Al2O3-16K2O-10LaF3 (70Si-7LaK) were prepared by our 

group demonstrating the possibility of obtaining cubic () and hexagonal (β) KLaF4 

crystals depending on the heat treatment [91]. The same glass composition has also 

been used in this thesis to study the effect of RE dopants on the crystallisation 

mechanism and luminescence properties. KLaF4 crystals are very efficient RE-host 

especially the hexagonal phase which has a phonon energy  262 cm-1 [83,92]. 

The addition of high amount of fluoride active phases to oxide matrices would 

allow obtaining higher crystal fractions with consequent higher PL emissions due to 

the possibility of incorporating more RE ions and avoiding concentration quenching. 
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However, this is a real challenge for MQ-derived materials because: (1) very high 

melting temperatures are typically used (1400-1700 C) causing relevant fluorine 

evaporation and (2) the addition of fluorine in most aluminosilicate compositions is 

limited due to spontaneous crystallisation. In fact, the addition of fluorine to oxide 

glasses causes a de-polymerisation of the network [93]. This process enhances the 

formation of phase separation regions due to liquid-liquid immiscibility of fluoride 

melts in oxide ones during the undercooling process. 

The crystallisation mechanism of oxyfluoride glass-ceramics has been extensively 

studied by many authors [59,61,79–81,91,94–110]. It can start or not from initial phase 

separation of glasses. For many glass systems, it was observed that a liquid-liquid 

phase separation was already present in the as made glasses. The heat treatment 

promotes further phase separation and induces the crystallisation of the phase 

separated regions via diffusion. However, Rüssel [108] described a SiO2-Al2O3-K2O-

Na2O-CaO-CaF2 glass where CaF2 NCs grow without previous phase separation. A 

similar behaviour has been observed for the KLaF4 crystallisation studied by our group 

[91]. No phase separation regions (or droplets) are observed in the as made glass, but 

after a proper heat treatment KLaF4 NCs are formed by a diffusion-controlled process.  

For non isochemical systems, each crystal nucleus is surrounded by a SiO2-

enriched layer depleted of the components of the forming crystal [5,96,105,106], see 

Figure 2.4.  

 

Figure 2.4. Simple scheme of the crystallisation mechanism in LaF3-glass-ceramics. Initial phase-

separation droplets promote the formation of NCs through a diffusion-controlled process.Adapted from [5, 

95]. 
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For this reason, whether there is phase separation or not, the crystallisation 

process is always accompanied and limited by diffusion. As a consequence, for a fixed 

temperature the crystal size increases with the treatment time up to an asymptotic 

value. A similar behaviour occurs for the glass transition temperature due to the 

increase of viscosity caused by local changes of the glass matrix depleting of crystal 

formers (F, Alkaline etc). 

The PL of oxyfluoride glass-ceramics have demonstrated much better 

luminescence or UC emission for Nd3+, Er3+, Er3+-Yb3+, Tm3+-Yb3+ etc. with respect to the 

precursor glasses [111–127]. Down-conversion processes were also studied 

demonstrating the possibility to convert UV-Vis photons into IR light using Pr3+-Yb3+, 

Tb3+-Yb3+ etc. [128–142]. Distinctive optical features of RE ions embedded in fluoride 

crystals are: more structured absorption and emission bands (Stark components) with 

respect to glasses, higher PL intensities, longer radiative lifetimes and better energy 

transfer mechanism.  

Even though oxyfluoride glass-ceramics prepared by MQ have shown many 

potentialities as optical materials, there are still some fundamental points that need to 

be clarified. Some of them are related to obtaining a deeper comprehension of the glass 

formation regions and the prediction of the possible crystal phases that can be formed 

during crystallisation. Up to now, such studies have been carried out for specific 

phases and in many papers solid solutions are obtained due to the impossibility, or 

non-knowledge, of tailoring a glass composition to crystallise a specific phase. Other 

open questions are related to the quantification of crystal fractions and even more 

important, the quantification of the effective RE ions concentration in fluoride crystals. 

In fact, the luminescence properties of RE-doped materials are strongly dependent on 

the doping amount. Some authors claimed that RE ions do not enter at all in the crystal 

phase [143,144] while other asserted that most of RE ions get incorporated [100,145–

147]. The effect of the dopants precursor on the final optical properties was studied 

only by few authors, observing differences when RE fluorides or oxides were used 

[148,149]. However, such researches did not receive much attention and today the use 
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of one type of precursor or another is considered irrelevant. Some of the 

aforementioned points have been treated and discussed in this thesis.  

2.8.1.1. Glass-ceramic fibres 

As stated in sections 2.6, glass-ceramics are prepared by typical glass processing 

methods. A great advantage of glass materials is that they can be drawn into fibres to 

prepare optical fibre lasers and amplifiers. In addition, several features such as small 

core size and long interaction length make optical fibres interesting for nonlinear 

optical processes.  

A glass optical fibre is made of a glass core, in which the light travels, and a 

cladding material of refractive index lower than that of the core [150]. The most 

common method used today consists in the preparation of a preform made of core and 

cladding glasses that then is fibred [151]. SiO2 preforms are produced by chemical 

vapour deposition but many multicomponent fibres (different composition of core and 

cladding) are prepared by the rod-in-tube method [151], i.e a core glass rod is placed into 

a tube made of cladding glass. An older method, still used for research purposes and to 

prepare commercial chalcogenide fibres, is the double-crucible method [151] in which two 

concentric crucibles host the core glass (in the inner crucible) and the cladding glass (in 

outer crucible).  

The application of fibre drawing to obtain glass-ceramic fibres gained increasing 

interest in the last years and a review is presented below. 

The first studies about transparent glass-ceramic fibres date back to the end of the 

1990s when P.A. Tick, in a two-page paper [152], wondered if low-loss glass-ceramic 

optical fibres were possible. The author indicated four conditions to achieve this goal: 

(1) crystal size smaller than 15 nm; (2) interparticle spacing comparable with the crystal 

size; (3) narrow particle size distribution and (4) absence of clustering. Some years 

later, Tick et al. [153] drawn fibres with a core  5 m starting from a Wang and 

Ohwaki’s modified composition in the system SiO2-Al2O3-PbF2-CdF2-YF3 and using the 

double crucible method. After the crystallisation process at 440-470 °C, a crystalline 

YF3-CdF2-PbF2 solid solution with an average size  6.5 nm was observed in the glass-
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ceramic fibre. The authors concluded that low losses,  1 dB/m or less, are possible in 

such systems in spite of a relatively large refractive index mismatch (0.06). In 2001, 

Samson et al. [154] described the first efficient glass-ceramic fibre laser doped with 

Nd3+ using the same glass system and drawing process reported by Tick [153]. Similar 

slope efficiencies  30% were obtained for glass and glass-ceramic, but the presence of 

NCs embedded within the core of the single-mode optical fibre allowed enhancing the 

fluorescence and gain spectrum, Figure 2.5.  

 

Figure 2.5. Fluorescence and lasing spectrum of the 4F3/2-4I11/2 transition in (a) Nd3+-doped glass fibre and (b) glass-

ceramic fibre. Fluorescence and gain spectrum of the 4F3/2-4I13/2 transition in (c) Nd3+-doped glass fibre and (d) glass-

ceramic fibre. ASE=amplified spontaneous emission [154]. 

R. Lisiecki et al. [155] and Augustyn et al. [156] prepared glass-ceramic fibres using 

the glass composition 48SiO2-11Al2O3-7Na2O-10CaO-10PbO-11PbF2 (mol%) doped with 

3ErF3 and co-doped with 1ErF3 and 3YbF3. The uncoated fibres were drawn at 

720-740 C from the rod glasses and then crystallised at 700 C. Pb5Al3F19, Er4F2O11Si3 

and Er3FO10Si3 crystalline phases were obtained with size below 10 nm. The 

incorporation of RE dopants in the crystal phases was indicated by a narrowing of the 

emission spectra and longer lifetimes of first excited state of Er3+. The authors 

concluded that such materials may be considered as promising candidate for Erbium-

Doped-Fibre-Amplifier (EDFA) operating within the telecommunication window. Cz. 
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Koepke et al. [157] prepared fibres with the same composition doped with 0.6YbF3 and 

0.2ErF3 (mol%). The luminescence efficiency of the glass-ceramic fibre was two times 

higher with respect to the untreated fibre. A temperature dependence of Er3+ 

luminescence at 1530 nm was observed by varying the temperature from 5 to 350 K. 

Such dependence was different for the glass-ceramic fibre and associated with a 

decrease of the phonon energy in the Er3+ surrounding.   

In 2012, M. Reben et al. [158] reported the preparation of Nd3+-doped oxyfluoride 

glass ceramic optical fibre in the system SiO2-Al2O3-ZnO-Na2O-SrF2 using the rod-in-

tube method. SrF2 NCs with size  60 nm were observed after heat treatment at 635 C. 

After excitation of Nd3+ ions at 808 nm, only the 4F3/2-4I11/2 emission was observed, 

whereas for the bulk glass-ceramic sample the three emissions 4F3/2 - 4I9/2 , 4F3/2  - 4I11/2  and 

4F3/2  - 4I15/2 were detected. Moreover, a red-shift of the 4F3/2 - 4I11/2 emission was observed 

changing from bulk (1060 nm) to fibre (1066 nm). The authors explained this result by 

an amplified spontaneous emission occurring in the fibre.  

V.K. Khrishnaiah et al. [159] described the preparation and characterisation of 

Yb3+-doped single-index glass-ceramic optical fibres produced by two methods: (1) by 

conventional drawing from a glass preform and, (2) by single crucible method (direct-

melt process) followed by controlled heat-treatment. The glass system chosen by the 

authors, a variant of the initial Wang and Ohwaki’s composition, was: 

30SiO2‒15Al2O3‒27CdF2‒22PbF2‒4YF3‒2YbF3 (mol %). The authors observed that by 

using the second method, better quality glass-ceramics were obtained with NCs  

10 nm homogeneously distributed along the fibre. On the other hand, the preparation 

of glass-ceramic fibres by glass preform method did not allow a fine tailoring of the 

crystallisation process, size, shape and distribution of NCs. Higher Yb3+ PL intensity 

and quantum yield (0.95) were obtained with respect to the untreated fibre (0.82).  

Other authors, even though they focused their studies on bulk samples, outlined 

the possible applications of aluminosilicate oxyfluoride glass-ceramics for optical fibre 

applications. For example, V.K. Tikhomirov et al. [160] showed that PbF2-containing 

glass-ceramics with composition 32SiO2-9AlO1.5-31.5CdF2-18.5PbF2-5.5ZnF2 (mol%) 

doped with 3.5 mol% ErF3 have potential applications in telecommunications. The 
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authors claimed the achievement of the largest wavelength divergence in the 

maximum of absorption (1505 nm) and emission (1544 nm) spectra of Er3+ in developed 

glass-ceramics. Such result could be of benefit for reduction of noise in EDFA caused 

by overlap of emission and absorption bands at about 1.54 μm (i.e self-absorption).  

The same glass system was also used for single doping with 3.5 mol% of Ho3+ and Tm3+ 

[161]. The authors calculated the wavelength dependence of the net gain cross-section 

as a function of population inversion and obtained gain and laser/optical amplification 

parameters at about 2.0 and 1.8 m for the Ho3+ (5I7-5I8) and Tm3+ (3H6-3F4) doped glass-

ceramics, respectively. Moreover, due to crystallisation, the maximum gain cross 

section of Ho3+ and Tm3+-doped samples increased by 20% and 2.5%, respectively, and 

the obtained values were 1.5 and 2-3 times higher than those reported for fluoride 

glasses.   

T. Suzuki et al. [162] studied glass-ceramics in the system NaF-YF3-Al2O3-SiO2 

where NaYF4 NCs, with size less than  10 nm, were obtained after heat treatment at 

580-620 C. Tb3+ and Yb3+-co-doped glass and glass-ceramics showed green UC 

emission after excitation at 974 nm. However, the UC intensity was enhanced by the 

crystallisation process and the authors suggested the possible application of these 

materials as optical fibre amplifiers.  

In 2013, J. Ballato and P. Dragic published a review paper on optical fibres entitled 

“Rethinking Optical Fiber: New demands, Old Glasses” [163], highlighting how in the last 

decades the “the richness of the Periodic Table has largely been forgotten” in favour of one 

material (silica SiO2) into which only few components are added. The paper aimed to 

reassert the central role of glass science to meet future challenges for high-performance 

optical fibres. Special attention was paid to a new approach called “molten-core” or 

also “melt-in-tube” technique, thanks to which novel optical fibres have been 

prepared. This name comes from the fact that the cladding can be treated as a crucible 

in which the core is melted during the fibre drawing (1800-2000 C) with the difference 

that the crucible is an integral part of the resulting fibre and serves to confine the 

molten core. A further advantage of this method relies in the extremely simplified 

experimental conditions: no matching of the core/cladding CTE and viscosity are 
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required. On the contrary, such matching condition plays a crucial role for fibre 

drawing using the common rod-in-tube method. 

This idea was applied by J. Qiu and co-workers [63] for the preparation of 

transparent glass-ceramic fibres. In fact, special glass compositions, designed to be 

transformed into glass-ceramics, can lose transparency at typical drawing 

temperatures due to uncontrolled crystallisation. Instead, drawing the preform at 

really high temperatures allows to the core glass to be melted completely, avoiding 

crystallisation, while the cladding softens. Once glass fibres have been drawn, glass-

ceramic fibres are simply obtained by a proper heat treatment. Transparent glass-

ceramics containing oxide crystals were obtained for gallium-silicate [164] and 

aluminosilicate glasses [165,166]. 

Oxyfluoride glass-ceramics based on borosilicate compositions have been obtained 

recently using the melt-in-tube method [167,168]. In comparison to previous works, the 

authors substituted the SiO2 cladding for a low temperature commercial borosilicate 

glass, thus permitting the drawing at 950 C (melting temperature of core glasses).  The 

authors observed an enhanced emission at 2.7 m and longer lifetime of the Er3+:4I11/2 - 

4I13/2 transition in NaYF4-glass-ceramic fibres with respect to the precursor fibre [167]. 

The corresponding transmission losses at 1310 nm were 7.44 dB/m and 11.81 dB/m for 

glass and glass-ceramic fibres, respectively. By Ho3+ co-doping, the emission region 

was extended from 2.6-2.82 m up to 2.6-2.95 m due to the effective energy transfer 

from Er3+ to Ho3+ ions embedded in NaYF4 NCs [168], Figure 2.6.  

The melt-in-tube technique applied to oxyfluoride glass-ceramics based on 

aluminosilicate compositions has not yet been reported. This could be related to the 

high melting temperatures of these glasses that would require the use of a SiO2 

cladding and a drawing temperature of at least 1800 C, thereby causing extremely 

high fluorine losses.  

Even though interesting progress have been made in the lasts years, a major 

obstacle for the commercialization of optical amplifiers based on glass-ceramic 
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materials is associated with the difficulties in the fabrication of fibres with minimal 

scattering loss and high luminescence efficiency [63]. 

 

Figure 2.6. (a) Scheme of the melt-in-tube method. (b) Microscope picture and Electron-probe micro analysis 

(EPMA) for an oxyfluoride glass fibre described in [168]. (c) Mid-infrared (MIR) emission spectra under 980 nm 

excitation of 2Er3+/2Ho3+-co-doped glass fibre and glass-ceramic fibres annealed at 470-500 °C for 5 h [168]. 

2.8.2. Sol-gel as suitable alternative route  

As described in the previous section, the usual method to prepare oxyfluoride 

glass-ceramics is glass MQ followed by controlled crystallisation. However, this 

procedure presents some drawbacks, most of them related to the high temperatures 

involved during the glass melting. In fact, high melting temperatures (1400-1700 °C) 

cause relevant fluorine loss (30–40%), limiting the final content of crystal phase that can 

be obtained and resulting in uncontrollable compositions with respect to fluorine and 

RE ions. 

Furthermore, heat treatments, in general, are quite long (from 3 h up to 120 h) and 

thin films cannot be directly obtained, limiting the possibility of application in 

integrated devices. 

Many researchers have tried different processing methods to overcome these 

limitations. In particular, the SG route has been recognized as a promising alternative 
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process to obtain transparent oxyfluoride glass-ceramics. In fact, SG is a handy, 

flexible, and quite cheap method to fabricate novel and innovative materials at 

temperatures much lower than those used for melting-derived materials. Such low 

temperatures allow a higher amount of fluoride NCs to be introduced with much 

better dispersion. Moreover, highly homogeneous materials can be obtained because 

SG is a chemical process using a bottom-up approach and no spontaneous 

crystallisation occurs at the typical synthesis temperatures (50-100 C). 

Another important feature of SG is the versatility of the processing method that 

allows thin films, powders, and bulk materials to be obtained. However, many few 

papers about SG oxyfluoride glass-ceramics are reported in the literature compared to 

materials prepared by MQ [61]. This is mostly associated with the requirement of the 

optimization of the synthesis method, and in many cases the starting precursor can 

also affect the final crystal phase. Most of the materials studied have a simple 

composition (mol%) that can be easily summarized with the formula:  

(100 − x)SiO2-x M1F2/M1F3/M1M2F4/M1M2F5        (2.12) 

where M1 and M2 are alkaline, alkaline-earth metals, or lanthanide elements, 

respectively. 

SG synthesis typically involves the hydrolysis and polycondensation of metal salts 

or metal-organic precursors, such as tetraethyl orthosilicate (TEOS), in an alcoholic 

medium, to produce an amorphous network. The active phase and RE ions are 

prepared separately using acetates, nitrates, or chlorates as precursors and dissolved 

using a fluorine acid. The mixing of both solutions, followed by a controlled 

crystallisation, allows transparent oxyfluoride glass-ceramics to be obtained. In Figure 

2.7 a schematic diagram of SG reactions is given. 

Even though the SG method offers potential advantages to prepare oxyfluoride 

glass-ceramics, they have not been fully exploited. All the papers published to date 

describe the preparation of similar compositions containing nominal small crystal 

fractions (5-10 mol %) without estimating the real crystal content. Furthermore, in 
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many cases only slight changes are added to the already published compositions, the 

main modifications consisting of changing the dopants and/or their concentration.  

 

Figure 2.7. SG reactions. Adapted from [169]. 

In the following sections, the most relevant results for several RE doped 

oxyfluoride glass-ceramics for photonics are briefly summarised. An extended version 

of this review can be consulted in paper 1. 

MgF2-based materials were the first fluorides produced by SG and the synthesis of 

MgF2 introduced important novelties in the synthesis of oxyfluoride glass-ceramics. 

SiO2-MgF2 materials prepared by SG as bulk and thin films date back to 1996 [2] but it 

was in 1997 when Fujihara et al. [170] introduced the use of trifluoracetic acid (TFA) as 

fluorine source to produce MgF2 thin films. Since this pioneering work, TFA was 

routinely used as fluorine source for the preparation of oxyfluoride materials using the 

SG method. 

Other authors described the preparation of Er3+-doped SiO2-PbF2 materials [171], 

and the UC emission using Er3+-Yb3+ [172]. Following the same synthesis and 

composition, Szpikowska-Sroka et al. prepared Eu3+ and Tb3+-doped materials  and  

observed an increase of the PL in glass-ceramic samples compared to the untreated 

samples [173–175].  
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90SiO2-10SrF2 transparent glass-ceramics doped with 1 mol% of Er3+ were prepared 

by Yu et al. [176] and no Er3+ emission was detected unless for samples treated at 

800 °C. The authors related this phenomenon with the presence of OH- groups that 

quenches the luminescence.  

Zhou et al. prepared 95SiO2-5CaF2 bulk samples doped with 1 mol % Er3+. CaF2 

NCs of 20 nm were observed after heat treatment at 900 °C [177]. Instead, Georgescu et 

al. [178] prepared 89SiO2-5CaF2-5YbF3-1ErF3 (mol %) glass-ceramics upon heat 

treatment at 800 °C. The optical characterisation showed the increase of UC emission 

changing from xerogel to glass-ceramic. 

The first 95SiO2-5BaF2 bulk materials doped with 0.5 and 1 mol% Er3+ were 

reported in 2006 by Chen et al. [179]. BaF2 NCs, 2-4 nm in size, crystallised after heat 

treatment at 300-700 °C. The PL emission was detected only for samples treated at 

800 °C and both red and green UC emissions were observed upon 980 nm excitation. 

Secu et al. [180,181] prepared materials of the same compositions using Pr3+, Sm3+, Eu3+, 

Dy3+, and Ho3+ as dopants. Better PL was obtained for the glass-ceramics, moreover, the 

Eu3+ lifetime (at 620 nm), increased from 0.3 ms in the xerogel up to 4.7 ms in the glass-

ceramic. 

Fujihara et al. [182] obtained Eu-doped 90SiO2-10BaMgF4 films with different 

porosity using N,N- dimethylformamide. BaMgF4 NCs, 3 nm in size, were observed 

after heat treatment at 750 °C for 10 min. The reduction of Eu3+ in Eu2+ suggested the 

replacement of these ions for Ba2+ ions in the fluoride NCs. The emission of Eu2+ ions 

was much stronger for porous films due to higher photon confinement, producing an 

increase in the absorption process.  

Another crystalline phase of great interest for photonics is LaF3.  Several papers 

about LaF3 SG glass-ceramics were published since 1998, when Fuhijara et al. described 

the preparation of LaF3 thin films on silica substrates [4]. The authors stated that it is 

not possible to prepared transparent materials with content of LaF3 higher than 10 

mol%. 
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On the other hand, Ribeiro et al. [183] prepared 90SiO2-10LaF3/LaOF films in 

which LaF3 and LaOF crystallised after heat treatment at 600 and 900 C, respectively. 

The use of Eu3+ as structural probe confirmed the change of symmetry around the ions 

after heat treatment at 500 and 600 C, indicating the incorporation of Eu3+ in the LaF3 

NCs. Thin films were used as planar waveguides at Vis and IR wavelengths, and losses 

~1.8 dB/cm at 632.8 nm were obtained. 

Biswas et al. [184] described the preparation of transparent 95SiO2-5LaF3 glass-

ceramics, doped with Er3+ and Yb3+, replacing TEOS with TMOS. Enhanced UC 

efficiency was observed in glass-ceramics due to the incorporation of RE ions in LaF3 

crystals. Other authors prepared materials with compositions (100 − x)SiO2-xLaF3 (x = 5 

and 10 mol %), doped with (0.1-0.5) mol % of RE ions, following the Biswas’s synthesis 

[185–190]. An interesting conclusion was that  50% of Er3+ ions are incorporated in 

LaF3 NCs. Enhanced optical properties were observed in the glass-ceramics and the 

achievement of white light generation was possible by the combination of RE ions. 

Méndez-Ramos et al. published results based on the 90SiO2-10YF3 composition 

[191–193]. Efficient UC emission, along with intense emissions in the UV range, due to 

rare 4 and 5-infrared photon processes, were achieved when the samples were co-

doped with Yb3+-Tm3+. Moreover, co-doping with Ho3+ or Er3+ produced the emission of 

white light. 

GdF3 is considered a promising host because Gd3+ ions can act as sensitizer for 

other RE ions and favour some energy transfer processes [194]. Only a few papers 

about SG GdF3 glass-ceramics have been published and with the nominal crystal phase 

content being less than 10 mol%. For example, Fuhijara et al. reported the synthesis of 

90SiO2-9GdF3 thin films doped with 1 mol % of EuF3 [195] in which GdF3 NCs, 5 nm in 

size, precipitated during heat treatment at 300 and 400 °C. Other authors studied the 

optical properties of Eu3+-doped SiO2-GdF3 materials with a low content of active phase 

(3-6 mol%) and obtained stronger Eu3+ emission in the glass-ceramics due to the 

incorporation of Eu3+ in the GdF3 NCs. 
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Complex fluoride structures, as NaYF4, KYF4 etc., have acquired great interest due 

to their good optical properties and the possibility to produce intense and efficient 

nonlinear optical processes. 

95SiO2-5NaYF4 bulk materials doped with 0.1Er3+ and 0.3Yb3+ were reported in 

2009 [196]. The red and green UC emission changed depending on the treatment 

temperature and pump power. The same composition was doped with Eu3+, used as 

spectroscopic probe [197], and tri-doped with Yb3+-Ho3+-Tm3+ [198] and Yb3+-Er3+-Tm3+ 

[199] to obtain white light generation. 

LiYF4 is another promising host for RE ions. Secu et al. [200,201] prepared (100 − 

x)SiO2-xLiYF4 glass-ceramic powders doped with Eu3+ and Er3+-Yb3+ obtaining stronger 

PL emission in the glass-ceramic samples with respect to crystalline LiYF4 pellets 

doped with the same RE ions. 

SiO2-BaYF5 materials doped with Eu3+ and Sm3 were produced using the SG 

method [202] and their luminescence compared to that of BaYF5 NCs doped with Eu3+ 

prepared by solvothermal method. 

Some important novelties have been introduced with this thesis, the most 

important being: the incorporation of a new SiO2 precursor in the synthesis, the 

preparation of bulk and films with a crystal fraction much higher than that reported so 

far and the study of both crystallisation mechanism and dopants incorporation in 

fluoride NCs. Some techniques such as XAS, EPR and NMR have been used to 

characterise these materials providing deeper insights about their structures, 

crystallisation and RE dopants incorporation in the NCs. Moreover, the crystallisation 

mechanism and dopants incorporation for materials prepared by MQ and SG have 

been compared. 

2.9. Optical properties of RE ions and energy transfer mechanisms 

RE ions are among the most important ions for technological applications in the 

field of optics and photonics. A brief introduction to these ions was given in section 2.5, 

indicating how many electronic transitions within 4f levels produce emission in the 

UV-Vis-NIR. However, a detailed explanation of the spectroscopic features of RE ions 
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is necessary to understand the optical properties described in this thesis. The origin of 

the energy levels of RE ions in solids, their possible optical transitions and the energy 

transfer mechanisms are explained by quantum-mechanics and are described in the 

next paragraphs. 

2.9.1. Crystal field and Judd-Ofelt theory 

The energy levels of the electrons in an isolated atom or in a certain 

compound are obtained by the Schröedinger equation: 

H = E            (2.13) 

where H is the Hamiltonian operator and  the wave functions of the electrons. The 

Hamiltonian for a RE ion in a compound not subjected to any other external 

stimulation is given by [203]: 

H = HFI + HCF         (2.14) 

where HFI is the Hamiltonian for the free ion and HCF, the crystal field interaction, takes 

into account the interaction of the ion with the surrounding medium (not necessarily a 

crystal). Limiting to the atomic Hamiltonian, without taking into account the spin 

Hamiltonian, HFI is mainly composed by three terms [203]:  

HFI = H0 + Hee +  HSO        (2.15) 

where H0 is the central field Hamiltonian including the interactions between the 

core and the valence electrons; Hee is the interaction between valence electrons and Hso 

is the spin-orbit interaction, i.e the result of the interaction of the magnetic moment of 

the valence electrons with the magnetic field due to their orbital angular momentum. 

For some elements Hee is stronger than HSO and this condition is also considered 

applicable for RE ions, but some authors [204–206] pointed out that both terms should 

be considered simultaneously (intermediate coupling scheme) to obtain a better 

explanation of their spectra.  

The situation for which HSO<Hee is called Russell-Saunders or LS-coupling scheme 

and the order of magnitude for H0, Hee and HSO is around 10 eV, 1 eV and 10-1-10-2 eV, 
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respectively. If only H0 is taken into account, the description of the system is too 

approximated and this Hamiltonian just gives the so-called configuration energy. By 

applying Hee as perturbation, the states with different values of L (total angular 

momentum) and S (total spin) get split and energy terms are obtained, the 

corresponding degeneracy being (2S+1)(2L+1). Finally, considering the HSO interaction, 

the degeneracy of terms with the same total angular momentum J (J=L+S) value is 

removed and we get energy levels. In LS coupling scheme the energy levels are 

indicated with the term symbols (2S+1)LJ, using the letters S,P,D,F,G,H,I etc for 

L=0,1,2,3,4,5,6 etc. The quantum number J can take values from Jmax=L+S to Jmin=|L-S| 

by integer steps.  Full shells and sub-shells contribute neither to total L nor to total S. 

Moreover, Hee and HSO applied to full or sub-shells just shift the energy levels all 

together without changing their order, hence to determine the ordering of energy 

levels only the outer valence electrons must be considered. 

The ordering of the energy levels can be determined from theory but the 

calculations are complex. Fortunately, for the LS-coupling scheme, there are some rules 

which predict the ground state for various RE ions. These are known as Hund's rules 

which state [207]: 

1. S is equal to its maximum value (consistent with the Pauli Exclusion Principle).  

2. L is equal to its maximum value (consistent with rule 1).  

3. For a less than half-filled shell, J = Jmin = |L-S|, instead for more than half-filled shell, 

J = Jmax = L+S. 

For example, for Pr3+ ions the electronic configuration is [Xe]4f2 with two f electrons. 

The application of Hee gives the possible terms: 1I, 3H, 1G, 3F, 1D, 3P and 1S. By applying 

rule 1, the possible ground terms are reduced to 3H, 3F and 3P and rule 2 indicates the 

3H term as the lowest energy level. Finally, by applying HSO the 3H term gets slit in 

three possible energy levels: 3H4, 3H5 and 3H6 and according to rule 3 the ground energy 

level of Pr3+ is 3H4, being 3H5 and 3H6 excited energy levels. 
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Only free RE ions have been considered up to now. The host has small influence 

on the energy levels of RE ions due to the shielding of 4f orbitals, and this situation 

corresponds to the weak field approximation for which HCF is treated as a small 

perturbation with respect to HSO and Hee. This condition is considered applicable for 

both LS-coupling or for intermediate coupling [206]. The crystal field interaction can be 

expressed as an electrostatic interaction between the RE ion and the electric potential 

generated by the surrounding ions (ligands): 

HCF =  − ∑ e Vjj            (2.16) 

where -e is the electron charge and Vj is the potential generated by all ligands “in the 

position” of the electron j. Thanks to the Wignert-Eckart theorem [208,209] HCF can be 

expanded in a power series of equivalent operators, or Stevens operators Ok
q
 [210], that 

transform as spherical harmonics. In this case, HCF becomes: 

HCF = − ∑ e Vjj =  ∑ ∑ Bk
q

Ok
qk

q=−k
∞
k=0       (2.17) 

where Bk
q
 are coefficients called crystal field parameters. Another interesting and useful 

way to express HCF is as sum of HCF (even) and HCF (odd), depending if they are 

proportional to even or odd powers of r, being r the radial distance from the RE ion 

under consideration [211]. 

Even though the sum runs on infinite elements, it is reduced to just few elements 

for symmetry reasons. Moreover, for f (l=3) electrons the maximum k is 6 and for 

different symmetries HCF is expressed by the following expressions [212] : 

1. Cubic, octahedral or regular tetrahedral symmetry: 

HCF = B4
0O4

0  + B4
4O4

4 + B6
0O6

0 + B6
4O6

4                (2.18a) 

where B4
4 =  5B4

0 and B6
4 = −21B6

0 

2. Tetragonal axial: 

HCF = B2
0O2

0 + B4
0O4

0  + B4
4O4

4 + B6
0O6

0 + B6
4O6

4 + B6
6O6

6              (2.18b) 

3. Trigonal axial symmetry: 
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HCF = B2
0O2

0 + B4
0O4

0  + B4
3O4

3 + B6
0O6

0 + B6
3O6

3 + B6
6O6

6                   (2.18c) 

4. Orthorhombic symmetry: 

HCF = B2
0O2

0 + B2
2O2

2 + B4
0O4

0  + B4
2O4

2 + B4
4O4

4 + B6
0O6

0 + B6
2O6

2 + B6
4O6

4 + B6
6O6

6 (2.18d) 

5. Hexagonal symmetry: 

HCF = B2
0O2

0 + B4
0O4

0  + B6
0O6

0 + B6
6O6

6                  (2.18e) 

The effect of HCF is to further split the energy levels with a certain J. How the levels 

split depends on the angular momentum and the point symmetry of the crystal (or the 

surrounding medium in general), instead the magnitude of the splitting depends on 

the particular host [213]. These new energy levels are called Stark components [209,211]. 

Figure 2.8 shows a schematic diagram for the different Hamiltonian contributions and 

its order of magnitude (1 cm-1  1.2  10-4 eV). 

 

Figure 2.8. Schematic diagram and order of magnitude of the different interactions acting on a 4fn configuration. 

Redrawn from [211]. 

For example, we can observe in Figure 2.9 how the energy levels of Nd3+ get 

modified when it is inside LaF3 crystals. According to Carnall et al. [214], the 

coefficients B2
0, B4

0 , B6
0 , B6

6  for Nd3+ in LaF3 are 276, 1408, 1600 and 679 cm-1, 
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respectively. In particular, Figure 2.10 shows in detail the Stark components for the 4F3/2 

and 4I11/2 levels, responsible for the well-known Nd3+ laser transitions. 

 

Figure 2.9. Effect of LaF3 crystal field on the energy levels of Nd3+. Data calculated from Carnall et al. [214]. 

 

 

Figure 2.10. Detail of Stark components for the energy levels 4I11/2 (left) and 4F3/2 (right) of Nd3+ in a LaF3 crystal. 

The dashed lines indicate the energy levels in absence of crystal field. 

HCF described so far is the static part of the crystal field, however there is also the 

dynamic part that couples the electronic energy levels to vibrations [215]. In terms of 

luminescence, the dynamic component broadens emission lines into bands of varying 

widths and shapes. The Stark components of crystals are partially or well resolved at 

room temperature, depending on the phonon energy, and get sharper as the 

temperature is reduced. The Stark components for RE ions in glasses are not resolved 

because there is not point symmetry and ions placed in different sites of the glass 

matrix feel different crystal potential. For this reason, the optical spectra of RE ions in 

glasses are much broader than in crystals due to inhomogeneous broadening. 

Inhomogeneous line widths are essentially independent of temperature [215]. 
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If we compare the energy levels of certain ions and the corresponding optical 

emission or absorption spectra, we can see that there are much less 

emission/absorption lines than energy levels. The absorption and emission of photons 

it is constrained by some selection rules that prohibit certain transitions. Such selection 

rules do not apply for example if thermal energy is given to the system. Selection rules 

for electromagnetic interaction takes into account the quantum numbers of the initial 

and final states, indicating whether a certain transition is allowed or forbidden.  

The matter-radiation interaction Hamiltonian, in non-relativistic approximation, 

can be expressed as [216]: 

 

HINT = ∑ [−e +
1

2m
(𝐩𝐣 + e𝐀)

2
]j        (2.19) 

 

where −e is the electron charge, m its mass,  the scalar potential, pj the momentum of 

the electron j and A the vector potential. Making a multipolar expansion, the following 

operators describe the interaction of the electromagnetic field with the electrons [209]: 

𝛍ed = −e ∑ 𝐫jj          (2.20) 

𝛍md = −
eħ

2mc
∑ (𝐋j + 2𝐒j)j          (2.21) 

𝐐eq = −
1

2
∑ (𝐤 · 𝐫𝑗)𝐫𝑗j         (2.22) 

where c is the light speed, ħ is the reduced Planck constant and k the wave vector of 

the light wave. The operators µed, µmd and Qeq are the electric dipole moment, the magnetic 

dipole moment and the electric quadrupole moment, respectively. Both dipoles are first 

order interactions and the electric one is odd and the magnetic is even. The electric 

quadrupole is an even operator of second order (less strong interaction). 

To determine if a certain transition occurs, the following matrix element between 

the initial and final state has to be calculated: 

S(α J, α′J′) = |〈α J|Tq|α′ J′〉|2       (2.23) 

where α and α’ include all the remaining good quantum numbers of the initial and 

final state and Tq is a tensor operator, eqs. (2.20)-(2.22). The strength of a certain 
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transition is proportional to S(α J,α'J'), hence if this element is null the transition is 

forbidden, otherwise is allowed. A transition can be forbidden by a certain interaction 

mechanism (first order) but can be allowed by another one with different strength 

(second, third etc. orders). The oscillator strength is defined by: 

f =
82m

3he2 S(J, J′)         (2.24) 

where  is the frequency. If a transition is allowed, the coefficient of spontaneous 

emission can be calculated using the formula: 

AJJ′ =
4e23

3ħ c3 
n3 S(α J, α′J′)         (2.25) 

where n is the refractive index of the medium and  is the angular frequency (=2) 

of the J→J’ transition. 

Laporte rule states that a dipole transition occurs if there is a parity change (l=±1), 

i.e., the initial and final states must have different parity. RE ions transitions between 

different electronic configurations, f→d, satisfies this condition. Moreover, for electrical 

dipole transitions M(α J, α′J′)≠0 if ∆J = 0,±1. 

Such transitions are much stronger than f → f transitions, the ones of interest for 

most photonic applications. In fact, intra-configuration transitions are forbidden to first 

order by electric dipole, but are allowed by electric quadrupole, magnetic dipole and forced 

electric dipole mechanisms. However, some authors showed that only the magnetic 

dipole and forced electric dipole mechanisms could account for the observed 

intensities [215]. However, not even the magnetic dipole mechanism can explain most 

of 4f-4f transitions in RE ions, because the selection rules are l=0 and ΔJ = 0,±1. For 

example, the 4F3/2-4I11/2 transitions of Nd3+ ions could occur neither by electric dipole nor 

by magnetic dipole mechanism. Moreover, the predicted strength of many transitions 

considered using a magnetic dipole interaction mechanism was quite smaller than the 

observed one. 

An explanation of the possible mechanism underlying the electromagnetic 

transitions between 4f levels was given in 1962 by Judd [204] and Ofelt [205] that 
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treated the forced electric dipole mechanism in detail and, independently, reached an 

expression to describe the strength of transitions within 4f configuration. The Judd-

Ofelt theory assumes that there is a certain mixing of wave functions of different 

parity. In particular, if there is not centre of inversion in the site occupied by the RE 

ions, the odd component of the crystal field HCF(odd) is not null and mixes 

configurations with opposite parity [211].  

Since HCF is a one-particle operator, the mixing can be: 4fn-1nd, 4fn-1ng (for n ≥ 5) 

and n′d4d+14fn+1 (d = 2, n′ = 3 and 4, corresponding to core excitations). In this case, the 

starting wave function is composed by the wave function of the total Hamiltonian (HFI 

+HCF) plus a state with opposite parity which weight depends on HCF(odd). For this 

new wave function J is not a good quantum number anymore and transition intensities 

between single Stark components can be calculated. However, if just the total 

integrated intensity between a J and J’ level is desired, the following equation can be 

used to calculate electric dipole line strength [204,205,209,211]:  

Sed = ∑ λ|〈(4f n)J|𝐔λ|(4f n)′J′〉|
2

λ=2,4,6                   (2.26) 

where (4fn) J and (4fn) ′J′ are the wave function of the initial and final state in the case of 

intermediate coupling, Uλ is the irreducible tensor of the electric dipole operator and λ 

are the Judd-Ofelt parameters. The coefficient of spontaneous emission in this case 

becomes: 

AJJ′ =
4e23

3ħ c3 
[

n(n2+2)2

9
Sed + n3Smd ]       (2.27) 

Other interesting parameters are the radiative lifetime R and the branching ratio 

JJ’, defined by: 

1

R
= ∑ AJJ′J          (2.28) 

JJ′ =
A

JJ′

∑ AJJ′J
         (2.29) 

The Judd-Ofelt parameters give information about the chemical bonding of RE 

ions in solid host materials. For example, the parameter Ω2 is affected by covalent 
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bonding, while Ω6 is mostly related to the rigidity of the solid host in which the RE ions 

are situated [211].  

To conclude this part, a mention to hypersensitive transitions is mandatory. They 

owe their name to the fact that they are exceptionally sensitive transitions and their 

intensity can vary strongly for different hosts [209]. In fact, when the electromagnetic 

radiation interacts with the matter, the oscillating electric field induces oscillating 

dipoles in the surrounding ligands with amplitude depending on the polarizability. 

This scheme is known as dynamic coupling [209,211]. As a consequence, the total electric 

field felt by RE ions has large electric gradients, thus promoting 4f-4f transitions with 

selection rules: S=0; |L|2; |J|2. These selection rules are the same as the ones for 

quadrupole transitions, but calculations have shown that their intensities are several 

orders of magnitude larger than the values expected for quadrupole transitions. 

Therefore, hypersensitive transitions are also called pseudo-quadrupole transitions. Once 

again, this interaction can be expressed in terms of Uλ operators and the hyperfine 

interactions are dominated by the U2 component. The intensity of a hypersensitive 

transition is vanishingly small when a RE ion occupies a pure centrosymmetric site and 

depends on the polarizability of ligands. Small departures from inversion site 

symmetry confer a relatively large intensity to hyperfine transitions while other 4f-4f 

transitions are virtually unchanged. 

As example, the oscillator strength of the hyperfine transition 4I9/2 → 4G5/2 of Nd3+ 

increases two orders of magnitude from Nd3+ in LaF3 to NdI3 vapour [211]. Another 

interesting hypersensitive transition is the 5D0 → 7F2 of Eu3+, in particular, the ratio 

between this transition and the magnetic dipole transition 5D0 → 7F1, called asymmetry 

ratio, gives a clear indication about the symmetry site of Eu3+ ions [217]. 

2.9.2. Non-radiative de-excitation mechanisms 

In the previous section, only reference to a radiative de-excitation mechanism 

was made, the radiative lifetime of a certain level being described by eq. 2.28. 

However, in many cases, a lower lifetime is obtained due to the interaction of RE ions 

with the vibrations of the host material. In fact, RE ions in solids can relax toward 
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lower energy levels by emitting phonons. The concept of phonon as a quantum of 

lattice vibration should be applied solely for crystals. In glasses, due to the absence of 

translational invariance, there is no a defined wave vector that can be associated to 

glass vibrations, anyway the term “glass phonons” is commonly accepted.  

If the electronic levels are closely spaced (e.g., the Stark components of a 

multiplet), they can be bridged by one or two phonons and the transitions will occur 

rapidly [215]. The non-radiative decay rate, WNR, is expressed by the following 

equation:  

WNR = Ce−E[N(T) + 1]p         (2.30) 

where C and  are host-dependent parameters, ΔE is the energy gap between two 

levels, p is the number of phonons required to bridge that gap (p = ΔE/ ħph) and N(T) 

is the occupation number for the effective phonon mode of angular frequency ph, 

described by the Bose-Einstein statistic [218]: 

N(T) =
1

exp (
ħph

kBT
)−1

          (2.31) 

where kB is the Boltzmann constant. If the temperature is lowered, N(T) gets smaller 

and this corresponds to a reduction of thermal vibrations when a material is cooled 

down. Table 2.1 resumes C,  and ħph for some glasses and for LaF3 crystals.  

Table 2.1. Parameters describing the non-radiative relaxation of RE ions 

in some glass systems and in LaF3 crystals. Adapted from [215]. 

 

Non-radiative rates are generally much higher in glasses than in crystals of similar 

composition due to larger effective phonon frequencies (larger C) and stronger 

Host C (s-1) (10-3 cm) (cm-1)

Borate
Phosphate
Silicate
Germanate
Tellurite
LaF3 crystal

2.9 1012

5.4 1012

1.4 1012

3.4 1010

6.3 1010

6.6 108

3.8
4.7
4.7
4.9
4.7
5.6

1400
1200
1100
900
700
350
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electron-phonon coupling (smaller α). If non-radiative processes are present, the 

lifetime is obtained by [215]: 

1


= 𝐴𝐽𝐽′ + 𝑊𝑁𝑅         (2.32) 

The homogenous broadening of the emission bands is essentially caused by lifetime 

broadening. In fact, considering the Heisenberg energy uncertainty principle Et  ħ, 

it is obtained that short living states are associated to broader spectra [215]. 

2.9.3. Energy transfer mechanisms 

ET mechanisms are extremely important when RE ions concentration increases 

beyond a certain limit or when more than one kind of ions is present in the system.  

The ion directly excited is called donor or sensitizer, while the ion receiving this energy 

is called activator or acceptor.  

The process can be a radiative or non-radiative ET (with or without the emission of 

photons) [215]. Radiative ET involves one ion emitting a photon that is reabsorbed by 

another ion. This process can cause modification of the band shape and produce longer 

lifetime, and this effect increases with the overlapping of absorption and emission 

bands of the ions. 

On the other side, non-radiative ET between ions can also occur and such process 

is also responsible for the appearance of some interesting new optical phenomena. 

These interactions can be explained assuming a short-range exchange interaction (if there 

is overlap of wave functions of ions) or long-range electric interaction based on 

multipolar mechanisms [215]. According to Dexter [219], the possible mechanisms in 

order of decreasing strength are: the overlapping of the electric dipole fields of donor 

and acceptor, the overlapping of the dipole field of the donor with the quadrupole field 

of the acceptor, and exchange effects.   

The rate of non-radiative ET between a donor (D) and an activator (A) can be 

expressed by [203,219]: 

𝑊𝐷𝐴 =
2

ℎ
|〈𝐷𝐴 |𝐻𝐷𝐴|𝐷′𝐴′〉|2 ∫ 𝑔𝐷(𝐸)𝑔𝐴(𝐸)𝑑𝐸     (2.33) 
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where the integral gives the spectral overlap and the matrix element represents the 

interaction between the initial state |DA and the final state |D’A’ due to the 

interaction Hamiltonian HDA. The transfer rate WDA vanishes if there is not spectral 

overlap and the distance dependence resides in the interaction Hamiltonian. For 

example, for electric multipolar interaction the distance dependence is R-n (n=6, 8 or 10 

for electric dipole-electric dipole interaction, for electric dipole-electric quadrupole 

interactions and for electric quadrupole-electric quadrupole interaction, respectively), 

being R the donor-activator distance [219]. This interaction has the classical counterpart 

based on ET between oscillating electric dipoles with distance dependence on R-6 and 

R-8. However, in this case no real photons are emitted. Instead, the exchange interaction 

is a quantum mechanical effect arising from the symmetry properties of the wave 

functions with respect to the exchange of spin and space coordinates of the electrons 

[219]. In fact, according to quantum mechanics, the initial electronic configuration of 

the donor can be exchanged with that of the acceptor without any multipolar 

mechanism. In this case, the distance dependence is exponential, since this interaction 

requires the overlap of the wave function for donor and acceptor. 

Due to strong distance dependence of these interactions, Dexter concluded that the 

effect of “sensitization” can be extended to about 103, 102, and 30 lattice sites around 

each “sensitizer” for dipole-dipole, dipole-quadrupole and exchange interaction, 

respectively. An important point to keep in mind is that while multipolar interactions 

are constrained by selection rules depending on the levels involved and hence can 

vanish, the exchange interaction is not affected and it permits both allowed and 

forbidden transitions [219].  

Another important point is that there are no restrictions about the number of steps 

involved for ET process. It can take the excitation energy far from the site where the 

absorption took place and this is known as energy migration [215]. This mechanism is 

useful for example in Er3+-Yb3+ co-doped materials, where Yb3+ ions act as donors for 

Er3+ ions.  Quite higher Yb3+ concentrations are commonly used with respect to Er3+  to 

promote energy migration and reach Yb3+ ions relatively close to Er3+ ions such that ET 

can occur efficiently. However, when the concentration increases beyond a certain 
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value, the mean distance between the ions is reduced and there can be non-radiative 

losses before transferring the energy to the activator. Such phenomenon is called 

concentration quenching and the optical properties are strongly dependent on RE ions 

concentration [215]. Nevertheless, there is not an absolute value for concentration 

quenching: it depends on the host and the kind of ion. 

When ET is present, there is an additional de-excitation mechanism and the 

lifetime is further reduced according to the following equation [215]: 

1


= AJJ′ + WNR + WET        (2.34) 

where WET describes the ET rate.  

Finally, ET processes require the absorption or emission of phonons for energy 

conservation when the transition energies for the ions involved are not resonant. The 

energy difference can be provided by a phonon if the initial state has lower energy, or 

released to a phonon in the opposite case [215].  

2.9.3.1. Up-Conversion 

UC has great interest for applications because it allows the conversion of excitation 

frequency to higher values. For example, IR radiation can be converted into Vis or UV 

depending on the energy levels of RE ions, the kind of host, and the number of steps 

involved in the process. This process is also known as Anti-Stokes process because it 

violates the well-known Stokes law for fluorescence light emitters which states that 

excitation photons are at a higher energy than emitted ones. Auzel made an extended 

review of the processes underlying the UC emission and the three main mechanisms 

are listed below [220].  

1. Excited State Absorption (ESA). The excitation takes the form of successive 

absorption of pump photons by a single ground-state ion. Firstly, an ion is excited 

from the ground state G to an excited state E1 and then, a second pump photon 

promotes the ion from E1 to a higher excited state E2. UC emission results in the 

radiative emission from E2 to the ground state. This process can involve more than two 

excited states and the UC emission frequency can be increased further. To achieve 
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highly efficient ESA, a “ladder-like” arrangement of the energy levels is required, for 

example this is the case for Er3+, Ho3+ and Tm3+ [221]. A scheme of this process is 

described in Figure 2.11a.  

2. Energy Transfer Up-Conversion (ETU). This process involves two ions. A 

sensitizer, S, is first excited from the ground state to its metastable level, ES, after 

absorbing a pump photon. Then S transfers its energy exciting the activator, A, to its 

upper state E1, while S relaxes back to ground state GS, Figure 2.11b. Then, A can be 

excited to E2 by a second step ET and finally it decays radiatively to the ground state 

GA emitting UC emission. In this process, there is a strong influence on the RE ions 

concentration that affects the average distance. On the contrary, the ESA is not 

dependent on concentration involving one single ion. Anyway, the concentration 

cannot be increased too much because non-radiative losses can become important due 

to concentration quenching.  

3. Cooperative Up-Conversion (CU).  This is a process involving the interaction 

among three ions: two sensitizers S and one activator A. After irradiation with 

excitation photons, the two S ions can be excited to the excited state Es. They 

simultaneously transfer their energy to A which is brought in the excited state E1 and 

then A can decay radiatively to the ground state by UC emission, Figure 2.11c. The 

efficiency of this process is generally orders of magnitude lower than that of ESA or 

ETU, because it involves quasi-virtual levels, which are taken into account by quantum 

mechanics but at a higher order of perturbation hence with less probability.  

 

Figure 2.11. Up-Conversion processes: (a) Excited State Absorption (ESA), (b) Energy Transfer Up-Conversion 

(ETU), (c) Cooperative Up-Conversion (CU). 
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The aforementioned processes can occur altogether but, as stated before, some 

processes are dominant with respect to others. An interesting feature of UC processes 

is that the emission intensity (IUC) can be related to the incident, or pumping, intensity 

(IP) by the following expression [222]: 

IUC  (IP)n          (2.35) 

n being the number of photons involved in a certain UC process. By a logarithmic plot 

a straight line is obtained for each UC emission and the number of photons is obtained 

by the slope of the corresponding line.  

2.9.3.2. Down-Conversion 

The possibility to convert higher energy photons into ones with lower energy 

offers interesting applications. For example, one of the most interesting is related to 

increase the efficiency of photovoltaic solar cells  by transforming UV photons into IR 

photons that are better absorbed by silicon solar cells [14].  

The process can involve the production of one or more photons with lower energy. 

In the first case, the term Down-Shifting (DS) is used for the process that consists in the 

emission of one single photon of lower energy. The corresponding quantum efficiency 

is lower than one, due to nonradiative relaxations. Instead, the term DC or quantum-

cutting (QC) is used to indicate the process in which more than one photon is emitted 

and the quantum efficiency can be higher than unity.  

The first studies about the DC process were reported by Dexter in 1957, describing 

the possibility of “photon-splitting” that can produce quantum yields greater than unity 

[223]. As for the UC process, there are several possibilities to obtain DC emission, the 

most typical involving two RE ions, one acting as sensitizer (S) and the other as 

activator (A). However, there is also the possibility to split the incident photon into 

lower energy photons using only one kind of RE atom.  

1. DC with single ions. This process was observed for Pr3+ ions in YF3 crystals [224]. 

The mechanism is schematically shown in Figure 2.12a, where the incident photon is 

converted into two lower energy photons. 
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2. DC with ions pair. This process was extensively described for Pr3+-Yb3+, Pr3+ acting 

as sensitizer and Yb3+ as activator. There are also other pairs used for DC as Tb3+-Yb3+ 

and Tm3+-Yb3+. One possibility is that S is excited by a high energy photon, then part of 

the energy is transferred to A and both ions emit, Figure 2.12b.  Another very similar 

process involves the emission from S and ET to A that then emits, Figure 2.12c. There is 

also the possibility of two-ET from S to A followed by emission from A, Figure 2.12d 

and the last process involves the Cooperative ET (CET) from S to two A ions, Figure 

2.12e. 

 

Figure 2.12. Down-Conversion processes (a) with single ion and (b)-(e) with ions pair. 
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3. EXPERIMENTAL METHODS  

In this section, a general overview of the synthesis and materials preparation is 

given together with the characterisation techniques used in this thesis. Materials 

characterisation was performed to evaluate the thermal, structural and optical 

properties and to correlate them with the different processing methods.  

3.1. Materials preparation 

3.1.1. Melt-quenching bulk materials and fibres  

Glass compositions, listed in Table 3.1, were prepared by MQ method 

employing an electrical furnace in air atmosphere. The raw materials used were: SiO2 

(Saint-Gobain, 99.6%); Al2O3 (Panreac, 99.5 %), Na2CO3 (Panreac, > 99.5%), K2CO3 

(Scharlab, 99.6%), AlF3 (Alfa Aesar, 99.9%), NaF (Panreac, 99. 95%), LaF3 (Alfa Aesar, 

99.9%), Lu2O3 (Alfa Aesar 99.9%), PrF3 (Alfa Aesar, 99.99%), NdF3 (Alfa Aesar, 99.9%), 

Nd2O3 (Alfa Aesar, 99.99%), ErF3 (Alfa Aesar, 99.99%), Er2O3 (Alfa Aesar, 99.99%) and 

YbF3 (Alfa Aesar 99.99%). The Al2O3 powders were previously calcined at 800 C 

during 12 h to remove H2O.  

Batches of 40-100 g of each composition were mechanically mixed for 60 min 

and then calcined at 1200-1300 C during 1-2 h, using a Pt crucible covered with a cap, 

and then melted twice at 1550-1650 C for 2 h. The melt was poured into a brass mould 

and the glass annealed at Tg+20-30 C for 30 min.  

Uncoated fibres of the 55Si10La composition doped with 0.1 and 2NdF3 (mol%) 

were drawn using a prototype model, described in [225], a Pt crucible (with perforated 

bottom) heated by Joule effect, (see Figure 3.1a). Glass specimens were heated at 1100-

1480 C and fibres with different diameters (50-250 m) were obtained by controlling 

the drawing speed. Thicker fibres (300-500 m) were obtained using robber rolls 

rotating in opposite directions. A SiO2 cladding was deposited on the glass-ceramic 

fibres using the SG method and following the synthesis described in the next section. 
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Table 3.1. Glass compositions used in this thesis. 

 

Optical fibres of the 70Si6NaLu composition doped with 0.5ErF3 and 2YbF3 

(mol%) were prepared by the rod-in-tube method using the DURAN® glass as 

cladding material. Glass rods of 75 mm in length and with diameter of 10 mm were 

polished and placed in the DURAN® tubes obtained by drilling. The fibre drawing 

process was performed during a stage in the Laboratory of Optical fibres Technology of the 

Bialystok University of Technology. Fibres with core/cladding geometry of 1/2.5 and 

diameter of 150-250 m were drawn at 1230 C. A picture of the preform used for the 

drawing is shown in Figure 3.1b. 

 

Figure 3.1. (a) System used for the preparation of uncoated fibres. (b) Preform used for fibres drawing with the rod-

in-tube method. 

Glasses in bulk and fibre form were thermally treated at Tg+20-100 C, using a 

heating rate of 10 C/min, to obtain the corresponding glass-ceramics. The temperature 

55SLa10La 70Si7LaK 70Si6NaLu

Components mol% wt% mol% wt% mol% wt%

SiO2 55 40.14 70 53.32 70 60.45

Al2O3 20 24.77 7 9.27 5 7.33

Na2O 15 11.29 2 1.78

K2O 16 19.58

LaF3 10 23.80 7 17.82

NaF 18 10.86

AlF3 2 2.41

Lu2O3 3 17.16
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range used for crystallisation of different compositions goes approximately from 590 to 

680 C. Table 3.2 summarises all the doped-compositions studied in this thesis.  

Table 3.2. Doped and co-doped compositions prepared as bulk materials and fibres (*). For singly doped-

materials the dopant amounts are separated by a comma.  For co-doped compositions different dopants are in the same 

column.   

 

3.1.2. Sol-gel bulk materials and thin films 

Sols of compositions (100-x)SiO2-x Active Phase, (x=10,20 mol%) were prepared 

by SG using the alkoxide route in acid conditions. High quality precursors were used: 

tetraethyorthosilicate (TEOS 98%, Sigma Aldrich ), Triethoxymethylsilane (MTES 98%, 

abcr), Lanthanum acetate (99.9 %, Sigma Aldrich), Gadolinium acetate (99.9% Alfa 

Aesar), Potassium acetate (99.0% Sigma Aldrich), Neodymium acetate (99.9% Alfa 

Aesar), Europium acetate (99.9% Sigma Aldrich), Erbium acetate (99.9% Alfa Aesar), 

trifluoracetic acid (TFA > 99%, Sigma Aldrich), absolute ethanol (99.9%, VWR), acetic 

acid (100%, Merck) andd hydrochloric acid (37%, abcr). The precursor molar ratios 

together with the different compositions are described in Table 3.3.  

The synthesis was performed in two-steps: 1) a SiO2 sol was prepared using 

TEOS or TEOS-MTES, ethanol and H2O 0.1M HCl to produce the hydrolysis; 2) an 

acetate dissolution containing all the active phase precursors and dopants, together 

with TFA and ethanol, was prepared and maintained at 40 C for at least 2 h. A simple 

scheme for the SG synthesis is shown in Figure 3.2. 

55SiLa10La 55SLa10La 55SiLa10La 70Si7LaK 70Si6NaLu

Dopants mol% mol% mol% mol% mol% mol%

PrF3 0.1 0.5

NdF3
0.1*,0.2, 
0.5,1, 2*

0.1, 0.5, 1, 2

Nd2O3 0.05, 0.5

ErF3 0.1 0.5 0.5*

Er2O3 0.05

YbF3 0.5 1 2, 4 2*
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Table 3.3. Composition of the sols prepared in thesis together with the precursor molar ratios for thin films 

or bulk materials. 

 

 

Figure 3.2. Scheme of the two-step synthesis used for the preparation of SG materials. 

The total H2O used in the synthesis of the sol was divided in two parts: one was 

added to the SiO2 sol and the remaining to the acetate dissolution.  Then, the 

corresponding acetates dissolution was added to the SiO2 sol and stirred for at least 2 h 

to obtain the desired composition. The total H2O:TEOS or H2O:(TEOS+MTES) molar 

ratios (mol. %) was varied between 1.8-2.5 for thin films and 7.5-10 for bulk samples. 
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The doped-compositions are listed in Table 3.4, indicating if the synthesis was 

prepared using TEOS or TEOS-MTES.  

Thin films were deposited by dip-coating onto Si and glass substrates using 

withdrawal rates in the range of 10-35 cm/min and then heated from 350 to 850 C 

using a heating rate of 10 C/min.  

On the other hand, bulk samples, or self-supported layers were obtained by 

pouring 5-6 ml of the mix in a plastic container and dried at 50 C for ten days or two 

weeks. Then, samples prepared with TEOS were sintered in the range 350-750 C using 

a heating rate of 1 C/min, while for TEOS/MTES samples the heating rate was 

increased to 10 C/min and the maximum temperature used was 550 C.  

Table 3.4. (100-x)SiO2-x active phase (x=10, 20 mol%) doped compositions used in this thesis. The 

headers indicated if the sol was prepared with TEOS or TEOS-MTES. 

 

3.1.3. Sol-gel cladding for optical fibres prepared by melting 

A SiO2 sol was also prepared to cover the glass and glass-ceramic fibres of the 

55Si10La composition described in the previous section. TEOS, MTES and a colloidal 

silica suspension (Ludox-AS 40, Sigma Aldrich, aqueous suspension 40 wt%, particle 

size 20 nm, pH 9) were mixed and concentrated nitric acid (65%, VWR) was added 

under vigorous stirring to induce hydrolysis and condensation reactions. This reaction 

is very exothermic and the sol needs to be kept in ice bath to control the reaction. 

Finally, absolute ethanol was added to obtain a SiO2 concentration of 170 gL−1. The final 

molar ratio of the silica sol was 1(TEOS + MTES):0.5Ludox:2.7EtOH. The fibres were 

coated and heated at 450 C during 1 h. 

 

90-10/80-20
SiO2-LaF3

Thin films

90-10/80-20
SiO2-LaF3

Bulk

90-10/80-20
SiO2-GdF3

Bulk

Dopants TEOS TEOS-MTES TEOS TEOS-MTES TEOS-MTES

Nd(ac) 0.5,2,3 0.5, 3

Eu(ac) 0.5

Er(ac) 0.5 0.1, 0.5
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3.2. Density 

The density of liquid sol was obtained by weighting 1 ml of liquid in a precision 

balance.  

The Archimedes method was used for bulk samples prepared by MQ. Firstly, the 

bulk sample was weighted in air (P), then the system (balance + sample) was tared and 

the sample placed in a liquid of known density (L) to obtain the buoyant force (A). 

During the measurements, the temperature of the liquid was measured with a 

thermometer. The density of the sample () was obtained by the formula:  

 =
𝑃

𝐴
𝐿            (3.1) 

The  of glasses and glass-ceramics of the 55Si10La and 70Si7LaK compositions 

were measured using an analytical balance (A&D GR 200-EC) with sensibility of 0.0001 

g. Distilled H2O was used as reference liquid and its density values at different 

temperature obtained from the Handbook of Chemistry and Physics [226]. Three 

measurements were performed for each sample to obtain a standard deviation.  

3.3. Viscosity of the sols 

The viscosity () is one of the most important parameters in the dip-coating 

process, since the thickness of the films is proportional to , as described by the 

following equation [227]: 

𝑡 = 0.94
(𝑣)2/3

(𝐿𝑉)1/6(𝑔)1/2          (3.2) 

where v is the withdrawal rate,  is the density, LV is the liquid-vapor surface 

tension and g the acceleration of gravity.  

Furthermore, the hydrolysis and polycondensation reactions depend on several 

parameters such as: type of precursor, H2O/alkoxide molar ratios, etc. and all affect to 

the viscosity [227,228]. To obtain homogenous coatings is necessary to control that the 

values of  remain between 2 and 5 mPa.s. On the other hand, the sol stability 

(variation of  with time) is important for all industrial applications.  
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The measurements of viscosity were performed, for the SiO2-LaF3 and SiO2-GdF3 

sols aged at room temperature and at 5 C during two months, using a vibro-

viscometer SV-1A (A&D company). Calibrations were performed using distilled H2O. 

Since the equipment measures directly the static viscosity, that is the product of 

density () and viscosity, the values of  were obtained by dividing the measured 

values for the density. Errors were calculated by standard deviation from three 

measurements.  

3.4. X-Ray Fluorescence Spectroscopy  

The knowledge of the chemical composition of the materials is an important factor 

to assess the loss of compounds after its preparations. XRF is one of the best analytical 

methods for this scope. When the electrons of the inner shells of atoms or ions are 

excited, the energy emitted by higher energy electrons that occupy lower energy levels 

is emitted in the form of X-Rays. Each atom or ion produces a characteristic spectrum 

that is detected with a spectrometer.  

The measurements were performed on glasses of the 55Si10La and 70Si7LaK 

compositions using a Magic X 2400 (PANalytical) spectrometer.  For the analysis, 0.3 g 

of sample were mixed with 5.5 g of lithium tetraborate (Li2B4O7) and melted at 1100 °C 

to prepare the beads [229]. The quantification was performed using the IQ+ software 

(PANalytical). 

3.5. Thermal characterisation 

Thermal analysis corresponds to the group of techniques in which a physical 

property of a substance and/or its reaction products are measured as a function of 

temperature while the substance is subjected to a controlled temperature program. 

According to this definition such characterisation has to fulfil three conditions [230]: 

1. It has to measure a physical quantity. 

2. The measurement must be expressed - directly or indirectly - as a function 

of the temperature. 
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3. The measurement has to be performed using a controlled temperature 

program. 

Thermal transformations change the materials altering one or more of its properties 

[231]. The change may be physical such as melting, crystalline transition or 

vaporisation, or chemical where reactions alter the chemical structure of the material. 

In the next sections, the most important techniques used for thermal characterisation 

are described.  

3.5.1. Dilatometry 

Thermodilatometry, or simply dilatometry, is a technique used to determine the 

coefficient of thermal expansion of a specimen from the relationship [232]: 

 =
1

l0

dl

dT
               (3.3) 

 where  is the CTE, l0 is the initial length of the sample and dl/dT is the derivative of 

the change of length with temperature (i.e the slope of the line tangent to the curve). It 

is important to remark that the previous definition refers to a single temperature. 

However, for practical purposes, the most general definition is related to the mean or 

average CTE given by ASTM [232]: 

𝑚 =
1

l0

l

T
           (3.4) 

Here, m is the slope of the straight line between two points on the curve representing 

the expansion over a particular temperature range from T1 to T2 (T=T2-T1). The SI unit 

of CTE quantity is K- 1 but in many cases the results are expressed in C-1. Most of 

glasses have a CTE in the range 0.5-20  10-6  C-1.   

CTE, glass transition temperature (Tg) and dilatometric softening (Td) points are 

essential parameters for the characterisation of glass materials and all can be obtained 

by dilatometry measurements. For glasses, the main effects on the CTE variation are 

associated with the thermal history and the chemical composition. Considering that the 

CTE of a glass is an additive physical quantity, it can be calculated by a weighted 

average of the CTEs of the single components (in mol%): 
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 =
∑ piii

100
            (3.5) 

The corresponding i of some typical glass components can be consulted in [233].  

One of the most used methods for thermal expansion measurement is the 

mechanical dilatometry based on the pushrod method in horizontal configuration. A 

typical configuration consists on a closed tube, in which the specimen is placed, in 

contact with the reference, and a rod runs down the axis of the tube when the sample 

expands. This configuration is sometimes called differential dilatometer [232].  

In Figure 3.3 a typical dilatometric curve for a glass studied in this thesis is given. 

In the first part, the straight line from low temperature T1 up to T2 is due to the glass 

sample expansion. The linear region is where the glass still maintains its rigidity. After 

T2 there is a slight deviation from linearity that becomes relevant from Ti up to Tf and 

corresponds to the glass transformation region being Ti and Tf the initial and final 

annealing points; the intersection of the tangents in Ti and Tf gives the Tg. The next 

linear region with bigger slope is due to the glass visco-plastic regime and the 

maximum of the curve gives the dilatometric softening point Td.  

 

Figure 3.3. Dilatometric curve with the corresponding CTE, Tg and Td.  

Glass samples of the 55Si10La and 70Si7LaK compositions, with a length between 

9-14 mm, were heated in the range 25-700 C at a heating rate of 5 C/min using a 

NETZSCH dilatometer. A calibration or correction curve is applied using Al2O3 as 

reference material to compensate the expansion of the measuring system. The detection 
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system stops the measurement at temperatures slightly higher than the dilatometric 

softening point Td. The software used for data analysis is the NETZSCH Proteus® 

Software. 

3.5.2. Differential Thermal Analysis and Thermogravimetric Analysis  

Differential thermal analysis (DTA) is based on recording the temperature of a 

sample with respect to a thermally inert reference material when both are heated or 

cooled in a controlled atmosphere and following a specific heating programme, as for 

example a constant heating rate. The temperature difference between sample and 

reference due to the exothermic or endothermic processes is measured. Exothermic 

processes can be: crystallisation, oxidation, adsorption etc. and endothermic processes 

can be melting, phase transformation, dehydration, most of decomposition reactions 

etc. Similar to DTA is DSC (differential scanning calorimetry) where the instrument 

registers the heat released or absorbed by the sample with respect to a reference 

material [230].  

In Figure 3.4 an example of DTA curve for a glass that undergoes crystallisation is 

given. The glass transition temperature (Tg), the beginning (Tx) and maximum (Tp) 

crystallisation temperatures, and the melting temperature (Tm) are shown. When more 

than one crystallisation peak is present, the terms primary, secondary etc. are used. 

 

Figure 3.4. Example of DTA curve for a glass composition that presents two crystallization peaks. 

The measurement is affected by the instrument and the sample. The most relevant 

instrument factors are: the type of gas atmosphere and heating rate. A different 
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atmosphere can inhibit certain processes, for example oxidations are detected in air 

atmosphere but not in inert atmosphere.  

The heating rate is a very important parameter in DTA and DSC which can be 

easily modified to obtain additional information. An increase of the heating rate 

generally shifts the position of Tg, Tx and Tp towards higher temperatures. As studied 

by Kissinger [234,235], the shifting of the peak with the heating rate provides 

information about the activation energy of a kinetic process. Furthermore, increasing 

the heating rate the peak area also increases when the temperature difference is plotted 

against temperature. Nevertheless, when the temperature difference is plotted against 

time the area does not change. The use of high heating rates (20-40 C/min or higher) 

amplifies the DTA signal and small effects, that are not visible for standard heating 

rates (5-10 C/min), can be detected. Thereby, recording DTA curves at different 

heating rates allows the crystallisation process of certain materials such as glass-

ceramics to be estimated. A detailed theoretical description can be found in [236–243]. 

A schematic representation of the change of the crystallisation area with the heating 

rate (q) and the shifts towards higher temperature is schematically represented in 

Figure 3.5. The red dashed area is proportional to the sample amount that has 

crystallised at a fixed temperature T (black dashed line). 

 

Figure 3.5. Schematic representation of the increase of the heating rate for a certain crystallisation process. 

Regarding the sample properties, mass, size and shape can strongly affect the 

measurement. Indeed, the signal area is proportional to the sample mass, whereas the 

form and size of the sample (powder, bulk specimens) affect the thermal conductivity. 
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Besides, the signal shape can be different for bulk (> 1 mm) or powder samples because 

some reactions or processes can be modified. For example, for powder samples, the 

crystallisation is enhanced when surface crystallisation is dominant.  

Thermogravimetric analysis (TGA or TG) is another thermal analysis technique 

that determines the loss or gain of weight as a function of temperature. Such 

measurement provides additional information to study exothermic or endothermic 

processes for specific phenomena. Many instruments are prepared to detect 

simultaneously DTA/DSC and TGA to provide a better comprehension of the thermal 

processes involved.  For example, during the glass transition process, which is an 

endothermic phenomenon, the sample mass is not affected, but during dehydration 

(endothermic process) there is a mass loss. 

An example of TGA curve is given in Figure 3.6 where a first weight loss w1  20% is 

followed by a bigger weight loss w2  55%. 

 

Figure 3.6. Example of a TGA measurement with two weight losses.  

Sometimes, the derivative of the TGA curve is calculated to extract further 

information. Moreover, the peak area of the derivative curve is proportional to the 

mass loss corresponding to certain phenomena. If a thermobalance is coupled to 

sample and reference, the TGA curve can be acquired together with the DTA/DSC 

measurement.  

In this thesis, a SDT Q600 - TA Instruments was used to obtain simultaneously 

DTA and TG curves. This instrument uses alumina as reference material.  
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Parameters used for MQ materials 

The measurements were performed on bulk specimens of 55Si10La composition with 

size of 1-1.25 mm using heating rates from 10 up to 60 C/min. Fibre specimens with 

diameter of 200-250 m were also analysed using heating rates up to 80 C/min. All the 

measurements were performed in air using 20-30 mg of sample and varying the 

temperature from room temperature (RT) up to 1000 C.  

Parameters used for SG materials 

Bulk specimens (gels) of SiO2-LaF3 and SiO2-GdF3 compositions were heated from RT 

up to 1250 C using heating rates from 10 to 50 C/min. Powder samples with particle 

size less than 60 m were also analysed using the same conditions of bulk samples. In 

all cases, the curves were measured using 20-30 mg of sample in air and Ar 

atmosphere. 

3.5.3. Hot-stage Microscopy 

Hot-stage microscopy (HSM) is a technique used to measure the change of shape 

of a sample, normally powdered sample, when is heated. The sintering and flow 

behavior of glass powders can be monitored as a function of temperature. Sintering 

and flowing points correspond to specific viscosity values, as described in [244]. 

Typical viscosity points, corresponding to different processes, are shown in Table 3.5.  

This technique permits information of glass viscosity to be obtained using quite small 

sample amounts (< 1 g) and in a very fast way. 

Table 3.5: Characteristic viscosity points obtained by HSM. 

 

Shape
log
(dPa.s)

Viscosity point

First shrinkage 8.9 0.3

Maximum shrinkage 7.9 0.2

Softening point 6.6 0.1

Half ball 4.5 0.1

Flow  point 3.1 0.2
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In this thesis, the viscosity values of 55Si10La and 70Si6NaLu compositions were 

measured by an EM-201 picture analysis heating microscope (or optical dilatometer, 

Hessen Instrument). The instrument is equipped with an image analysis system and an 

electrical furnace with maximum temperature of 1600 C. The software analyses the 

sample geometry during heating, and determines the percentage of decrease in height, 

width and area of the sample respect to its initial shape. The measurements were 

conducted in air at heating rates of 5 °C/min using powder glass samples (< 60 µm) 

and alumina supports. 

  

3.6. Structural characterisation 

The structural characterisation of materials gives information about the nature, 

(amorphous or crystalline for solids); the homogeneity at the micro/nanoscale, the kind 

of crystal phases and crystal sizes; the atomic bonds and the local atomic surroundings.  

All this information is necessary when certain properties (electrical, chemical, optical, 

etc.) of the material are determined by few atomic species, such as dopants, and their 

local surrounding.  

Most structural characterisations in materials science are based on techniques that 

use or detect X-rays. These techniques give information about the atomic arrangement 

and local surrounding at the nanoscale. XRD provides information about periodic 

atomic structures (crystals). Instead, XAS allows the valence state of a certain ion and 

its local surrounding to be studied.  

Another fundamental technique is TEM that produces electron micrographs at the 

micro/nanoscale. Sometimes TEM are coupled to EDXS spectrometers, making possible 

to study the chemical composition at the nanoscale. 

The detection of mid or far infrared absorption provides information about 

molecular vibrations that are associated to specific bonds in a specific compound.  

Finally, techniques based on magnetic spectroscopy of nuclei or electrons are very 

powerful tools for the detection of the local surrounding of specific ions.    
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Concluding, there is no one single technique that can simultaneously provide a 

complete description of the material structure; therefore, the combination of different 

techniques is indispensable when both global and local information are desired. In the 

next paragraphs, the most important techniques used in this thesis for structural 

characterisation are described.  

3.6.1. X-Ray Diffraction 

XRD is the most important technique to obtain information about crystal 

structure, as phase, lattice constants etc. Waves scattered by atoms placed in different 

atomic planes with distance d will be in phase, and hence they will interfere 

constructively, when the Bragg law is satisfied [245]: 

2d sin θ = nλ           (3.6) 

where  is the incident angle (the angle between incident ray and the scatter plane),  is 

the X-ray wavelength, d is the plane distance and n is an integer number, called the 

diffraction order, that is equal to the number of wavelengths in the path difference 

between diffracted X-rays. When such condition is satisfied, diffraction maxima or peaks 

are observed at different angles depending on the atomic distances. A schematic 

representation of the Bragg law is given in Figure 3.7. 

 
 
 

Figure 3.7. Sketch of Bragg law. Constructive interference is obtained when the phase difference of the scattered 

waves is an integer number of wavelengths. The blue point is a guide for the eye. In general, two different atoms 

scatter X-rays with different intensities (A1 and A2 are the corresponding amplitudes). 

For polycrystalline materials, the most common XRD technique consists in 

measuring the intensity of X-rays scattered as a function of the scattering angle (2) 

using a powder sample. A BRUKER D8 Advance powder diffractometer (θ-2θ 
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configuration) using the CuK1=1.54056 Å radiation and equipped with a LYNXEYE- 

detector was used Figure 3.8. The identification of crystal phases was carried out using 

the DIFFRACplus EVA software which allows the diffractograms to be compared with 

standard XRD patterns (JCPDS or ICDD). 

 

Figure 3.8. (Left) Picture of the Bruker D8 ADVANCED and (right) a simple scheme. 

 
The crystal size D was obtained by the Scherrer equation [246]: 

D =
0.94λ

cos θ√Bm
2 −Bi

2
          (3.7) 

where λ is the X-ray wavelength, θ the Bragg angle of the diffraction peak, Bm the 

full width at half maximum (FWHM) and Bi is the instrumental broadening. Bm and  

were obtained by a Pseudo-Voigt fit of the diffraction peaks.  

Powder samples of glasses and glass-ceramics obtained by MQ (55Si10La, 

70Si7Lak and 70Si6NaLu) and SG (SiO2-LaF3 and SiO2-GdF3) were milled to a particle 

size less than 60 µm and characterised by XRD. The angular range was 10-90 °, the step 

size 0.02-0.03 ° and the acquisition time varied between 1 and 3 s per step. When XRD 

experiments were performed using synchrotron radiation, the XRD patterns were 

acquired in similar angular ranges. 

Rietveld refinement [247] was performed on 55Si10La and SiO2-LaF3 glass-

ceramics to obtain information about crystal size, lattice parameters and crystal 

fraction. The quantification of the crystal fraction was performed by mixing a reference 

material (NaF) to the sample and using acetone to ensure good homogeneity. Then, the 

mix was dried at 60 °C. The real crystal fraction, Wphase , is obtained by the equation [56]: 

X-Ray tube

Goniometer

Detector

Sample X-Ray
Source

Incident-beam slits

Monochromator

Output-beam slits
Detector

Sample + sample 
holder Normal to the 

sample surface



 _______ 3. EXPERIMENTAL METHODS 

 

88 

 
 

Wphase =
(Wphase)RRWstd

(Wstd)RR
          (3.8) 

where Wstd is the real amount (wt%) of reference material, (Wstd)RR and (Wphase)RR 

are the crystal fraction of standard and crystal phase obtained by the Rietveld 

refinement using the FullProf program [248].  

Thin films of the SiO2-LaF3 composition, prepared by SG and deposited onto Si-

wafer (111), were analysed in the angular range 10-70  using a Panalatycal X’per PRO 

working in grazing incidence (GI-XRD) configuration, incidence angle of 0.5 . Some 

measurements were also performed using the GI-XRD of the BM25B-SpLine (ESRF).  

3.6.2. Small Angle X-Ray Scattering  

SAXS is an X-Ray technique that permits the structure of materials on a bigger 

scale to be studied. The basics of this technique are obtained considering the Bragg 

equation, eq. (3.6). The angle at which X-rays diffract varies inversely with the d 

spacing between atomic planes. Therefore, small spacing will produce signals at big 

angles. In crystals, the d-spacing is of the order of magnitude of the X-rays wavelength 

(0.5-5 Å), hence all the information scattered at very small angles (< 2 ) cannot be 

recorded by XRD. The scattered intensity measured in a SAXS depends on the size, 

form and electron density of such heterogeneities or particles [249].  

SAXS can be applied to a large variety of samples in which heterogeneities 

should be studied. For example, in glass and glass-ceramic samples, phase separation 

and crystals can be observed by SAXS. If the electron density of one kind of 

heterogeneities is the most relevant, a “two-phase” approximation is postulated, 

considering an almost homogenous sample (phase 1) with scattering centres (phase 2). 

The scattering intensity increases with the electron density difference, called contrast. 

A simple graphic relating the amplitude of the scattering vector (q) with the 

particle size (D) is given in Figure 3.9. For a certain angle (or scattering vector q), SAXS 

detects electron density fluctuations with sizes D1/q, therefore, during a SAXS 

measurement the sample is analysed using variable “windows” with sizes inversely 
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proportional to q. Whenever an electron density contrast exists in a spatial region, a 

scattering signal at a corresponding q value will be produced. 

Glass and glass-ceramic samples of the 55Si10La composition (bulk and fibres) 

were milled and pressed into pellets. The instrument used for the measurements is a 

commercial SAXSess, table-top system manufactured by Anton Paar, GmbH shown in 

Figure 3.10. A Cu K1 line beam λ=1.54 Å (10 mm x 0.4 mm) was used and the 

scattered intensity, in the q range 0.01-0.1 Å, was recorded with an imaging plate. The 

2D pattern was converted into 1D pattern and analysed with the Irena software to 

obtain the particle size distribution of phase separation droplets and crystals. The 

SAXS measurements of this thesis were performed in collaboration with Prof. Gang 

Chen from the Ohio University. 

 

Figure 3.9. Sketch of SAXS experiment that can be thought as a way of looking at the material structure with 

“windows” of variable size D. If in a “window” of size D there are density fluctuations, the scattering is produced at 

q1/D. 

 

Figure 3.10. Instrument used for SAXS measurements (SAXSess, Anton Paar GmbH).  
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3.6.3. X-Ray Absorption Spectroscopy 

XAS provides information about the valence state of atomic specie and its local 

surrounding. When an incident X-rays beam interacts with matter, part of it is 

absorbed and other transmitted. The transmitted intensity, after passing a sample of 

thickness x and linear attenuation coefficient µ, is given by the Lambert-Beer law [250]: 

I= I0e−µx             (3.9) 

Depending on the energy of the incident photon, electrons from inner K, L etc. 

shells can be excited to unoccupied levels. The absorption edges are labelled with the 

symbols given in Table 3.6 according to the inner electronic levels involved in the 

transitions.  

Table 3.6. High energy edges and their corresponding core levels. Adapted from [250]. 

 

A typical XAS spectrum of an Er3+ ion in a solid is given in Figure 3.11. Three main 

regions are observed: pre-edge, edge and post-edge [250]. The pre-edge is the part of 

the spectrum just below the edge and it is associated to dipole transitions between 

bound states, while the post-edge can extend up to  1 keV above the edge and 

describes transitions to continuum states. The edge sets the onset energy for transitions 

to the continuum state and gives information about the ionic specie and its oxidation 

state. On the other side, the most relevant structural information is enclosed in the post 

edge that is commonly separated in two regions.  The first region, XANES, extends for 

30-50 eV above the edge; the second, EXAFS, that extends up to  1 keV after the 

XANES region.  

According to de Broglie relation, a wavelength λ is associated to each particle 

depending on the particle momentum p and the Planck constant h: 

λ = h/p          (3.10) 
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Figure 3.11: XAS spectrat the L3 edge of Er3+in ErF3. 

In solids or condensed matter, atoms nearby can scatter the outgoing 

photoelectron. The final state of the photoelectron, calculated at the position of the 

absorber atom A, is described by a superposition of both waves. Such superposition 

can produce constructive interference corresponding with absorption maxima. If the 

outgoing and scattered waves are out of phase, destructive interference is produced 

and a local minimum in the absorption spectrum appears, Figure 3.12. The phase 

difference () depends on the distance travelled and the wave vector k=2π/λ, for this, 

the local structure around the atom determines the oscillatory behaviour of the post-

edge region.  

 

Figure 3.12. The outgoing photoelectron from the atom A is represented by a spherical wave with wavelength e that 

is scattered by an atom S. Depending on the scattering distance there can be constructive or destructive interference 

The EXAFS region can be analysed with accuracy using the following function 

[250]: 
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(k) =  
µ(k)−µ0(k)

µ0(k)
         (3.11) 

where µ is the X-ray absorption coefficient and µ0 is the absorption coefficient in 

absence of EXAFS effects (free atom) which cannot be directly measured. The χ(k) 

function is described as a smooth function to which oscillations superimpose to 

produce EXAFS spectra. The difference µ-µ0 is divided by µ0 such that (k) describes 

an average structure around the absorbing species. By plotting (k), the EXAFS signal 

is composed of many oscillations which amplitude is proportional to the number of 

scattering atoms. The oscillation frequency is inversely proportional to the distance 

between absorbing and scattering centres, and the oscillations shape depends on the 

scattering atom [251]. 

The XANES region corresponds to energies slightly above the edge associated to 

longer photoelectron wavelengths, thus giving information of the structure at longer 

distances. XANES spectra are generally studied to obtain the oxidation state of an atom 

and its symmetry. The comparison with reference compounds allows a qualitative 

indication about site geometry and type of ligands to be obtained. Moreover, 

absorptions in the XANES region are usually more intense than for the EXAFS region 

and have better signal to noise ratio.  

The experiments were performed at the synchrotron BM25A-Spline of the ESRF 

using the setup shown in Figure 3.13. Bulk samples were milled into powders and thin 

films were measured directly. Glass and glass-ceramic samples, prepared by MQ 

(55Si10La) and SG (SiO2-LaF3), doped with Nd3+ and Er3+ were measured as powders in 

fluorescence configuration (If) using a 13 element Si (Li) solid-state detector with 

the sample surface placed at an angle of 45 ° to the incident beam. The reference 

compounds, NdF3, Nd2O, ErF3 and Er2O3, were mixed with cellulose and pressed to 

form a pellet and then measured in transmission mode. The incident (I0) and 

transmitted intensity (It) were detected with two ionization chambers. 

Data were analysed with the ATHENA and ARTEMIS software [252]. 

Measurements were performed at the Nd3+-L2 and Er3+-L3 edge. Edges were fitted using 
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an arctan as background and a Pseudo-Voigt function as edge peak. XANES spectra 

were further analysed by linear combinations of reference compounds spectra. 

 

 

Figure 3.13. Setup of the BM25A-Spline (ESRF) used to measure XAS spectra in transmission and fluorescence 

configuration. 

3.6.4. High Resolution Transmission Electron Microscopy 

TEM is an essential tool for the structural characterisation of nanomaterials 

because it allows images of a sample to a nanometric scale to be studied. XRD and 

SAXS techniques provide a global structural characterisation, while XAS describes the 

local structure around specific atoms. The results from these techniques give average 

structural information.  However, TEM provides local structural information of a 

material on areas that can be less than 0.01 m2. Moreover, TEM is a very unique 

technique because it allows both diffraction patterns and images to be obtained, hence 

the information of both reciprocal space (diffraction) and real space (imaging) is 

accessible [253]. 

TEM enables both amplitude and phase contrast. Amplitude contrast is 

originated by different atomic masses, sample thickness and different diffraction 

intensities. The two basic ways of operation are the Bright-Field (BF) and Dark-Field 

(DF) modes.  

HRTEM is based on phase contrast produced by the interference of transmitted 

and diffracted beams. In diffraction configuration, SAED patterns can be recorded, 

permitting the identification of the crystal phases. Modern HRTEM can also work in 
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STEM configuration. This configuration is especially useful for EDXS to study the 

chemical composition of a specific area of the sample.  

Some glass and glass-ceramic samples were prepared by Ar+ ion-binning. 

Firstly, plane parallel sheets were cut and then grinded and dimpled to a residual 

thickness of 15 µm.  Then, ion-binning was performed with incident angle set to 8 °, 

potential difference to 5 kV and current to 5 mA. The milling time was varied between 

10 and 14 h. However, such method is quite complex and several hours are necessary 

to prepare the samples. A simpler preparation method consists in milling the samples 

into fine powders and then dispersing in a solvent (ethanol or acetone). Few drops are 

deposited onto a carbon lacey on copper grid and dried to remove the solvent. In the 

case of thin films small powder amounts were obtained by scraping the films with a 

scalpel and then dispersing it in a solvent following the same process.  

Glass and glass- ceramics obtained by MQ (55Si10La, 70Si7Lak and 70Si6NaLu) 

and SG (SiO2-LaF3 and SiO2-GdF3) were analysed using a JEOL 2100F TEM. The 

instrument works at 200 KV and has a point resolution of 0.19 nm. EDXS analysis was 

performed in STEM mode using an INCA x-sight (Oxford Instruments) detector and 

interfaced with the INCA Energy.   

The micrographs obtained in this thesis were analysed with the Gatan 

Microscopy Suit Software. Plane distances of crystal phases are calculated and 

assigned to specific Miller indices by comparison with the JCPDS cards of the 

respective phases. The particle (crystalline or not) size distribution was obtained using 

a relatively high number of particles (100-300) and plotting histograms with a certain 

bin width. Such histograms are well fitted by one or more Gaussian curves for single 

and multimodal size distribution. Line scans were made along specific areas and data 

acquired up to obtain an acceptable signal to noise ratio. Only the elements present in 

the sample were considered for acquisition. Data were saved and analysed when the 

software did not reveal an appreciable drifting of the probe. A further image was taken 

after the measurement to check the scanned area that usually appears as a damaged 

area due to repetitive interactions with the electron probe. Results were considered 

reliable after checking that the scans were performed in the same area.  
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3.6.5. Fourier Transform Infrared Spectroscopy 

Infrared (IR) spectroscopy is a versatile characterisation technique that provides 

information about the presence of certain molecules and atomic bonds in the material. 

Additionally, structural changes as a function of time or temperature can be studied. 

The IR spectrum is commonly separated in three regions: near-IR (NIR), mid-IR 

(MIR) and far-IR (FIR). NIR ranges from 13000 to 4000 cm-1 (770-2500 nm) where most 

of overtone frequencies of OH, CH, or NH appear [254,255].  

MIR goes from 4000 to 400 cm-1 (2.5-25 m) where most interesting vibrations of 

organic and inorganic materials appear, for this reason MIR is the most studied part for 

structural characterisation.  Such region is further divided in four parts depending on 

the kind of bond associated to specific vibration frequencies. These parts are: the Y-H 

stretching region (4000-2500 cm-1) e.g CH, OH; triple-bonds region (2500-2000 cm-1), e.g 

CC, CN; the double-bond region (2000-1500 cm-1), e.g C=O, C=C; and the 

“fingerprint region” (1500-500 cm-1) where most of skeletal and bending vibrations are 

observed, e.g C-N, C-O.  

The FIR region extends from 400 to 100 cm-1 (25-100 m) and crystal vibrations 

are usually observed (most vibrations of fluoride crystals occur in this region). 

FTIR is the most used IR spectroscopy technique. FTIR spectrometers have a 

combination of mirrors and beam splitters as in a Michelson interferometer [254]. FTIR 

spectrometer can be used in several configurations: transmission, ATR, diffusive 

reflectance etc. In transmission measurements, liquid, thin films and powders can be 

measured. For powder samples, small amounts of sample ( 2-5 mg) are mixed with 

KBr, or other IR transparent materials, to prepare a pellet. On the other side, KBr is 

highly hygroscopic and artefacts can be detected, especially OH- contaminations. 

The ATR accessory is very useful because no further sample preparation is 

necessary and both powders and liquids can be measured directly. The sample is 

placed in contact with a high refractive index crystal (diamond/ZnSe). For powder 

samples, the contact with the crystal is ensured by a proper pressure arm. 
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In this thesis the Spectrum 100 FTIR of Perkin Elmer was used in transmission 

(thin films) and ATR configurations (powders) to measure glasses and glass-ceramics 

of the SiO2-LaF3 and SiO2-GdF3 compositions prepared by SG. The measurement range 

was 400-4000 cm-1 in transmission mode and 650-4000 cm-1 in ATR mode. The 

resolution was set to 4 cm-1 and 4 scans were acquired for each measurement. To 

measure in transmission mode, 2-3 mg of sample were mixed to 250 mg of KBr to 

prepare pellets. Thin films were characterised in transmission mode depositing the 

coating on Si wafer (111) substrates. The software used for all FTIR measurements is 

the Spectrum software (Perkin Elmer). When the measurements were performed in 

ATR mode, the spectra of liquid or powder samples were properly corrected.  

FTIR spectra of SiO2-LaF3 powders in the FIR region were collected in ATR 

configuration using the Nicolet 6700-Thermo Scientific. The range was set to 600-175 

cm−1 and the resolution to 4 cm−1. Due to the lower S/N ratio, at least 128 scans were 

acquired for each measurement. 

3.6.6. Electron Paramagnetic Resonance  

EPR is a magnetic spectroscopy technique that provides identification of 

paramagnetic species and it is also very sensitive to their local surrounding [256,257]. 

Paramagnetism is due to the presence of unpaired electrons. Fortunately, most of RE 

ions are paramagnetic because they have incomplete 4f shells. Therefore, EPR is a 

powerful technique to characterise RE-doped glass-ceramics in which the local 

environment of these ions vary from amorphous (glass) to crystalline. 

In EPR, the magnetic field is swept in a certain range and the transitions between 

Zeeman levels are induced by absorption of electromagnetic waves at fixed frequency. 

The resonance condition is [256]: 

h = g
e

B          (3.12) 

where h is the Planck constant,  the frequency, e the Bohr magneton, B the magnetic 

field and g a constant that depends on the material. There is absorption whenever the 
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energy separation of Zeeman levels matches the photon energy. To obtain directly the 

g-values from the EPR a more convenient formula is: 

g =
714.477 (GHz)

B(G)
         (3.13) 

A sketch of the energy levels splitting for Nd3+ in LaF3 in presence of a variable 

magnetic field is shown in Figure 3.14.  

 

 

Figure 3.14. Sketch of the energy levels splitting for the 4I9/2 multiplet of Nd3+ in LaF3 upon application of a variable 

magnetic field. The split (not in scale) depends on each level but it is shown equal for simplicity. 

In general, there are three principal g values, usually indicated as gx, gy and gz. Such 

values depend on the ions surrounding and satisfy one of the following conditions 

[256,257]: 

gx=gy=gz (isotropic case)                  (3.14a) 

gx=gy (g)≠gz (g//) (axial symmetry),                     (3.14b) 

gx≠gy≠gz (rhombic symmetry)                  (3.14c) 

Polycrystalline materials are usually measured as powders and they produce 

typical EPR signals (derivative of absorption spectra) that for species with effective 

spin S’=1/2, as Nd3+, Er3+ and Yb3+, are shown in Figure 3.15.  

Bulk glass and glass-ceramic samples, prepared by MQ (55Si10La) and SG (SiO2-

LaF3), and doped with Nd3+ and Er3+ were grounded to obtain powders and then rolled 

into Teflon tape. The EPR signals were detected in the 50-8000 G range using a Bruker 

ESP 300E spectrometer, shown in Figure 3.16, operating with a frequency of 9.47 GHz 
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and field modulation of 100 kHz. A cryostats was used to reduce the temperature to 5 

K (liquid He). The power of the microwave frequency was set to avoid saturation 

effects and the background signal was acquired before the measurement.  Simulations 

of EPR spectra were obtained using the EasySpin software [258]. These measurements 

were performed in collaboration with Prof. David Bravo from the Dep. de Física de 

Materiales de la Universidad Autónoma de Madrid (UAM). 

 

Figure 3.15. EPR absorption spectra and signals for powder samples containing one paramagnetic element with 

S’=1/2 placed in different symmetries. Data were simulated using the EasySpin software [258]. 

 

 

 

Figure 3.16. (Left) Picture and (right) sketch of the scheme of the EPR instrument used in this thesis. 
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3.6.7. Nuclear Magnetic Resonance  

NMR is similar to EPR but nuclei are perturbed instead of electrons. The physical 

principle of NMR consists in studying the transitions of nuclei between energy levels 

under the application of a magnetic field. Only nuclei with nuclear spin I0 can be 

studied. Some nuclei, such as 19F and 29Si, are quite simple to be studied because they 

have I=1/2 and the main interaction is the dipole interaction. For nuclei with higher I 

such as 27Al (I=5/2), other contributions, in addition to simple dipole interaction, are 

observed and their analysis is more complicated.  

When a bare or isolated nucleus is subjected to a field of amplitude B0, the energy 

required to induce transitions between two spin orientations is [259]: 

E = hB0         (3.15) 

where  is the gyromagnetic ratio and is a constant of the nucleus. Such 

transitions are produced by absorption of photons and the resonance frequency is 

called Larmor frequency.  

However, the magnetic field which is felt by the nucleus, is affected by the 

shielding or deshielding of electrons and this effect causes a shift of the resonance 

frequency. For this reason, the resonance frequency of the sample, νx, is measured with 

respect to the resonance frequency of reference compound, νref, and the chemical shift  

is defined as:  

 =
x−ref

ref
         (3.16) 

This physical quantity, generally expressed in ppm, gives all the information 

about the environment of the nuclei and it is independent on the external magnetic 

field B0.  

Such shielding effect is independent on the external magnetic field applied to the 

sample and it is anisotropic in solid samples. There are also other interactions such as 

dipole-dipole and quadrupole (I>1/2) that are also anisotropic. A typical configuration 

used in solid NMR is the so called magic-angle-spinning (MAS) in which the sample 



 _______ 3. EXPERIMENTAL METHODS 

 

100 

 
 

spins at an angle of 54.7  respect to the direction of the magnetic field. This 

configuration allows anisotropic contributions to be removed, maintaining only the 

Zeeman interaction of specific nuclei in a magnetic field. By increasing the spinning 

speed, sharper absorption bands are observed [259]. 

In this thesis, an NMR spectrometer (Bruker AVANCE II) equipped with a 9.4 T 

magnet (400 MHz) and a 2.5 mm rotor spinning at 20 kHz was used to study SiO2-LaF3 

samples prepared by SG. 19F MAS/NMR was employed to study the change of the 19F 

environment comparing gel and glass-ceramic materials. Small amounts of powder 

(with size <60 m) were used and LaF3 reference (99.9 %) was also measured for 

comparison. 

3.7. Optical characterisation 

The optical characterisation plays a fundamental role because the materials 

prepared in this thesis are aimed to be used as active devices for photonics. An 

extensive description of the optical properties of RE ions in solids was given in section 

2.9. Some physical parameters such as the refractive index and thickness of thin films 

are necessary for certain applications as waveguides and optical fibres. However, the 

most important characterisation was performed by PL spectroscopy. A detailed 

analysis of the PL results provides information about the environment around the RE 

ions, the efficiency of the ET processes, the PL differences between glass and 

corresponding glass-ceramic, etc. All this information is useful to optimise the 

synthesis of the materials and/or the dopant amounts. Even more importantly, this 

characterisation completes the scope of this thesis that is intended to correlate the 

different processing methods with the structure and optical properties of RE-doped 

glasses and glass-ceramics. In the next sections, the optical techniques used in this 

thesis are described.  

3.7.1. Spectroscopic Ellipsometry 

Ellipsometry detects the light reflected from the sample surface. The key feature 

of ellipsometry is that it measures the change of polarized light after interaction with 

the sample. Ellipsometry measures two values:  and , which represent the amplitude 
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ratio () and phase difference () between light waves known as p- and s-polarized 

light waves [260].  

One of the most important applications of spectroscopic ellipsometry is the 

characterisation of thin films to obtain the refractive index and film thickness. The 

direct interpretation of the results is difficult therefore, mathematical models are 

necessary to obtain the physical parameters. A simple model to describe transparent 

glass-like films deposited on a substrate (glass, Si-wafer, etc.) is the Cauchy model, 

which relates the refractive index to the wavelength by this equation [260]: 

n() = A +
B


2 +

C


4         (3.17) 

where A, B, C are constants depending on the materials and  is the 

wavelength.  

The measurements were performed on SG thin films (SiO2-LaF3) and on melted 

glasses and glass-ceramics (55Si10La, 70Si7LaK, 70Si6NaLu) using a M2000U (J.A. 

Woollam Co., Inc.) ellipsometer. The spectral range was 250-1000 nm and the incidence 

angle was set to 50 and 60 . The acquisition time was fixed to 10 s to increase the 

signal-to-noise ratio. Glass and glass-ceramic samples prepared by MQ were cut into 

plane parallel sheets and optically polished to a thickness of 2 mm. Thin films were 

fitted considering a Cauchy film deposited on glass or Si substrates (see Figure 3.17) 

and for bulk samples just a Cauchy dispersion relation was adopted. The data were 

analysed with the WVAVE32 or the EASE software. The results were considered 

reliable when the Mean-Squared-Error (MSE) has a value less than 15 (arb. units).  

 
 

Figure 3.17. Model used to study thin films deposited on substrates.  
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3.7.2. Absorption Spectroscopy 

Absorption spectroscopy measures the absorption or radiation as a function of 

the wavelength. First of all, the transparency of glass and glass-ceramics can be 

evaluated; secondly, the absorption bands of RE ions, due to electronic excitations 

between the ground energy level and the excited levels (4f-4f) can be identified. 

Moreover, starting from absorption spectra, the Judd-Ofelt parameters (see section 2.9) 

are calculated and some relevant information about the RE ions environment are 

obtained [203].  

If Iin and Iout are the incident and transmitted intensities, respectively, the 

transmittance T is given by: 

T =
Iin

Iout
            (3.18) 

The absorbance A is given by: 

A = −log10T             (3.19) 

The optical density (OD) is determined by normalizing A for the sample thickness 

d and the absorption coefficient (cm-1) is: 

(cm−1) =
OD

ln 10
                        (3.20) 

Glass and glass-ceramic samples prepared by MQ were cut into plane parallel 

sheets, optically polished to a thickness of 2 mm and then measured with a double-

beam spectrophotometer Lambda 950 (Perkin-Elmer).  The absorption spectra were 

acquired in the range 300-1700 nm depending on the RE dopants present in the sample 

using a step of 1 nm.  

3.7.3.  Photoluminescence Spectroscopy 

PL spectroscopy measures the emitted light as a function of the incident 

wavelength. Two kinds of spectra, emission and excitation can be measured. In PL, the 

excitation wavelength is fixed and the emitted light intensity is recorded at different 

wavelengths by scanning the emission monochromator. In PLE spectra, the emission 
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monochromator is fixed at a specific wavelength while the excitation wavelength is 

scanned in a certain spectral range [203].  

When RE ions occupy different positions in a material, different crystal fields act 

on them modifying slightly their energy levels. It is possible to study the different 

contributions by site-selective excitation and emission spectroscopy, and to obtain 

information about RE ions in amorphous and crystalline phases. The majority of 

optical characterisation described in this thesis was performed in collaboration with 

Prof. Rolindes Balda and Prof. Joaquín Fernández from the Bilbao University.  

A scheme of the setup used for PL characterisation is shown in Figure 3.18a. 

Figure 3.18b shows a scheme of the setup used for lifetime measurements. Depending 

on the RE ions different excitation sources were used. All measurements were 

performed at RT but for site-selective PL and PLE experiments the samples were 

cooled down to 9 K using a continuous-flow cryostat.  

 

Figure 3.18. Sketch of the setup used for (a) PL and (b) lifetime measurements. 
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For Pr3+-Yb3+ doped samples the excitation was performed using an InGaN led 

centred at 435 nm (Roithner) to excite Pr3+ ions and with a fibre laser at 976 nm to excite 

Yb3+ ions. The signal was analysed with a 0.32 m monochromator and detected with an 

S-20 photomultiplier (UV-Vis) or an InGaAs photodiode (IR) using a standard lock-in 

technique. For lifetime measurements, the InGaN led was modulated electronically 

(ITC4000-Thorlabs) and the signal acquired with a fast oscilloscope (Tektronix). 

For the excitation of Nd3+, Er3+ and Er3+-Yb3+-doped samples a continuous wave 

(cw) Ti:sapphire ring laser (0.4 cm-1 linewidth) was used. The fluorescence was 

analysed with a 0.25 m monochromator and the signal detected with an extended IR 

Hamamatsu H10330A-75 photomultiplier and amplified with a lock-in configuration. 

The visible emission was detected using a Hamamatsu R636 photomultiplier. Er3+ ions 

were also excited using an Argon laser. Lifetime measurements were obtained by 

exciting the samples with a Ti:sapphire laser pumped by a pulsed frequency doubled 

Nd:YAG laser (9 ns pulse width) and data processed with a fast oscilloscope 

(Tektronix). 

For Gd3+ and Eu3+-doped samples, the PL and PLE spectra were measured with a 

FS5 fluorescence spectrometer (Edinburg Instruments Ltd, UK) equipped with a 150 W 

Xenon lamp and the signal detected with a Hamamatsu R928 photomultiplier.  

Tables 3.7 and 3.8 summarise the samples selected for optical characterisation. 

Table 3.7. MQ materials used for the optical characterisation. The * symbol refers to fibre materials. 

 

 

Composition Dopants Doping Level  (mol%) Thermal Treatment

55Si10La

Pr3+

Pr3+-Yb3+

0.1,0.5
0.1-0.5,0.5-1

GC 620°C-20, 40h
GC 660°C-20h

Nd3+ 0.1*,0.2, 0.5, 1, 2*
GC 620°C-20, 40h

GC 660°C-20h
*GCF 640°C-40h

Er3+

Er3+-Yb3+

0.5
0.5-2; 0.5-4

GC 620°C-20, 40h
GC 660°C-20h

70Si7LaK Nd3+ 0.1, 0.5, 1, 2
GC 590°C-150 h
GC 660°C-66 h

70Si6NaLu Er3+-Yb3 0.5*-2* *GCF 600°C-20h
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Table 3.8. SG samples used for the optical characterisation. The * symbol refers to thin films. 

 

Composition Dopants Doping Level  (mol%) Thermal Treatment

90SiO2-10LaF3

80SiO2-20LaF3

TEOS
Nd3+ 0.5, 3

2*, 3*

GC bulk 650°C-3h
*GC film 350, 550, 650, 

750 °C-3h

80SiO2-20LaF3

TEOS-MTES Er3+
0.5

0.1*,0.5*
GC bulk 550°C -1min, 1h
*GC film 550 °C-1 min,1h

90SiO2-10GdF3

80SiO2-20GdF3

TEOS-MTES

Eu3+ 0.5 GC bulk 550° - 1 min
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4. OVERALL SUMMARY OF RESULTS AND DISCUSSION 

The first studies have been focused on the thermal properties of glasses and 

xerogels to evaluate their crystallisation mechanism and the effect of dopants addition. 

An extensive structural characterisation, using both global (XRD, SAXS) and local 

(XAS, HRTEM, EDXS, EPR) techniques, was used to correlate the processing method 

with the structure of the materials and the change of the dopants surrounding during 

the crystallisation process. A detailed optical characterisation, by means of steady state 

spectroscopy, site selective emission/excitation spectroscopy and lifetime 

measurement, gave a clear picture about the dopants incorporation and the effects of 

the crystal phase on linear and nonlinear optical processes. Some remarkable 

differences are observed with respect to crystallisation mechanism and dopants 

incorporation, depending on the processing method, showing how different processing 

methods can be used to design transparent glass-ceramics for promising applications.  

Section 1 presents the results of MQ materials. The first results concern the 

55Si10La composition, from which LaF3 crystallises, doped with Pr3+ and Pr3+-Yb3+ for 

DC, with Er3+ and Er3+-Yb3+ for UC, and with Nd3+ for laser applications. The effect of 

the initial dopant precursors (oxides or fluorides) on the incorporation of RE ions in 

LaF3 crystals and the corresponding optical properties are also described. The effect of 

Nd3+ ions on the structure and optical properties of 70Si7LaK glass-ceramics, where 

KLaF4 crystallises, is also discussed. This section concludes with the results obtained 

for glass-ceramic fibres containing LaF3 and NaLuF4 crystals. 

Section 2 describes the main achievements for SG materials. A relevant part is 

dedicated to explain the crystallisation mechanism of SiO2-LaF3 materials with special 

focus on the 80SiO2-20LaF3 composition. Next, the results obtained for materials doped 

with Nd3+and Er3+ are described including XAS and EPR characterisations which have 

not been reported yet in the literature for this sort of materials. A comparison between 

LaF3-glass-ceramics processed by melting and SG is carried out focusing on the 

crystallisation mechanism, dopants incorporation and optical properties. This section 

concludes with the optical results for the 80SiO2-20GdF3 composition doped with Eu3+ 

showing an efficient ET between Gd3+ and Eu3+ ions. 
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4.1. Section 1 – Melt-quenching materials 

4.1.1.  LaF3– glass-ceramics 

4.1.1.1. Structure of LaF3 glass-ceramics 

Transparent glasses of the 55Si10La composition doped with Pr3+, Pr3+-Yb3+ (paper 

2), Nd3+ (paper 3), Er3+ and Er3+-Yb3+ (paper 4) have been produced. The corresponding 

glass-ceramics maintained their transparency after the crystallisation process, always 

performed in the range Tg+20-100 C. CTE, Tg, and Td were obtained by dilatometry. 

The Tp, the crystallisation stability parameter (Tp-Tg) and the crystallisation mechanism 

were also studied by DTA.  

For all compositions the CTE is around 8.5-9.2 x 10-6 C-1 and the dilatometric 

softening point is in the range 660-670 C. For a fixed dopant amount (0.5 mol%), the Tg 

is slightly affected by the kind of dopant (Pr3+, Er3+, Nd3+) while notable changes are 

observed by changing the doping amount. For example, on increasing the Nd3+ 

concentration, Tg varies almost linearly from 573 C for the glass doped with 0.1NdF3 

to 593 C for the glass doped with 2NdF3 as described in paper 3. The stability 

parameter decreases with higher dopant content indicating a higher tendency to 

crystallise. This behaviour is well described for Nd3+, Er3+ and Er3+-Yb3+ doped samples 

(papers 3 and 4) showing how the stability parameter is reduced from  100 C to  

80 C when increasing the doping level.  

Quite broad crystallisation peaks are observed in DTA measurements and their 

intensity increases while the half-width decreases with the heating rate. This 

phenomenon is related with a phase-separation process. Phase separation is promoted 

by increasing the RE amount, leading to an increase of Tg. However, when high doping 

levels are used (> 2 mol %), the depolymerisation of the SiO2 network increases and a 

slight decrease of Tg is observed. This effect is observed for Er3+ and Er3+-Yb3+ doped 

glasses described in paper 4.  

The crystallisation mechanism was studied by non-isothermal crystallisation 

treating bulk samples at heating rates of 10-60 C/min. The use of Kissinger and 

Ozawa’s equation (described in papers 2 and 3) allowed the activation energy Ea, the 
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Avrami n parameter and the crystal growth dimensionality m parameter to be 

obtained. The activation energy is  350 kJ/mol, and the n and m parameters are both 

equal to 1, Figure 4.1. This mechanism was associated to a diffusion-controlled process 

occurring in the volume of the material and starting from a constant number of nuclei. 

Phase separation is commonly encountered in oxyfluoride glass-ceramics due to 

fluoride melts immiscibility in oxide ones. However, this behaviour is not always 

observed, as it occurs for the 70Si7LaK composition described later (paper 6).  

 

Figure 4.1. Ozawa plots for the 55Si10La glass doped with 0.1NdF3 (mol%). The plots were obtained from 

DTA curves measured at heating rates of 10-60 C/min.  The temperatures used for the calculation of the area of the 

crystallisation peak are indicated on the right. 

An important result is that the dopants amount does not affect the crystallisation 

mechanism but affects the kinetic process. The crystallisation kinetics slows down 

when increasing the RE content. These results are confirmed by XRD. Only hexagonal 

LaF3 NCs (JCPDS  00-032-0483) are present after heat treatment at 620-660 C, and the 

evolution of the crystal size with the treatment time follows a characteristic behaviour 

according to the following empiric formula (paper 4): 

ϕ = ϕ0 + C (1 – e-t/ts )             (4.1) 

ϕ0 is the crystal size associated with small crystalline domains in the as made glass, 

and the second part describes an exponential growth with an asymptotic behaviour. 

The C parameter represents the growth rate in the linear region, instead ts is associated 

to the starting time for the occurrence of an inhibition phenomenon that limits further 
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crystal growth. The crystal size tends to grow linearly with the treatment time up to 3-

5 h of thermal treatment but for longer times the crystal size stabilizes to a constant 

value. The LaF3 crystal size in the asymptotic region varies between 8-14 nm at 620 C. 

For glasses doped with Er3+ and Er3+-Yb3+, the C values slow down from 7.8 nm for 

glass-ceramics doped with 0.5Er3+ to 5.6 nm for those doped with 0.5Er3+-2Yb3+ (paper 

4) and the growth rate also decreases for Nd3+-doped glass-ceramics, as described in 

paper 3.  

Higher treatment temperatures allow bigger crystals to be grown but the same 

asymptotic behaviour is observed. In particular, higher treatment temperatures speed 

up the process and the asymptotic barrier is formed earlier. The growth rate decreases 

upon Yb3+ addition for Er3+-Yb3+ doped samples (paper 4) and a similar behaviour is 

obtained for Pr3+-Yb3+ doped materials (paper 2).  

As a result, a smaller crystal size is reached for heavier doped compositions. 

However, Rietveld refinement (paper 3), or the calculation of the area under XRD 

peaks (paper 4), have shown that the crystal fraction increases with the addition of 

dopants. The crystal fraction increases from 6 to almost 9 wt% when comparing 0.1 and 

1NdF3-doped samples (paper 3). Therefore, it can be concluded that the dopants 

addition works like a nucleating agent promoting phase separation. A higher amount 

of crystals with smaller crystal size is obtained after the heat treatment. This 

phenomenon could be explained considering that heavier RE ions tend to form 

stronger bonds with fluorine. If such RE-F bonds are responsible for initial phase 

separation, then, heavier RE ions will provide a higher number of phase separated 

regions, acting as nuclei.  

The plot of the crystal size as a function of the square root of time provides useful 

information for a diffusion-controlled crystal growth process, as shown in paper 6. It 

can be concluded that the process is dominated by diffusion when the crystal growth is 

approximately linear with the square root of the treatment time. This phenomenon 

occurs for crystal phases enriched in glass modifiers, or in ions different from network 

formers (Si and Al). 
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Further structural characterisation was performed by HRTEM and EDXS. Phase 

separation droplets are clearly visible in the 55Si10La glasses. The droplet size 

distribution was estimated by analysing 100-300 droplets to have statistically 

representative data that can be fitted by a single Gaussian centred in the range 20-

45 nm, Figure 4.2a. In the LaF3-glass-ceramics treated at 620 C for 40 h the amorphous 

droplets are now composed of tiny LaF3 crystals with a size less than 15 nm, in 

agreement with the values obtained by XRD, Figures 4.2b,c. The droplet size increases 

due to the development of crystals together with further phase separation. However, 

slightly sharper size distributions are observed for the glass-ceramic samples with 

respect to the precursor glasses (papers 3 and 4). For heat treatment at higher 

temperature, as 680 C, even though the crystal size is still quite small ( 25 nm), the 

droplets size becomes too big ( 100 nm) and the glass-ceramics lost their transparency 

(paper 2). This is a typical feature of the 55Si10La composition in which several LaF3 

NCs grow in one phase separation droplet.  

It is not possible to establish the composition and nature of crystals from HRTEM 

micrographs, but by a comparison with XRD results, it is concluded that only LaF3 NCs 

are present in the glass-ceramic samples. FFT analysis provides a further proof of the 

kind of crystals showing typical LaF3 planes distances. For example, the (111) and (113) 

lattice distances are determined (paper 3), being  0.33 and 0.20 nm, respectively. The 

zone axis, through which individual crystals are observed, has also been determined 

by the corresponding digital diffraction pattern (DDP), as shown in paper 4.  

 

Figure 4.2. HRTEM of the 55i10La (a) glass and (b) glass-ceramic doped with 2NdF3 (mol%)  and treated at 620 C 

for 40 h. (c) Detail of some crystals. The phase separation droplet size and crystal size distributions are also shown.  
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Relevant information regarding the local chemical composition is obtained by 

EDXS analysis performed in phase separation droplets for the glasses and in the 

crystals for the glass-ceramics. In all cases, fluorine enrichment is observed. Even more 

interesting is the RE enrichment in these phase separation droplets, as observed for 

Pr3+-Yb3+ doped glass described in paper 2. La and F are the precursors of the crystal 

phase but the presence of other RE used as dopants is a very interesting result. It 

suggests that even in the as made glass the RE dopants are embedded in an amorphous 

fluorine-rich environment that is converted into a crystalline one after the 

crystallisation process. In the doped glass-ceramic samples, an enrichment of RE 

dopants into the crystals is observed, as discussed in papers 2, 3 and 4 and shown in 

Figure 4.3.  

 

Figure 4.3. EDXS in STEM mode performed on two droplets of the 55Si10La glass-ceramic doped with 2 mol% 

NdF3 and treated at 620 C for 40 h. The yellow line shown in the STEM image (right) is the scanning line. The 

numbers 1-2 and 3-4 delimitate the two droplets. 

Another interesting result is the observation of Si at the interface between the glass 

matrix and the crystals that are enclosed in initial phase separation droplets. Such Si 

enrichment is responsible for the decrease of the crystal growth rate with the treatment 

time and associated to the appearance of the asymptotic behaviour described earlier. In 

fact, when network modifiers diffuse and the crystals start to grow there is a local 

change of the glass composition that becomes depleted of such ions. Therefore, a 

relative higher Si concentration is reached at the droplet/matrix interface. Si acts as 

glass former and its increase causes a viscous barrier around the crystals that inhibits 
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crystal growth. Hence the crystal size maintains a constant value with the treatment 

time. Al is found at the interphase but relevant amounts are also observed between the 

crystals. Al acts as network former and Al–O bonds form an additional barrier of high 

viscosity. Its presence around the crystals can explain why several small NCs grow in 

the initial phase separation droplets instead of one single crystal. These results are in 

agreement with those described previously [5]. 

The use of SAXS to study glass and glass-ceramics offered an interesting global 

vision of these samples. SAXS is not sensitive to the amorphous or crystalline nature 

but only to electron density fluctuations. The SAXS results are difficult to be 

interpreted without further support from XRD and HRTEM, the latter providing 

information only of a small sample region (< 1 m2). However, the particle size 

distribution determined by SAXS for the glass and glass-ceramic of the 55Si10La 

composition doped with Nd3+ and treated at 620 C for 40 h (paper 3) show two main 

groups of particles, Figure 4.4. The first group, composed of particles below 10 nm, is 

associated with small phase separation droplets while the second group of particles 

(15- 60 nm) is associated with bigger phase separation droplets observed by HRTEM 

which distribution becomes narrower upon heat treatment. In the glass-ceramic 

samples, the scattering contribution from particles with a size  10-15 nm can be also 

observed and it is associated to the formation of crystals. Such contribution is 

completely absent in the as made glass.  

 

Figure 4.4. SAXS data (insets) and derived particle-volume distribution of the 55Si10La (a) glass and (b) glass-

ceramic treated at 620 C for 40 h. The samples are doped with 2NdF3 (mol%). 
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As observed from EDXS results, the RE dopants are already present in a fluorine-

rich environment in the precursor glass. This fact has a crucial importance because the 

effective RE concentration in the fluoride NCs will determine the optical properties. 

Indeed, even though a nominal concentration is used (0.1-2 mol%) the effective 

concentration in the fluoride NCs is an essential parameter to be determined. Previous 

studies performed by our research group showed that there is a diffusion of Tm3+ ions 

in LaF3 NCs when the glass is converted into glass-ceramic [261]. Tm3+ was introduced 

in the glass composition as Tm2O3. XAS studies, including both, XANES and the 

EXAFS regions, showed that the Tm3+ environment changed from oxygen to fluorine 

and it was estimated that  30% of Tm3+ ions get incorporated in LaF3 NCs after the 

heat treatment at 620 C during 40 h. A rough estimation of the Tm3+ incorporation was 

calculated taking into account the amount of crystal fraction.  

In this thesis, the dopants have been mainly incorporated in the glass composition 

as fluorides REF3. Some authors have prepared oxyfluoride glass-ceramics using 

different dopant precursors (fluorides, oxides etc.) and have performed some studies, 

including DTA/DSC and optical measurements, to observe whether there is a 

difference with respect to RE incorporation and optical properties [148,149]. The 

conclusion is that a more efficient incorporation of RE ions in the fluoride NCs is 

reached when fluoride precursors are used. Despite the aforementioned results, 

Fedorov et al. [61] stated in their review published in 2015 that there are no differences 

in using RE oxides or fluorides and both can be used, preferring the oxides for their 

lower cost.  

In this thesis, all the compositions have been doped with fluoride precursors, as 

shown in Table 3.2 According to our observations, RE ions are already in a fluorine-

rich environment in the as made glass but a diffusion from oxygen to fluorine 

surrounding was observed using Tm2O3 [261]. To further elucidate whether there is an 

effect on the RE incorporation using different precursors, glasses and glass-ceramics of 

the 55Si10La composition have also been prepared using oxide precursors. Nd3+ and 

Er3+ have been chosen as spectroscopic probes and the 55Si10La composition has been 

doped with 0.05-0.5Nd2O3, 0.1-1NdF3, 0.1ErF3 and 0.05 Er2O3 (mol%). The analysis was 
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mainly focused on local structural techniques as XAS and EPR. A different behaviour is 

observed when comparing Nd3+ and Er3+-doped samples. These results are extensively 

discussed in paper 5. 

Pure Nd2O3 and NdF3 reference compounds were also measured to compare the 

results (paper 4). XAS spectra for 0.5Nd2O3 and 1NdF3 doped samples, performed at 

the L2 edge, show clear differences in the XANES part of the spectrum (6730-6780 eV). 

Some typical features of the NdF3 spectrum are better reproduced using NdF3 as 

precursor.  

The XAS spectra in the XANES and EXAFS regions for the samples doped with 

0.05Nd2O3 and 0.1NdF3 (mol%) were too noisy to obtain relevant information. 

However, great differences are observed in the white-line for these compositions. Once 

the measurements are normalized, the intensity of the white-line gives information 

about the occupation states for the 2p-5d transitions. As discussed by Choi [262], the 

covalence of the bond decreases and the absorption edge shifts slightly to higher 

energy changing from RE2O3 to REF3. The intensity of the white-line is higher for the 

fluoride compound and it is even higher for a fluoride glass of similar composition.  

Moreover, the intensity of the white-line changes remarkably suggesting a 

different environment for the Nd3+ ions (paper 5). In the glass-ceramic samples, a 

strong decrease of the intensity of the white-line is observed for the 0.1NdF3-glass-

ceramic while for the 0.05Nd2O3-glass-ceramic the opposite occurs. After the heat 

treatment, part of Nd3+ ions are embedded in LaF3 NCs, hence the number of RE-F 

ionic bond increases. If an amorphous fluorine-rich environment prevails for the 

0.1NdF3 glass, in the corresponding glass-ceramic such environment is pretty much 

ionic (crystalline) and the covalence decreases, causing a decrease of the white-line. 

Another interesting observation is that the intensity of the white-line for the 

0.05Nd2O3-glass-ceramic is higher than for the 0.1NdF3-glass-ceramic suggesting a less 

concentration of Nd3+ in LaF3 NCs.   

To get more insights about the aforementioned results, EPR of Nd2O3 and NdF3 

doped samples was also performed. EPR is one of the best technique to study the local 



                                                                                    4. OVERALL SUMMARY OR RESULTS AND DISCUSSION 

117 

 
 

environment of RE ions, especially those known as Kramer doublets (Nd3+, Er3+, Dy3+, 

Yb3+ etc.) [256]. Nd3+ and Er3+ ions have effective spin S’=1/2 and the typical EPR signal 

of S’=1/2 ions in powder form is given in Figure 3.15 of section 3.6.6. For rhombic or 

lower symmetry, as it is the case for RE3+ in LaF3 crystals, there are three principal g-

values.  

The EPR signals of the 0.1-1NdF3 and 0.05-0.5Nd2O3-glass-ceramics treated at 

620 C during 40 h are shown in Figure 4.5. The resonance at 2180 G, associated with 

g13.1, is observed for both samples and it is assigned to one of the resonances of Nd3+ 

in LaF3 crystals [263,264]. However, the intensity of such resonance for the 0.1NdF3 

glass-ceramic is much higher than for the 0.05Nd2O3 glass-ceramic, indicating a much 

better incorporation of Nd3+ ions in LaF3 crystals when the NdF3 precursor is used. The 

sharp resonance at 1580 G, related to g  4.27, is due to Fe3+ ions [265], often 

encountered in silicate glasses and glass-ceramics prepared by MQ and due to Fe3+ 

impurities present in SiO2 precursor (sand). A detailed analysis allows another 

resonance at 4830 G, associated with g2  1.4, to be detected. Such resonance is not 

appreciable for the 0.05 Nd2O3 glass-ceramic and due to a lower Nd3+ incorporation in 

the LaF3 crystals.  

Considering the 0.5Nd2O3 and 1NdF3-glass-ceramic, a slightly different behaviour 

is observed. In both cases the presence of Nd3+ in LaF3 NCs is indicated by the 

resonance related to g1 3.1. However, the resonance for 0.5Nd2O3-glass-ceramic is 

sharper than for the 1NdF3-glass-ceramic, suggesting a lower Nd3+ concentration in the 

LaF3 NCs. Moreover, the second resonance associated with g2 1.4 is better resolved for 

the 0.5Nd2O3-glass-ceramic and this indicates less spin-spin relaxations due to a lower 

effective concentration (paper 5).  

Further studies were performed for the 1NdF3-glass-ceramics prepared using heat 

treatment times of 3, 5, 20 and 40 h at 620 C, to observe the incorporation of Nd3+ ions 

with the treatment time, (paper 5). Increasing the treatment time from 3 to 40 h, the 

resonances of Nd3+ in LaF3 are better resolved and present less broadening, thus 

indicating a better crystallisation along with a higher fraction of Nd3+ ions incorporated 
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in the LaF3 NCs. The samples treated for 20 and 40 h show very similar results, also 

confirmed by PL (paper 3).  

 

Figure 4.5. EPR signals for the 55Si10La glass-ceramics treated at 620 C for 40 h and doped with 0.1 and 

1NdF3 (mol%) and with 0.05 and 0.5Nd2O3 (mol%). 

For the 0.1ErF3 and 0.05Er2O3-doped glasses and glass-ceramics, there are 

practically no differences in XAS and EPR spectra, suggesting that Er3+ ions are equally 

incorporated in LaF3 independently on the precursor. XAS spectra, measured at the L3-

edge of Er3+, indicate that the Er3+ environment is mainly composed of fluorine ions, 

even in the precursor glass. 

The results obtained so far show that using of oxide or fluoride precursors affect 

the final incorporation, but such effect depends on the amount and kind of dopant. A 

kind of “memory”, as proposed by Mortier [148], seems retained by certain ions when 

used as different precursors. This behaviour could be related to the preservation, for 

Nd3+ ions, of the first coordination sphere as in the starting precursor. In the case of 

Er3+, the preference towards fluorine ions is dictated by its stronger field strength, the 

“memory” effect being less effective  

The optical characterisation obtained for the 55Si10La composition doped with 

Pr3+, Pr3+-Yb3+, Er3+, Er3+-Yb3+ and Nd3+ is discussed in the next section showing the 

remarkable effect of the crystal phase on the PL of the RE3+ ions.  
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4.1.1.2. Optical properties of RE-doped LaF3 glass-ceramics 

In all cases, the 55Si10La compositions doped with several RE ions showed a clear 

evidence of the RE ions incorporation in LaF3 NCs. Even more interestingly, such small 

crystals (8-14 nm) allow crystal-like optical features of single crystals (paper 3) to be 

reproduced. This result is extremely important because indicates that the RE ions get 

really incorporated in the interior of the NCs and few atomic planes are enough to 

screen them from the glass matrix. It is also worth noticing that part of the ions 

remains in the glass matrix or in amorphous phase separation droplets.  

Glasses and glass-ceramics doped with Pr3+-Yb3+ 

The Pr3+ ions were excited to the 3P2 level by excitation at 435 nm (paper 2). By non-

radiative decay the 3P0 level was populated and the characteristic transitions of Pr3+ 

ions were measured. Structure bands (Stark components) were observed for the glass-

ceramic samples treated at 620 and 660 C with respect to the precursor glasses, a clear 

indication of Pr3+ incorporation in LaF3 NCs. Quite intense transitions corresponding to 

the 3P1-1G4 and 1D2-3F3,4 emissions were observed for Pr3+ doped samples, Figure 4.6a,b. 

However, such emissions become much less intense in the co-doped samples. Figure 

4.6c,d. In addition, intense Yb3+: 2F5/2-2F7/2 emission at  980 nm was recorded, indicating 

an ET from Pr3+ to Yb3+ ions.  

The absence of any emission at 1300 nm means that the 1G4-3H5 transition does not 

occur hence, the 1G4 level is not populated. This conclusion is important to exclude the 

two-first order ET process between Pr3+ and Yb3+ ions and suggests that the cooperative 

ET (CET) is the main processes to transfer Vis light to IR light. Clear differences are 

observed between glass and glass-ceramics by studying the lifetime of the 3P0 level, 

Figure 4.7. An ET  60% is obtained for the glass-ceramic doped with 0.1Pr3+ and 

0.5Yb3+ and treated at 620 C during 40 h, the corresponding quantum efficiency being 

 160%. An important remark is that longer treatment times or higher temperatures 

permit the ET efficiency to be increased. This phenomenon is associated to the increase 

of crystal size and fraction (higher temperature) and to a better diffusion of RE ions 

(longer treatment times).  
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Figure 4.6. PL spectra of 55Si10La (a),(b) glasses and glass-ceramics doped with 0.1PrF3 and (c),(d) co-doped with 

0.5YbF3. 

 

Figure 4.7. Lifetime of 55Si10La glass and glass-ceramics co-doped with 0.1PrF3-0.5YbF3 excited at 435 nm. 

Glasses and glass-ceramics doped with Nd3+ 

For the 55Si10La composition doped with 0.1NdF3 (paper 3) notable differences 

were observed in the PLE spectra of glass and glass-ceramics recording the 

luminescence at 1057 nm (4F3/2-4I11/2 transition). Sharp components are observed for the 

4I9/2-4F5/2 and 4I9/2-4F3/2 transitions in the glass-ceramic samples. However, such features 

(a) (b)

(c) (d)
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almost disappear for higher doping levels, and selective PL and PLE spectra were 

measured for the glass-ceramics doped with 0.1NdF3 treated at 620 C for 40 h, (paper 

3). By excitation at 802 nm, typical inhomogeneous broaden transitions are observed, 

typical of Nd3+ in amorphous environment. Instead, by excitation at 786 nm a 

structured emission band was observed, in perfect agreement with that registered for 

Nd3+:LaF3 single crystals [267]. Therefore, two Nd3+ environments are clearly observed 

in the glass-ceramic samples. To reduce the overlapping of amorphous and crystalline 

contribution, PL and PLE spectra were recorded lowering the temperature to 9 K, 

further confirming the previous results and showing a much better resolved PL 

spectrum, Figure 4.8. 

Moreover, the splitting of the 4I9/2-4F3/2 transition in two components was observed 

in PLE spectra, and, as shown in Figure 2.10 of section 2.9, this is in agreement with the 

presence of a well-defined crystal field. Increasing the doping level to 1NdF3 the 

crystal-like features become less evident and both PL and PLE spectra of Nd3+ in LaF3 

get broader.  

 

Figure 4.8. Low temperature (9 K) PL spectra obtained under excitation at 786 and 802 nm for 

glass-ceramics doped with (a) 0.1NdF3 and (b) 1 NdF3. 

The lifetime measured at 1057 nm (exc. 802 nm; Nd3+ in glass) decreases from 336 

to 233 s comparing 0.1 and 2NdF3 –doped samples, but the lifetime measured at 

1039 nm (exc. 786 nm; Nd3+ in LaF3) shows a great quenching from 688 to 29 s, Figure 

4.9. The huge quenching found even for quite low nominal concentration (0.5 or 

1NdF3) is due to a much higher effective concentration in the LaF3 NCs. This result is 

very important because it means that RE ions incorporated efficiently in the LaF3 
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crystals. By using previous data about diffusion of Tm3+ in LaF3 for Tm2O3-doped 

glasses and glass-ceramics, it was concluded that for 0.1NdF3–doped samples an 

effective concentration around 1.2 mol% should be produced in the LaF3 NCs, and for 

doping with 1NdF3 such value almost reaches 10 mol%. These values are around one 

order of magnitude higher than the nominal ones and concentration higher than 

0.1NdF3 causes a strong concentration quenching of the Nd3+ emission. If the lifetimes 

are compared to those of Nd3+:LaF3 single crystals measured at the same temperature 

of 9 K and doped with different Nd3+ amounts, even much higher effective 

concentrations are obtained [266]. For example, for the 0.1 mol% NdF3 composition the 

effective concentration should be  2  mol%, and  50 mol% for the composition doped 

with 1 mol% NdF3. 

The results suggest that small amounts of dopant should be used, since the 

effective concentration of Nd3+ is around one order of magnitude higher than the 

nominal one. These findings are also relevant for other dopants and serve as a guide to 

optimise the optical response of these active glass-ceramics.  

 

Figure 4.9. Low temperature (9 K) lifetime of 55Si10La glass-ceramics treated at 620 C for 40 h and 

doped with 0.1-2NdF3 (mol%). The blue points correspond to the lifetime of Nd3+ ions in LaF3 crystals, 

while the pink points correspond to the lifetime of Nd3+ ions in amorphous environment. The dashed-lines 

are a guide for the eye. 

Glasses and glass-ceramics doped with Er3+-Yb3+ 

The IR, Vis and UC emissions were studied for the 55Si10La composition doped 

with 0.5ErF3 and co-doped with 2 and 4YbF3 (mol%), paper 4. An increase of the 4I11/2-

4I15/2 and 4I13/2-4I15/2 (Er3+) emissions was observed for excitation of Er3+ ions at 800 nm 
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(4I15/2-4I9/2) when glasses and glass-ceramics are compared. This behaviour is associated 

with a crystalline environment for the Er3+ ions. A small ET from Er3+ to Yb3+ was also 

observed, indicated by the 2F5/2-2F7/2 emission of Yb3+ ions. By excitation at 980 nm, both 

the 4I11/2 (Er3+) and 2F5/2 (Yb3+) levels are excited and an effective ET from Yb3+ to Er3+ was 

observed, as demonstrated by the increase of the 4I13/2-4I15/2 emission of Er3+ in co-doped 

samples. Moreover, higher PL signals are obtained for the glass-ceramics indicating a 

lower phonon energy environment, further confirmed by the increase of the lifetime of 

the 4I13/2 level of Er3+ ions.  

The green and red UC was studied exciting the 4I11/2 (Er3+) and 2F5/2 (Yb3+) levels at 

980 nm. Higher UC emission was obtained for the co-doped samples and increasing 

the treatment temperature (paper 4). A remarkable observation is the much higher red 

to green ratio observed with respect to Er3+ excitation at 488 nm. For example, for the 

Er3+ singly doped samples this ratio increases from 0.05 to 0.5. A similar behaviour is 

observed for the co-doped compositions but the red to green ratio is highly dependent 

on the heat treatment, hence on the crystal size, Figure 4.10. The highest green UC 

emission is observed for the glass-ceramic co-doped with 2YbF3 treated for 20 h at 

660 C. These results indicate the possibility of colour tuning upon a proper 

crystallisation process. All the ET mechanisms, described in section 2.9, are extensively 

discussed in paper 4.  

 

Figure 4.10. Room temperature emission spectra obtained under excitation at 980 nm for the 55Si10La glassed and 

glass-ceramics doped with (a) 0.5ErF3 and (b) co-doped with 0.5ErF3-2YbF3 (mol%). 



                                                                                    4. OVERALL SUMMARY OR RESULTS AND DISCUSSION 

124 

 
 

Finally, by studying the red and green intensity as a function of the pumping 

power (as described in section 2.8.3), a two photon mechanism for the UC was 

demonstrated (paper 4). 

4.1.2. KLaF4 glass-ceramics 

During this thesis, another composition, called 70Si7LaK doped with Nd3+ ions 

was also studied (paper 6). The interest of this composition relies on the possibility of 

growing KLaF4 crystals, known as efficient host for RE ions. KLaF4 crystals are 

polymorphic and possess two phases: cubic () and hexagonal (). The hexagonal 

phase is more stable from a thermodynamic point of view and presents a very low 

phonon energy  262 cm-1 [83]. The use of Nd3+ was dictated by the efficient 

replacement of La3+ by Nd3+, as previously described for the 55Si10La composition 

(paper 3). Moreover, Nd3+, due to its few energy levels, allows out selective excitation 

PL experiments to be carried out. Transparent glasses were casted onto brass mould at 

room temperature and no spontaneous crystallisation was observed. The crystallisation 

and the optical properties of this composition were extensively described in paper 6, 

showing how the Nd3+ content affects the phase evolution of KLaF4 NCs. 

Similar to 55Si10La composition, the addition of Nd3+ increases the Tg from 568 to 

584 C from 0.1NdF3 to 2NdF3-doped glasses. The increase of Tg is related with a rise of 

viscosity at low temperature. A very interesting feature is the possibility to tune the 

kind of phase ( or ) by a specific doping level. For heat treatment at 590 C (T 

slightly above Tg) the  phase crystallises in all samples and it is practically the only 

phase for all doping levels except for the glass-ceramic doped with 0.5NdF3. 

The crystal size (in the asymptotic region) of the  phase ranges from 8-17 nm 

(590 C) to 30 nm (660 C), while for  phase the crystal size passes from 11 nm (590 C) 

to 40 nm (660 C), (paper 6). It is concluded that the two phases nucleates 

independently, being the 0.5NdF3-doped glass the best one to develop the  phase. The 

possibility of tailoring a specific crystal phase depending on the kind and amount of 

dopant along with a specific temperature-time programme has interesting perspectives 

for what concerns photonic applications.  
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Further structural characterisation of the 0.5NdF3-glass-ceramic performed by 

HRTEM permitted both crystal phases to be identified, as shown in Figure 4.11. A 

bimodal crystal size distribution was measured, the size of  and  phase being in 

agreement with that obtained by XRD, (paper 6). No phase-separation regions were 

detected for this glass composition. A uniform glass matrix, without droplets 

homogenously dispersed, was observed.  

 

Figure 4.11. HRTEM micrograph of 70Si7LaK glass-ceramic doped with 0.5NdF3 and treated 590 °C for 

150 h. The lattice distances for α-KLaF4 (cubic) and β-KLaF4 (hexagonal) phases are also shown. 

A detailed optical characterisation showed the existence of Nd3+ ions incorporated 

in both  and  phases, demonstrating how it is possible to isolate them. For example, 

clear differences are observed in the low temperature PLE spectra (emission at 1046 

nm) for the glass-ceramic treated at 660 C during 66 h and doped with 0.1 and 

0.5NdF3, Figure 4.12a. For the 0.1NdF3-glass-ceramic, the 4I9/2-4F5/2 band is composed of 

sharp peaks at 801 and 871 nm together with a broad band at 770-790 nm due to 

crystalline (-KLaF4) and amorphous environments, respectively. For the 0.5NdF3- 

glass-ceramic a different PLE spectrum is obtained, where the same peak as for the 

0.1NdF3-glass-ceramic are observed in addition to a much more intense peak at 792 nm 

(-KLaF4). Moreover, the 4I9/2-4F3/2 transition splits into two components in agreement 

with a well-defined crystal field with a lower symmetry than the cubic one. Further 

evidence was obtained from the PL spectra recorded at 9 K and exciting at 792 nm, 

Figure 4.12b. A glass-like emission of Nd3+ ions was measured for the 4I9/2-4F5/2 

transition in the 0.1NdF3- glass-ceramic. Instead, a structured band was obtained for 

the 0.5NdF3-glass-ceramic, confirming that for the 792 nm excitation we mainly excite 

0.56 nm

(100)- KLaF4
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Nd3+ ions in -KLaF4. The lifetime for the 0.5NdF3- glass-ceramic (emission at 1046 nm, 

excitation at 792 nm) is 440 s and is described by a single exponential. More 

measurements and discussion for the 70Si7LaK composition are given in paper 6.  

 

Figure 4.12.  Low temperature (9 K) (a) PLE and (b) PL spectra for 70Si7LaK glass-ceramics doped with 0.1 

and 0.5NdF3 (mol%) and treated at 660 C for 66 h. 

4.1.3. Optical fibres 

The processing methods offered by the MQ method have also been used to 

prepare optical fibres with a glass-ceramic core. These novel devices attracted great 

attention due to the possibility of growing high efficient fluoride NCs in optical fibres 

retaining the transparency of the untreated fibre. Moreover, longer interaction lengths 

(30-100 cm) can promote certain ET mechanism in nonlinear optical processes with 

respect to much smaller bulk lengths (1-5 mm).  

A proper selection of the cladding glass is necessary to ensure a good and stable 

drawing process. Furthermore, the two glass compositions should have similar thermal 

properties (CTE, viscosity, Tg) in the temperature region used for drawing and 

crystallisation. For glass compositions that undergo crystallisation, the thermal 

stability parameter T=Tp-Tg should be at least 200 C to avoid spontaneous 

crystallisation during the drawing. This empirical requirement is very important for 

fibre drawing with the rod-in-tube method in which the cladding glass, acting as a 

765 785 805 825 845 865 885 905

x
x

+

+

GC01-660ºC-66h

4I9/2
4F5/2

4I9/2
4F3/2

x

x

GC05-660ºC-66h

(a)

Excitation wavelength (nm)

In
te

n
s
it
y

(a
rb

. 
u
n
it
s
) 

1020 1045 1070 1095 1120 1145

Emission wavelength (nm)

GC01-660ºC-66h

4F3/2
4I11/2

GC05-660ºC-66h

(b)

em=1046 nm exc=792 nm

exc=801 nm

In
te

n
s
it
y

(a
rb

. 
u
n
it
s
) 



                                                                                    4. OVERALL SUMMARY OR RESULTS AND DISCUSSION 

127 

 
 

thermal barrier, prevents a fast heat loss. For direct-melting this condition can be 

relaxed, and glass compositions that have a stronger crystallisation tendency 

(T<100 C) can also be drawn in transparent fibres avoiding spontaneous 

crystallisation. Another possibility is the use of quite high temperature cladding 

glasses and drawing the fibres in a temperature region in which the core glass is almost 

melted (similar to the melt-in-tube method). In this thesis both the direct-melting and 

the use of rod-in-tube method were used to prepare transparent fibres with a glass-

ceramic core based on oxyfluoride compositions.  

The effect of processing on the crystallisation and optical properties has also been 

discussed and related to that of the corresponding bulk samples. The first studies were 

performed on Nd3+-doped fibres of the 55Si10La composition prepared by a direct-

melting process (paper 7). Small glass pieces doped with 0.1 and 2NdF3 were heated in 

a Pt crucible in the range 1150-1480 C. Transparent uncoated fibres with diameters 

ranging from 50 to 500 m were obtained and then crystallised. Very broad and weak 

crystallisation peaks in DTA curves indicate a lower crystallisation tendency with 

respect to the corresponding bulk samples (papers 3 and 7). A delay in crystallisation 

was clearly observed by XRD. No LaF3 crystals were observed in the fibre unless for 

heat treatments at 620 C for extremely long treatment times of 120 h, instead bulk 

samples crystallise at such temperature after 3-5 h. A slight increase of the temperature 

at 640 C was sufficient to obtain LaF3 crystals of 10 nm and emission spectra similar 

to those of LaF3:Nd3+ crystals have been obtained, as described in paper 7.  

Such delay of crystallisation was explained based on a lower phase separation 

produced during the drawing process. In fact, phase separation occurs during the 

cooling and the cooling rate increases in a drawing process with direct-melt. Therefore, 

more energy is necessary to promote phase separation and provoke crystallisation. 

However, by HRTEM, EDXS and SAXS, the same structure, as for bulk samples, was 

observed. Amorphous fibres were converted in glass-ceramic ones with the typical 

features of the 55Si10La compositions: NCs enclosed in initial phase separation 

droplets and enriched in Nd3+ ions, Figure 4.13.  
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A SiO2 viscous shell was formed around the crystals preventing further growth 

and the same crystallisation mechanism of bulk samples was observed. From the 

analysis of their structure, bulk and fibre samples cannot be distinguished. This result 

has a remarkable consequence for the preparation of photonic devices. In fact, if the 

optical properties of the bulk sample are known, those of the corresponding fibres can 

be guessed, thus permitting the optimization of dopants content and crystallisation 

process.  

 

Figure 4.13. SAED of 55Si10La (a) fibre and (b) glass-ceramic fibre treated at 640 °C for 40 h and doped with 

2NdF3 (mol%). (c) EDXS in STEM mode of one droplets containing LaF3 NCs. 

A SG cladding was made by dip-coating to cover a 30 cm glass-ceramic fibre using 

a silica sol, see section 3.1.3. Then, the coating was sintered at 450 C for 1 h to obtain a 

dense 3 m SiO2 cladding (paper 7). The great novelty of this method is the absence of 

any thermal and mechanical requirement during the drawing. The cladding is 

deposited onto the glass-ceramic fibre and treated at temperature (450 C) much less 

than the Tg of the glass-ceramic core (580 C or higher). The problems of this method 

are: 1) the difficulty of covering quite larger fibres with a length longer than 50 cm; 2) 

the cladding thickness is limited to few m, making difficult the preparation of 

different core/cladding geometries. On the other side, this method can be applied to a 

great variety of compositions.  

Since very similar or indistinguishable nanostructures are observed for bulk 

samples and fibres prepared by direct melting method, similar optical properties are 

expected. In fact, it is the nanostructure around the RE3+ ions that determines the 
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optical properties of these materials, and as shown for bulk samples, small NCs (10-

15 nm) are able to reproduce optical features of mono-crystal samples, (paper 3).  

For the untreated fibre, Nd3+ excitation at 786 and 802 nm gives similar spectra 

corresponding to Nd3+ in amorphous phase, Figure 4.14a. Instead, very different 

spectra were obtained for glass-ceramic fibres treated at 640 C for 40 h and doped 

with 0.1NdF3, these spectra being similar to those obtained for the corresponding bulk 

samples, Figure 4.14b (compare with Figure 4.8). Therefore, even in these glass-ceramic 

fibres Nd3+ ions are incorporated in both LaF3 NCs and amorphous phase. 

Furthermore, the loss of typical crystal features is observed for the fibre doped with 

2NdF3, indicating a high concentration quenching, in agreement with the results for 

bulk samples. The RT lifetime of the 0.1NdF3-glass-ceramic fibre treated at 640 C 

measured at 1039 nm (exc. 786 nm) is 608 s while at 1057 nm (exc. 802 nm) is 374 s, 

(paper 7).  

 

Figure 4.14. Room temperature emission spectra of 55Si10La (a) fibre and (b) glass-ceramic fibre treated at 

640 °C for 40 h and doped with 0.1NdF3 (mol%). 

All the results discussed in the previous paragraphs confirm the great similarity of 

structure and optical properties for bulk and fibres prepared by direct melting, the 

main difference being a delay in the crystallisation process. Finally, even though 

interesting crystal-like optical features are obtained in glass-ceramic fibres, losses of 20 

dB/m where obtained at 633 nm. Such value is quite high to obtain optical 

amplification. 

The last paper described in this section concerns the preparation of glass-ceramic 

fibres based on NaLuF4 solid solutions and doped with Er3+-Yb3+. The results for the 
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bulk samples, based on the 70Si6NaLu composition, are described elsewhere [127] and 

are not summarised in this section. 

The Tg, CTE and refractive index are 525 C, 7.4 ±0.5 10-6 (C-1) and 1.49 at 588 nm, 

respectively. A study of the glass viscosity was performed with HSM (section 3.5.3). 

The viscosity of the 70Si6NaLu glass is  4.1 dPa.s at 1000 C. The DURAN® glass was 

selected as suitable cladding glass, with refractive index of 1.473 at 587.6 nm, due to 

the low refractive index of the 70Si6NaLu composition. An advantage of DURAN® 

glass is its quite high working point (4.1 dPa.s at 1260 C) that permits fibre drawing 

up 1250 C, however this borosilicate glass has a quite low CTE (3.40.5 x10-6 C-1) and 

Tg (520 C) with respect to the 70Si6NaLu composition.  

Transparent and amorphous fibres with core/cladding geometry 100 m/250 m 

were drawn at 1230 C using the rod-in-tube method (section 3.1.1). For lower drawing 

temperature (1100 C) a white core was obtained due to excessive phase separation 

produced in the core fibres. Glass-ceramic fibres were obtained after treatment at 

600  C during 10 and 20 h. This temperature is the typical crystallisation temperature of 

bulk sample and practically coincides with the dilatometric softening temperature of 

the DURAN® glass ( 598 C). For higher temperatures the cladding glass can be 

strongly deformed. XRD confirmed the absence of crystal phases in the as made fibres, 

while cubic solid solution of the type NaLuF4 were obtained in the glass-ceramic core 

with an average size  20 nm, Figure 4.15. As observed for the 55Si10La samples, the 

same heat treatment at 600 C for 20 h performed on bulk samples produces much 

bigger fluoride crystals ( 40 nm). However, this size is enough to obtain efficient UC 

processes using Er3+ and Yb3+ as dopants. HRTEM showed a wide crystal size 

distribution which value is in agreement with the XRD results. Such broad distribution 

can be related with the drawing process and the temperature gradient produced in the 

interior of the core glass rode.  Moreover, few small crystals are already present in the 

fibre. During the crystallisation process new crystals grow and those already existing 

become bigger. Another interesting observation is the presence of elongated crystals 

not seen in the 55Si10La fibres.   
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Figure  4.15. XRD of 70Si6NaLu fibre and glass-ceramic fibres treated at 600 °C during 10 and 20 h. The fibres are 

doped with 0.5ErF3-2YbF3 (mol%). 

The UC emission for NaLuF4-glass-ceramic fibres, treated at 600 C for 20 h, shows 

that similar spectra are obtained for glass-ceramic bulk [127] and fibre materials using 

similar excitation conditions, Figure 4.16a. This result confirms the incorporation of 

Er3+ and Yb3+ ions in the fluoride NCs. However, by an adequate focusing of the 

pumping power in the fibre, a different UC spectrum is obtained, the green UC 

emission becoming more important, Figure 4.16b. 

 

Figure 4.16. UC emission spectra for 0.5ErF3-2YbF3 doped 70Si6NaLu glass-ceramic fibres treated at 600 C 

for 20 h exciting the system at 980 nm. The UC spectrum of (a) is obtained without focusing the excitation, while for  

(b) the excitation power was properfocused ly in the glass-ceramic fibre. 
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4.2. Section 2- Sol-gel materials 

4.2.1.  LaF3 glass-ceramics with TEOS  

SG process was used for the preparation of novel compositions containing a 

higher active phase content. As described in the introduction, a common problem of 

oxyfluoride compositions prepared by melting is the high fluorine loss (30-40 wt%). 

Moreover, high fluoride contents in aluminosilicate compositions generally produce 

spontaneous crystallisation.  

Great effort has been dedicated to study the crystallisation mechanism of bulk 

samples. Few authors studied the crystallisation mechanism of SiO2-MF2 phases using 

DTA and most of them considered that the crystallisation of fluorides in SG 

oxyfluoride glass-ceramics follows a diffusion-controlled process [171]. For a diffusion 

process some typical features are expected, as the increase of the crystal size with the 

heat treatment time and/or temperature and also the possibility to tailor certain phase 

controlling the crystallisation process. But the crystallisation mechanism of 80SiO2-

20LaF3 and similar compositions, studied in this thesis and extensively described in 

paper 8, is very different. 

DTA curves of SiO2-MF3 xerogels present three different regions (papers 8 and): a 

first endothermic peak in the range 100-200 C due to water and solvent removal; a 

sharp exothermic peak in the range 280-350 C and a second exothermic peak in the 

range 450-600 C, Figure 4.17a. The second exothermic peak disappears for heat 

treatment in Ar atmosphere hence it is associated to organic combustion. Instead, the 

first exothermic peak appears at the same temperature in both air and Ar atmospheres 

and it is associated to the crystallisation of fluoride crystals, Figure 4.17b. The peak is 

sharp comparing with several oxyfluoride compositions prepared by melting where 

the crystallisation peak is much broader (sometimes also difficult to be detected, 

papers 2 and 3). Moreover, a relevant weight loss (10-30 wt%) is also observed and 

associated with the crystallisation peak. All of these aspects indicate a fast process with 

mass release.  
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Figure 4.17. DTA (red) and TG (blue) curves for 80SiO2-20LaF3 sample measured in (a) air and (b) argon using a 

heating rate of 10 °C/min. 

Calculations performed using the Avrami’s and Ozawa’s equations indicate a 

similar crystallisation mechanism as for melted compositions, Figure 4.18. 

 

 

Figure 4.18. Ozawa plots for 80SiO2-20LaF3 bulk samples heated in Ar atmosphere with heating rates of 10-

40 °C/min. 
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However, remarkable differences are observed by studying the crystallisation 

kinetics by XRD. For example, fluoride NCs are already formed for heat treatment at 

350, 450 and 550 C during 1-5 minutes. Moreover, for LaF3 NCs there is no crystal 

growth when increasing the treatment time and/or temperature up to  800 C. Even 

more surprisingly, the crystal size and crystalline fraction decrease for long treatment 

time, Figure 4.19a. A similar effect occurs if the sample is not quenched from the 

crystallisation temperature to RT, Figure 4.19b. These results are completely 

contradictory with a diffusion-controlled process. Furthermore, at high temperature it 

is considered that the precipitation of crystals is unstable. 

 

Figure 4.19. XRD of 80SiO2-20LaF3 glass-ceramic bulk samples treated at 550 °C from 1 min up to 80 h. (b) 

Comparison between samples heat treated at 550 °C for 1 h and then quenched to room temperature (red) or cooled 

down in the furnace (black). 

characterisation of the fluorine environment in the xerogel and in the glass-

ceramic sample was performed by 19F MAS/NMR to understand the crystallisation 

mechanism, Figure 4.20. In the xerogel, only one single band at -76 ppm is observed 

indicating that fluorine ions are still coordinated to the TFA acid precursor. After the 

heat treatment at 550 C for just 1 min, the fluorine environment has completely 

changed and it is practically like pure LaF3 crystals with the three bands centred at -22, 

-18 and 26 ppm, respectively. Therefore, no bonds between fluorine ions and SiO2 

chains are observed, and from a thermodynamic point of view, the fluorides and the 

glass network evolve independently.  

 

(a) (b)
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Figure 4.20. 19F MAS/NMR of 80SiO2-20LaF3 xerogel and glass-ceramic bulk treated at 550 °C for 1 min. The 

spectrum for the LaF3 reference compound is also shown. The * symbol indicates spinning-side bands. 

Respect to the decrease of crystal size and fraction for long heating time, and 

considering that LaF3 has one single stable phase at atmospheric pressure, the 

dissolution of LaF3 crystals in the SiO2 network was proposed, paper 8. A possible 

explanation is that for fast heat treatments (1 min or 1 h), cluster of crystals are formed 

that when the treatment time increases, the motion and separation in smaller crystals 

take place provoking the decrease of the crystal size. This argument was sustained by 

some authors [268]. On the contrary, the results described in paper 8 show that for 

1 min of heat treatment, fluoride crystals homogenously distributed in the matrix are 

obtained (see also papers 10 and 11). Therefore, the formation of clusters is excluded.  

All the aforementioned conclusions indicate that oxyfluoride glass-ceramics 

prepared by SG follow a completely different crystallisation process with respect to 

melted glasses. Moreover, the strong weight loss, associated with the crystallisation 

process of LaF3, indicates a chemical decomposition of the starting precursors followed 

by crystal precipitation, as happens in the precipitation of salts in liquid phase. The 

driving force may be attributed to a supersaturation process [269].  

Another important point that strongly affects the crystallisation process is the 

heating rate used for crystallisation. For fast heating rates, such as 10 C/min, the 

crystallisation peak can be 4-5 times higher compared to measurements performed at 

1 C/min, paper 11. Anyway, in most cases a low heating rates was used to avoid the 

fracture tendency of bulk monoliths, also called self-supported layers. For examples, 
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bulk samples for optical characterisation prepared using TEOS were always treated at 

1 C/min to obtain crack-free samples.  

It should be noted that one of the objectives of this thesis is the preparation of SG 

thin films for photonic applications. The best application of SG materials is as thin 

films because coatings can be deposited onto several substrates (glass, Si, metals etc), 

easy to handle, and big surfaces (10-20 cm2) could be covered. For these reasons, thin 

film samples of 80SiO2-20LaF3 composition doped with Nd3+ were prepared for 

comparison with bulk samples and the results described in paper 8.  

In the case of thin films, the stability studies of sols are important to ensure the 

maintenance of product, safety and efficacy. For this, the sol viscosity, described in 

section 3.3, was measured and a value of  3 mPa.s was obtained. Such value is 

maintained for several weeks, demonstrating the good stability. For all the withdrawal 

rates used (maximum 35 cm/min) crack-free coatings were obtained using heating rates 

of 1 and 10 C/min. All the results described below are referred to thin films prepared 

with TEOS and treated with a heating rate of 10 C/min. 

A maximum coating thickness of 600 nm was obtained for 80SiO2-20LaF3 thin films 

prepared using TEOS as precursor and after heat treatment at 350 C for 3 h, paper 9. 

The thickness decreases up to 325 nm when the heat treatment increases up to 850 C. 

However, it is very difficult to study the crystallisation mechanism as well as to 

perform a detailed structural characterisation of thin films due to their low thickness 

For example, by GI-XRD a very broad diffraction peak was observed at  27  for glass-

ceramic films treated at 550 and 750 C during 3 and 80 h, corresponding to more 

intense diffraction peak of LaF3.  Anyway, an estimation of the crystal size was 

impossible with such GI-XRD measurements. Furthermore, small LaF3 NCs were 

observed by HRTEM only for heat treatment at 750 C. However, since it is  difficult to 

measure these sample by HRTEM, it is not excluded that also at lower temperatures, as 

550 C, LaF3 crystals can be present. Small LaF3 NCs with size of 4 nm were observed in 

bulk sample of the same composition, treated at 550 and 650 C for 3 h, using XRD and 

HRTEM. The diffractogram of bulk samples treated at 650 C for 3 h clearly shows LaF3 
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diffraction peaks. Moreover, the crystal size obtained using the Scherrer equation is in 

agreement with that obtained from the HRTEM micrographs.   

A first optical characterisation using 80SiO2-20LaF3 thin films doped with 2 and 

3Nd3+ (mol %) was performed to demonstrate the possibility of obtaining glass-ceramic 

films by SG, paper 9. A very low PL signal was obtained for the film treated at 150 C 

(xerogel) but a notable increase of the PL was observed increasing the treatment 

temperature, Figure 4.21. However, the PL spectra show broad bands, typical of Nd3+ 

ions in an amorphous environment. Even though the PL increases with the heat 

treatment, such behaviour is likely associated to a reduction of the OH- groups that is 

typical in SG materials. In fact, the high vibration frequency of OH- groups (2nd 

overtone band  950 nm) can easily de-excite the 4F3/2 energy level of Nd3+ ions. FTIR 

spectra of thin films, measured in transmission, show a decrease of OH- groups when 

the temperature increases. Around 98% of OH- groups are eliminated for heat 

treatment at 850 C. But such temperature it is quite high and other phases as LaOF can 

crystallise. For this reason, a compromise between treatment temperature and presence 

of OH- groups has to be reached hence the highest treatment temperature for thin films 

was fixed to 750 C. 

 

Figure 4.21.  Room temperature PL spectrum of 80SiO2-20LaF3 xerogel and glass-ceramic thin films doped with 

3Nd3+ and excited at 806 nm. 

Moreover, for all the treatment temperatures very low lifetimes,  40 s, were 

obtained at 1064 nm. Such low values could be associated or to an extremely high 

concentration of Nd3+ in LaF3 crystals or to the presence of high amounts of OH- 

groups. Another possibility is the presence of Nd3+ at the interphase between crystals 
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and glass matrix that provokes a strong coupling of the crystals and glass network 

vibrations.  

Compared to thin films, a completely different behaviour was obtained for 80SiO2-

20LaF3 bulk samples treated at 650 C for 3 h. In this case, a clear indication of Nd3+ 

incorporation in LaF3 crystals was observed, paper 9. As described in paper 3, the 

emission of Nd3+ ions in LaF3 crystals is unambiguously distinguished from that of 

Nd3+ ions in the glass matrix. In particular, for excitation at 786 nm the main emission 

is associated to Nd3+ ions in LaF3 crystals with well-resolved Stark components.  

The emission spectrum of 80SiO2-20LaF3 bulk sample treated at 650 C for 3 h 

becomes much broader increasing the doping level from 0.5 to 3Nd3+ (mol%),  as 

shown in Figure 4.22. A remarkable difference was observed between the bulk xerogel 

and the corresponding treated samples. In the xerogel, the excitation of Nd3+ ions at 786 

nm produces a spectrum associated with an amorphous surrounding, Figure 4.22. This 

is clearly related to the absence of LaF3 crystals in the xerogel. Moreover, the PL 

intensity of the xerogel sample was  100 times lower than for the corresponding bulk 

samples treated at 650 C.  

 

 Figure 4.22.  Room temperature PL spectra of 80SiO2-20LaF3 xerogel and glass-ceramic bulk samples treated at 

650 °C for 3 h, doped with 0.5 and 3Nd3+, under 786 nm excitation. 

Even though a clear indication of Nd3+ in LaF3 crystals was obtained for bulk 

samples, a lifetime of 147 s was measured for the bulk sample doped with 0.5Nd3+ 

and treated at 650 C during 3 h. The lifetime was strongly reduced to 18 s for the 

samples doped with 3Nd3+. Such value indicates a strong concentration quenching and 

the high incorporation of Nd3+ions in LaF3 crystals. 

(b)
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In the case of 90SiO2-10LaF3 composition doped with Nd3+, a lower PL emission 

was obtained for both films and bulk samples treated in the same conditions.  The 

lowest emission was also observed for SiO2-Nd3+ thin films (without LaF3).  

All these observations permit drawing important conclusions. 1) Nd3+ ions are 

perfectly incorporated in LaF3 crystals for bulk samples. 2) High concentration of 

dopants produces the emission quenching even for Nd3+ concentration as low as 

0.5Nd3+. Similar results were obtained for glass-ceramics prepared by MQ, where a 

strong luminescence quenching was observed above doping with 0.5Nd3+ (mol%), 

paper 3. For thin films, the behaviour is less clear and several factors play a decisive 

role as: Nd3+ ions confined to the interphase crystal/matrix; much lower crystal size and 

fraction; and a high concentration of dopants. All these features can explain such broad 

PL and PLE bands, and the corresponding low lifetime values. 

4.2.2. LaF3 glass-ceramics with TEOS-MTES  

With the aim of increasing the film thickness and the heating rate to study the 

crystallisation process, the synthesis was modified. A part of TEOS was substituted by 

MTES, an organic-inorganic precursor. In fact, as reported by Innocenzi et al. [270], 

using a TEOS:MTES molar ratio of 40:60, the film thickness could reach a maximum 

value of 2 m. There are also other important advantages such as the reduction of OH- 

groups due to the hydrophobic nature of MTES [270,271], and the increase of the 

mechanical resistance of samples against cracking. The presence of CH3 groups reduces 

the number of Si-O-Si bonds by replacing Si-OH for Si-CH3 groups. The porosity and 

thickness increase, associated with a low matrix density and the relaxation of tensions 

trough pores. Thanks to this new precursor, it was possible to heat the bulk samples 

using a heating rate of 10 C/min.   

Interesting results were obtained for 80SiO2-20LaF3 thin films and bulk samples 

doped with Er3+ prepared with TEOS-MTES, paper 10. However, the difficulty of 

obtaining big crack-free bulk specimens, after crystallisation, is still one of the biggest 

problems to be faced. 
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Homogenous and crack-free film with thickness of  1.4 m was obtained after 

heat treatment at 550 C for 1 h using a withdrawal rate of 35 C/min. To understand 

better the structure of thin films, GI-XRD was performed at the Spline BM25B of the 

ESRF (=0.619 Å) on 80SiO2-20LaF3 thin films doped with 0.5Er3+ and treated at 550 C 

for 1 min. Quite broad diffraction peaks were observed around 10 and 11.  The first 

peak around 10  is the combination of the diffraction peaks from the (002) and (110) 

planes. The second and more intense peak at around 11  is due to diffraction from the 

(111) planes of LaF3 crystals. For bulk samples of the same composition treated at 

550 C for 1 min, a better XRD pattern was observed and LaF3 crystals were clearly 

identified. The crystal size was  3 nm and 9 nm for thin film and bulk samples, 

respectively.  

These results are also confirmed by HRTEM, where homogenously dispersed 

crystal are observed, even after fast heat treatment at 550 C during 1 min, Figure 4.23. 

It is not possible to use higher temperature to heat treat samples prepared with MTES 

because the removal of CH3 groups usually occurs between 550 and 600 C producing 

the sample shrinkage and its cracking. 

 

Figure 4.23. HRTEM of 80SiO2-20LaF3-0.5Er (a) thin film and (b) bulk sample treated at 550 °C for 1 min. The 

corresponding crystal size distributions are also shown. 

Another remarkable result is the possibility to quantify the crystal fraction using 

the Rietveld refinement. For 80SiO2-20LaF3 bulk sample doped with 0.5Er3+ and treated 

at 550 C for 1 min, a LaF3 crystal fraction  18wt% was obtained and shown in 

Figure 4.24, (paper 10). To our knowledge, this represents the highest crystal fraction 

reported in the literature for transparent oxyfluoride glass-ceramics prepared by SG. 
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This extremely interesting result demonstrates that by SG processing a much higher 

crystal fraction can be obtained with respect to glass-ceramics prepared by melting 

(paper 3). 

 

Figure 4.24. XRD pattern (black) and Rietveld refinement (red) for 80SiO2-20LaF3-0.5Er bulk sample treated at 

550 °C for 1 min. The difference between the simulated and measured data is shown in blue. 

The study of the incorporation of RE3+ ions and the change of their environment, 

when the xerogel is transformed into glass-ceramic, was also studied by XAS and EPR. 

The XAS results clearly demonstrate a fluorine-rich environment for both the xerogel 

and the glass-ceramic sample. However, a shrink of the first coordination shell 

suggests a change of the fluorine environment, from an amorphous to a crystalline one, 

after crystallisation. An estimation of Er3+ ions environment in the glass-ceramic 

samples indicates that  90% are in a fluorine-rich environment. If it is assumed that all 

fluorine is in the form of LaF3, an Er3+ effective concentration into the LaF3 NCs around 

 6.5 mol% is obtained. Such maximum theoretical value indicates that a great 

incorporation of Er3+ ions occurs. This value should give an indication of the effective 

concentration even if other RE3+ ions are used.  

However, XAS is not sufficient to explain the incorporation of RE+3 ions in LaF3 

crystals. For this reason, EPR measurements were performed on both xerogel and bulk 

samples doped with 0.1 and 0.5 Er3+ (mol%) and treated at 550 C during 1 min. For the 

xerogel sample a much broader EPR signal was observed in the range 500-1000 G, 

paper 10. Such broad band is clearly associated to an amorphous environment, 

similarly to that obtained for melted glasses (see paper 4 for comparison). In the case of 

2θ ( )
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bulk samples, a remarkable observation is that practically all Er3+ ions are found in LaF3 

crystals after the crystallisation process, Figure 4.25a. For the lowest Er3+ concentration, 

the hyperfine structure due to Er3+ isotopes with nuclear spin I0 is also resolved, 

Figure 4.25b. For 0.5Er3+-doped sample the hyperfine structure is broader and overlaps 

with the signal from Er3+ ions with nuclear spin I=0. Therefore, it is concluded that for 

SG samples, most of RE ions are incorporated in the LaF3 even after heat treatment 

during 1 min.  

Figure 4.25. EPR signals for 80SiO2-20LaF3 samples treated at 550 °C for 1 min and doped with 0.1 and 0.5Er3+. (b) 

Detail of the EPR signal with the hyperfine structure observed for the 0.1Er-doped sample. 

For LaF3-glass-ceramics prepared by melting and doped with 0.1 and 0.5Er3+ 

(mol%) a noticeable amount of Er3+ ions is still found in an amorphous environment 

after crystallisation, paper 5. Furthermore, the RE3+ incorporation changes with time, as 

happens for diffusion processes.  

These results are explained considering that in oxyfluoride xerogels, La3+ and RE3+ 

dopant ions are surrounding by TFA anions. Hence, an amorphous fluorine-rich 

environment is screening La3+ and RE3+ dopants (see 19F NMR of Figure 4.20). After heat 

treatment, the chemical decomposition of the starting reagents causes the precipitation 

of LaF3 NCs, and RE3+ ions, used as dopants, get trapped in the fluoride NCs. 

Differently to melted glasses and glass-ceramics, the incorporation of RE3+ ions 

happens during the crystallisation and evolves with time. This reasonable discussion 

permits explaining the 19F NMR, XAS and EPR results described so far.  
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On the other hand, PL spectra of 80SiO2-20LaF3 -0.5Er3+ bulk and films were also 

studied. Sharp and well-defined Stark components were observed for the bulk sample 

treated at 550 C for 1 min, confirming the presence of Er3+ ions in LaF3 NCs, Figure 

4.26. For thin films the spectrum is much broader and similar to that of glasses. The 

small crystal size of LaF3 NCs produced in thin films can explain this behaviour. In 

fact, important surface effects can provoke a strong coupling with the high phonons of 

the SiO2-matrix.  

 

Figure 4.26. PL spectrum of 80SiO2-20LaF3 glass-ceramic bulk sample doped with 0.5Er3+ and treated at 550 C for 

1 h. 

Summarising, the results suggest a completely different behaviour respect to 

crystallisation mechanism and RE incorporation for melted glasses. 

To compare and confirm the results described so far, bulk samples with SiO2-GdF3 

composition were prepared using TEOS-MTES and following the synthesis described 

for SiO2-LaF3 samples (table 3.3).  

4.2.3. GdF3 and KLaF4 glass-ceramics with TEOS-MTES  

GdF3 and KLaF4 are two interesting phases for photonic applications. In fact, Gd3+ 

ions can act as sensitizer for Eu3+, Tb3+ or Er3+ , making this phase interesting for ET 

from UV to visible light [272,273]. On the other hand, KLaF4 crystals have very low 

phonon energy, especially the hexagonal phase [83]. The possibility to prepare SG 

glass-ceramic materials with 20 mol% of these active phases is a really attractive 

opportunity to increase the optical efficiency of RE3+-doped devices.  
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There is an important difference between LaF3, GdF3 and KLaF4. LaF3 has only one 

stable phase at atmospheric pressure [274], while GdF3 and KLaF4 exhibit two 

polymorphous structures. GdF3 is found in hexagonal and orthorhombic phase, being 

the latter the most stable phase. Instead, KLaF4 presents a cubic (less stable) and 

hexagonal phase (more stable). Moreover, KLaF4 contains an alkaline ion that in glass 

matrices acts as network modifier. 

Very similar DTA curves are observed for 90SiO2-10GdF3 and 80SiO2-20GdF3 

compositions, with a crystallisation peak around 300 C, paper 11. Similar DTA results 

are obtained for 90SiO2-10KLaF4 and 80SiO2-20KLaF4 compositions. In the case of SiO2-

GdF3 compositions, both hexagonal (hexagonal EuF3, JCPDS 00-032-0373) and 

orthorhombic (JCPDS 00-012-0788) phases were observed after heat treatment at 550 C 

for 1 min, whereas XRD patterns of SiO2-KLaF4 samples, treated 350 C for  1 min, 

show the crystallisation of KLaF4 in cubic and hexagonal phases, being the cubic the 

main phase, Figure 4.27. 

 

Figure 4.27. XRD patterns for 80SiO2-20KLaF4 glass-ceramic bulk samples treated at 350 and 550 °C for 1 

min. The XRD patterns for α and -KLaF4 phases are also shown.  

However, increasing the temperature to 550 C, the main phase is the hexagonal 

one. The intensity of the diffraction maxima is similar for both thermal treatments, 

suggesting the transformation of the cubic phase to the hexagonal one which is the 

most stable phase. This behaviour is typical of precipitations occurring in liquid 

solutions, as described by some authors [269,275]. These results confirm again the idea 

of a crystallisation mechanism based on chemical decomposition and crystal 

10 20 30 40 50 60 70

550 ºC - 1min

KLaF
4

X
R

D
 i
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

2 (º)

350 ºC - 1min

KLaF
4

80SiO
2
-20KLaF

4
 

 



                                                                                    4. OVERALL SUMMARY OR RESULTS AND DISCUSSION 

145 

 
 

precipitation.  Moreover, for polymorphic crystals a clear change of the crystal phase 

toward the most stable one is observed.  

For GdF3 crystals, hexagonal and orthorhombic phases are observed after heat 

treatment at 550 C for 1 min up to 8 h. The crystal size of the hexagonal and 

orthorhombic phase is  8 nm. No increase of the crystal size or crystalline fraction is 

observed when increasing the treatment time. The crystal dissolution with very long 

treatment time (> 8 h) is expected even for GdF3 and KLaF4, as happens for LaF3 

crystals. Therefore, all fluorides precipitated in SiO2 matrices are not stable for long 

heat treatment times. This phenomenon is explained with the absence of bonds 

between the Si-O links and the fluorides.  

The main results for 90SiO2-10GdF3 and 80SiO2-10GdF3 bulk samples doped with 

0.5Eu3+ (mol%) are summarized in the next paragraphs because the SiO2-KLaF4 

composition has only been partly studied in this thesis and further studies and tests are 

necessary.  

One of the most relevant results for SiO2-GdF3 composition is given by the EDXS 

analysis of GdF3 crystals precipitated after heat treatment at 550 C during 1 min, 

Figure 4.28. A clear Eu3+ ion enrichment is found in the crystals. As explained for the 

LaF3 composition doped with Er3+, the clear RE3+ enrichment observed in GdF3 crystals 

reinforces the idea of an incorporation mechanism of RE3+ that occurs along with 

crystals precipitation. A detailed optical characterisation was performed for the 90SiO2-

10GdF3 and 80SiO2-20GdF3 compositions and resumed below. 

 

Figure 4.28. EDXS in STEM of 80SiO2-20GdF3-0.5Eu bulk sample treated at 550 °C for 1 min. The yellow 

line is the scanning line. 
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The use of Eu3+ facilitates the study of the change of the environment thanks to the 

5D0 → 7F2  hypersensitive transition of Eu3+ (see section 2.9). Eu3+ ions were excited at 

393 nm (7F0-5L6). The PL spectrum of the bulk xerogel sample shows quite broad 5D0-

7F0,1,2,3,4 emissions, typical of an amorphous environment, Figure 4.29. When Gd3+ ions 

are excited at 273 nm (8S7/2-6IJ), both Gd3+ and Eu3+ emissions are observed, indicating 

the occurrence of an ET process. However, the most intense signal is due to the 6PJ-8S7/2 

emission of Gd3+ ions, therefore such ET is not very efficient. Respect to bulk glass-

ceramic samples treated at 550 C during 1 min, the incorporation of Eu3+ ions in the 

GdF3 crystals is clearly observed. The 5D0-7F0,1,2,3,4 emissions of Eu3+ ions are now very 

sharp and structured in Stark components. Moreover, the 6PJ-8S7/2 emission of Gd3+ is 

strongly reduced after excitation at 273 nm, indicating a more efficient ET between 

Gd3+ and Eu3+ ions in the glass-ceramic samples. The asymmetry ratio R, defined as 5D0-

7F2 /5D0-7F1 ratio, decreases from 2.77 for the xerogel to  0.7 for the glass-ceramics. 

Similar values are obtained for Eu3+ and Gd3+ excitation at 393 and 273 nm, 

respectively. These results indicate that, after crystallisation, Eu3+ ions pass from a non-

centrosymmetric site (amorphous environment) to a centrosymmetric one (GdF3 NCs).  

 

Figure 4.29. RT PL spectra for the 80SiO2-20GdF3-0.5Eu xerogel and glass-ceramic treated at 550 °C for 1 

min under 393 and 273 nm excitation. 
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The SG method has demonstrated to be an efficient route to obtain fluoride NCs. 

Doped and un-doped GdF3 and KLaF4 NCs dispersed in a SiO2 matrix were efficiently 

obtained after fast heat treatment (1 min). Instead, the crystallisation of GdF3 is much 

more complicated for melted compositions, and it has not been achieved in this thesis. 

Moreover, the crystallisation of hexagonal KLaF4 in melted glasses was only obtained 

for specific doping levels. 

Another advantage of the SG method is the possibility to add much higher active 

phase content, where most of RE3+ ions could be incorporated in homogeneously 

dispersed crystals. After crystal precipitation, the fluorides are surrounded by the SiO2 

network inhibiting their diffusion and growth.  

However, an important limitation, detected during this thesis, is the difficulty of 

increasing the crystal size or obtaining only a specific phase for polymorphous crystals. 

Alternative processing routes should be proposed. For example, the preparation of 

nanoparticles in liquid phase has been used by other authors [276]. No limitations to 

the crystal growth are imposed, because the crystallisation occurs in liquid phase and 

the ions mobility facilitate their diffusion and growth. Then, the nanoparticles can be 

added to a SiO2 sol to prepare thin films and monoliths. 

Moreover, another limitation of SG bulk samples is related to obtain large crack-

free materials. The modification of the synthesis protocols and processing method is 

proposed to control the drying of xerogels using supercritical conditions in an 

autoclave. 

In the next section the main conclusions obtained from this thesis are summarised. 
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CONCLUSIONS  

Materials preparation 

In this thesis, transparent glass-ceramics have been prepared by melt-quenching 

from three oxyfluoride glass compositions doped with Pr3+-Yb3+, Nd3+ and Er3+-Yb3+. 

LaF3-glass-ceramic fibres have also been obtained using the direct-melting process 

with a single crucible. The glass-ceramic core was covered with 3 m SiO2 cladding 

prepared by sol-gel. The rod-in-tube method was applied for drawing NaLuF4-optical 

fibre using commercial DURAN® glass for cladding.  

Bulk and thin films containing up to 20 mol% of nominal active phase (LaF3, GdF3 

and KLaF4) were prepared by sol-gel from transparent and stable sols. Homogeneous 

and transparent films with good adhesion were obtained on different substrates (silica, 

soda-lime glass slide, Si-wafer and mica substrates).  

By a partial replacement of TEOS with MTES precursor, thicker films of up to 

1.4 m were obtained using a withdrawal rate of 35 cm/min. Moreover, the mechanical 

resistance of bulk samples was increased due to the presence of CH3 groups in the 

network, permitting thermal treatments at 10 °C/min to be used. The glass-ceramic 

samples were obtained after treatment at 350-750°C for short times. 

SiO2-LaF3 and SiO2-GdF3 sol-gel glass-ceramics doped with Nd3+, Er3+ and Eu3+ 

were successfully prepared, after controlling the synthesis process. 

Crystallisation and the effect of dopants 

The crystallisation mechanism of bulk and fibres prepared by melt-quenching is 

based on a diffusion-controlled process which starts from a constant number of nuclei.  

For LaF3-containing compositions, broad and weak crystallisation peaks were 

observed by differential thermal analysis. However, for other glass compositions, no 

relevant exothermic peaks were detected. Nevertheless, in all cases, the crystallisation 

of fluoride nanocrystals was achieved after thermal treatment.  
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The crystal size increases with treatment time at a fixed temperature until an 

asymptotic value in the range 8-40 nm is reached, the value of which depends on the 

glass composition and crystal phase.  

Similar results were observed for the fibres but with a delay in crystallisation with 

respect to bulk samples of the same composition. This phenomenon was associated 

with the high cooling rate that the LaF3-fibres suffered during the direct melting 

process. 

However, for the fibres prepared with the rod-in-tube method, a shorter delay in 

crystallisation was observed due to the thermal screening produced by the cladding 

glass which reduces the cooling rate.  

RE-dopants act as nucleating agents, promoting phase separation and leading to 

higher crystal fraction. The LaF3 crystal fraction increased from 6% to almost 9 wt%, 

while the crystal size was reduced from 12 to 8 nm, when increasing the NdF3 content 

from 0.1 to 1 mol%. Moreover, the crystallisation kinetics slows down with the 

addition of dopants. Similar results were obtained for Er3+-Yb3+-doped LaF3-glass-

ceramics when increasing the content of Yb3+.  

For Nd3+-doped KLaF4-glass-ceramics, the most significant phase obtained after 

crystallisation was -KLaF4. However, the addition of 0.5 mol% of NdF3 also nucleates 

-KLaF4 phase. The nucleation of the -phase is promoted for a specific doping level 

and the growth of  and -phases occurs with independent kinetics. 

The crystallisation of LaF3, GdF3 and KLaF4 occurs in the range 290-300 °C for sol-

gel bulk materials, according to the sharp exothermic peaks observed from DTA. 

Moreover, the crystallisation mechanism is very different from the diffusion-controlled 

process that occurs in glass-ceramics prepared by melting.  

Neither the crystal size nor the fraction of LaF3 increase when the heat treatment 

temperature and time increase; however, very fast heat treatments (1 min) at 350-

550 C are enough to precipitate the nanocrystals. Moreover, in contrast to melt-
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quenching materials, crystal dissolution is observed for long treatment times, 

indicating the instability of fluorides at high temperatures.  

The crystallisation mechanism of sol-gel glass-ceramics is based on a chemical 

decomposition followed by crystal precipitation, similar to the mechanism of crystal 

precipitation in the liquid phase. The proposed crystallisation mechanism has also 

been confirmed by 19F NMR. No fluorine-silicon bonds are observed in the xerogel 

samples; instead, the coordination of fluorine ions with the TFA acid precursor is 

observed. The studies performed in this thesis indicate that RE dopants do not play a 

relevant role in the crystallisation process. 

A crystal fraction of ~ 18 wt% was obtained for 80SiO2-20LaF3 glass-ceramic bulk 

samples treated at 550 °C for 1 min, with crystal size ~ 10 nm. This fraction is the 

highest reported so far for LaF3-glass-ceramics prepared by sol-gel.  

For SiO2-LaF3 thin films, much broader XRD patterns were obtained, with a crystal 

size of 2-3 nm. The thinness and small crystal size (2-3 nm) of the films limited study of 

their crystallisation mechanism, so bulk samples were selected. 

For polymorphous crystals, such as GdF3 and KLaF4, all the possible phases were 

observed even after a heat treatment of only 1 min.  For KLaF4-glass-ceramic, the -

phase is the main phase which precipitates at 350 °C after 1 min, but for treatment at 

550°C the -KLaF4 is the main phase. A gradual transformation from the most unstable 

phase to the most stable one was observed with increasing temperature. A specific 

phase can be obtained by on controlling the heat treatment time or temperature. 

Nanostructure and dopant environment 

The typical nanostructure of LaF3 and NaLuF4-glass-ceramics prepared by melting 

is obtained by phase-separation droplets dispersed in the glass-matrix. For the KLaF4-

glass-ceramic, no phase separation is detected in the parent glass. The phase diagram 

of these three different compositions is the key to obtain a specific phase.  

For LaF3 glass-ceramics and LaF3 glass-ceramic fibres, the initial size of amorphous 

phase-separation droplets increases after crystallisation and LaF3 nanocrystals grow 
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inside them. However, for NaLuF4-glass-ceramics, fluoride crystals develop from 

individual phase separation droplets in both bulk and fibre materials.  

EDXS analysis of LaF3 and NaLuF4 demonstrated the enrichment of SiO2 at the 

crystal/matrix interphase producing a viscous barrier and preventing further crystal 

growth after several hours of treatment. The difference arises from the Al2O3 content of 

the two compositions (55Si10La and 70Si6NaLu). For the LaF3-composition, a much 

higher Al2O3 content (20 mol%) produces an additional viscous barrier surrounding the 

LaF3 nanocrystals, preventing their growth in the form of single crystals. This process 

is responsible for the asymptotic behaviour of the crystal size.  

The phase-separation droplets of the starting glass are already enriched in RE-

dopants, which facilitates their incorporation in the fluoride nanocrystals during the 

crystallisation process. The presence of RE-ions in a fluorine rich-environment was also 

confirmed by XAS. However, part of the RE ions is still present in an amorphous 

environment even after heat treatment during 40 h, as confirmed by EPR 

measurements. A similar nanostructure was observed for glass-ceramic bulk and fibre 

materials.  

Notable differences were observed by XAS and EPR when Nd2O3 or NdF3 were 

used as raw materials for incorporation of Nd3+ in the LaF3 glass-ceramics. NdF3 

produces more efficient incorporation of Nd3+ in the LaF3 nanocrystals than Nd2O3. 

This behaviour was explained considering a “memory effect” of the first coordination 

sphere retained in the glass. The effective concentration of RE-ions in LaF3 nanocrystals 

is at least  10-15 times the nominal value.  

Homogeneously distributed nanocrystals in a SiO2 glass matrix were observed for 

sol-gel bulk and thin-film materials, after treatment at 550 C for 1 min. XAS, EPR and 

EDXS showed that the RE incorporation in the fluoride nanocrystals occurs along with 

crystal precipitation. An amorphous fluorine-rich environment is already observed in 

the xerogel sample where the RE ions are screened by TFA anions. During the 

crystallisation process, the decomposition of fluorine-rich compounds cause the 

precipitation of fluoride crystals enriched with RE ions. 
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For low doping levels, such as 0.1 mol%, similar EPR signals were observed for RE 

ions in both glass-ceramics and single crystals, indicating the perfect incorporation of 

dopants in the fluoride nanocrystals. XAS analysis showed that around 90% of RE ions 

reside in the crystal phase after heat treatment.  

Optical properties 

The optical properties of glasses and glass-ceramics prepared by melting clearly 

demonstrated the incorporation of RE ions in the fluoride nanocrystals. Better energy 

transfer, up-conversion and down-conversion processes, along with much higher PL 

emission, were detected in the glass-ceramics compared to the glass.  

For Er3+-Yb3+-doped LaF3-glass-ceramics, a notable change of the red and green up-

conversion emission with the crystal size was observed, allowing colour to be tuned 

with the heat treatment. A stronger green up-conversion was obtained when 

increasing the crystal size.  

The spectral features of LaF3:Nd3+ single crystals were reproduced by a suitable 

selective excitation. For Nd3+ doping levels higher than 0.5 mol% of NdF3, a strong 

concentration quenching was observed, being the effective concentration at least 10 

times the nominal value.  

In this thesis, the first evidence of LaF3:Nd3+ emission in optical fibres has been 

obtained, with similar photoluminescence properties to the bulk samples. However, 

some improvements for the lasing or amplification process are still required, with the 

aim of reducing the propagation losses (16 dB/m).  

For Nd3+-doped KLaF4-glass-ceramics, the emission was mainly attributed to the -

phase; however, on doping with 0.5 mol% of NdF3, emissions from both  and -

phases were clearly observed.  

For Er3+-Yb3+-doped NaLuF4-glass-ceramic optical fibres, the up-conversion 

emission spectra were similar to those of the bulk samples but with a higher red up-

conversion emission. However, the relative intensity of the red and green up-
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conversion emissions changed when the excitation source was properly focused on the 

glass-ceramic fibre.  

For LaF3 and GdF3 sol-gel glass-ceramic bulk samples, the incorporation of RE ions 

in the fluoride nanocrystals was unambiguously demonstrated due to the clear 

appearance of Stark components in emission and excitation spectra associated with 

fluoride crystals. 

The spectral features of LaF3:Nd3+ single crystals have been reproduced in sol-gel 

bulk samples by selective excitation, confirming the incorporation of Nd3+ in LaF3 

nanocrystals. The PL signal increased with the content of fluoride crystals, the 

concentration of which was ~ 100 times stronger compared to xerogel samples.  

A stronger PL was also observed in Eu3+-doped GdF3 glass-ceramics along with a 

decrease of the asymmetry ratio I(5D0-7F2)/I(5D0-7F1) of Eu3+ ions after heat treatment at 

550 C for 1 min. These results clearly indicate a much better energy transfer process 

from Gd3+ to Eu3+ in SiO2-GdF3 glass-ceramic bulk samples due to the presence of Eu3+ 

in GdF3 nanocrystals. 

For thin films, much broader spectral features were observed without clear 

evidence of RE-ion incorporation in fluoride nanocrystals. This result could be related 

to an extremely high effective concentration of RE ions in the fluoride nanocrystals, or 

to a strong coupling between the small fluoride nanocrystals and the glass matrix. 

However, the PL intensity increased with the treatment temperature, possibly 

associated with the reduction of OH- groups. Further studies are required to obtain 

glass-ceramic films with larger nanocrystals. 



 

 

 

 

 

CONCLUSIONES



 

______________________________________________________________________ 

 158 

 

CONCLUSIONES   

Preparación de materiales  

En esta tesis se han obtenido vitrocerámicos transparentes a partir de la fusión de 

tres composiciones de vidrios de oxyfluoruro dopados con Pr3+-Yb3+, Nd3+ y Er3+-Yb3+. A 

través de un tratamiento térmico de cristalización controlada, a una temperatura 

ligeramente superior a la Tg, se han obtenido vitrocerámicos con nanocristales de LaF3 

hexagonal,  y -KLaF4 o una solución sólida de nanocristales cúbicos del tipo NaLuF4.  

También se han obtenido fibras vitrocerámicas, conteniendo cristales de LaF3, 

mediante el proceso de fusión directa usando un solo crisol. El núcleo vitrocerámico ha 

sido recubierto, a posteriori, con un revestimiento de SiO2 de 3 m preparado por el 

proceso sol-gel. El método de varilla en tubo se ha aplicado para obtener fibras ópticas 

con nanocristales de NaLuF4 utilizando el vidrio comercial DURAN® para el 

revestimiento. 

Mediante el método sol-gel se han preparado soles transparentes y estables a 

partir de los cuales se han obtenido películas delgadas y materiales en masa con un 

contenido de fase activa (LaF3, GdF3 y KLaF4) hasta un 20% molar. Se ha observado una 

buena adherencia y homogeneidad de las películas delgadas sobre diferentes sustratos 

(sílice, portaobjetos de vidrio, silicio y mica). 

Mediante una sustitución parcial de TEOS por MTES, se han obtenido películas 

delgadas con mayor espesor, hasta 1.4 m, utilizando el método de inmersión y una 

velocidad de extracción de 35 cm/min. La incorporación de MTES ha permitido 

incrementar la resistencia mecánica de las muestras masivas debido a la presencia de 

los grupos CH3 en la matriz y esto ha hecho posible usar tratamientos térmicos de 

10 °C/min. Los vitrocerámicos se han obtenido después de tratamientos térmicos entre 

350 y 750 ° C a tiempos cortos. Finalmente se han obtenido vitrocerámicos de 

composición SiO2-LaF3 y SiO2-GdF3 dopados con Nd3+, Er3+ y Eu3+  después de la 

optimización del  proceso de síntesis.  
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Cristalización y efecto de los dopantes 

El mecanismo de cristalización de materiales en masa y fibras, preparadas por 

fusión, se basa en un proceso controlado por difusión que comienza a partir de un 

número constante de núcleos.  

Mediante análisis térmico diferencial se han observado picos de cristalización 

anchos pero débiles para los vidrios que contienen LaF3. Sin embargo, para otras 

composiciones no se han detectado picos exotérmicos de cristalización. De todos 

modos, para todas las composiciones, se ha conseguido la cristalización de 

nanocristales de fluoruro después de los tratamientos térmicos.  

El tamaño de los cristales aumenta con el tiempo de tratamiento hasta alcanzar, 

para una temperatura fija, un valor asintótico entre 8 y 40 nm dependiendo de la 

composición del vidrio y  de la fase cristalina.   

Para las fibras de vidrio conteniendo LaF3 se ha observado un comportamiento 

parecido pero con un retraso en la cristalización con respecto a las muestras en masa de 

la misma composición. Este fenómeno se ha asociado con la alta velocidad de 

enfriamiento a la que están sometidas las fibras durante el proceso de fibrado usando 

un solo crisol.  

Para las fibras preparadas con el método de varilla en tubo, se ha observado un 

menor retraso de la cristalización debido al mayor apantallamiento térmico producido 

por el vidrio de revestimiento que reduce la velocidad de enfriamiento.  

En el caso de los materiales preparados por fusión, los dopantes actúan como 

agentes de nucleación, promoviendo la separación de fases y produciendo una mayor 

fracción cristalina. La fracción cristalina de LaF3 aumenta desde un 6% hasta casi un 9% 

en peso, mientras que el tamaño de los cristales se reduce de 12 a 8 nm, al aumentar el 

contenido de dopante NdF3 de 0,1 a 1% molar. Además, la cinética de cristalización 

disminuye con la adición de dopantes. Se han obtenido resultados similares para los 

vitrocerámicos de LaF3 dopados con Er3+ -Yb3+ al aumentar el contenido de Yb3+.  
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Para los vitrocerámicos conteniendo nanocristales de KLaF4 dopados con Nd3+, la 

fase que se obtiene después de la cristalización ha sido -KLaF4. Sin embargo, para 

contenidos mayores de 0.5 % molar de NdF3 se produce además una nucleación de la 

fase -KLaF4. Por lo tanto, la nucleación de la fase  se promueve para una cantidad de 

dopante específica y el crecimiento de las dos fases tiene lugar con una cinética de 

cristalización independiente.  

Para materiales sol-gel en masa, se observa un pico exotérmico en el análisis 

térmico diferencial en el rango de 280-300 °C, asociado a la cristalización de LaF3, GdF3 

y KLaF4. Además, el mecanismo de cristalización es muy distinto al de un proceso 

controlado por difusión, típico de los vitrocerámicos preparados por fusión.  

Tratamientos térmicos muy rápidos, 1 minuto a 350-550 C, confirman la 

precipitación de los nanocristales. Sin embargo, a diferencia de los materiales 

preparados por fusión, el tamaño de cristal y la fracción cristalina de LaF3 no aumentan 

al aumentar la temperatura y tiempo de tratamiento térmico. Para tratamientos 

térmicos largos se observa la disolución de los nanocristales, lo que pone de manifiesto 

la inestabilidad de los nanocristales de fluoruro a altas temperaturas en los materiales 

obtenidos por sol-gel.  

El mecanismo de cristalización de los vitrocerámicos preparados por sol-gel se 

basa en una descomposición química seguida de una precipitación de los nanocristales, 

similar a lo que ocurre con la precipitación de cristales en fase líquida.   

El mecanismo de cristalización también ha sido confirmado por resonancia 

magnética nuclear de 19F. De hecho, en el xerogel no se han observado enlaces entre 

flúor y silicio, sino que los iones de flúor están coordinados como en el ácido precursor, 

el TFA. Además, los estudios realizados en esta tesis indican que las TR usadas como 

dopantes no juegan un papel relevante en el proceso de cristalización.  

Para el vitrocerámico en masa de composición 80SiO2-20LaF3 tratado a 550 °C 

durante 1 min se han obtenidos cristales de LaF3 de unos 10 nm y una fracción 

cristalina del 18% en peso. Este valor es el más alto reportado hasta la fecha para 

vitrocerámicos transparentes preparados por sol-gel. 
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Para las películas delgadas de la misma composición SiO2-LaF3, se han obtenido 

difractogramas mucho menos definidos y el tamaño de los nanocristales de LaF3 es de 

unos 2-3 nm. El estudio del mecanismo de cristalización no se ha podido hacer 

utilizando las capas debido al bajo espesor de las mismas y al pequeño tamaño de los 

nanocristales. 

En el caso de cristales polimorfos, como GdF3 y KLaF4, después de 1 minuto de 

tratamiento térmico se ha observado la cristalización de ambas fases cristalinas. Para 

los vitrocerámicos conteniendo KLaF4, la fase  es la fase principal y precipita a partir 

de los 350 °C. Sin embargo, para tratamientos térmicos a 550 °C, la fase  llega a ser la 

mayoritaria frente a la . Por lo tanto, se ha observado una transformación gradual de 

la fase menos estable () a la más estable termodinámicamente (). Mediante el control 

del tiempo y / o la temperatura del tratamiento térmico se puede diseñar el 

vitrocerámico con la fase deseada.  

Nanoestructura y entorno de los dopantes 

La nano-estructura típica de los vitrocerámicos de LaF3 y NaLuF4 preparados por 

fusión está compuesta por pequeñas gotas de separación de fases dispersas en la 

matriz vítrea. Para los vitrocerámicos de KLaF4, no se ha detectado separación de fases 

en el vidrio de partida. La clave para explicar las diferencias se halla en los diagramas 

de fase de estas tres composiciones distintas.  

Para los vitrocerámicos y las fibras de LaF3, el tamaño inicial de las gotas de 

separación de fases aumenta después de la cristalización y los nanocristales de LaF3 

crecen en su interior.  

En los vitrocerámicos de NaLuF4, tanto en los materiales en masa como en fibra, 

los nanocristales se desarrollan a partir de gotas de separación de fase individuales. La 

diferencia se debe al distinto contenido de Al2O3 de las dos composiciones (20% molar 

de Al2O3 para el 55Si10La y 5% molar de Al2O3 para el 70Si6NaLu).  

El análisis por dispersión de energía de rayos X de los nanocristales de LaF3 y 

NaLuF4 ha indicado un enriquecimiento en SiO2 en la interfase cristal/matriz después 
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de varias horas de tratamiento, produciendo una barrera viscosa que frena el 

crecimiento de los nanocristales. Este proceso es responsable del comportamiento 

asintótico del tamaño de los nanocristales en función del tiempo de tratamiento. Para la 

composición de LaF3, un contenido de Al2O3 más alto (20% molar) produce una barrera 

viscosa adicional que rodea a los nanocristales de LaF3, lo que impide su crecimiento 

en forma de un solo cristal. 

Las gotas de separación de fase del vidrio de partida ya están enriquecidas en TR, 

lo que facilita su incorporación en los nanocristales de fluoruro durante la 

cristalización. La presencia de iones de TR en un ambiente rico en flúor también se ha  

confirmado por absorción de rayos X. Sin embargo, las medidas de resonancia 

paramagnética electrónica indican que parte de las TR se mantienen en un entorno 

amorfo después de tratamientos térmicos largos (40 h). Para las fibras se ha observado 

un comportamiento similar. 

Las muestras conteniendo LaF3 dopadas con Nd3+, mostraron un comportamiento  

diferente dependiendo de la materia prima utilizada para la introducción de Nd3+: 

Nd2O3 o NdF3. Se observó una mayor incorporación de Nd3+ en los nanocristales de 

LaF3 cuando se usó NdF3. Este comportamiento se explica considerando un “efecto 

memoria” por el cual las TR retienen la primera esfera de coordinación en el vidrio de 

partida. La concentración efectiva de TR en los nanocristales de LaF3 es 

aproximadamente 10-15 veces el valor nominal.  

Para materiales obtenidos por sol-gel, tanto en masa como en forma de película 

delgada y después de tratamientos térmicos a 550 C durante 1 minuto se han 

observado nanocristales distribuidos homogéneamente en la matriz vítrea de SiO2.  

Las técnicas de absorción de rayos x, dispersión de energía de rayos x y resonancia 

paramagnética electrónica han confirmado la incorporación de TR en los nanocristales 

de fluoruro en el proceso de cristalización. De hecho, en el xerogel se observa un 

ambiente amorfo rico en flúor alrededor de las TR, que corresponde a las TR 

coordinadas y apantalladas con los aniones del ácido TFA. Las reacciones de 
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descomposición producen la precipitación de los fluoruros, atrapando a las TR en ellos 

y produciéndose la precipitación de nanocristales dopados. 

Para niveles bajos de dopante,  0,1% molar, la señal de resonancia paramagnética 

electrónica de las TR en los vitrocerámicos de LaF3 es muy similar a la de los mono-

cristales de LaF3 dopados, indicando la buena incorporación de los dopantes en los 

nanocristales. Las medidas de absorción de rayos x han mostrado que alrededor del 

90% de las TR se encuentra en la fase cristalina después del tratamiento térmico, 

confirmando los resultados de resonancia paramagnética electrónica.  

Propiedades ópticas 

Las propiedades ópticas de los vidrios y vitrocerámicos preparados por fusión han 

demostrado claramente la incorporación de las TR en los nanocristales de fluoruro. En 

los vitrocerámicos se han detectado procesos de transferencia de energía, upconversion 

y down-conversion más eficientes junto con una emisión de fotoluminiscencia mucho 

más intensa.  

Para los vitrocerámicos de LaF3 dopados con Er3+-Yb3+ se ha observado un cambio 

notable de la emisión verde y roja de upconversion con el tamaño de cristal, lo que 

permite tunear el color de le luz emitida en función del tratamiento térmico. En 

particular, se ha obtenido una emisión verde más intensa al aumentar el tamaño de los 

nanocristales.  

Se han logrado reproducir mediante excitación selectiva las características 

espectrales de los mono-cristales de LaF3: Nd3+ Para niveles de dopante superiores a 

0.5% molar de NdF3, se ha observado una fuerte disminución de la fotoluminiscencia 

debido al “quenching” por concentración, siendo la concentración efectiva al menos 10 

veces el valor nominal. 

Para las fibras ópticas con nanocristales de LaF3 se han obtenido resultados 

similares. Es la primera vez que se obtiene la emisión de LaF3: Nd3+ en fibras ópticas 

vitrocerámicas. Sin embargo, todavía se necesitan mejorar algunos aspectos para 
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conseguir reducir las pérdidas de propagación (16 dB / m) y poder utilizar estos 

dispositivos como amplificadores o láseres.  

Para los vitrocerámicos de KLaF4 dopados con Nd3+, la emisión se ha relacionado 

principalmente con los iones Nd3+ en cristales -KLaF4, pero para un dopado con 0.5% 

molar de NdF3 se ha observado claramente la emisión del Nd3+ en ambas fases.  

Para las fibras ópticas vitrocerámicas de NaLuF4 dopadas con Er3+-Yb3+, se han 

obtenido espectros de emisión UC similares a los de las muestras masivas. Sin 

embargo, la intensidad relativa de las emisiones UC verde y roja, cambia cuando se 

focaliza la fuente de excitación en la fibra.  

Para las muestras masivas preparadas por sol-gel conteniendo LaF3 y GdF3, se ha 

demostrado inequívocamente la incorporación de TR en los nanocristales de fluoruro 

debido a la clara aparición de las componentes Stark en los espectros tanto de emisión 

como de excitación.  

A través de los experimentos de excitación selectiva de las muestras masivas 

preparadas por sol-gel, se han reproducido las características espectrales de los 

monocristales de LaF3:Nd3+, confirmando la incorporación de Nd3+ en los nanocristales 

de LaF3. La señal de fotoluminiscencia aumenta con el contenido de fase activa y es 

unas 100 veces más intensa en el vitrocéramico que en el xerogel.  

También se ha detectado una fotoluminiscencia más intensa en los vitrocerámicos 

de GdF3 dopados con Eu3+ después de un tratamiento térmico a 550 C durante 1 min. 

Además, se ha observado una disminución importante de la relación entre las 

emisiones I(5D0-7F2)/I(5D0-7F1) de los iones Eu3+. Estos resultados indican claramente un 

proceso de transferencia de energía de Gd3+ a Eu3+ mucho más eficaz en las muestras 

vitrocerámicas que en el xerogel debido a la presencia de Eu3+ en los nanocristales de 

GdF3. 

En el caso de las películas delgadas se han observado espectros de PL mucho más 

anchos sin una clara evidencia de la presencia de las TR en los nanocristales de 

fluoruro. Este resultado estaría relacionado con una concentración efectiva de TR 
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extremadamente alta en los nanocristales o con un fuerte acoplamiento entre los 

fonones de los nanocristales con los de la matriz vítrea. Aunque se ha observado como 

la intensidad de fotoluminiscencia en las películas delgadas aumenta con la 

temperatura de tratamiento térmico, fenómeno posiblemente asociado con la reducción 

de los grupos OH-. Sin embargo, es necesario realizar más estudios con el fin de 

películas delgadas vitrocerámicas con nanocristales de mayor tamaño. 
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Abstract: Transparent glass-ceramics have shown interesting optical properties for several photonic
applications. In particular, compositions based on oxide glass matrices with fluoride crystals
embedded inside, known as oxyfluoride glass-ceramics, have gained increasing interest in the
last few decades. Melt-quenching is still the most used method to prepare these materials but sol-gel
has been indicated as a suitable alternative. Many papers have been published since the end of
the 1990s, when these materials were prepared by sol-gel for the first time, thus a review of the
achievements obtained so far is necessary. In the first part of this paper, a review of transparent
sol-gel glass-ceramics is made focusing mainly on oxyfluoride compositions. Many interesting optical
results have been obtained but very little innovation of synthesis and processing is found with respect
to pioneering papers published 20 years ago. In the second part we describe the improvements in
synthesis and processing obtained by the authors during the last five years. The main achievements
are the preparation of oxyfluoride glass-ceramics with a much higher fluoride crystal fraction, at least
double that reported up to now, and the first synthesis of NaGdF4 glass-ceramics. Moreover, a new
SiO2 precursor was introduced in the synthesis, allowing for a reduction in the treatment temperature
and favoring hydroxyl group removal. Interesting optical properties demonstrated the incorporation
of dopant ions in the fluoride crystals, thus obtaining crystal-like spectra along with higher efficiencies
with respect to xerogels, and hence demonstrating that these materials are a suitable alternative for
photonic applications.

Keywords: sol-gel; oxyfluoride glass-ceramics; nanocrystal; optical properties

1. Introduction

Phosphor materials emit light under exposure to external stimulation, such as an electron beam,
light at different wavelengths, voltage or electric field, etc. These materials are widely applied in
light-emitting diodes, solar cells, sensing, catalysis, integration in photovoltaic devices, and more
recently in biosensing, bioimaging, or medical diagnosis [1–6].

The optical properties of these materials can change drastically depending on the processing
parameters. Thus, in the past two decades, interest in studying the synthesis and processing of
nanophosphors to develop luminescent materials with high efficiency has increased. The properties
of existing devices can be improved by including luminescent phosphors and/or nanocrystalline
oxyfluorides doped with lanthanide ions (Ln3+). Ln3+ ions are commonly used as active ions because
they show emissions in a wide spectral range, from UV to NIR, and their use in telecom, lasers,
lightening, etc. makes them indispensable nowadays. Moreover, their most stable oxidation state is
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3+, consisting of partially filled inner 4f levels screened by outer 5s and 5p orbitals. This allows for
maintaining emission energies centered near the same values even in different hosts, making them
suitable for applications where certain wavelengths are required. Several studies and applications
deal with nanoparticles doped with Ln3+ ions suspended in liquid phase or with phosphor powders.
However, for many applications as laser materials, waveguides and optical fibers, lightening devices,
etc., solid and easy-to-handle samples are required.

In particular, oxyfluoride nano-glass-ceramics (OxGCs) are attractive materials for photonic
applications, because they combine the very low phonon energy of fluoride nanocrystals (NCs)
(300–450 cm−1) with the high chemical and mechanical stability of oxide glass matrices, especially
alumino-silicate ones [7–9]. Moreover, such materials can be cast in several forms to obtain the desired
device. However, to maintain the transparency and avoid Rayleigh scattering produced by the quite
big difference of refractive index between the oxide glass matrix and fluoride crystals, precise control
of the crystal size is mandatory. Hence, to obtain materials with high transparency in the UV-Vis range,
NCs with a size lower than 40–50 nm are required.

The pioneering work about OxGCs, published in 1993 by Wang and Ohwaki [10], in which
PbxCd1−xF2 fluoride NCs doped with Er3+ and Yb3+ ions were precipitated in a silica-aluminate glass
matrix after a proper heat treatment, showed an increase in the Up-Conversion (UC) emission of GCs
with respect to precursor glass. Since that paper, the number of publications about transparent GCs
has grown exponentially. In the last few decades, many compositions have been studied with the aim
of obtaining different crystal phases and using different Ln3+ ions as dopants to obtain enhanced linear
and nonlinear optical processes.

The usual method to prepare OxGCs is traditional glass melt-quenching (MQ). This method allows
for obtaining several compositions; however, the most studied ones are those based on alumino-silicate
matrices, even though there are also some studies of phosphate and fluoride GCs [11,12]. According to
the definition of GCs [13], “Glass-ceramics are ceramic materials formed through the controlled nucleation
and crystallization of glass”. In general, for MQ materials, the crystallization process is performed at
temperatures slightly higher than Tg (Tg + 20–100 ◦C) to ensure the growth of crystals with a nanometric
size that permits maintaining transparency. Moreover, phase separation commonly acts as a precursor
for crystallization and the typical crystallization mechanism is a diffusion-controlled process.

The MQ method presents some drawbacks, most of them related to the high temperatures
involved during the glass melting. In fact, high melting temperatures (1400–1700 ◦C) cause relevant
fluorine loss, up to 30–40%, thus limiting the final content of crystal phase that can be obtained and
resulting in uncontrollable compositions with respect to fluorine and Ln3+ ions. In addition, due to
quite common phase separation of the precursor glass due to fluorine immiscibility in oxide glass
matrices, it is a challenge to prepare high-quality samples for applications as laser devices or any other
that requires high optical quality. Furthermore, heat treatments, in general, are quite long (from 3 h
up to 120 h) and thin films cannot be directly obtained, thus limiting the possibility of application
as integrated devices. Despite these disadvantages, the MQ method demonstrated the possibility
of obtaining OxGCs as bulk materials with enhanced optical properties with respect to precursor
glass, and in recent years, the preparation of novel OxGC optical fibers has also been achieved [14–17].
Therefore, MQ is still the most used processing method to obtain OxGCs and is also scalable to
an industrial level. Indeed, transparent GC containing up to 75% of crystal fraction, with a crystal size
below 40 nm, are extensively used in telescope mirrors [18].

To overcome previous limitations without giving up the field of OxGCs, many researchers tried
different processing methods. In particular, the Sol-Gel (SG) route has been recognized and indicated as
a promising alternative process to obtain transparent OxGCs. In fact, SG is a handy, flexible, and quite
cheap method to fabricate novel and innovative materials at temperatures much lower than those used
for MQ materials. Such low temperatures allow for introducing a higher amount of fluoride NCs with
much better dispersion than in MQ compositions. Moreover, because SG is a chemical process using
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a bottom-up approach, high homogeneity can be obtained with no phase separation detected in SG
glasses or GCs.

Another important feature of SG is the versatility of the processing method that permits obtaining
thin films, powders, and bulk materials. However, many fewer papers about SG OxGCs are reported
in the literature compared to those describing materials prepared by MQ [8]. This is mostly associated
with the requirement of the optimization of the synthesis method, and in many cases the starting
precursor can also affect the final crystal phase. Most of the materials studied have a simple composition
that can be easily summarized with the formula:

(100 − x)SiO2-x M1F2/M1F3/M1M2F4/M1M2F5,

where M1 and M2 are alkaline, alkaline-earth metals, or lanthanide elements, respectively.
More complex glass matrices, where SiO2 is partly substituted with Al2O3, are also reported in
the literature but are quite rare, and even more complex structures have also been prepared but for
different applications as biomaterials [19].

SG synthesis typically involves the hydrolysis and polycondensation of metal salts or
metal-organic precursors, such as tetraethyl orthosilicate (TEOS), in an alcoholic medium. The active
phase and Ln3+ ions are prepared separately using acetates, nitrates, or chlorates as precursors and
dissolved using a fluorine acid. The mixing of both solutions, followed by a controlled crystallization,
allows for obtaining transparent OxGCs.

Even though the SG method offers potential advantages, they have not been fully exploited, and all
the papers published to date describe the preparation of similar compositions containing nominal small
crystal fractions (5–10 mol %), with the real crystal content not being estimated. Furthermore, in many
cases only slight changes are added to the already published compositions, the main modifications
consisting of changing the dopants and/or their concentration.

In the following sections the most relevant results for several Ln3+ doped OxGCs for optical
applications studied to date and prepared by SG are summarized. The results are separated into two
sections depending on the crystal phase. A third section regarding oxides and oxychlorides GCs has
also been added, while in the last sections we will present the results and improvements introduced
by our group in the last five years.

1.1. Alkaline-Earth Oxyfluoride Glass-Ceramics, M1F2 (M1 = Mg, Pb, Sr, Ca, Ba), M1M2F4 (BaMgF4)

Alkaline-earth fluoride GCs, with the formula M1F2 (M = Mg, Pb, Sr, Ca, Ba), are useful for
photonic applications due to their high optical transparency in a wide spectral range, from (UV)
ultraviolet to infrared (IR). MgF2-based materials have been extensively studied for different
applications, for example as protective coatings on glass optics due to their low chemical reactivity,
low refractive index (1.38), and scratch- and weather-resistance. Even though this review is centered
on materials with luminescence properties, MgF2 materials deserve special attention because they
have been among the first fluorides produced by SG. Even more interesting is that the synthesis of
MgF2 introduced important novelties in the synthesis of OxGCs.

One of the first works reported about MgF2 NCs and SiO2-MgF2 materials prepared by SG as
bulk and thin films dates back to 1996 [20]. Mg(OCH3)2 and HF were used as Mg and F sources,
respectively, to obtain MgF2 sol. SiO2-MgF2 sols were also prepared with ratios of (mol %) 20:80
and 40:60, using tetramethyl orthosilicate (TMOS) as the SiO2 precursor. X-ray diffraction (XRD)
showed that MgF2 crystals precipitated in both sol and glass samples, but the crystal growth in
SiO2-MgF2 samples was dramatically slowed (~15 nm) in comparison with that of pure MgF2 samples
(~115 nm). For 20SiO2:80MgF2 samples, the crystal size maintained the same value. MgF2 NCs have
been obtained after treatment at different temperatures following the procedure described in [21].
In 1997 Fujihara et al. [22] reported on MgF2 thin films using trifluoracetic acid (TFA) and Mg(OC2H5)2

as a fluorine or magnesium precursor, respectively, with a molar ratio 1:2.6. The most important
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innovation is the use of TFA as a fluorine precursor, together with an explanation of the fluoride NCs’
formation. It was assumed that Mg(OC2H5)2 complexes were formed in the xerogel and upon heat
treatment, Mg2+ ions react with thermally activated fluorine in CF3COO− ions to form MgF2 crystals.
This decomposition reaction was accompanied by a huge weight loss, around 75%, as confirmed by
Differential Thermal Analysis (DTA) (Figure 1). Some years later it was demonstrated that, thanks to
the screening effect of CF3COO ions of TFA, metal cations with oxidation state 2+ or 3+ are prevented
from being incorporated in the SiO2 matrix, making possible subsequent fluoride NCs’ precipitation
upon heat treatment. Therefore, this work can be considered pioneering and a boost towards the
preparation of OxGCs by SG.
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Another phase extensively studied is PbF2. One of the first works associated with SiO2-PbF2

samples was reported in 2004 by Luo et al. [23]. Bulk materials of composition 90SiO2-10PbF2 doped
with Er3+ were prepared using TEOS and TFA as the SiO2 or fluorine precursor, respectively. The molar
ratio of precursors TEOS:CH3CH2OH:DMF:Pb(CH3COO)2:TFA:H2O:HNO3 was 1:2:2:0.1:0.6:4:0.4.
Upon heat treatment at 300 ◦C and 480 ◦C β-PbF2 NCs precipitated in the glass matrix. Er3+ ions
seemed to be segregated at the surface of the crystallites and hindered the growth of PbF2 NCs,
thus delaying crystallization and reducing the crystal size from 20 to 9 nm. Other authors reported
on UC measurements in bulk materials of the same composition doped with 0.1Er3+-0.3Yb3+ [24].
A TEOS:EtOH:H2O:CH3COOH ratio of 1:4:10:0.5 was used for the SiO2 sol, while the ratio
Ln(CH3COO)3:TFA was 1:4. UC bands showed well-resolved Stark components indicating the
incorporation of Ln3+ ions into PbF2 crystals. Results for the same composition doped with
Tm3+-Yb3+-Er3+ and Tm3+-Yb3+-Ho3+ were also reported [25]. In both cases, the color tunability
of UC luminescence was obtained, allowing white UC generation. Following the same synthesis and
composition of Luo et al. described before, Szpikowska-Sroka et al. published some papers about
OxGCs with different dopants [26–28]. After heat treatment, Eu3+ and Tb3+ ions showed an increase in
the emission spectra in GC samples with respect to the xerogels due to the incorporation of these ions
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into the NCs. In fact, the asymmetry ratio, R, described as the ratio between the two visible emissions
I(5D0-7F2)/I(5D0-7F1) of Eu3+, gives information about the nature of the environment surrounding the
ion. Moreover, the effect of the TFA on the optical properties was also analyzed, showing the best
result for a Pb/TFA ratio of 5 and corresponding to a crystal fraction of 3 wt %.

90SiO2-10SrF2 transparent GCs doped with ErF3 (1 mol %) were prepared by Yu et al. in 2006 [29].
Samples treated at 300 ◦C already showed the precipitation of SrF2 crystals with a size of 10 nm.
The same crystal size is maintained for heat treatment up to 800 ◦C. However, upon excitation at
378 nm no Er3+ emission was detected unless for samples treated at 800 ◦C. The authors attributed
this phenomenon to the presence of –OH groups that quench the luminescence. Two years later,
the same authors prepared transparent bulk samples of composition 90SiO2-10SrF2-0.5ErF3 and
97.5(90SiO2-10SrF2)-2.5Al2O3-0.5ErF3 (mol %) [30]. Al2O3 was added as the nitrate, with Al3+ acting as
a glass network former, replacing Si4+. The introduction of Al3+ to the SiO2 network causes a decrease
in non-bridging oxygens, hindering the crystallization of fluoride NCs. The SiO2-Al2O3 glass matrix
showed higher transparency in the UV region due to lower pore content and the final optical properties
were better for this composition treated at 1000 ◦C. Very intense and visible UC luminescence was
observed for GC based on SiO2-Al2O3 matrix, as compared to the one with only SiO2.

The first SiO2-CaF2 transparent GC prepared by SG was reported in 2007 by Zhou et al. [31].
95SiO2-5CaF2 bulk samples doped with 1 mol % ErF3 were treated at 900 ◦C, allowing the
precipitation of CaF2 crystals of 20 nm in size, homogeneously distributed in the amorphous SiO2

matrix. Er3+ incorporation in the crystal phase was tested by Energy-Dispersive X-ray Spectroscopy
(EDXS). Only Red UC emission was detected upon 980 nm excitation. Georgescu et al. prepared
89SiO2-5CaF2-5YbF3-1ErF3 (mol %) GCs upon heat treatment at 800 ◦C [32]. A solid solution of
(Ca1−xLnx)F2+x crystals was observed by XRD, and both red–green and Violet-UV UC were observed
when exciting the samples at 973 nm. The process was described as a two-photon and three-photon
absorption process for visible and UV emissions, respectively, upon IR excitation. On the other hand,
a different approach was used to prepare 95SiO2-5CaF2 GCs [33]. Er3+-doped CaF2 crystals were
previously synthesized by co-precipitation using Er(NO3)3, Ca(NO3)2, and ammonium bi-fluoride
NH4HF2 as precursors. Then, NCs were mixed to SiO2 sol, dried at 50 ◦C during one month and
heat-treated to obtain bulk materials. The authors considered that conventional SG route does not allow
control of the size and quantity of crystals as well as the Ln3+ concentration into the NCs. The optical
results showed that the UC emissions increased when passing from xerogels to GCs, the corresponding
lifetimes of the 4F9/2-4I15/2 emission being 1.3 µs and 1.7 ms, respectively. This effect was ascribed to
the incorporation of Er3+ into CaF2 NCs with phonon energy around 460 cm−1.

Another interesting host for Ln3+ ions is BaF2 due to its very low phonon energy, around
320 cm−1. The first SiO2-BaF2 SG material was reported in 2006 by Chen et al. [34]. 95SiO2-5BaF2

bulk materials were prepared and doped with 0.5 and 1 Er3+ (mol %). BaF2 crystals, 2–4 nm in size,
precipitated in the glass matrix after heat treatment at 300 ◦C. Up to 700 ◦C, no relevant effects in the
crystallization were observed. Over this temperature, the crystal grew up to 10 nm. However, treatment
at higher temperature also caused the crystallization of the glass matrix in the form of cristobalite.
The incorporation of Er3+ ions into the NCs was revealed due to the shift of the XRD peaks toward
higher angles in Er3+-doped samples and by EDXS and Judd–Ofelt calculations. Photoluminescence
(PL) emission was detected only for samples treated at 800 ◦C and green and red UC emissions were
observed upon 980 nm excitation. The same composition and synthesis were used by Secu et al. when
doping materials with Pr3+, Sm3+, Eu3+, Dy3+, and Ho3+ [35,36]. Small BaF2 crystals (∼7 nm) were
precipitated upon heat treatment at 800 ◦C for 1 h. No Ln3+ emission was observed for xerogels except
for Eu3+, while for all the GCs typical 4f-4f transitions were observed showing the Stark splitting of the
bands (Figure 2). Moreover, the typical Eu3+ emissions in GCs indicated that these ions are effectively
incorporated into NCs. The Eu3+ lifetime, measured at 620 nm, increased from 0.3 to 4.7 ms passing
from xerogel to GC.
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To conclude this first section, we mention the preparation of 90SiO2-10BaMgF4 films doped
with Eu3+ prepared by Fujihara et al. [37]. Upon heat treatment at 750 ◦C for 10 min small BaMgF4

NCs 3 nm in size, were observed by High-Resolution Transmission Electron Microscopy (HRTEM).
By N,N-dimethylformamide (DMF) addition a porous film was obtained, while, without DMF the film
was dense. DMF addition also favors crystallization, reducing stresses in films [38]. The corresponding
PL measurements only showed Eu2+ emission, meaning that Eu2+ ions are effectively incorporated in
the crystal phase, substituting Ba2+ ions. Furthermore, Eu2+ emission was much stronger for porous
films due to higher photon confinement, producing an increase in the absorption process.

1.2. Lanthanides Oxyfluoride Glass-Ceramics, M1F3 (M1 = La, Y, Gd) and M1M2F4, M1M2F5 (M1 = Na, K,
Li; M2 = Gd, Y)

1.2.1. M1F3

Oxyfluoride GCs in which one element of the NCs former is a Ln3+ ion are the most studied
compositions. In fact, Ln3+ ions are easily replaced by other ions used as dopants, due to their similar
ionic radius and equal charge. Moreover, some ions as Gd3+ are known to act as sensitizers for other
ions as Eu3+, Tb3+, and Dy3+ [39–41], making possible energy transfer (ET) processes and thus making
this NC phase attractive for several photonic applications.

Among all the lanthanide crystals, LaF3 is the most studied. Several papers about LaF3 OxGCs
have been published since 1998, when Fuhijara et al. described the preparation of LaF3 thin films on
silica substrates [42]. In that work, the authors explained the importance of controlling the synthesis
and heat treatment process to obtain high-purity LaF3 NCs, avoiding the precipitation of other phases
as LaOF. In the following years, the same authors worked extensively in the preparation of SiO2–LaF3

bulk samples, observing the crystallization of LaF3 NCs with a size ranging from 10 to 30 nm [43].
They also studied the influence of TFA on the LaF3 NCs’ crystallization, proposing that such formation
occurs by the following chemical reaction [44–46]:

La(CF3COO)3→LaF3 + (CF3CO)2O + CO + CO2.

However, the authors stated that it is not possible to raise the LaF3 content beyond 10 mol %
without losing transparency. Therefore, all the papers published after this work concentrated on
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Fujihara’s synthesis and composition, just changing the active phase. TMOS was partially or totally
replaced by TEOS but the same stoichiometric ratios of H2O and TFA were used, bringing little
innovation to the synthesis and processing of OxGC materials.

The preparation of transparent Eu3+ doped SiO2-LaF3 and SiO2-LaOF OxGC films, in which Eu3+

ions were incorporated into the LaF3 crystals, resulted in interesting PL emissions [47]. Results showed
important differences depending on the sintering temperature and, therefore, on the crystals phase.
On the other hand, Ribeiro et al. [48] prepared films with the same composition, finding that for heat
treatment between 600 and 900 ◦C both LaF3 and LaOF phases appeared. Eu3+ ions emissions mainly
from the 5D0 excited state reflected the change in the environment of these ions. They used thin films
as planar waveguides at Vis and IR wavelengths, reported losses ~1.8 dB/cm at 632.8 nm. However,
the authors considered that the intensity of PL measurements depends on the nature of the crystal
phase and the presence of –OH groups that are responsible for PL quenching. At such a high sintering
temperature, –OH groups could be eliminated, but fluorine can be lost, producing a silica matrix rich
of lanthanide ions and changing the emission spectra.

LaF3 OxGC bulk materials were also prepared by other authors. Biswas et al. [49] described the
preparation of transparent 95SiO2-5LaF3 GC, after densification at 1000 ◦C, using TEOS instead of
TMOS as the SiO2 precursor and a TEOS:H2O:CH3COOH molar ratio of 1:10:0.5. Optical results
showed very good UC efficiency from the IR-to-UV region due to the Yb3+–Er3+ ET process,
which is enhanced in GCs, suggesting the incorporation of Er3+ ions in the low-phonon environment
of LaF3 NCs.

In order to optimize the optical properties, other authors have described the preparation of bulk
GC materials with molar ratios (100 − x)SiO2-xLaF3 (x = 5 and 10 mol %), doped with (0.1–0.5) mol
% of Ln3+ ions and heat treated at temperature up to 1000 ◦C [50–55] following a similar synthesis
to Biswas et al. Optical results showed that Eu3+ ions could be selectively excited and, even more
interesting, opened the way for the estimation of the percentage of ions that are incorporated in
the NCs, concluding that at least 50% are effectively incorporated in LaF3. Another paper [53]
described the preparation of transparent 95SiO2-5LaF3 bulk GC, co-doped and tri-doped with Ln3+

ions. Good UC properties after excitation at ~980 nm were observed due to the interionic distance
reduction between Ln3+ ions, as a consequence of their incorporation into the NCs. Moreover,
by increasing the pump power the emitting color was tuned, obtaining white light generation with
potential applications in multicolor solid-state displays and optical integrated devices (Figure 3).
The incorporation of a high amount of dopant ions, around 75%, in the precipitated LaF3 NCs was
also reported by Velázquez et al. [54] for Tb3+-Dy3+ co-doped GCs, showing enhanced UV absorption
band and allowing a shift in such emission to the Vis range.
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Figure 3. (a) XRD patterns of 95SiO2-5LaF3 GCs at different temperatures and (b) CIR standard chromaticity
showing the up-conversion emission for GCs co-doped with 0.3Yb3+, 0.1Ho3+ and 0.1 Tm3+ [53].



Materials 2018, 11, 212 8 of 30

Other oxyfluoride GCs with special interest for photonics are those containing YF3 NCs.
This crystal phase can act as a high quantum efficient host lattice for Ln3+ ions. Since 1998,
when Dejneka published one of the first works on Eu3+-doped YF3 OxGCs by the MQ method [56],
many authors started preparing materials containing this crystal phase. However, it was necessary to
wait until 2006 to find one of the first works related to SG bulk materials based on the composition
90SiO2-10YF3 [57]. The authors precipitated YF3 crystallites with sizes around 5 nm from the silica
matrix when the xerogel was treated at 400 ◦C. According to the authors, NCs aggregated to form
larger particles. By increasing the temperature to 600 ◦C, YF3 NCs tended to separate without
changing their size, finally resulting in a homogeneous distribution in the glass matrix. They proposed
that the precipitation of these crystals in the glassy phase induces high stress in the local region,
which was reduced when increasing the treatment temperature due to the separation of the NCs from
the agglomerates. Méndez-Ramos and co-workers published results based on the same 90SiO2-10YF3

composition [58–60]. In these works, using Ln3+ as probe ions of the local environment, the authors
found that a large fraction of optically active ions is efficiently embedded into the YF3 NCs, 11 nm in size
(Figure 4a). When the samples were co-doped with Yb3+-Tm3+, bright and efficient UC was achieved
(Figure 4b), along with intense high-energy emissions in the UV range, due to rare 4- and 5-infrared
photon processes. Moreover, co-doping with Ho3+ or Er3+ ions showed white light generation.
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Figure 4. (a) XRD patterns of 90SiO2-10YF3 Ln3+-doped GCs heat treated at 650 and 675 ◦C together
with the JCPDS-YF3 and (b) Up-conversion emission spectrum of GCs co-doped with 1.5 Yb3+ and
0.1 Tm3+ heat-treated at 675 ◦C [60].

Differently to LaF3 and YF3, GdF3 is considered a promising host because Gd3+ ions can act as
s sensitizer for other Ln3+ ions and favor some ET processes [61], being suitable for application in
Plasma Display Panels (PDPs) and mercury-free fluorescent lamps [62,63]. Only a few papers about
SG GdF3 OxGCs have been published, with the nominal crystal phase content being less than 10 mol
%. Fuhijara et al. reported the synthesis of 90SiO2-9GdF3 thin films doped with 1 mol % of EuF3 [64].
Results confirmed that GdF3 NCs, 5 nm in size, precipitated during heat treatment at 300 and 400 ◦C,
Figure 5, but GdOF NCs appeared when the temperature was increased to 500 ◦C. More recently,
Szpikowska-Sroka et al. studied the optical properties of Eu3+-doped SiO2-GdF3 GCs, with a very
low composition of active media, around 3–6 mol %, based on Fuhijara’s synthesis [65–67]. The PL
associated with Eu3+ ions in GdF3 phase was more efficient due to the low phonon energy of the
crystal phase.
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1.2.2. M1M2F4/F5

Complex fluoride structures became increasingly interesting in the last decade due to their good
optical properties and capability of producing intense and efficient nonlinear optical processes as UC
emission or other ET processes. In most cases phosphors were synthesized using SG, solvo-thermal,
or co-precipitation methods and the final materials were used as powders. Other works concern the
preparation of bulk materials and only few are about thin films.

Phosphors based on NaYF4 crystals have been known since the 1970s for their excellent UC
properties when doped with Yb3+ and Er3+. In particular, NaYF4 phosphors’ UC emission was found
to be 4–5 times higher than that of LaF3 crystals [68]. Kramer et al. proposed a route to synthesize
only pure hexagonal NaYF4 phosphors [69]. Moreover, transparent NaYF4 OxGCs bulk materials have
been obtained by the MQ method, showing interesting PL properties even more efficient than those of
powder phosphors [70,71].

However, the first work on NaYF4 OxGCs prepared by SG was published in 2009 by
Yanes et al. [72]. 95SiO2–5NaYF4 bulk materials doped with 0.1Er3+ and 0.3Yb3+ were obtained using
acetates as precursor and the “Fujihara route”. The ratio between red and green UC emission bands
varied as a function of temperature of heat treatment and pump power resulting in color-tunable
UC phosphors. The same authors also prepared 95SiO2–5NaYF4 bulk materials doped with 0.1Eu3+

(mol %) [73]. NaYF4 face-centered cubic NCs precipitated upon heat treatment between 550 and 650 ◦C,
their size increasing from 5 to 10 nm with the treatment temperature. PL measurements demonstrated
the incorporation of Eu3+ into the NCs, due to changes of emission bands using a selective excitation,
together with an increase in the lifetime. The authors also reported bright white light generation
achieved in similar materials tri-doped with Yb3+-Ho3+-Tm3+ [74] and Yb3+-Er3+-Tm3+ [75].

To the best of our knowledge, no KYF4 GC or composite materials prepared by MQ have been
reported in the literature. The first GC was prepared by Mendez-Ramos et al. using the SG method
and co-doping with Yb3+-Er3+-Tm3+ [76]. The processing method was the same used by the authors
for other phases such as NaYF4, LaF3, etc. K, Y, and Ln3+ acetates were dissolved using ethanol,
TFA, and water, while hydrolyzed TEOS were used as the SiO2 precursor, employing the well-known
TEOS:EtOH:H2O:CH3COOH ratio 1:4:10:0.5. KYF4 crystals, 14–20 nm in size, were observed treating
95SiO2-5KYF4 bulk materials between 650 and 700 ◦C. Very well-resolved PL Stark components
were observed for Er3+ and Tm3+ ions, indicating their incorporation into low-phonon KYF4 crystals
(Figure 6). UC was obtained upon Yb3+ excitation at 980 nm and tunable emission was achieved
depending on the dopant concentration and excitation power, allowing white light generation.
The same composition was also studied by doping the system with other Ln3+ ions [77–79]. In all cases,
the incorporation of Ln3+ ions into cubic KYF4 crystals was proved by PL measurements that showed
defined Stark components, a better DC and UC process, and an increased lifetime as compared
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to emissions of Ln3+ ions remaining in the glass matrix. The possibility of obtaining both UC
and DC simultaneously had interesting applications for a photovoltaic silicon solar cell and white
light-emitting diodes.
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Despite some works based on LiYF4 OxGCs prepared by the MQ method appearing since 2009 [80],
the first SG GCs containing LiYF4 crystals dates back to 2013 with the works of Kawamura et al. [81]
and Secu et al. [82]. In both cases the authors used Fujihara’s synthesis, and Li and F were added in
excess to avoid losses due to evaporation and guarantee LiYF4 formation. In fact, a stoichiometric
Y:Li ratio favored the crystallization of YF3 instead of LiYF4. Gel powders were then treated between
500 and 600 ◦C. Kawamura et al. obtained a mix of LiYF4 and YF3 phases when the Li:Y molar ratio
was lower than 3, while only pure LiYF4 phase was produced using this ratio. By EDXS analysis,
Nd3+ incorporation into the fluoride NCs was proven even though observable amounts of F, Nd, and Y
were also detected in the glass matrix. UC spectra were obtained when exciting the samples at 800 nm,
showing crystal-like behavior. The Nd3+ lifetime in LiYF4 was longer than in YF3, suggesting a better
Nd3+ distribution for the former. The same authors prepared the same materials with only LiYF4

crystals and treated the samples with HF to remove the SiO2 matrix [83]. However, relevant amounts of
O and Si were detected after HF treatment and PL measurements did not show a significant difference
after and before the HF treatment, thus ensuring the presence of Nd3+ ions in the fluoride NCs.

Secu et al. [82,84] prepared (100− x)SiO2-xLiYF4 GC powders doped with Eu3+ and Er3+-Yb3+ and
compared the results for LiYF4:Eu3+ and LiYF4:Er3+-Yb3+ crystal pellets. As compared to an untreated
xerogel, Eu3+-doped GC samples showed 7–8-fold stronger emission, a much longer lifetime of the
5D0-7F2 red emission (613 nm), and better resolved bands due to the Stark splitting and reduced
inhomogeneous broadening typical of amorphous environments. Crystal pellets and GCs showed
similar PL spectra and lifetimes. For Er3+-Yb3+-doped samples, UC emission was detected in both
GCs and crystal pellets. A saturation effect of the red UC emission was observed for GC samples,
associated with the high Ln3+ ions concentration, which caused a back-ET from Er3+ to Yb3+.

BaYF5 and BaGdF5 are other interesting crystal phases suitable for photonic applications. The first
95SiO2-5BaYF5 GC obtained by SG was prepared recently using Eu3+ and Sm3+ as dopants [85].
After heat treatment at 750 ◦C cubic BaYF5 NCs, 11 nm in size, were detected by HRTEM and XRD.



Materials 2018, 11, 212 11 of 30

For comparison, BaYF5 NCs were synthesized by the solvo-thermal method and dispersed in toluene.
Similar PL features and lifetimes were obtained for the GC and the dispersed NCs. The same authors
also prepared 95SiO2-5BaGd(1−x)RExF5 (x = 0 or 0.02 mol %, where RE = Eu3+, Sm3+, Dy3+ and Tb3+)
GC [86]. After heat treatment at 650 ◦C, BaGdF5 NCs, with a size around 10 nm, precipitated in the SiO2

matrix (Figure 7). Upon Gd3+ excitation at 272 nm or Eu3+ direct excitation at 393 nm, very similar Eu3+

emission spectra were obtained and the bands showed typical Stark components that were quite well
resolved, thus confirming the incorporation of Eu3+ in the BaGdF5 NCs and the ET from Gd3+ to Eu3+.
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1.3. Other Glass-Ceramics (Oxides and Oxyclorides)

In this section we resume work concerning GCs based on different compositions containing oxide
and oxychloride NCs. Oxide GCs have received great attention because some oxide phases present
interesting properties. For example, it is worth citing SnO2, which is a wide gap n-type semiconductor
with strong UV absorption (energy gap ~3.6 eV at 300 K) and tunable emission spectra depending on
the crystal size. In fact, SnO2 is known to act as a Quantum Dot (QD) when the crystal size is smaller
than or comparable to the Bohr radius, thus showing properties between bulk semiconductor and
discrete molecules that have many applications in several technological fields. Significant blue-energy
shift of the intrinsic absorption edge can be obtained by strong quantum confinement of excitons inside
the QDs [87,88]. The incorporation of SnO2 NCs in an SiO2 glass matrix using SG dates back to 2002
with the works of Chiodini et al. [87] and Nogami et al. [89] Chiodini et al. reported on 98SiO2-2SnO2

materials obtained by mixing TEOS and dibutyltin diacetate (Sn(CH2CH2CH2CH3)2(OOCCH3)2) in
ethanol and using a TEOS:H2O molar ratio of 1:8. The samples were heated from 450 to 1050 ◦C in
an O2 atmosphere and tetragonal SnO2 NCs with a size of 1.5–2 nm were observed by HRTEM between
950 and 1050 ◦C. However, the NCs’ size and distribution are strongly dependent on the atmosphere.
NCs above 10 nm (clusters) were obtained for heat treatment at 1050 ◦C in reducing atmosphere.
The near-UV absorption edge shifts to high energies by decreasing the synthesis temperature due to
a decrease in the SnO2 NCs’ size. The author concluded that a possible application of these materials
could be as all-optical switching devices. The authors also reported that an increase in the SnO2

content up to 15 mol % produces negative photorefractivity, activated by UV-Vis light [90]. A refractive
index change of −4 and −6, measured at 980 nm, was obtained after sample irradiation at 266 and
532 nm, respectively.

Nogami et al. prepared materials with compositions (100 − x)SiO2-xSnO2 (x = 1, 3 and 5 mol %)
doped with 1 mol % of Eu2O3 [89]. They used TEOS as the SiO2 precursor and SnCl2·2H2O together
with EuCl3 as SnO2 and Eu3+ precursors, respectively. After a gelation period at room temperature
for two weeks, bulk samples were treated from 500 to 1000 ◦C to ensure the densification of the glass
matrix and allow SnO2 NCs’ precipitation. For compositions containing 3 and 5 mol % of SnO2,
NCs with a size of 6.9 and 8.5 nm were obtained, while no NCs were observed for 99SiO2-1SnO2
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composition. Absorption measurements showed a blue shift of the band-tail with respect to SnO2

bulk sample. Higher blue-shift and energy gap were obtained when decreasing the SnO2 content,
related to a smaller NCs size. PL showed that Eu3+ emission intensity increases proportionally to the
third power of SnO2 concentration: Eu3+ emission in a 95SiO2-5SnO2 sample was 150 times higher
than in 99SiO2–1SnO2. PL excitation spectra revealed an ET process between Eu3+ and SnO2 NCs,
thus indicating the incorporation of Eu3+ in the crystal phase and making possible its emission upon
SnO2 excitation. Other authors studied (100 − x)SiO2-xSnO2 (x = 1–10 mol %) GCs doped with
Eu3+ and Eu3+-Tb3+ following Nogami’s synthesis [91–93]. By increasing the SnO2 content up to
10 mol % (NCs size ~5 nm), a low quantum confinement effect was observed. Hence, most research
was performed on GCs containing 5 mol % of SnO2 and the optical characterization showed that in
strong confinement conditions the energy gap has a high dependence on the NCs’ size. Eu3+ ions
incorporated in SnO2 NCs were excited in the range 340–394 nm and, considering the variation of the
band gap with the crystal size, the use of a certain excitation wavelength allowed for exciting only NCs
with a defined crystal size, thus producing remarkable variation in the PL emission spectra. ET from
SnO2 NCs to Tb3+ ions was observed in Eu3+-Tb3+-doped GCs. It was observed that the ET depends
on the crystal size, being favored for the smallest NCs. A relevant drawback related to SnO2 NCs is
the low solubility of Ln3+ limited to ~0.05%, the remaining ions being segregated at grain boundaries,
probably in the form of Ln2Sn2O7 crystals [94]. To overcome this limitation, Van Tran et al. [95,96]
prepared SiO2-SnO2 GCs with a maximum nominal NCs concentration of 20 mol % to allow for
higher Ln3+ amount incorporation in SnO2 NCs. The authors prepared Er3+-doped materials and PL
measurements showed that an increase in SnO2 concentration promotes Er3+ ions’ incorporation in
SnO2 NCs.

Among SiO2 glass matrices containing oxide NCs, those containing ZrO2 crystals deserve special
attention because ZrO2 is a pretty cheap material, transparent over a wide range of wavelengths:
from 300 nm to 8 µm, it has quite low phonon energy ~650 cm−1 and a high refractive index.
Such properties have been exploited to develop Ln3+-activated planar waveguides at telecom
wavelength [97,98]. (100 − x)SiO2-xZrO2 (x = 10–30 mol %) homogenous and crack-free thin
films doped with Er3+ were prepared following a synthesis route similar to SnO2, using TEOS and
ZrOCl2·8H2O as SiO2 and ZrO2 precursors, respectively. All waveguides showed the existence of one
mode at 1550 nm with relatively low propagation losses; the refractive index increased from 1.492
to 1.609 for 10 and 30 mol % ZrO2, respectively. Narrow Er3+ emissions were observed in thin films
with respect to glass materials, thus indicating Er3+ incorporation in ZrO2 NCs. Suhaimi et al. [99]
prepared several (100 − x)SiO2-xZrO2 compositions (x = 30–70 mol %) doped with 0.58 mol % Er3+.
The refractive index at 1550 nm changed linearly from 1.6931 to 1.7334 by increasing ZrO2 content.
Much higher PL emission of Er3+ at 568 nm was observed for films containing 70 mol % of ZrO2,
thus indicating that ZrO2 facilitates Er3+ to disperse homogeneously and the low phonon energy of the
crystal phase reduces non-radiative losses. Other authors also studied SiO2-ZrO2 waveguides doped
with Er3+-Yb3+ with ZrO2 contents up to a maximum of 25 mol % [100]. Low roughness, a crack-free
surface, and a high confinement coefficient were observed for all the compositions. Er3+ NIR PL was
enhanced when the waveguide was co-doped with Yb3+, denoting an efficient ET between these ions.
The authors considered the possibility of applying these materials as EDWA and WDM. Many GCs
containing other oxide NCs have also been developed as waveguides [101–104].

To conclude this section, we mention the work of Secu et al. on oxychloride GCs [105].
95SiO2-5LaOCl GCs doped with 1 mol % Eu3+ were prepared following a similar synthesis to
LaF3 GCs but replacing TFA with trichloacetic acid (CCl3COOH). LaOCl:Er3+ pellets have also been
prepared using a conventional solid state reaction between lanthanum oxide and ammonium chloride.
DTA analysis showed that several exothermic peaks appear for measurements performed in air,
but these peaks disappear completely for measurements in Ar. However, XRD confirmed the formation
of LaOCl NCs, 20–60 nm in size, during heat treatment at 450–750 ◦C in air. For heat treatment in
Ar, smaller crystal size and fraction were obtained. Judd–Ofelt analysis along with PL measurements



Materials 2018, 11, 212 13 of 30

showed that, as the annealing temperature increases, a higher amount of Eu3+ ions is incorporated in
LaOCl NCs, thus producing a better resolved Stark component and a much longer lifetime with respect
to xerogel. Similar results were obtained for LaOCl:Eu3+ pellets, indicating the effective incorporation
of Eu3+ in this crystal phase.

1.4. Prospects and Perspectives

In summary, most of the transparent SG OxGCs previously described are based on a unique
synthesis developed by Fujihara et. al., using TMOS and/or TEOS as the SiO2 precursor, TFA as the
fluorine source, and with an upper limit of nominal crystal phase around 10 mol %. The real crystal
fraction in GCs was never estimated by a reliable method as Rietveld refinement and the few works
that reported such information only used optical results to estimate the crystal content. Furthermore,
many papers describe materials with 5 mol % of nominal active phase, this being even less than
that achievable by classical MQ and requiring an extremely long time for bulk sample preparation,
from several weeks up to months. Moreover, quite high treatment temperatures, up to 1000 ◦C,
are used to crystallize the fluoride NCs when the crystallization of fluorides detected by DTA occurs at
around 300 ◦C. For all these reasons, research in the SG OxGCs field shows good and enhanced optical
properties but no improvement of the synthesis, and no new processing methods have been reported
in the literature since the first papers published 20 years ago.

In recent years, the GlaSS group of CSIC has been working on the optimization of the synthesis
for significantly increasing the crystal content of SG OxGCs. In fact, it is worth noting that synthesis
parameters such as molar ratios between precursors, temperature, and time of reaction are strictly
dependent on the crystal phases and their content. Moreover, a unique synthesis, in general,
is not suitable to obtain different compositions for the same crystal phase, and modifications of
the synthesis are necessary to obtain novel materials. In addition, we partially replaced TEOS
with methyltriethoxysilane (MTES) in the SiO2 sol synthesis, reducing the sintering temperature
to 550 ◦C and making it possible to obtain enhanced optical properties without a need for much higher
treatment temperatures.

2. Experimental

2.1. Synthesis of (100 − x)SiO2-xLaF3

Our research started with LaF3 GC films prepared by dip-coating. The precursors used were
TEOS, H2O (0.1 M HCl), EtOH, TFA, and La(CH3COO)3. Dopants were added as acetates. A first
SiO2 sol was prepared using a molar ratio 1TEOS:2H2O (0.1 HCl):9.5EtOH stirred for 2 h at room
temperature. Separately, 1La(CH3COO)3:5EtOH:5TFA:4H2O were mixed and stirred for 2 h at 40 ◦C in
a glycerine bath. By mixing different volumes of SiO2 sol with the La solution, 90SiO2-10LaF3 and
80SiO2-20LaF3 compositions were obtained. To further increase the nominal LaF3 concentration to
30 mol %, the La solution was modified, adding more TFA (7 mol %) to favor acetate dissolution.
The last composition we obtained is 60SiO2–40LaF3 and in this case a further increase of TFA up to
10 mol % was necessary to obtain transparent thin films. Thin films were deposited by dip-coating on
silica or Si substrates using a withdrawal rate of 20–45 cm/min. The thickness and refractive index
of thin films were measured by a 2000 U ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA),
using a Cauchy dispersion relation as a model.

Self-supported layers (or bulk-like samples) were also prepared with compositions 90SiO2-10LaF3

and 80SiO2-20LaF3 using the modified ratio of SiO2 sol 1TEOS:7.5H2O (0.1 HCl):5EtOH while leaving
unchanged the synthesis of La solution described before for thin films with the same composition.
Samples were dried at 50 ◦C over two days and then the covering was removed, letting the solvent
evaporate for seven days.

A further modification to obtain higher thickness of thin films and improve the mechanical
resistance of self-supported layers was to partially replace TEOS with MTES in the ratio
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40TEOS:60MTES [106]. A modification of the molar ratios was necessary for thin film preparation to
obtain the highest film thickness along with good sol stability. In particular, for thin films the SiO2 sol
was prepared using 0.4TEOS:0.6MTES:1H2O (0.1 HCl):2.5EtOH:0.2CH3COOH, while the La solution
was left unchanged. For self-supported layers, the previous TEOS:H2O ratio was used, replacing TEOS
with 0.4 TEOS + 0.6 MTES (mol %) to maintain the same ratio of SiO2 precursor and H2O, which is
a crucial parameter for bulk-like samples.

2.2. Synthesis of (100 − x)SiO2−xGdF3/NaGdF4

90SiO2-10GdF3 and 80SiO2-20LaF3 self-supported layers were also obtained following the
two-step process and using the aforementioned TEOS:MTES ratio for SiO2 sol. In this case Gd
solution, using Gd(CH3COO)3 as precursor, was stirred for 24 h at 40 ◦C to obtain a homogeneous
solution of the products, thus making possible the crystallization of GdF3.

Finally, we prepared for the first time SiO2-NaGdF4 materials as self-supported layers and thin
films. A SiO2 sol was prepared using only TEOS as the SiO2 precursor with the same ratios used
for SiO2-LaF3 compositions. Then, Na(CH3COO), Gd(CH3COO)3, EtOH, TFA, and H2O were mixed
using similar ratios of TFA and EtOH and trying several Na:Gd ratios (1.125–0.80):1. The solution was
stirred 24 h at 40 ◦C in a glycerin bath.

For all compositions, GCs were obtained after heat treatment at 550–750 ◦C from 1 min up to
several hours using heating rates of 1–10 ◦C/min. In all cases, thermal quenching in air was performed
to obtain good crystallization of the samples.

2.3. Thermal and Structural Characterization

DTA was performed in air and argon (inert) atmosphere on small pieces of 1–1.25 mm in size,
with heating rates 10–40 ◦C using SDT Q600 (TA Instruments, New Castle, DE, USA) equipment.
Measurements were performed in the range 25–800 ◦C using 15–30 mg of sample.

High-resolution XRD patterns were collected in the range 6–27◦ at the synchrotron SpLine BM25B
of the ESRF (European Synchrotron Radiation Facility, Grenoble, France) using a wavelength of 0.619 Å
and a step size of 0.02◦.

HRTEM was performed using a JEOL 2100 microscope (Akishima, Tokyo, Japan). Samples were
prepared using lacey formvar carbon film that had a small amount of scratched sample deposited
on them.

Fourier Transform Infra-Red (FTIR) spectra in the range 2000–600 cm−1 were obtained,
with a resolution of 4 cm−1, using a Perkin Elmer Spectrum 100 instrument (Waltham, MA, USA).

19F magic-angle spinning nuclear magnetic resonance (19F MAS/NMR) spectra of xerogel and
GCs were recorded using a NMR Spectrometer AVANCE II (BRUKER, Billerica, MA, USA) equipped
with a 9.4 Tesla magnet (400 MHz) and a 2.5 mm rotor spinning at 20 kHz.

X-ray Absorption Spectroscopy (XAS) was measured at the SpLine BM25A of the ESRF collecting
the spectra in fluorescence mode using a 13-element Si (Li) solid-state detector with the sample surface
placed at an angle of 45◦ to the incident beam. Six scans were acquired to obtain an average spectrum.
XAS data were processed using ATHENA software [107]. Eu2O3 and EuF3 crystal powders were
also measured as reference materials to compare their spectra with those of Eu3+-doped xerogel and
GC samples.

Photoluminescence measurements were recorded using a FS5 fluorescence spectrometer
(Edinburgh Instruments Ltd., Livingston, UK) equipped with a 150 W Xenon lamp or Ti:sapphire ring
laser (0.4 cm−1 linewidth) in the 770–920 nm spectral range. The emission was detected by Hamamatsu
H10330A-75 or Hamamatsu R928P photomultiplier (Hamamatsu City, Shizuoka, Japan).

Even though several compositions were prepared, most of the results shown in the next sections
deal with 80SiO2-20LaF3/GdF3/NaGdF4 compositions, which have been studied in detail in recent
years, all containing 20% of fluoride phases, at least double that reported by other authors.
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3. Results and Discussion

3.1. Materials

Transparent and crack-free GC thin films were obtained for all compositions, even for those
containing 30 or 40 mol % of active phase. For single deposition at 30 cm/min and heat treatment
at 550 ◦C for 1 h, thicknesses around 500 nm and 1 µm were obtained for TEOS and TEOS/MTES
compositions, respectively. Higher thicknesses up to 900 nm and 1.7 µm were obtained for TEOS and
TEOS/MTES, respectively, depositing two films or increasing the withdrawal rate. Hence, the addition
of MTES in the SiO2 sol allows a notable increase of the thickness, thus making this precursor attractive
for application where a thin film of 1 µm or thicker is required. Transparent and high-quality films
were obtained, as confirmed by a good agreement between ellipsometry measurements and fits.

Transparent and crack-free self-supported layers were also obtained after heat treatments. The addition
of MTES allows increasing the heating rate up to 10 ◦C/min without the appearance of cracks.

3.2. Thermal and Structural Characterization

3.2.1. SiO2–LaF3

DTA measurements for (100 − x)SiO2-xLaF3 (x = 10–40 mol %) bulk samples obtained drying
thin films sols are shown in Figure 8a. The curves show a first endothermic peak with a weight
loss (not shown) associated with H2O and other solvent removal. Such an endothermic process is
much more intense for a composition with a higher amount of La. This could be associated with the
increasing water content passing from x = 10 to x = 40.
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(b) DTA and TG in argon atmosphere of 80SiO2-20LaF3 bulk samples prepared with TEOS; (c) DTA in
air of 80SiO2-20LaF3 bulk samples with TEOS and TEOS/MTES. All measurements were performed
using a heating rate of 10 ◦C/min.
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Then, a first exothermic peak appears around 300 ◦C, together with a big mass loss that
increases passing from x = 10 to x = 40 mol %. The peak shifts towards lower temperatures when
increasing the active phase content. As reported by other authors [43], such a peak is associated
with the crystallization of LaF3, favored by increasing the La content. Such crystallization takes place
after a chemical decomposition with gas release, which is responsible for the notable weight loss.
The intensity of the endothermic and exothermic peaks is affected by the sample amount used for
the analysis, and therefore it cannot be compared quantitatively. The second exothermic peak in the
range 400–500 ◦C is assigned to organic combustion and was not detected in an argon atmosphere
(Figure 8b). The effect of the SiO2 precursor on the DTA curve is shown in Figure 8c for 80SiO2-20LaF3

samples prepared using TEOS and TEOS/MTES in the ratio 40:60 as SiO2 precursor. The crystallization
peak appears centered around the same value, near 300 ◦C, while the second exothermic peak is
associated with organic combustion of different species. In fact, when MTES is used, CH3 groups are
introduced in the system and released around 550–600 ◦C. Such release is associated with a contraction
of thin films and self-supported layers. Therefore, when MTES is used, treatment temperatures
no higher than 550 ◦C should be used to avoid sample cracking. However, and concerning the
crystallization mechanism, no relevant effects are introduced by the partial replacement of TEOS with
MTES. The introduction of MTES improved the mechanical resistance during the treatment process
and MTES bulk-like samples can be treated using a 10 ◦C/min heating rate instead of 1–2 ◦C/min,
as is commonly used for samples prepared using only TEOS. Moreover, MTES addition facilitates –OH
group removal [108], without requiring extremely high treatment temperatures (900–1000 ◦C).

The XRD of 80SiO2-20LaF3 bulk sample prepared using TEOS/MTES and treated at 550 ◦C for
1 min is represented in Figure 9. Well-defined diffraction peaks are observed even for this fast treatment;
the crystal size, estimated by Scherrer’s equation, is around 8.5 nm. No relevant SiO2 amorphous
pattern is observed, different to the XRD results obtained by other authors [50–55,57], indicating
a relevant increase of fluoride crystal fraction. Dopant incorporation, such as Er3+, was confirmed by
an appreciable shift of the diffraction peaks towards higher angles, associated with a shrinking of the
unit cell due to the lower size of Er3+ with respect to La3+ [109]. By Rietveld refinement (not shown),
we obtained a LaF3 crystal fraction of 18 wt %, which is, to the best of our knowledge, the highest value
of fluoride concentration ever reported in OxGCs. The crystallization mechanism of LaF3 in SG OxGCs
has been studied in a previous paper [91]. It was shown that the LaF3 crystallization mechanism is
very different to that for MQ GCs. In fact, for MQ GC a diffusion-controlled process is responsible
for the crystallization of LaF3 and many other fluoride phases; phase separation acts as a precursor
for crystallization. On the contrary, LaF3 crystallization in SG OxGCs is not a diffusion-controlled
process but consists of a fast crystal precipitation taking place after a chemical decomposition. It was
observed that LaF3 NCs are not stable for heat treatment at crystallization or higher temperatures and
amorphization was observed for a long treatment time (5–80 h) at 550 ◦C.

HRTEM micrographs of 80SiO2-20LaF3 thin films and self-supported layers treated at 550 ◦C for
1 min are shown in Figure 10a,b, respectively. Very small LaF3 NCs around 2–3 nm are observed in
thin film samples, as confirmed by the crystal size distribution shown in the inset. For self-supported
layers the crystal size is much bigger, around 8 nm, in agreement with the XRD results in Figure 3.
In both cases homogeneously distributed NCs are observed, without the formation of clusters, even for
such a fast heat treatment at 550 ◦C for 1 min.

NMR spectra of SG OxGCs are rarely encountered in the literature but the information that
can be extracted is of relevant importance. In particular, 19F NMR spectra allow for obtaining
evidence about fluorine surrounding in the xerogel and how it changes after the crystallization
process. Figure 11 shows 19F MAS NMR of 80SiO2-20LaF3 xerogel and GC treated at 550 ◦C for
1 min [110]. The spectrum of polycrystalline LaF3 was also acquired for comparison. In the xerogel
sample the fluorine surrounding is as in the precursor TFA acid and no bonding with Si is observed.
After heat treatment at 550 ◦C for 1 min, the spectrum of the GC sample is practically the same as that
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of the LaF3 polycrystalline powders. This further indicates that a chemical reaction accompanied by
fast crystal precipitation is responsible for the LaF3 NCs’ formation.Materials 2018, 11, x FOR PEER REVIEW  17 of 31 
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Figure 10. HRTEM of 80SiO2-20LaF3 (a) thin film and (b) self-supported layer prepared using
TEOS/MTES and treated at 550 ◦C for 1 min. The corresponding crystal size distributions are
also shown.

These results are further confirmed by FTIR spectra of 80SiO2-20LaF3 xerogel and GCs treated
at 550 ◦C for 1 min and 1 h, as shown in Figure 12 [110]. In the xerogel, the bands centered at
1680 and 1650 cm−1 are associated with H-O-H bending and C=O stretching vibrations, respectively.
In the range 1500–1400 cm−1 several absorption bands appear and are assigned to TFA, acetates,
and/or derived ions [43]. A C-F stretching band is also identified between 1400 and 1000 cm−1.
All of these bands disappear in the GC sample, accompanied by LaF3 NCs’ precipitation. In the GC the
bands in the range 1100–800 cm−1 are associated with Si-O-Si asymmetric and symmetric stretching
vibrations of [SiO4] units. A small band at 1279 cm−1, also present in the xerogel sample but much
more intense, is assigned to C-O vibration and due to incompletely removed organic compounds.
Such a band disappears over longer treatment times at 550 ◦C.
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Photoluminescence (PL) measurements are of great importance in most papers about SG OxGCs;
in particular, enhanced properties are obtained when dopants are embedded into the fluoride NCs
with low phonon energy. As an example, low-temperature (9 K) PL emission and excitation spectra
of 80SiO2-20LaF3 xerogel and GC treated at 650 ◦C for 3 h and doped with 0.5 Nd3+ are shown in
Figure 13 [111]. Both the emission and excitation spectra of the xerogel show broad and less structured
bands, indicating a predominant amorphous environment for Nd3+ ions. Instead, for the GC sample
sharp peaks and well-resolved Stark components are observed and associated with Nd3+ emission in
LaF3 NCs. Similar features are observed for the excitation spectrum, where well-resolved peaks are
observed for the 4I9/2→4F5/2 band; moreover, the 4I9/2→4F3/2 doublet narrows and splits into two
main single components, as expected for a well-defined crystal field site. Therefore, Nd3+ incorporation
into LaF3 NCs was unambiguously confirmed.
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Figure 13. PL (a) emission and (b) excitation spectra of 80SiO2-20LaF3 bulk xerogel and GC treated at
650 ◦C for 3 h. All spectra were recorded at 9 K.

3.2.2. SiO2–GdF3/NaGdF4

Figure 14 shows DTA curves of the 90SiO2-10NaGdF4 bulk-like sample. The weight loss
between 70 and 200 ◦C, of less than 10%, is ascribed to solvent removal. Then, as usually occurs for
SG oxyfluoride compositions, a strong and sharp exothermic peak appears around 300 ◦C along
with a mass loss of 30%. Such an exothermic peak is associated with chemical decomposition
with NaGdF4 precipitation, similar to that described by other authors for other fluoride crystal
phases [43,57,82]. Further weight loss for heat treatment in the range 400–600 ◦C can be associated with
the combustion of organic compounds. The same sample measured in an argon atmosphere showed
similar characteristics; therefore, the exothermic peak is associated with NaGdF4 crystallization.
Similar features are obtained for SiO2-GdF3 composition and described elsewhere [112].
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Figure 14. DTA (red) and TG (blue) curve of 90SiO2-10NaGdF4 bulk sample acquired in air using
a heating rate of 10 ◦C/min.

Diffractograms of (100 − x)SiO2-xGdF3 (x = 10 and 20 mol %) treated at 550 ◦C for 1 min are
shown in Figure 15. As observed, both phases of GdF3, orthorhombic and hexagonal, appear even
for such fast heat treatment. It was shown that from LaF3 to EuF3, the hexagonal phase is preferred,
while elements heavier than Gd are organized in orthorhombic structures [113]. Considering that Gd
is right in the middle of a lanthanide series, it seems reasonable that a mixture of both phases appear.
The relative intensity of hexagonal and orthorhombic structures is quite similar for all heat treatments,
thus suggesting that there is no one preferential crystal structure but that both configurations coexist.
Crystal size is around 8 and 9 nm for hexagonal and orthorhombic phases, respectively. Small changes
in relative peak intensities can be associated with the deformation or preferential incorporation of
Eu3+ ions at certain crystallographic sites. Moreover, the fact that similar sizes are obtained for
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both compositions suggests that NC formation is not related to the amount of the initial precursors,
the mechanism being explained as fast crystal precipitation after a chemical reaction similar to that
described by Fujihara for LaF3 [43]. However, the final crystal fraction should be affected by the initial
content as observed for LaF3 compositions. Nevertheless, for GdF3 crystallization a quite different
scenario is observed with respect to LaF3 crystallization, where an amorphization was observed over
a long heat treatment time at 550 ◦C. In fact, no changes in the crystal size are observed for treatment
times up to 8 h; the diffractograms of GCs treated for 1 min up to 8 h being practically the same.
It seems that GdF3 NCs are more stable against decomposition as opposed to LaF3 ones. Further work
is still necessary to clarify this point.
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Figure 15. XRD of (100− x)SiO2-xGdF3 (x = 10 and 20 mol %) GC treated at 550 ◦C for 1 min performed
at the synchrotron SpLine BM25 of the ESRF.

It is also worth noting that SiO2 precursors affect the final crystal phase and the crystal size.
For example, for 80SiO2-20GdF3 samples prepared using TEOS, only hexagonal crystals are detected
but it was necessary to raise the temperature to 750 ◦C to obtain GdF3 crystals. Instead, for TEOS/MTES
samples, even for treatment temperature as low as 550 ◦C for 1 min, a good crystallization was obtained
but in this case both a hexagonal and an orthorhombic phase appeared. Therefore, as was shown,
the synthesis precursor and the different ratios between them can strongly affect the final crystal size,
crystal fraction, and symmetry of the crystal phase. However, the influence of the SiO2 precursors and
the synthesis route on the crystallization tendency of the systems has not yet been totally elucidated.

XRD of 80SiO2-20NaGdF4 are shown in Figure 16. This is the first time that NaGdF4 crystals
have been obtained in SG OxGCs. Diffractograms obtained for super-stoichiometric Na:Gd ratios
caused the crystallization of silicates, along with NaGdF4. Therefore, precise control of the Na:Gd
ratio was necessary to avoid the formation of silicates during heat treatment and obtain only the
precipitation of fluoride NCs. It is known that Na+ acts as a network modifier, producing more
open glass structures. In fact, Na+ ions can break SiO4 units, thus producing non-bridging oxygens
with subsequent softening of the glass network. Hence, a sub-stoichiometric ratio Na:Gd 0.95:1 was
necessary to ensure the complete reaction of Na with Gd, avoiding the presence of free Na+ ions.
As observed in Figure 16, both α and β-NaGdF4 phases precipitated upon heat treatment at 600 ◦C
for 1 h with a size of 4 and 13 nm, respectively. However, for longer heat treatments, up to 120 h,
a relative decrease of the α phase, indicated by stars, is observed with respect to GC treated for only 1 h.
Moreover, sharper peaks are observed after increasing the treatment time, thus indicating the formation
of bigger crystals (more than 30 nm in size). Such behavior is quite different to that described for LaF3,
for which an increase of the treatment time increases neither the crystal size nor the crystal fraction.
Therefore, it was suggested that LaF3 crystals formation occurs as a fast precipitation when certain
energy is given to the system, instead being a diffusion-limited process, as proposed by other authors.
However, for NaGdF4 OxGCs, a different crystallization mechanism occurs for polymorphous crystals;
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in particular, the addition of alkaline earth elements could be responsible for the better crystallinity
obtained by increasing the treatment time. In fact, the time-dependent diffusion of Na+ ions could be
relevant to achieve better crystallization.
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Figure 16. XRD of 80SiO2-20NaGdF4 GC treated at 600 ◦C for 1 and 120 h. The measurements were
performed at the synchrotron SpLine BM25 of the ESRF.

Bartha et al. [114] studied NaYF4 phosphors and observed that for heat treatment at 300 ◦C,
both cubic and hexagonal NaYF4 micro crystals appeared. However, by increasing the treatment
temperature to 400–600 ◦C, only a pure hexagonal NaYF4 phase was observed. The authors explained
such behavior as an autocatalytic process where the initial cubic NaYF4 phase played a catalytic role,
causing its fast self-accelerated crystallization. The energy resulting from the disintegration process of
the initial NaYF4 crystals contributed to the growth of hexagonal NaYF4 phase. This mechanism could
also explain the crystallization of NaGdF4 NCs in OxGCs but further investigation has still to be done.

Figure 17 shows a micrograph of 80SiO2-20GdF3 self-supported layer doped with 0.5 Eu3+ treated
at 550 ◦C for 1 min. As for SiO2-LaF3 GCs, homogeneously distributed NCs are observed and no
agglomerates or clusters are observed, as suggested by other authors for YF3 NCs [57]. By a detailed
analysis of the microstructures, both hexagonal and orthorhombic crystals were detected according to
JCPDS. EDXS of Eu3+ doped 80SiO2-20GdF3 GC treated at 550 ◦C for 1 min revealed that Eu3+ ions are
mostly concentrated into GdF3 NCs. Therefore, dopant incorporation is very fast because even for
a heat treatment as short as 1 min, most Eu3+ ions are already embedded in the crystal phase. A better
explanation of dopant incorporation is given later when the results about XAS will be discussed.
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Figure 17. HRTEM of 80SiO2-20GdF3 self-supported layer treated at 550 ◦C for 1 min.

FTIR spectra of 80SiO2-20GdF3 xerogel and GC treated at 550 ◦C for 1 min are shown in Figure 18.
Similar results are obtained with respect to the 80SiO2-20LaF3 composition given in Figure 12. For the
xerogel sample TFA and acetate vibration bands are still present but disappear after heat treatment
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accompanied by LaF3 crystallization. Similar features are obtained for SiO2-NaGdF4 compositions,
thus indicating that a chemical reaction followed by NC precipitation is a common feature of all the
studied compositions. However, differences in crystallization behavior are also observed by XRD and
therefore the crystal growth can be dependent on crystal phase and synthesis conditions.
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The last results that are shown in this paper deal with XAS spectra of 80SiO2-20GdF3 materials
doped with Eu3+. In particular, the spectra of the xerogel and GC sample are compared with the aim of
gaining more insight into the Eu3+ environment. Indeed, better optical efficiencies are obtained when
dopants are embedded into the NCs and knowledge of the real dopants fraction incorporated into the
NCs is crucial to improve and optimize the luminescence emission of these materials. Even though
a certain nominal dopant concentration is used, the real concentration into the fluoride NCs is rarely
estimated, the only results being extrapolated from optical measurements [54]. Moreover, to estimate
the effective concentration into the NCs, even with 10–20% error, knowledge of the crystal fraction is
necessary and such values are seldom or never reported for SG OxGCs. Last year our group started
acquiring data to obtain this relevant information, but a lot of work has still to be done. However,
some interesting conclusions can already be drawn from the results shown below. Eu2O3 and EuF3

spectra are shown in Figure 19a, together with their derivate curves in Figure 19b. The maximum
of the derivate curves is 6977.9 and 6979.5 eV, for Eu2O3 and ErF3, respectively. A lower energy is
associated with less electronegativity and a lower field strength of the Ln3+ ion [115]. The uncertainty
of the energy values is around 0.8 eV. Therefore, it can be confirmed that the two maxima are well
separated from each other. Figure 20a,b show the results for a 80SiO2-20GdF3 xerogel and GC samples
treated at 550 ◦C for 1 min up to 8 h. In all cases, the absorption maximum is centered at ~6979 eV,
practically the same value obtained for EuF3 reference. Hence, even though by these measurements it
is not possible to distinguish between a crystalline or amorphous environment, the crucial point is that
a fluorine-rich environment is observed for all GCs and even for the xerogel sample. Such behavior
could be explained considering that Eu3+ ions are still coordinated to the surrounding TFA ions in the
xerogel sample, and, after heat treatment, GdF3 crystals precipitate together with Eu3+ incorporation.
These results are in agreement with Eu3+-rich GdF3 NCs observed by EDXS for 80SiO2-20GdF3 GC
treated at 550 ◦C for 1 min.

Previous calculations performed for 80SiO2-20LaF3 samples doped with 0.5 Er3+ showed that
almost 91% of Er3+ ions in GC samples are in a fluorine-rich environment, the effective concentration
into the LaF3 NCs thus being almost one order of magnitude higher than the nominal one. Similar
results were obtained for MQ samples containing LaF3 NCs and confirmed by PL results [116].

Finally, to conclude this section we show some optical results for 80SiO2-20GdF3 self-supported
layers doped with 0.5 Eu3+. Photoluminescence measurements of GC treated at 550 ◦C for 1 min
showed well-resolved structure together with a narrowing of the Eu3+ with respect to the xerogel
sample (Figure 21). Moreover, the R asymmetry ratio between the electric dipole transition (5D0-7F2)
and the magnetic dipole transition (5D0-7F1) is reduced in GCs, thus indicating that Eu3+ ions are
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incorporated in the GdF3 crystal phases. Moreover, the ET from Gd3+ to Eu3+ was observed in the GC
sample and further supported by fluorescence decay lifetimes.Materials 2018, 11, x FOR PEER REVIEW  23 of 31 
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4. Conclusions

Different research groups have studied the preparation of transparent GC materials using the MQ
process and suitable control of the synthesis and heat treatment conditions. However, SG appears as
a promising alternative to obtain innovative GCs with high fluorine content and high homogeneity at
a lower temperature.

Most of the materials studied by SG are related with compositions (100−x)SiO2-x
M1F2/M1F3/M1M2F4/M1M2F5, containing a small nominal crystal fractions (x = 5–10 mol %), and are
obtained using a similar synthesis procedure developed 20 years ago. Furthermore, the same SiO2

precursor, TEOS or TMOS, is used in most works, and the precursor ratio rarely changes with respect
to the first papers.

There is scarce information about the structural characterization of bulk and thin films; typical
characterization is performed by means of XRD, HRTEM, and FTIR. However, most of the authors
never calculated the real crystal fraction. Just one or two papers estimated the real active crystal
content and concluded that for a nominal composition of 5 mol % of active phase, a 3 wt % of crystal
phase is obtained after heat treatment. However, photoluminescence measurements of SG GCs showed
very promising results. Ln3+ incorporation in fluoride NCs was demonstrated by several authors and
produced an improvement in the optical properties (linear or non-) due to the low phonon energy of
the crystal hosts, thus opening the way to use SG materials for photonic applications.

On the other side, our group introduced an important modification to the SG synthesis of
OxGCs. First of all, LaF3- and GdF3-based compositions with a much higher content of active phase
(up to 40 mol %) have been prepared for the first time, together with NaGdF4 OxGCs. Moreover,
new precursors and deep synthesis modification were performed by partial replacement of TEOS
with MTES.

A chemical reaction followed by fast crystal precipitation was indicated as responsible for the
crystallization mechanism of fluoride NCs, as opposed to conventional diffusion-controlled processes.
LaF3 NCs were demonstrated to be unstable with aging at crystallization or higher temperatures
for a long treatment time, while for NaGdF4 an increase in the crystal size was observed when the
treatment time increased. Therefore, the evolution and behavior of the NCs depend on the synthesis
and the crystal phase.

Rietveld refinement confirmed that a crystal fraction ~18 wt % is obtained for 80SiO2-20LaF3 GC
treated at 550 ◦C for 1 min, such a value being the highest reported to date for SG OxGCs.

HRTEM showed that homogeneously distributed fluoride NCs precipitate in the SiO2 glass matrix
after fast heat treatment at 550 ◦C for 1 min using TEOS/MTES as SiO2 precursors. Moreover, EDXS
confirmed dopants’ incorporation in the fluoride NCs even after fast heat treatment at 550 ◦C for 1 min,
suggesting that dopant incorporation occurs along with NC precipitation. Such results were also
confirmed by XAS measurements, revealing a fluorine-rich environment even in the xerogel sample.

Optical measurements unambiguously showed dopant incorporation in low-phonon-energy
fluoride NCs. Well-resolved Stark components and crystal-like spectra were obtained for GC
samples, resulting in much higher emission intensities and more efficient ET process with respect to
xerogel samples.

Considering all the results published up to now and the benefits offered by the SG method,
we think that transparent SG OxGCs materials can be considered of great interest and promising for
several photonic applications, but improvement of synthesis and processing is still necessary. In this
sense, we hope that this paper will be useful for researchers working in this field.
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Transparent Oxyfluoride nano-glass 
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Petroleoquímica, Consejo Superior de Investigaciones Científicas (CSIC), Madrid, Spain

Pr3+–Yb3+ co-doped oxyfluoride glasses and glass-ceramics (GCs) containing LaF3 nano-
crystals have been prepared to obtain NIR emission of Yb3+ ions upon Pr3+ excitation in 
the blue region of the visible spectrum. Two different compositions have been tested: 
0.1–0.5 Pr–Yb and 0.5–1 Pr–Yb, in addition to Pr3+ singly doped samples. The crystalli-
zation mechanism of the nano-GCs was studied by differential thermal analysis revealing 
that it occurs from a constant number of nuclei, the crystal growth being limited by diffu-
sion. High-resolution transmission microscopy demonstrated that phase separation acts 
as precursor for LaF3 crystallization and a detailed analysis of the chemical composition 
(EDXS) revealed the enrichment in RE3+ ions inside the initial phase separated droplets, 
from which the LaF3 crystals are formed. The RE3+ ions incorporation inside LaF3 crystals 
was also proved by photoluminescence measurements showing Stark splitting of the 
RE3+ ions energy levels in the glass-ceramic samples. Lifetime measurements showed 
the existence of a better energy transfer process between Pr3+ and Yb3+ ions in the GCs 
compared to the as made glass. The highest value of energy transfer efficiency is 59% 
and the highest theoretical quantum efficiency is 159%, obtained for GCs 0.1–0.5 Pr–Yb 
treated at 620°C for 40 h.

Keywords: transparent, glass-ceramics, rare-earths, crystallization, down-conversion, solar energy

inTrODUcTiOn

Solar green energy is one of the emerging fields where rare earth (RE) ions are intensively used to 
improve silicon solar cells (SSCs) efficiency. In fact, the most important routes to reduce costs and 
promote the use of solar energy are: decrease refining and crystallization cost of silicon (the most 
widely used semiconductor), to use less silicon (thinner cells), developing thin films solar cells of less 
expensive materials (organic, polymeric) and/or improving SSCs efficiency.

Currently, many efforts are focused in the modification of the photovoltaic (PV) cells to make them 
more efficient. The main problem to improve PV energy conversion efficiency is associated with the 
spectral mismatch between the energy distribution of photons in the incident solar spectrum and the 
band-gap of silicon (Huang et al., 2013). Therefore, in the last years, solar down-converter materials 
doped with RE ions, able to convert the blue part of the solar spectrum to the range 980–1050 nm, 
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where silicon presents the best response, are becoming increas-
ingly important (Trupe et al., 2002; Richards, 2006; van der Ende 
et al., 2009).

According to Abrams et  al. (2011), a theoretical improve-
ment of SSCs could be as high as 7% for an ideal lossless system; 
however, improvements (even though smaller than 7%) could be 
reached with a properly engineered solar converter layer.

Among the converter materials, glasses and glass-ceramics 
(GCs) for PV application are increasingly important thanks to 
their relatively easy production and engineering and their capabil-
ity of hosting a great variety of RE ions in different concentrations.

Oxyfluoride nano-GCs containing luminescent RE ions have 
been extensively studied for their good mechanical and optical 
properties. Oxyfluoride nano-GCs are very attractive host materi-
als, because they combine the very low phonon energy of fluoride 
nano-crystals environment, especially LaF3 (<450 cm–1). They are 
able to host Ln3+ ions giving rise to high quantum efficiencies, 
with the high chemical and mechanical stability of a silicate glass 
matrix (de Pablos-Martín et al., 2012).

This paper describes the structural and optical properties of 
LaF3 containing GCs doped with Pr3+ and Pr3+–Yb3+ of composi-
tion 55SiO2–20Al2O3–15Na2O–10LaF3 (mol%) produced by 
melting-quenching (MQ). The properties of the un-doped glass 
system have been extensively studied elsewhere (Bhattacharyya 
et al., 2009; Hemono et al., 2009; de Pablos-Martín et al., 2011).

There are many published examples of different glass systems 
and crystalline phases studied for solar application with Pr3+–
Yb3+. Indeed, we have chosen doping concentrations also relying 
on literature.

Chen et al. (2008) studied β-YF3 containing GCs doped with 
0.1 Pr3+ and 0.1–1.5 Yb3+ (mol %), obtaining the highest Yb3+ 
emission for 1.0 Yb3+ while for 1.5 Yb3+ a quenching effect was 
observed. The corresponding energy transfer efficiency (ETE) 
and quantum efficiency (QE) were 90 and 190%, respectively.

Lakshminarayana and Qiu (2009) studied Pr–Yb down- 
conversion (DC) in oxyfluoride germanate glasses made by MQ 
and doped with 0.5 Pr3+ and 2–30 Yb3+ (mol %). The highest DC 
signal at 980 nm was measured for the 0.5 Pr3+–4 Yb3+ but the 
0.5 Pr3+–2 Yb3+ produced almost as good results. Pr3+ lifetimes 
at 608 nm were 9.5 and 4.9 µs and the ETE 35 and 66% for 2 and 
4Yb3+, respectively.

Chen et al. (2012) and Zhou et al. (2012) characterized oxy-
fluoride GCs containing CaF2 nanocrystals. Chen et  al. (2012) 
prepared materials with composition 45SiO2–25Al2O3–10Na2O–
20CaF2–0.1PrF3–yYbF3 (y = 0.1–1.0) (mol%). The NIR emission 
suffered quenching for 1 Yb3+ and the most intense signal was 
obtained for 0.5Yb3+. The decay curve of Pr3+:3P0–3H6 at 610 nm 
was measured and the lifetime for 0.5 Yb3+ was 78 µs, and the 
ETE and QE were 53 and 153%, respectively. Zhou et al. (2012) 
studied the compositions 60SiO2–20Al2O3–20CaF2:0.4Pr3+/xYb3+ 
(x = 0, 1, 2, and 4) (mol%). For Yb3+ concentrations higher than 
1 mol% a quenching of Yb3+ emission at 980 nm was measured 
and for 1 Yb3+ the QE was 158%. The authors also tested a c-Si 
solar cell covered by the doped samples and measured a decrease 
compared with that covered by a host glass. Their conclusion was 
that a more efficient solar cell could be obtained by a proper ion 
doping concentration, an optimized sample thickness and the 

introduction of an antireflection film on the interface air-glass 
interface as well as the introduction of a waveguide structure on 
the DC layer to reduce emission losses.

Katayama studied the DC process of Pr–Yb in oxyfluoride 
glasses (Katayama and Tanabe, 2010a,b) and in SrF2 GCs [Katayama 
and Tanabe, 2010a,b (p. 2); Katayama and Tanabe, 2013] with 
variable Yb3+ concentration: 0.1 Pr3+–xYb3+ (x = 0–2.9) obtaining 
the best DC emission for the highest Yb3+ concentration. The ETE 
from the Pr3+:3P0 to Yb3+:2F5/2 increases from 42% for the glass to 
75% for GCs, and the main ET process is a two-step process with 
Yb3+ and Pr3+ emission at 980 and 1300  nm, respectively. Pr3+ 
emission at 1300 nm was more quenched, due to phonons, than 
in SrF2-containing GCs.

Gao and Wondraczek (2013) obtained DC in boro-alumi-
nosilicate glasses and LaBO3 GCs doped with 1 Pr3+–xYb3+ 
(x = 0.1–5). The best DC signal at 980 nm was obtained for 0.5 
Yb3+, the signal being quenched for higher concentrations, and 
the maximum value of the QE, obtained for 5 Yb3+, was 183%.

Among all the studied materials there are a few examples 
regarding LaF3-containing GCs doped with RE for DC produced 
by MQ, from which we point out the work of Xu et  al. (2011) 
dealing with oxyfluoride GCs doped with Pr3+–Yb3+ of composi-
tion 40SiO2–30Al2O3–18Na2O–12LaF3 (mol%). However, in the 
work of Xu, the most relevant conclusions are as follows: (1) Pr3+ 
ions are preferentially incorporated inside LaF3 crystals, as shown 
by the increase of Pr3+ emission at 600 nm in GCs compared to 
glass and (2) on the contrary Yb3+ ions are not hosted inside LaF3; 
therefore, the precipitation of LaF3 crystals cannot improve the 
ET between Pr3+ and Yb3+.

Another study of LaF3 crystals for DC emission is due to Deng 
et al. (2011) who studied crystalline powders of LaF3 doped with 
Pr3+–Yb3+ prepared by co-precipitation method using La3+, Pr3+, 
and Yb3+ as nitrates and NH4HF2 as fluorine source. For a fixed 
Pr3+ concentration of 0.5 mol% several Yb3+ concentrations were 
tested. With the increase of Yb3+ concentration the visible emis-
sion from Pr3+ weakens monotonically, while the NIR emission of 
Yb3+ intensifies. However, a decrease of the Yb3+ emission occurs 
for concentrations higher than 3%.

Xiang et al. (2014) studied Pr3+–Yb3+ doped β-NaLuF4 hexago-
nal nanoplates with a size of 250 nm × 110 nm, synthesized by a 
solvo-thermal process. The ET from Pr3+ ions to Yb3+ ions occurs 
only by a two-step ET process when the Yb3+ concentration is 
very low; however, increasing the Yb3+ concentration, a coopera-
tive ET process occurs for Yb3+ concentration as high as 20 mol%.

Furthermore, there are many publications about spectroscopic 
characterization of RE ions doped materials for DC, but very few 
papers exist where a correlation between optical properties and 
material processing is made.

In this paper, glasses and GCs of composition 55SiO2–
20Al2O3–15Na2O–10LaF3 (mol%) doped with 0.1 Pr3+, 0.5 Pr3+, 
0.1–0.5 Pr3+–Yb3+, and 0.5–1 Pr3+–Yb3+ have been prepared. 
The structural properties of the materials have been studied by 
differential thermal analysis (DTA), X-ray diffraction (XRD), 
TEM and the optical properties by UV–VIS Absorption, photo-
luminescence (PL), and lifetime decay. The differences of the DC 
properties of the samples are described and the relationship of 
material processing with the optical properties is given.
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MaTerials anD MeThODs

glass Melting and crystallization
Oxyfluoride glasses with composition 55SiO2–20Al2O3–15Na2O–
10LaF3 (mol%) (55Si–10La) have been prepared by melting 
reagent grade SiO2 sand (Saint-Gobain, Aviles, Spain, 99.6%), 
Al2O3 (Panreac), Na2CO3 (Sigma-Aldrich, >99.5%), LaF3 (Alfa 
Aesar, 99.99%). Pr3+ and Yb3+ were added as fluorides (Alfa Aesar, 
99.99%) in 0.1–0.5 and 0.5–1 concentrations (mol%). Samples 
doped with only Pr3+ were also prepared for comparison of the 
optical properties. A more complete description of glass prepara-
tion was given in (de Pablos-Martín et al., 2011).

Al2O3 was previously annealed at 800°C for 12 h. Batch materi-
als were weighed to obtain 100 g of glass, mixed for 1 h to ensure a 
good homogenization, put in a covered Pt crucible and annealed 
for 2 h at 1200°C. The Pt crucible was then placed in an elevator 
furnace for 1.5 h at 1650°C, the molten glasses were quenched in 
air onto a brass mold, fused again for 30 min to improve homoge-
neity and quenched onto a cold (−10°C) brass mold. The glasses 
were annealed at 600°C for 30 min for stress relaxation.

Glass-ceramics were obtained by heat treatment at 620°C for 1, 
3, 5, 20, 40, and 80 h and at 660 and 680°C for 20 h. In all the cases, 
a heating rate of 10°C/min was used followed by quenching in air.

Heat treatments were performed on bulk specimens (size 
1–1.25 mm).

DTa and crystallization Mechanism
Non-isothermal crystallization kinetics was studied by DTA/
TG (SDT Q600—TA Instruments). Measurements have been 
performed on 20–30 mg of glass with particles size between 1 and 
1.25 mm to reproduce bulk conditions. DTA scans were carried 
out with heating rates in the range 10–60°C/min.

The glass transition temperature Tg, crystallization activation 
energy Ea, and Avrami parameters (n, m) were calculated from 
DTA measurements.

The Avrami parameter n allows assessing the crystalliza-
tion process and was obtained employing the Ozawa equation 
(Ozawa, 1970):

 
d x

d q
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where x is the partial area of the crystallization peak calculated 
for a fixed temperature T and q is the heating rate. By using the 
Kissinger equation (Kissinger, 1956) the crystallization activation 
energy Ea was obtained by
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where Tp, R, and C are the crystallization peak temperature, the 
gas constant and a constant, respectively. Finally, the m param-
eter, representing the growth dimensionality, was obtained by the 
Matusita equation (Matusita and Sakka, 1980):
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X-ray Diffraction
The heat-treated samples were milled and sieved (< 63 μm) and 
characterized by XRD with a Bruker D8 Advance diffractometer. 
Diffractograms were acquired in the rage 10 ≤ 2θ ≤ 70° with a 
step size of 0.02° and 1 s acquisition for each step. Crystals size, D, 
was estimated using the Scherrer equation (Eq. 4), where λ is the 
wavelength (1.54056 Å—CuKα1), Bm the full width at half maxi-
mum of the LaF3 peak (111) and θ its diffraction angle. The factor 
0.94 corresponds to spherical crystals. Pseudo-Voigt function has 
been used to fit diffraction peak parameters. The instrumental 
broadening Bi has been also taken into account using NaF powder 
properly milled and sieved (<63 μm):

 D
B B

=
−

0 94
2 2

. .λ

cos m iθ
 (4)

Crystalline growth can be described by the following equation:

 r Ut= p ,  (5)

where r is the crystal radius, U the crystal growth rate, t the time, 
and p a growth exponent. The logarithmic form of Eq. 5 is com-
monly used:

 log( ) log( ) log( ).r U p t= +  (6)

high-resolution Transmission Microscopy 
(hrTeM)
TEM samples of glasses and GCs were prepared by cutting 
slices, plane parallel grinding, dimpling to a residual thickness 
of 10–15 µm, and ion-beam thinning using Ar+ ions. The angle 
of incidence was set to 8°, the beam energy to 5 kV, current 
to 5  mA, and milling time to 10–14  h. HRTEM including 
scanning transmission microscopy-high angle annular dark 
field and energy dispersive X-ray spectroscopy (EDXS) were 
performed with a JEOL 2100 field emission gun transmission 
electron microscope operating at 200 kV and providing a point 
resolution of 0.19 nm. The microscope was equipped with an 
energy dispersive X-ray spectrometer (EDXS—INCA x-sight, 
Oxford Instruments). EDXS analysis was performed in STEM 
mode, with a probe size of ca. 1  nm. In order to determine 
the particle distribution, we first assumed the particles to 
be spheres. No high contrast was obtained when working in 
the Scherzer focus, the shape of the particles was not well 
defined and difficult to measure. Thus, slightly under-focused 
TEM images were used to solve this problem. HAADF-STEM 
images were obtained where the particle shape was more 
distinguishable, and it is possible to measure the average 
diameter of the particles. By this method, only well-defined 
particles were measured which still resulted in a statistically 
well-representative data collection.

Optical Properties
Bulk specimens were cut from the annealed glass and heat 
treated to obtain glass-ceramic materials. 0.1 Pr and 0.1–0.5 
Pr–Yb glasses were treated at 620°C for 20 h and 40 h, and at 
660°C for 20 h. 0.5 Pr and 0.5–1 Pr–Yb glasses were treated at 
620°C for 40 h and 660°C for 20 h. All the samples have been 
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polished and optically characterized by UV–VIS absorption and 
PL spectroscopy.

UV–VIS spectra (Lambda 950—Perkin Elmer) were acquired 
between 300–2200 nm.

A photomultiplier tube (PMT) R6872 for UV–VIS and a 
Peltier cooled PbS for NIR detection were used as detectors.

A lock-in (5210-Princeton Research Instrument) configura-
tion with an InGaN led at 435 nm (Roithner) as source for Pr3+ 
excitation and a fiber laser at 976 nm to excite Yb3+ ions was used 
to obtain PL spectra. A 2  ×  2 mm2 spot was produced with a 
lens focusing system and the samples were excited on the side 
edge to reduce re-absorption processes. Emission spectra were 
collected by an iHR-320 (Jobin-Yvon) spectrometer equipped 
with two gratings: 1200 g/mm blazed at 500 nm, and 600 g/mm 
blazed at 1000  nm. The detection system was calibrated using 
an incandescence lamp with known emission spectrum. A S-20 
PMT and an InGaAs PD were used for UV–VIS and IR detection, 
respectively. Finally, all PL spectra were properly corrected for the 
instrument response.

Lifetime decay curves, upon excitation at 435  nm, were 
acquired with a fast oscilloscope (Tektronix), and the source was 
modulated electronically by a controller (ITC4000-Thorlabs).

For no single exponential decay, lifetimes were calculated 
using the following formula:

 τavg =

∞

∞

∫
∫

0

0

t I t dt

I t dt

( )

( )
.  (7)

The ETE and the QE were calculated using the following 
equations:

 ETE Pr/Yb= −1
τ
τPr

,  (8)

 QE ETE ETEPr Yb= − +η η( ) ,1 2  (9)

where τPr and τPr/Yb are the Pr3+ lifetime, corresponding to the 
same excited state level, in doped and co-doped samples, while 
ηPr and ηYb are the Pr3+ and Yb3+ QEs.

resUlTs anD DiscUssiOn

DTa and crystallization Mechanism
Differential thermal analysis curves and the variation of glass 
transition temperature (Tg), crystallization starting temperature 
(Tx), and crystallization peak temperature (Tp), with the heating 
rate are given in Figures 1A,B for the samples doped with 0.1–0.5 
Pr–Yb.

It was not possible to estimate Tg, Tx, Tp from DTA curves 
performed at heating rate of 10°C/min due to very small endo-
thermic peak (Tg) and exothermic peak (Tx, Tp) corresponding to 
LaF3 crystallization. For 0.5–1 Pr–Yb doped glass the first values 
were obtained from a heating rate of 30°C/min.

The stability parameter, defined as ΔT = Tp − Tg, is 114°C for 
both co-doped glasses for a heating rate of 10°C/min (calculated 
by extrapolation from the fits). The variation of Tx and Tp with 
the heating rate is faster than that of Tg, as confirmed by the slope 
parameter α in the equation T  =  αq, summarized in Table  1. 
The calculated Tg for a heating rate of 10°C/min are 570°C for 
0.1–0.5 Pr–Yb and 585°C for 0.5–1 Pr–Yb. Higher Tx and Tp 
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TaBle 1 | coefficients α (min) from the lines T = α, q for the glass 
transition temperature (Tg), crystallization starting temperature (Tx), and 
crystallization peak temperature (Tp).

glass αg αx αp

55Si–10La 0.1–0.5 Pr–Yb 0.17 ± 0.02 0.7 ± 0.1 0.61 ± 0.06
55Si–10La 0.5–1 Pr–Yb 0.46 ± 0.07 0.7 ± 0.1 0.54 ± 0.06

FigUre 2 | Ozawa plot for (a) 0.1–0.5 Pr–Yb and (B) 0.5–1 Pr–Yb doped glass. (c) Matusita plot for 0.1–0.5 Pr–Yb and (D) 0.5–1 Pr–Yb doped glass.
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values indicate a delay of the crystallization onset for materials 
with higher concentration of dopants.

By using Eq. 2, crystallization activation energies were calcu-
lated and their values are (329 ± 16) kJ/mol and (342 ± 18) kJ/mol 
for 0.1–0.5 Pr–Yb and 0.5–1 Pr–Yb, respectively. These results 
are similar to those obtained for the un-doped (de Pablos-Martín 
et al., 2011) and Tm3+ doped glass (de Pablos-Martín et al., 2013), 
Avrami n parameter was calculated, using Eq. 1, from the slope of 
each line; a n mean value was obtained from the slope of the five 
lines represented in Figures 2A,B for 0.1–0.5 Pr–Yb and 0.5–1 
Pr–Yb, respectively. By substituting the calculated crystallization 
activation energy into the Matusita equation (Eq. 3) and plotting 
the left side of Eq.  3 as a function of Ea/RTp, the m parameter 
has been obtained from the slope of the lines represented in 
Figures 2C,D.

For 0.1–0.5 Pr–Yb, n = 1.23 ± 0.08 and m = 1.2 ± 0.1, while 
for 0.5–1 Pr–Yb n  =  0.86  ±  0.08 and m  =  0.84  ±  0.08. The 

two values of (n, m) for each composition are the same within 
uncertainties. The higher value obtained for the 0.1–0.5 Pr–Yb 
glass could be interpreted considering that the crystallization 
process is faster than for the 0.5–1 Pr–Yb glass. These parameters 
can be approximated to the nearest integer or semi-odd integer 
resulting in n  =  1 and m  =  1 for both materials. This means 
that the use of Kissinger equation is valid for the calculation 
of the crystallization activation energy and corresponds to a 
volumetric crystallization with crystal growth controlled by 
diffusion (Donald, 2004). The same (n, m) parameters were also 
obtained for the un-doped glass and for Tm3+ doped glass (de 
Pablos-Martín et al., 2013), confirming that dopants do not affect 
the crystallization mechanism but may affect the crystallization 
kinetics and influence LaF3 crystals size.

X-ray Diffraction
X-ray diffraction measurements for GCs 0.1–0.5 Pr–Yb treated at 
620°C for 1, 3, 5, 20, 40, and 80 h are given in Figure 3A, while 
diffractograms for heat treatment at 620, 660, and 680°C for 20 h 
are compared in Figure  3B. Very similar diffractograms have 
been obtained for GCs 0.5–1 Pr–Yb and are not represented.

In all the cases, LaF3 was the only appearing crystalline 
phase confirmed by the reference (JCPDS 32-0483). All the 
distinguishable peaks of the diffraction pattern were labeled by 
Miller indexes. Crystals size was estimated using the generalized 

http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive


FigUre 3 | Diffractograms for glass-ceramics (GCs) 0.1–0.5 Pr–Yb treated at (a) 620°C for 1, 3, 5, 20, 40, and 80 h and at (B) 620, 660, and 680°C for 20 h. All 
diffractograms have been labeled by their Miller indices and the LaF3 reference peaks are shown in the bottom. (c) Crystal size variation with the treatment time or 
temperature for GC 0.1–0.5 Pr–Yb treated at 620°C (square) during 1, 3, 5, 20, 40, 80 h, 660°C (circle) and 680°C (triangle) for 20 h. (D) Crystal growth p exponent 
for GCs treated at 620°C during 1, 3, 5, 20, 40, and 80 h.
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Scherrer equation (Eq. 4), to take into account the instrumental 
broadening, applied to LaF3 (111) peak (2θ ≈ 27.5°).

Crystal growth exponent p has been estimated by Eq.  6. 
Figure 3C shows crystal size variation with treatment time, and 
Figure 3D shows the crystal growth exponent p for GCs 0.1–0.5 
Pr–Yb.

For GCs, 0.1–0.5 Pr–Yb crystals size at 620°C, shown in 
Figure  3C, is almost constant ≈12  nm for different treatment 
times, while treating the samples at different temperatures for the 
same time of 20  h, crystals size shows important changes. The 
increase of crystals size at higher temperature is indicated by 
the more intense diffraction peaks and by the narrowing of the 
peaks. At 660°C, crystals size is ≈14 nm and at 680°C ≈ 26 nm. As 
a consequence, for the heat treatment at 680°C, 20 h, the material 
partially lost its transparency due to quite bigger crystals. In fact, 
even though crystals are still quite small, the phase separation 
droplets containing several crystals inside have quite bigger sizes 
(as it will be shown in next section—Section “TEM”), ranging 
from an average value of 37 nm at 620°C up to ≈100 nm at 680°C. 

The GC starts to loose transparency at temperatures higher than 
660°C. Moreover, temperatures higher than the glass softening 
temperature, ≈670°C, are not useful for practical purpose.

Glass-ceramics 0.5–1 Pr–Yb treated at 620°C, 1 h are almost 
amorphous and crystal size stabilizes to a constant value, around 
11 nm, for treatments longer than 3 h. The onset of crystallization 
is delayed compared to GCs doped with 0.1–0.5 Pr–Yb, and this 
is associated with the higher activation energy (342  kJ/mol vs 
329 kJ/mol). This is related to the nucleating effect of fluorides 
which promotes the production of smaller nuclei compared to 
what happens with lower fluoride content, according to which 
smaller nuclei should be favored. In fact, it is known that fluorine 
content in oxyfluoride glasses acts as a nucleating agent and sup-
presses crystal growth by increasing nuclei quantity (Chen et al., 
2007; Bhattacharyya et al., 2009).

Pr3+ singly doped samples showed very similar behavior 
and only LaF3 crystals precipitate in the glass matrix, and the 
crystals size is similar to the one obtained for the co-doped 
samples.
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FigUre 4 | (a) TEM image of the 0.1–0.5 Pr–Yb glass showing phase separation droplets. (B) Droplet size distribution. (c) STEM image of the glass sample where 
the yellow line is the scanning line along which EDXS analysis was performed (D).

7

Gorni et al. Oxyfluoride Nano-Glass Ceramics for NIR Emission

Frontiers in Materials | www.frontiersin.org January 2017 | Volume 3 | Article 58

The calculation of p exponents was carried out using Eq. 6, 
starting from plots of crystals size for GCs treated at 620°C for 
20 h. Data are plotted in Figure 3D for GCs 0.1–0.5 Pr–Yb. 
The crystal growth exponent at 620°C is p =  0.040 ±  0.005, 
while for GCs 0.5–1 Pr–Yb the p exponent is p = 0.03 ± 0.01. 
The very small dependence of crystal growth on the time of 
heat treatment together with small values for crystal growth 
exponent p, indicates the presence of an inhibition phenom-
enon explained in detail in Bhattacharyya et  al. (2009) and 
de Pablos-Martín et al. (2011, 2012). These previous studies 
showed that La and Si-enriched phase separation droplets are 
precipitated already during the preparation of the initial glass. 
Upon conversion of the glass into a nano-GCs by appropriate 
annealing, LaF3 nano-crystals are formed within these drop-
lets. Similar results have been obtained in this work as shown 
in Section “TEM.”

TeM
Figure  4A shows a TEM image of the 0.1–0.5 Pr–Yb glass. 
The starting glass presents phase separation with a narrow size 
distribution of the droplets between 15–40 nm and an average 

droplets size of 28 nm (Figure 4B). The majority of the droplets 
do not present any structure inside. However, in very few drop-
lets, small crystalline domains of 5–7 nm in size have been also 
detected, but this incipient crystallinity in the base glass is not 
detectable by XRD. The chemical composition along 80 nm scan-
ning line (Figure 4C) was measured by EDXS and represented in 
Figure 4D. The droplets are enriched in F, La, Pr and Yb, a clear 
evidence of RE incorporation inside the droplets. Furthermore, 
excess of Si and Al are relocated toward the periphery of the 
droplets, and the formation of a barrier enriched in glass formers 
prevent further crystal growth, during the crystallization process, 
due to the increase of viscosity.

Figure  5A shows an image of the GC 0.1–0.5 620°C, 20  h 
and bigger droplets, with average size ≈33 nm, were detected as 
compared to the untreated glass (Figure 5B). A feature of this 
glass system is the crystals formation inside the initial phase sepa-
ration droplets, already enriched in crystals components in the as 
made glass. The size of the crystals inside each droplet is clearly 
observed in Figure 5C, and their size distribution is represented 
in Figure 5D. An average crystals size of 10 nm was obtained for 
this heat treatment, in agreement with the value obtained by XRD 
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FigUre 5 | (a) TEM image of the glass-ceramic 0.1–0.5 Pr–Yb 620°C, 20 h and corresponding droplet size distribution (B). (c) TEM image of two droplets and 
cystals size distribution inside the droplet (D). (e) STEM image of the sample and EDXS analysis along the yellow line containing one droplet (F).
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measurements. Figures 5E,F show EDXS analysis of one single 
droplet. Al and Si are mostly confined in the interphase and tend 
to be smaller in correspondence of the maximum F, La, Pr, and 
Yb concentration, i.e., inside the droplet. Clear presence of RE 
ions inside the phase separation droplets and crystals is observed 
for glass and GCs. The detection of Yb is quite difficult, but its 
presence in the crystals is observed.

Optical Properties
UV–VIS optical density for Pr3+- and Pr3+–Yb3+-doped glasses 
and GCs are represented in Figure 6.

Glasses have lower absorbance compared to GCs that suffer 
Rayleigh scattering caused by density fluctuations due to the 
presence of nano-crystals inside the glass matrix. The strong 
UV absorption (Urbach tail) below 350 nm is due to electronic 
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FigUre 6 | (a) Optical density for Glass 0.1 Pr (a), glass-ceramic (GC) 0.1 Pr 620°C, 20 h (b), GC 0.1 Pr 620°C, 40 h (c), GC 0.1 Pr 660°C, 20 h (d), Glass 0.1–0.5 
Pr–Yb (e), GC 0.1–0.5 Pr–Yb 620°C, 20 h (f), GC 0.1–0.5 Pr–Yb 620°C, 40 h, and GC 0.1–0.5 Pr–Yb 660°C, 20 h (h). (B) Optical density for Glass 0.5 Pr (a), GC 
0.5 Pr 620°C, 40 h (b), 0.5 Pr GC 660°C, 20 h (c), glass 0.5–1 Pr–Yb (d), GC 0.5–1 Pr–Yb 620°C, 40 h (e), and GC 0.5–1 Pr–Yb 660°C, 20 h (f).
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transitions between the ligand (oxygen mainly) and the glass net-
work former ion (silicon). In all materials the transitions between 
the 4f and 4f states corresponding to Pr3+ and Yb3+ ions are 
clearly visible. From the left, the following Pr3+ transitions can be 
assigned: 3H0–3P2,1,0 at 442, 466, and 480 nm, 3H4–1D2 at 590 nm, 
3H4–3F4 at 1460 nm, 3H4–3F3 at 1590, and 3H4–3F2 at 1930 nm. The 
Yb3+ transition 2F7/2–2F5/2 is also observed at 980 nm. For 0.5 Pr 
and 0.5–1 Pr–Yb GCs (Figure 6B), a small underlying structure 
is observed for Pr3+ absorption to the 3F3 level, reflecting the dif-
ferent local field felt by Pr3+ ions compared to glasses, a proof of 
Pr3+ incorporation inside LaF3 crystals that causes a narrowing of 
the band and the Stark components can be appreciated. However, 
clearer evidence of RE3+ ions inside LaF3 crystals appears in the 
PL spectra.

PL spectra for Pr3+ doped and Pr3+–Yb3+ co-doped glasses 
and GCs are given in Figure  7. Excitation has been provided 
by an InGaN LED centered at 435 nm and Pr3+ ions have been 
excited to the 3P2 level. By non-radiative decay, the 3P0 level is 
populated and Pr3+ radiative emissions from this level to the 
three excited states 3H4,5,6 and 3F2,3,4 are clearly visible in the range 
450–750 nm.

For samples singly doped with Pr3+, the emission at 1.05 µm 
corresponding to the transition from 1D2–3F3,4 levels is observed 
and the emission at 600 nm corresponding to the 1D2–3H4 tran-
sition, in both doped and co-doped samples, overlaps with the 
3P0–3H6 emission band. The population of 1D2 level is due to 
multi-phonon relaxation from the 3P0 level, and this contribu-
tion is stronger in glass than in GCs, meaning the incorpora-
tion of Pr3+ ions inside LaF3 crystals, where phonons are much 
smaller.

However, in co-doped samples, the 3P0 level is also quenched 
by the presence of Yb3+ ions, producing a DC signal in the range 
950–1150 nm, as a consequence of an ET process. The Pr3+ tran-
sition 1G4–3H5 at 1.3  µm is not observed in any samples, glass 
or GCs. Moreover, the 3P0–1G4 transition at 950 is not osberved 
either.

For all samples, a more evident distinction in the Pr3+ 
emission between glass and GCs is observed. Again, co-doped 
glasses present the lowest Yb3+ DC signal at 976 nm while the 
Pr3+ transition 3P0–3H6 gets smaller passing from glass to GCs. 
Glass does not show sharp Stark splitting while a clear splitting 
of the 3H5,6 and 3F4 is visible in the GCs, a convincing proof that 
Pr3+ ions are incorporated into LaF3 crystals. However, Yb3+ ions 
should be incorporated in LaF3 crystals as well. In fact, a differ-
ence in the local environment between Pr3+ and Yb3+ does not 
seem favorable for ET processes. Additionally, DC emission gets 
stronger in GCs.

Xu et al. (2011) studied a 0.5–0.5 Pr–Yb doped oxyfluoride 
GCs containing LaF3 crystals and found that the visible emis-
sion increases more than NIR emission passing from glass to 
GCs. Moreover, NIR emission of Yb3+ ions did not increase 
monotonously with the heat treatment temperature or time. 
These results are in contradiction with ours. They concluded 
that Yb3+ ions are not favored to be incorporated inside LaF3 
crystals, while we observed incorporation. TEM images 
(Figure 5), and particularly the elemental analysis with 1 nm 
resolution, showed an enrichment of Yb3+ inside the droplets, 
while no significant Yb3+ concentration was detected in the 
glass matrix.

While for 0.1–0.5 Pr–Yb doped samples the effect of the 
increase of temperature seems comparable to the increase of heat 
treatment time, for 0.5–1 Pr–Yb doped materials the increase of 
temperature produces the most evident improvement of Yb3+ 
DC emission at 976 nm. This may be explained considering that 
a doping with 0.1–0.5 Pr–Yb produces a lower nuclei density, 
but bigger crystals are still possible by rising the annealing tem-
perature (Figure 3C). In particular, bigger crystals can host more 
RE3+ ions and a heat treatment at 620°C, 40 h thus produces an 
improvement of DC signal.

For 0.5–1 Pr–Yb, due to the quite higher fluoride content into 
the initial melt, the as made glass has a higher nuclei density 
thanks to the nucleating action of fluorine. The smaller initial 
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FigUre 7 | PL emission spectra for (a,B) 0.1 Pr, (c,D) 0.5 Pr, (e,F) 0.1–0.5 Pr–Yb, (g,h) 0.5–1 Pr–Yb doped samples. Excitation is at 435 nm.
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FigUre 8 | (a) Two first order energy transfer (ET) processes, the first being a cross relaxation. (B) Cooperative energy transfer between one Pr3+ and two Yb3+ 
ions.

FigUre 9 | PL spectra upon Yb3+ direct excitation at 976 nm for the glass 
(a), glass-ceramics (GC) 620°C, 20 h (b), GC 620°C, 40 h (c), and GC 660°C, 
20 h (d) for the 0.1–0.5 Pr–Yb composition.
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nuclei make it more difficult to produce bigger crystals, due to the 
reduction of the effective cross-section to capture other crystal 
forming ions and to the presence of a diffusion barrier of higher 
viscosity around LaF3 crystals that is formed earlier and which is 
expected to be thicker. In addition, in a glass doped with more 
RE3+ ions, viscosity increases compared to un-doped glass (or 
to a less doped glass), at the temperatures of nano-glass ceramic 
formation (Tg  +  20–80°C) (de Pablos-Martín et  al., 2013). As 
a consequence, RE3+ ions diffusion inside crystals can require 
longer times, and therefore, the best improvement is obtained by 
rising the temperature until a decrease of viscosity starts to allow 
more RE3+ ions diffusion inside the LaF3 crystals but avoiding the 
growth of nanocrystals above 20 nm.

As suggested by van Wijngaarden et  al. (2010), the cross 
relaxation scheme, Figure 8A, is the most common scheme for 
Pr–Yb DC. The two step ET process firstly allows Yb3+ ions excita-
tion to the 2F5/2, and then Pr3+ ions from the 1G4 level transfer 
energy to Yb3+ ions.

Xiang et al. (2014) found that, increasing Yb3+ concentration to 
10 mol%, cooperative energy transfer (CET) process, Figure 8B, 
becomes increasingly important and for very high concentration 
as 20 mol% CET process is the main ET process.

In this study, the absence of the emission at 1.3 µm (1G4–3H5) 
from Pr3+ ions indicates that 1G4 level is not populated or that this 
level is highly quenched in glass as well as in GCs. Considering 
that even for glass samples doped with only 0.1  mol% of Pr3+ 
this emission is not observed, we are tempted to affirm that this 
transition hardly occurs in our samples. Furthermore, the 3P0–1G4 
transition at 950 nm is not observed in any sample and this is in 
agreement with the absence of population of the 1G4 level and 
finally, it could be a proof of the fact that the CET from the Pr3+ 
3P0 can be relevant for co-doped samples. Hence, it is possible to 
conclude that the ET between Pr3+ to Yb3+ (2F7/2–2F5/2) is improved 
in GCs respect to glass and CET could be quite relevant.

As suggested by Gao and Wondraczek (2013), the ET from 
the 1G4 level of Pr3+ to the 2F5/2 level of Yb3+ is rather unlikely 
because the 1G4 level is almost 200 cm–1 lower than the Yb3+ 2F5/2 
level and an opposite back ET, from the Yb3+ 2F5/2 to the Pr3+ 1G4 

level, should be favored. Considering that the ET from 1G4 of Pr3+ 
to the 2F5/2 of Yb3+ is not observed in our measurements, the back 
ET from Yb3+ to Pr3+ ions was also studied by direct excitation 
of Yb3+ ions with a laser fiber at 976 nm. The corresponding PL 
measurements for GCs 0.1–0.5 Pr–Yb GC are given in Figure 9. 
The same results have been obtained for the GCs 0.5–1 Pr–Yb.

As clearly observed, no Pr3+ emission is present for direct 
excitation of Yb3+ at 976 nm, meaning the absence of a back ET 
mechanism. Therefore, the first order ET from 1G4 of Pr3+ to 2F5/2 
of Yb3+ is quite unlikely.

Figure  10 shows Pr3+ lifetime at 610  nm (3P0–3H6) for 
0.1–0.5 Pr–Yb and 0.5–1 Pr–Yb co-doped samples, respectively. 
Lifetimes have been calculated by best fit and in all cases a bi-
exponential fit has been necessary. Fast decays correspond to 
ET between neighbor ions while longer lifetimes give indication 
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FigUre 10 | Pr3+:3P0–3H6 transition lifetime at 610 nm upon 435 nm excitation, for (a) 0.1–0.5 Pr–Yb and (B) 0.5–1 Pr–Yb co-doped samples.

TaBle 2 | Pr3+ lifetime at 610 nm for co-doped and Pr3+ singly doped (in 
parenthesis) glasses and glass-ceramics (gcs) with the corresponding 
energy transfer efficiency (eTe) and quantum efficiency (Qe).

sample lifetime (μs) eTe (%) Qe (%)

G 0.1–0.5 240 (269) 11 111
GC 0.1–0.5 620°C, 20 h 147 (271) 46 146
GC 0.1–0.5 620°C, 40 h 123 (297) 59 159
GC 0.1–0.5 660°C, 20 h 127 (290) 56 156
G 0.5–1 214 (235) 9 109
GC 0.5–1 620°C, 40 h 165 (298) 44 144
GC 0.5–1 660°C, 20 h 150 (277) 46 146

about radiative emission lifetime, although there can be also not 
negligible contributions from ET over long distances (Katayama 
and Tanabe, 2013). Lifetime uncertainty is ≈ 5%. Pr3+ emission in 
GCs has a more evident non-exponential profile. Pr3+ decays in 
co-doped samples is faster than glass, and this is a further proof 
of a more efficient ET mechanism between Pr3+ and Yb3+ ions. For 
Pr3+ singly doped samples, lifetime increases passing from glass to 
GCs and their values are summarized in Table 2.

ETE and QE of all co-doped samples have been calculated 
using Eqs 8 and 9. An estimation of the highest theoretical QE 
was obtained setting ηPr and ηYb in Eq. 9 equal to 1. The values 
are summarized in Table 2. ETE is quite smaller for glass than for 
GCs and for 0.1–0.5 Pr–Yb composition it is 11% for glass and 
almost 60% for GC 620°C, 40 h and the highest QE is 159%. For 
0.5–1 Pr–Yb, the highest ETE value, obtained for GC 660°C, 20 h, 
is 46% and the highest QE is 146%. Therefore, the best results 
in terms of ETE and QE are obtained for the 0.1–0.5 Pr–Yb GC 
620°C, 40 h, and this could be explained considering the higher 
ratio between Pr3+ and Yb3+ ions that should favor a more uni-
form Yb3+ distribution around Pr3+ increasing the probability of 
DC emission.

Figure 11 shows Yb3+ emission at 976 nm for both co-doped 
compositions. Near single exponential decay are observed for 
GCs samples, while non-radiative relaxation channels are more 
important for glasses. GCs lifetimes increase as compared to 
glasses and this is a further proof of Yb3+ ions inside LaF3 crystals. 
All Yb3+ lifetimes are summarized in Table 3.

cOnclUsiOn

Nano oxyfluoride GCs doped with 0.1 and 0.5 Pr and co-doped 
with 0.1–0.5 Pr–Yb and 0.5–1 Pr–Yb have been prepared with 
LaF3 as only crystal phase. In all the cases, glasses and GCs treated 
at 620 and 660°C are perfectly transparent, due to the small crystal 
size (12–14 nm).

Crystallization kinetics showed that the crystal growth of LaF3 
starts from a constant number of nuclei already present in the 
as made glass and the process is controlled by diffusion. In par-
ticular, by increasing dopants concentration, the nuclei density 
increases but nuclei size gets smaller. Likewise, the increase of Tg 
and Tx for higher dopants concentrations causes a delay in the 
crystallization onset and limits RE3+ ions diffusion due to higher 
viscosity.

Down-conversion emission of Yb3+ was observed in the range 
950–1,150 nm upon Pr3+ excitation at 440 nm, and CET from the 
3P0 level of Pr3+ could play relevant role in the ET process from 
Pr3+ to Yb3+.

Pr3+ and Yb3+ ions get incorporated inside LaF3 crystals in 
GCs samples. This fact is strongly supported by the more evident 
Stark splitting of Pr3+ emission spectra passing from glass to GCs, 
by the Pr3+ lifetime decrease in GCs suggesting that a better ET 
occurs and by Yb3+ lifetime increase in GCs indicating a decrease 
of non-radiative processes compared to glasses.

Glass-ceramics samples show better DC emission in the 
range 950–1150 nm compared to glasses and by a proper heat 
treatment it is possible to find the best combination to enhance 
Yb3+ DC and suppress unwanted Pr3+ emission. The highest ETE 
and QE were 59 and 159%, respectively, for GC 0.1–0.5 Pr–Yb 
620°C, 40 h.

The results here described encourage continuing with further 
analysis of these materials as DC materials. In particular, dif-
ferent RE3+ ions concentration combinations should be tested. 
The DC emission by Yb3+ ions show the possibility of using this 
glass system in Photonics, even though further studies, regarding 
RE3+ ions concentrations, materials thickness, etc., should be 
performed to optimize the best DC signal and the application of 
these materials.
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a  b  s  t  r  a  c  t

Transparent  oxyfluoride  nano-glass-ceramics  have  been  prepared  by  melting-quenching  and  doped  with
five different  Nd3+ concentrations  (0.1–2  mol%)  to obtain  the  most  efficient 4F3/2 → 4I11/2,13/2 emission.  It
was observed  by  differential  thermal  analysis  (DTA)  that  the  addition  of  Nd3+ does  not  affect  the  crys-
tallization  mechanism  which  corresponds  to a diffusion-controlled  volumetric  process  that  starts  from
a constant  number  of nuclei.  Nevertheless,  the  presence  of the dopant  affects  the  kinetics  due  to the
progressive  increase  of  Tg on increasing  the  Nd3+ content.  LaF3 crystals  with  a  size  between  9  and  12  nm
are  obtained  after  heat treatments  at Tg + 20–80 ◦C as confirmed  by  X-ray  diffraction  (XRD)  and  high  res-
olution  transmission  electron  microscopy  (HR-TEM).  Energy  dispersive  X-ray  (EDX) analysis  shows  the
incorporation  of Nd3+ ions  into  the  LaF3 nano-crystals.  Judd-Ofelt  analysis  from  the absorption  spectra
further  demonstrate  the  incorporation  of  Nd3+ ions  into  the  fluoride  phase  and  the  most  relevant  param-
eters  such  as  radiative  lifetime  and  stimulated  emission  cross-section  are  calculated.  A detailed  optical
characterisation  clearly  shows  that  Nd3+ ions  in  the  glass-ceramics  are  incorporated  in  both  crystalline
and  amorphous  phases.  Low  temperature  site-selective  emission  and  excitation  spectra,  together  with
the different  lifetime  values  of the 4F3/2 state  depending  on the  excitation  and  emission  wavelengths,

3+
allow  emission  from  Nd ions  in  the  LaF3 nanocrystals  to be  identified  and  correlated  with  the structural
properties.  As  the  Nd3+ concentration  is  increased  beyond  0.1 mol%,  a stronger  quenching  of  lifetime  is
observed  for  Nd3+ ions  residing  in  LaF3 crystals  than  for those  dispersed  in the  glass  matrix.  This  strong
concentration  quenching  is explained  by  the  much  higher  concentration  of Nd3+ ions  in the  crystalline
phase  with  respect  to that  in  the glass  matrix.

© 2016  Elsevier  Ltd. All  rights  reserved.

Many compositions have been studied in recent years with the aim
. Introduction

The growing field of photonics demands the design of new
are-earth (RE)-based optical materials for their use in opti-
al telecommunications, solid-state lasers, three-dimensional
ull-colour displays, solar cells, and other applications [1–5].
xyfluoride glass-ceramics are promising RE-hosting candidates

ue to their good processing and optical properties [6]. They com-
ine the good chemical and mechanical stability of oxide-glass

∗ Corresponding author.
E-mail address: mpascual@icv.csic.es (M.J. Pascual).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.11.014
955-2219/© 2016 Elsevier Ltd. All rights reserved.
matrices with the excellent optical properties of low-phonon-
energy fluoride nano-crystals.

Since 1993, when Wang and Ohwaki [7] obtained for the first
time transparent oxyfluoride glass-ceramics containing PbxCd1-xF2
fluoride crystals doped with Er3+ and Yb3+ ions, the number of
publications on transparent glass-ceramics has grown increasingly.
of obtaining different crystalline phases. Good review articles con-
cerning oxyfluoride glass-ceramics have been published by A. de
Pablos et al. [8] and Federov et al. [9].
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A general glass system suitable for preparing glass-ceramics
ontaining LaF3 nano-crystals by the melt-quenching method is
iO2-Al2O3-Na2O-LaF3. The percentage of SiO2 generally varies
etween 40 and 65 mol%, with other components in the fol-

owing ranges: Al2O3, 18–30 mol%; Na2O, 10–20 mol%; and LaF3
0–15 mol%. A relevant parameter for assessing LaF3 crystallization
bility is the ratio Na2O/(SiO2 + Al2O3) since La tends to compen-
ate the electrical charge of the [AlO4] and [SiO4] tetrahedra only
n oxygen bonds which are not saturated by Na+ ions [10].

Many RE ions have been used to dope glass-ceramics with LaF3
ano-crystals for different photonic applications. These include
r3+ for telecommunications at 1.55 �m and for up-conversion
UC), Pr3+ for telecommunications at 1.3 �m,  Tm3+ and Tb3+/Yb3+

or blue and green UC, Tm3+/Yb3+ for down-conversion (DC), and
d3+ and Ho3+/Tm3+ for infrared (IR) laser emission at 1.06 and

 �m,  respectively [11–20].
In this paper, an oxyfluoride glass with composition in mol%

5SiO2-20Al2O3-154Na2O-10LaF3 (55Si-10La) doped with several
d3+ concentrations (0.1–2 mol%) is investigated. The choice of

his glass composition, previously developed in our research group
17,21] and [22], relies on the fact that very small LaF3 crystals
∼10 nm), one of the best fluoride hosts for RE ions, can precipitate
n the glass matrix. As a consequence, very good transparency is
till obtained upon the conversion of the glass into a glass-ceramic.
oreover, this glass system has a peculiar feature: phase separa-

ion acts as a precursor to crystallization, with several LaF3 crystals
ending to grow inside phase-separation droplets uniformly dis-
ributed throughout the glass matrix, thus impeding formation of
lusters. In a previous work, Tm3+-doped 55Si-10La glass-ceramics
ere studied by X-ray absorption near-edge structure XANES spec-

roscopy and extended X-ray absorption fine structure (EXAFS)
pectroscopy with X-ray synchrotron radiation [23]. These tech-
iques revealed that Tm3+ incorporates preferentially into the LaF3
anocrystals by diffusion, the concentration of which increases
ith treatment time. For a thermal treatment of 10 h at 620 ◦C, the

ncorporation of Tm3+ ions in the LaF3 nanocrystals was about 17%,
eaching 30% for 40 h of heat treatment.

Among the rare-earth ions, Nd3+ has been recognized as one of
he most efficient for solid-state lasers in crystals and glasses due to
ts intense 4F3/2 → 4I11/2 emission at around 1.06 �m [24]. Besides
he interest of the Nd3+ ion for infrared (IR) optical amplification,
t can also be used as a probe for local ordering due to the close
elation between its spectroscopic properties and the local struc-
ure and bonding at the ion site [24,25]. However, there are few
orks on the laser properties of Nd3+ in transparent oxyfluoride

lass-ceramics [26–36]. In some of these studies, the spectroscopic
roperties of Nd3+-containing glass-ceramics differ very little from
hose of the precursor glasses, suggesting a more difficult incorpo-
ation of Nd3+ ions into the crystalline phase compared to other
E ions. Pisarska et al. [28,29] did not find any difference in the
uorescence lifetime of the 4F3/2 state in a heat-treated sample of
n oxyfluoroborate glass, concluding that Nd3+ ions are not incor-
orated in the crystalline phase. Yu et al. [19] studied Nd3+-doped
0.5–3 mol%) glass-ceramics where LaF3 precipitates with a crystal
ize between 10 and 15 nm.  It was found that the most promising
omposition was that containing 0.5 mol% Nd3+, in which glass-
eramics are more efficient than glasses. However, no deeper study
f photoluminescence was performed.

In this work, the crystallisation mechanism and the struc-
ural and optical properties of Nd3+-doped LaF3 glass-ceramics are
eported for their possible use as laser materials. In particular, the
ffect of Nd3+ ions on the kinetics of crystallisation has been studied

nd the possibility to selectively separate the emission of Nd3+ ions
n the glass matrix from those embedded in LaF3 nanocrystals is
resented. Site-selective emission and excitation spectra together
ith the different lifetime values of the 4F3/2 state depending on the
ramic Society 37 (2017) 1695–1706

excitation and emission wavelengths allows the emission of Nd3+

ions in LaF3 nanocrystals to be unambiguously identified [37–39].

2. Experimental

2.1. Materials and methods

Glasses of composition 55SiO2-20Al2O3-15Na2O-10LaF3 (55Si-
10La) doped with 0.1, 0.2, 0.5, 1 and 2 Nd3+ (in mol%) have
been prepared by melting-quenching using as raw materials:
SiO2 sand (Saint-Gobain, 99.6%), Al2O3 (Panreac), Na2CO3 (Sigma
Aldrich, >99.5 %), LaF3 (Alfa Aesar, 99.9%) and NdF3 (Alfa Aesar,
99.99%). The batches were calcined at 1200 ◦C for 2 h, melted at
1650 ◦C for 1.5 h and then quenched onto a brass mould. Glasses
were melted again for 30 min  and quenched onto a cold (−10 ◦C)
brass mould. All the glasses were annealed at 600 ◦C for 30 min
to eliminate residual stresses. From now on, glass samples will be
labelled as G0.1, G0.2, G0.5, G1 and G2, for Nd3+ concentrations
of 0.1, 0.2, 0.5, 1, and 2 mol% respectively; corresponding glass-
ceramics will be denoted as GCx.

Glass-ceramics samples were obtained by heat treatments of
glass pieces at 620 ◦C for 1, 3, 5, 20, 40, 80 h and at 660 ◦C- 20 h, using
a heating rate of 10 ◦C/min. Glass sheets (1 cm × 1 cm × 2 mm)  were
treated and then polished for optical characterization. One glass
slab for each composition was  not treated and used as reference
glass to compare with the corresponding glass-ceramics.

2.2. Structural characterisation

Non-isothermal crystallisation kinetics were studied by DTA/TG
(SDT Q600 – TA Instruments) using 20–30 mg  of glass with particle
size in the range 1–1.25 mm.  DTA curves were obtained with heat-
ing rates in the range 10–60 ◦C/min. From these DTA data, the glass
transition temperature Tg, Avrami n parameter and crystal-growth
dimensionality m parameter were calculated from the Ozawa equa-
tion [40] and the Matusita equation [41] given by equations (1) and
(2) respectively:(

d[ln[− ln(1 − x)]]
d(ln q)

)
T

= −n (1)

ln

(
qn

T2
p

)
= −mEa

RTp
+ Cost (2)

In these relations, x is the partial area of the crystallisation peak
calculated for a fixed temperature T and q is the heating rate; Tp

and R are the crystallisation peak temperature and the gas con-
stant, respectively. The activation energy for crystallisation Ea was
calculated using the Kissinger equation [42]:

ln

(
q

T2
p

)
= − Ea

RTp
+ Cost (3)

The heat-treated specimens were milled, sieved (<63 �m)  and
characterised by XRD (Bruker D8 Advance diffractometer). XRD
diffractograms were acquired in the range 10≤2�≤70, with a step-
size of 0.02◦ and 1s acquisition time for each step. The crystal size
was calculated using the Scherrer equation [43]:

D = 0.94�

cos �
√

B2
m − B2

i

(4)

where � is the wavelength (1.54056 Å–CuK�1), Bm the full width
half maximum of the LaF3 peak (111) and � its diffraction angle.

The factor 0.94 corresponds to spherical crystals. The pseudo-Voigt
function was  used to fit diffraction-peak parameters. The instru-
mental broadening Bi has also been taken into account using milled
and sieved NaF powder (<63 �m).
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Fig. 1. (a) DTA curves at different heating rates of the G0.1 g

The crystallised fraction of LaF3 in the glass-ceramics obtained
n a heat treatment at 620 ◦C for 40 h was estimated by quantita-
ive Rietveld analysis employing a method that has been applied
o similar compositions [17,22]. The glass was finely ground in
n agate mortar, sieved through a 60 �m mesh then milled again
ith NaF (99.9%), which was used as internal standard in an

ppropriate quantity (5–6 wt%) to approximate the peak inten-
ity of the nanocrystalline LaF3. XRD powder data for Rietveld
nalysis were collected over the range 10◦ ≤ 2� ≤ 90◦ in a step-
idth of 0.0289◦ and a counting time of 4s per step employing

 Bruker D8 high-resolution diffractometer equipped with a solid-
tate rapid LynxEye detector, and monochromatic Cu K�1 radiation.
ietveld refinement was performed with the Fullprof program
sing interpolation of background points to model the amorphous
ontribution to the pattern.

TEM samples of glasses and glass-ceramics were prepared
sing sieved powders of size <63 �m.  High resolution electron
icroscopy (HR-TEM), including Scanning Transmission Electron
icroscopy-High Angle Annular Dark Field (STEM-HAADF) were

ecorded on a JEOL 2100 field-emission gun transmission electron
icroscope operating at 200 kV with a point resolution of 0.19 nm.

he microscope is equipped with an energy dispersive X-ray spec-
rometer (EDXS) (INCA x-sight, Oxford Instruments), which was
perated in STEM mode, with a probe size of 1 nm.
Small-angle X-ray scattering (SAXS) measurements were per-
ormed using a commercial SAXS system (SAXSess, Anton Paar
mbH). The bulk samples were crushed into fine powders and then
nd (b) Tg variation with Nd concentration; (c) Ozawa plots.

compressed into uniform thin pellets for the SAXS measurements.
A Cu K� line beam of 10 mm × 0.4 mm in size was incident on the
samples, and the scattered X-rays were collected using an imaging
plate in the q range of 0.01–0.1 Å−1. The collected 2D patterns were
converted into 1D patterns and treated using the line-beam pro-
file. The 1D SAXS data were then analysed using the Irena software
package [44] to obtain the particle-size distribution.

2.3. Optical characterisation

UV–vis absorption spectra of optical sheets were measured in
the range 300–1000 nm using a Lamba 900-Perkin Elmer double-
beam spectrophotometer.

Site-selective, steady-state emission and excitation spectra
were recorded by exciting the samples with a continuous wave
(cw) Ti:sapphire ring laser (0.4 cm−1 linewidth) in the 770–920 nm
spectral range. The fluorescence was analysed with a 0.25 m
monochromator; the signal was  detected by an extended IR Hama-
matsu H10330A-75 photomultiplier and amplified by a standard
lock-in technique. The sample temperature was varied between 10
and 300 K in a continuous-flow cryostat.

Lifetime measurements were obtained by exciting the samples

with a Ti:sapphire laser pumped by a pulsed frequency-doubled
Nd:YAG laser (9 ns pulse width), and detecting the emission with
a Hamamatsu H10330A-75 photomultiplier. Data were processed
by a Tektronix oscilloscope.
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Fig. 2. (a) XRD diffractograms for GC0.1 treated at 620 ◦C for periods in the range 1–80 h and at 660 ◦C–20 h; (b) Crystals size for GC samples GC0.1, GC0.2, GC0.5, GC1  and
G ved a
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C2  treated at 620 ◦C and (inset) crystals growth rate in the range 1–5 h; (c) Obser
0  h with 5 mol% NaF internal weight standard. The Bragg peaks of NaF and LaF3 are
wp = 2.0; �2 = 1.44 were obtained.

. Results and discussion

.1. Structural properties

Fig. 1a shows DTA curves for G0.1 for the heating rates
0–60 ◦C/min. The exothermic peak, Tp, at around 670 ◦C corre-
ponds to the crystallisation of LaF3 phase. Similar results were
btained for the undoped glass [22]. Fig. 1b shows the variation of
g and Tp with Nd3+ concentration for a heating rate of 10 ◦C/min,
he same rate as used in all heat treatments. On increasing the
d3+ concentration, Tg changes almost linearly from a value of
73 ◦C for the G0.1 sample to 593 ◦C for G2, while Tp changes only

 few degrees for increasing Nd3+ contents. The crystallisation sta-
ility parameter, �T  = Tp–Tg, diminishes notably with higher Nd3+

oncentration, with G2 glasses showing a higher tendency to crys-
allise compared to the G0.1 glass. It appears, therefore, that Nd3+
ons are acting as nucleating agent, and concomitantly increase
he glass-matrix rigidity. This may  be explained on considering
hat incorporation of RE ions usually increases glass viscosity in
he high-viscosity regime, i.e for T < Tg [17,45]. Additionally, RE
nd difference X-ray powder diffraction profiles of GC0.1 obtained at 620 ◦C during
ted by top and bottom vertical bars, respectively. Refinement parameters Rp = 1.53;

incorporation could favour phase separation, which also leads to
an increase in viscosity.

Fig. 1(c) shows the Ozawa plots of G0.1 for six different tem-
peratures. For each plot, an n value was obtained, and then a mean
n value was calculated and included in the figure together with
the m parameter. Similar n and m values, approximate to 1, were
obtained for all compositions. These values correspond to a crys-
tallisation process which starts from a constant number of nuclei
and for which crystal growth is diffusion controlled [46]. The same
behaviour was also observed for other oxyfluoride GCs [47], [48]
and [49]. The addition of Nd3+, even in quite varied concentra-
tions, does not influence the crystallisation mechanism but affects
the crystallisation kinetics. Moreover, the crystallisation activation
energy, Ea, around 350 kJ/mol, is the same for all compositions and
similar to that of the undoped glass [22].

Fig. 2(a) shows the XRD diffractograms of GC0.1 samples heat
◦ ◦
treated at 620 C for 1, 3, 5, 20, 40 and 80 h and at 660 C for 20 h.

LaF3 peaks (JCPDS 00-032-0483) are shown at the foot of the figure
for reference. For all compositions, only LaF3 crystals precipitate in
the glass matrix; however, the crystal-growth kinetics slows down
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Fig. 3. (a) and (b) HR-TEM of G2 glass; (c) and (d) GC2 heat treated at 620 ◦C-40 h; (e)
and  (f) lattice planes of some crystals shown in (d); (g) EDX of the GC2 620 ◦C–40 h
sample along 2 droplets containing several crystals (the yellow and light grey lines
indicate the scanning line and droplet size, respectively); (h) STEM image of the
droplets used for the EDX measurement where the yellow line is the same as that
G. Gorni et al. / Journal of the Europe

s Nd3+ content increases. Fig. 2b shows the crystal size of GCs
t 620 ◦C for all the Nd3+ concentrations; the crystal size for GCs
t 660 ◦C is shown in the inset. On gradually increasing the Nd3+

oncentration, the crystal size decreases for treatments at 620 and
60 ◦C. On treatment at 620 ◦C, LaF3 crystals grow from 10 nm to
2.5 nm during the first 5 h for the G0.1 glass, but grow less than

 nm for G2. This may  be explained on consideration of the higher
g of the G2 glass.

For heat treatment at 660 ◦C–20 h larger crystals are formed but
 similar trend as observed for 620 ◦C is maintained. The inset of
ig. 2(b) shows the crystal growth rate for treatment at 620 ◦C in
he range 1–5 h, since for times longer than 20 h the crystal size does
ot change with time. Crystal-growth rate decreases from GC0.1 to
C1, maintaining practically the same value for GC2.

Quantitative Rietveld refinements of the LaF3 crystalline phase
ith NaF as internal standard were carried out for GCs obtained

t the same thermal treatment of 620 ◦C during 40 h. The observed
iffraction pattern and the difference between observed and calcu-

ated diffraction patterns for 0.1GC are shown in Fig. 2(c).
The following crystalline fractions (wt%) were determined with

arying Nd content: 0.1GC (6.4), 0.5GC (9.9), 1GC (8.8), and 2GC
8.2). Although it is difficult to establish a clear tendency, it is appar-
nt that an increase of the crystalline fraction takes place for Nd
ontents above 0.5 mol%, after which, the crystalline fraction tends
o stabilise, or even slightly decrease, which is in good agreement
ith the smaller nanocrystals obtained with 1 and 2 mol% of Nd

Fig. 2(b)).
Fig. 3a and b show HR-TEM images of G2 glass at different

agnifications. The inset of Fig. 3a indicates the size of the ini-
ial phase-separated droplets present in the glass; their mean size
s 34.8 ± 0.4 nm,  the FWHM is 18 ± 2 nm.  No crystalline structure

as observed. Fig. 3c and d show images of GC2 treated at 620 ◦C for
0 h. The amorphous phase-separated droplets in the glass samples
ormed several crystals inside. The droplet and crystal size distri-
ution are given in the insets of Figs. 3c and d, respectively. The
ean value of the droplets in the GC sample is 34.0 ± 0.4 nm,  simi-

ar to that obtained for the glass, but the FWHM gets sharper giving
 value of 10 ± 1 nm;  the mean crystal size is centred at 10 nm,  in
greement with the value obtained by XRD measurements for the
C2 620 ◦C–40 h sample.

Figs. 3e and f present crystal planes along the [111] and [113]
irections calculated by FFT of some crystals shown in Fig. 3d, con-
rming the precipitation of LaF3 crystals. The plane distances d111
nd d113, which give the most intense peaks in the XRD diffrac-
ogram at 27.5◦ and 44.7◦ 2�, are 0.33 nm and 0.20 nm,  in good
greement with the values of 0.323 nm and 0.202 nm reported for
aF3 in the JCPDS (00-032-0483) and the literature [50–52]. Fig. 3g
resents the EDX curves across two adjacent droplets circled in
ed in Fig. 3h; the points 1–2 and 3–4 delimit the first and second
roplet, respectively. The yellow line is the scanning line, also rep-
esented in Fig. 3g with the droplet size marked by vertical dashed
rey lines. EDX analysis of Fig. 3g shows Si enrichment surround-
ng the phase-separated droplets, which leads to the formation of

 barrier of higher viscosity around them.
The barrier formation appears to occur during the first 20 h of

eat treatment since LaF3 crystals grow during this time, and there-
fter maintain their size. The incorporation of Nd3+ inside the LaF3
rystals is clearly visible from the EDX curves.

Fig. 4a and b show the particle volume distribution of G2 and GC2
amples (annealed at 620 ◦C for 40 h) as a function of particle diam-
ter. The insets display the raw SAXS data and theoretical fit using
he Irena program, from which the particle volume distribution was

btained. The particles can be classified into two  distinctive size
roups, group 1 below 10 nm and group 2 between 15 and 60 nm.
he group 1 particles seen in both samples may  be associated with
represented in (g). (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web version of this article.)

very small initial phase-separated droplets which could not grow
sufficiently to produce crystals. The group 2 particle size is, how-
ever, in very good agreement with the results obtained by TEM and
is related with the scattering of phase-separated droplets. The cal-
culated average diameters for these two  groups of particles were
6 nm and 38 nm for the G2 sample, and 7 nm and 36 nm for the GC2
sample.

The SAXS results were roughly consistent with the TEM results
reported in Fig. 3. The slightly larger average size (by about 2 nm)
derived from the SAXS analysis compared to the TEM results could
be due to the difference between particle-volume distribution
(SAXS) and particle-number distribution (TEM), with the former
having more weighting on the larger particles. One interesting fea-
ture is that the two  groups of particles showed opposite growth

behaviour upon thermal annealing: the group 1 particle-size distri-
bution became broader while that of the group 2 particles became
narrower after 40 h of annealing at 620 ◦C, which was  consistent
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Table 1
Judd-Ofelt parameters and r.m.s. deviation for precursor glass G2  and GC2.

Sample �2 (x10−20) �4 (x10−20) �6 (x10−20) r.m.s.

G2 3.23 6.23 5.03 5.35.10−7

GC2–620 ◦C-20h 2.85 5.57 4.37 5.25.10−7

GC2–620 ◦C-40h 2.82 5.48 4.31 5.16.10−7

GC2–660 ◦C-20h 2.89 5.45 4.17 5.35.10−7
Particle Diameter (nm)

Fig. 4. SAXS data (insets) and derived particle-volume

ith the TEM observation. The thermal annealing also significantly
nhanced the relative volume fraction of group 1 particles. New
articles between 10 and 15 nm in diameter appeared in the GC2
ample after thermal annealing, which were probably related to the
rystals as seen from the TEM and XRD results.

.2. Absorption and emission properties

A further proof of Nd3+ incorporation in the LaF3 crystals comes
rom UV–vis absorption spectra in Fig. 5, in which GCs samples
re compared with glasses. Figs. 5a and b show the absorption
oefficient for the G0.1, G0.2, G0.5, G1 and G2 glasses and for the
orresponding GC samples treated at 620 ◦C for 40 h. The bands
bserved in the spectra correspond to transitions from the funda-
ental level (4I9/2) to each of the excited levels of Nd3+ ions. The

lass samples present characteristic inhomogeneously-broadened
bsorption bands. However, in the case of the GC samples, the
bsorption bands are resolved better, indicating the incorporation
f Nd3+ ions in the LaF3 nanocrystals precipitated during the heat
reatments.

Fig. 5c presents the 4I9/2→4G5/2,
2G7/2 absorption bands of G0.1

nd G2 glasses, along with GC0.1 and GC2 glass-ceramics treated at
20 ◦C for 40 h, in greater detail. The absorption bands 4I9/2→4F7/2,
S3/2 and 4I9/2→4F5/2,

2H9/2 in the GC samples are shown in the
nset. Similar behaviour is also appreciable in the GC samples
reated at 620 ◦C and 660 ◦C for 20 h. The 4I9/2→4G5/2 transition is
ell known to be a hypersensitive transition, exhibiting an electric

uadrupole character which is strongly dependent on the ligand
eld. A clear change in the absorption band allows the Stark compo-
ents in the GCs to be better resolved. The sharpening of the band

n comparison to the initial glass indicates the presence of Nd3+

ons inside the LaF3 crystals. This is most clearly visible in the G0.1
ample, whereas on increasing the Nd3+ content, the difference
etween glass and GCs is less apparent.

The absorption bands of the glass and GC samples doped with
 mol% Nd3+, together with the values of the refractive index and
d3+ concentration, have been used to determine the Judd-Ofelt
arameters [53,54]. Using this theory, the calculated oscillator
trengths can be expressed as a function of the reduced-matrix

lements ‖Ut‖ which are almost independent of the ion environ-
ent. To estimate the J-O parameters (Table 1), the values reported

y Carnall et al. for Nd3+ in LaF3 [55] were employed. As is well
nown, the spectroscopic parameter �2 is related to the covalent
nature of the chemical bonding between rare-earth ions and ligand
ions [56]. As observed in Table 1, �2 decreases from 3.23 × 10−20 in
the glass sample to 2.82–2.89 × 10−20 in the GC materials. That is,
the heat treatment induces a reduction in the degree of covalence
between Nd3+ and its nearest neighbours. The decrease of �2 fur-
ther confirms the incorporation of Nd3+ ions into the precipitated
nanocrystals. Moreover, the sum of the J-O parameters decreases
for the GC samples due to the decreasing covalency of the bond
between the Nd3+ ion and surrounding anions in accordance with
reported results [57].

The strength of the hypersensitive 4I9/2→4G5/2 transition, which
is greatly affected by the environment of Nd3+ ions, is domi-
nated by the �2 parameter contribution, increasing with both the
ligand polarisability and asymmetry of the surrounding environ-
ment [53,54]. The oscillator strength of this transition is reduced
from 1796 × 10−8 in the glass to 1609 × 10−8, 1581 × 10−8, and
1591 × 10−8 in the GC 620 ◦C C-20 h, GC 620 ◦C-40 h, and GC
660 ◦C–20 h samples, respectively. This tendency confirms that the
ligand field around the Nd3+ ions changes as a consequence of the
heat treatment and crystallisation process.

The spontaneous emission probabilities from the 4F3/2 to 4IJ
states were calculated from the J-O parameters and used to obtain
the radiative lifetimes.

The 4F3/2→4I11/2,13/2 steady-state fluorescence spectra were
measured at room temperature for all samples by exciting with a
Ti:sapphire laser at 802 nm in resonance with the 4I9/2→4F5/2,2H9/2
absorption band. Fig. 6 shows the emission for the samples doped
with 2 mol% Nd. It can be seen that the emission is inhomoge-
neously broadened due to site-to-site variations in the local ligand
field. The fluorescence band for the 4F3/2→4I11/2 emission was
integrated and divided by the peak intensity to yield an effec-

tive linewidth [57]. From the measured effective linewidth and the
spontaneous emission probability of the 4F3/2→4I11/2 laser transi-
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Fig. 5. (a) Absorption spectra of glasses G0.1, G0.5, G1, G2 and (b) GCs treated at 620 ◦C–40 h; (c) comparison of absorption transitions 4I9/2 → 4G5/2,2G7/2 and (inset)
4I9/2 → 4F7/2, 4S3/2 and 4I9/2 → 4F5/2, 2H9/2 in G0.1, G2, GC0.1 620 ◦C–40 h and GC2 620 ◦C-40 h.
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Table 2
Room-temperature emission properties of G2 and GC2 samples.

Sample n �p(nm) ��eff (nm) �p (pm2) �R (�s)

G2 1.523 1057 35.95 2.8 345
GC2–620 ◦C-20h 1.525 1057 37.16 2.4 390
ig. 6. Room-temperature emission spectra of the 4F3/2 → 4I11/2,13/2 transitions of
d3+ ions (2 mol%) obtained under excitation at 802 nm.

ion, calculated from the J-O parameters, the stimulated emission
ross-section of this transition may  be evaluated as [58]:

p

(
�p

)
= �4

p

8�cn2��eff
A
[(

4F3/2

)
;
(

4I11/2

)]
(5)
here �p is the peak fluorescence wavelength, n is the refractive
ndex, ��eff is the effective linewidth of the 4F3/2→4I11/2 transition,
nd A[(4F3/2);(4I11/2)] is the radiative transition probability for this
ransition.
GC2–620 ◦C-40h 1.526 1057 37.60 2.3 395
GC2–660 ◦C-20h 1.526 1057 38.94 2.2 398

The stimulated emission cross-section for the 4F3/2→4I11/2 tran-
sition and other relevant parameters are presented in Table 2. The
peak position remains unchanged for the GC samples and the effec-
tive linewidth slightly increases with the time of heat treatment.
This behaviour, together with the lower radiative transition prob-
ability for the 4F3/2→4I11/2 emission for the crystallised samples,
leads to smaller stimulated emission cross-sections for the GC sam-
ples, in the range of values found in silicate glasses (0.9–3.6 pm2)
[24].

The steady-state emission spectra exhibit similar spectral fea-
tures for all concentrations and heat treatments. However, the
excitation spectra of the GC samples doped with 0.1, 0.2, and
0.5 mol% performed in the spectral range 765–910 nm monitored
at 1057 nm show a fine structure superimposed on the broad
4I9/2→4F5/2,3/2 bands of the glass, confirming the partial incorpo-
ration of Nd3+ ions in the nanocrystals. In the samples doped with
1 and 2 mol%, Nd3+ ions are responsible for the main contribution
to the spectra in the amorphous environment. As an example, Fig. 7
shows the excitation spectra for the samples doped with 0.1 and

3+
1 mol% where better resolved peaks are observed for the lower Nd
concentration.

The decays of the 4F3/2 state were obtained by exciting with a
pulsed Ti:sapphire laser at 802 nm in the 4I9/2→4F5/2 absorption
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Fig. 7. Room temperature excitation spectra of the 4I9/2 → 4F5/2,3/2 transitions of
Nd3+ obtained by collecting the luminescence at 1057 nm for the samples doped
with (a) 0.1 mol% NdF3 and (b) 1% NdF3.

Table 3
Experimental lifetimes of the 4F3/2 level obtained under excitation at 802 nm by
collecting the luminescence at 1057 nm as a function of Nd3+ (mol%.) concentration
and heat treatment. The radiative lifetime is shown in the last column.

Sample 0.1 0.2 0.5 1 2 �R (�s)

Glass 343 298 268 192 143 345
GC 620 ◦C-20h 382 350 308 251 187 390

b
t
1
d
b
p
l

v
c

〈

w
t
f
s
c
p
G

Fig. 8. Logarithmic plot of the room temperature experimental decays from the 4F3/2
GC 620 ◦C-40h 385 354 310 254 191 395
GC 660 ◦C-20h 388 360 315 254 197 398

and at 295 K. Fig. 8 shows the logarithmic plot of the experimen-
al decays of the 4F3/2 level for the samples doped with 0.1 and

 mol% of NdF3 at room temperature. The decays of the samples
oped with 0.1 mol% may  be described to a good approximation
y a single exponential function, whereas the decays of the sam-
les doped with 1 mol% deviate from a single exponential and the

ifetime decreases.
Table 3 lists the lifetime values for all the samples. The lifetime

alues for the samples with concentrations higher than 0.1 mol%
orrespond to the average lifetime defined by:

	〉 =
∫

I(t)dt

I0
(6)

here I(t) is the intensity at time t. According to these radiative life-
imes, the quantum efficiencies (	 = �exp/�R) are around 99 and 41%
or the glass samples doped with 0.1 and 2 mol%, respectively. This

trong reduction of the quantum efficiency for increasing Nd con-
entration indicates the presence of non-radiative cross-relaxation
rocesses such as (4F3/2, 4I9/2)→ (4I15/2, 4I15/2). The lifetime of the
C samples is longer than those of glass samples for all the con-
state for the samples doped with (a) 0.1 and (b) 1 mol% of NdF3. The decays were
obtained by exciting at 4I9/2 → 4F5/2 transition and monitored at 1057 nm.

centrations, which suggests a fluoride environment for Nd3+ ions
according to their incorporation in the nanocrystals. The results
are similar for the three heat treatments which indicate that after
20 h at 620 ◦C, the rare-earth ions are largely incorporated into a
crystalline environment.

3.3. Site-selective spectroscopy

To obtain further information about the different environments
for Nd3+ ions in the glass-ceramics, emission spectra were per-
formed by exciting at different wavelengths along the 4I9/2→4F5/2
absorption band. Fig. 9(a) shows the emission spectra obtained
by exciting at 786 and 802 nm for the GC samples doped with
0.1 mol% of Nd3+ treated at 620 ◦C-40 h. The figure reveals the
strong difference between spectra of differing excitation wave-
length, which indicates that Nd3+ ions are in different crystal-field
sites. The spectrum obtained at 786 nm shows a more resolved
structure, indicating a crystalline environment for the Nd3+ ions. In
contrast, that obtained under excitation at 802 nm shows a more
inhomogeneous broadened band similar to that of the glass sample.
Moreover, the excitation spectra obtained by collecting the lumi-
nescence at 1039 and 1057 nm also reveal the presence of different
environments for Nd3+ ions. Fig. 9(b) shows the excitation spectra
for the same sample doped with 0.1 mol% of Nd3+. The spectrum

monitored at 1039 nm presents narrower and well-resolved peaks
corresponding to Nd3+ ions in the nanocrystals. As concentration
increases, the spectra become broader and less resolved.
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Fig. 10. Low-temperature excitation spectra obtained on collecting the lumines-
cence at 1039 and 1057 nm for GC0.1 620 ◦C-24 h (a) and GC1 620 ◦C-40 h (b).

Table 4
Experimental lifetimes, at low temperature, of the 4F3/2 level obtained under
excitation at 790 and 802 nm collecting the luminescence at 1039 and 1057 nm,
respectively.

NdF3 (mol%.) �exc = 786 nm �exc = 802 nm

�exp (�s) �exp (�s)

0.1 688 336
0.2 462 337
0.5 188 332
1  98 295
ig. 9. (a) Room-temperature emission spectra obtained under excitation at 786
nd  802 nm for GC0.1 620 ◦C-40 h; (b) excitation spectra obtained on collecting the
uminescence at 1039 and 1057 nm for GC0.1 620 ◦C-40 h.

To clearly identify emission from Nd3+ in the nanocrystals, the
mission and excitation spectra were measured at low temper-
ture, thereby minimising the overlapping of contributions from
d3+ in the crystalline and amorphous phases due to the lower

hermal population of the higher energy Stark components of the
round and excited states. The low-temperature (9 K) excitation
pectra are presented in Fig. 10 for the GC samples doped with 0.1
nd 1 mol%. As observed in the spectra obtained at 1039 nm,  the
ow-energy band corresponding to the 4I9/2→4F3/2 doublet nar-
ows and divides into two single components, as expected for a
ell-defined crystal-field site. Moreover, the 4I9/2→4F5/2 band is

omposed of narrow and well-resolved peaks which indicate that
he spectra obtained at 1039 nm correspond to Nd3+ ions in the LaF3
anocrystals. Conversely, the spectra obtained at 1057 nm show
road bands similar to those found in the glass samples.

In order to confirm if the features shown by the excitation spec-
ra monitored at 1039 nm can be unambiguously related to the
d3+ ions in the nanocrystals, site-selective steady-state emission

pectra for the 4F3/2→4I11/2 transition were recorded by exciting
t 786 and 802 nm.  Fig. 11 shows the normalized emission spec-
ra at 9 K obtained under excitation at 786 and 802 nm for the
C samples doped with 0.1 and 1 mol%, showing quite different
mission spectra depending on the excitation wavelength. The
pectrum obtained under excitation at 786 nm shows sharp peaks,
ne at 1039 nm which does not overlap with the emission spec-
rum obtained by exciting at 802 nm.  In the latter, the sharp peaks

isappear and the spectrum becomes broader and similar to that
ound in the glass sample. These results indicate that in the glass-
eramic samples excited at 786 nm,  Nd3+ ions mainly reside in the
rystalline phase. As concentration increases, the emission from
2  29 233

Nd3+ ions in the nanocrystals decreases, and the spectra become
broader with more poorly resolved peaks. Similar emission spectra
are obtained by exciting the 4I9/2→4F3/2 band at 861.5 and 876 nm.

Furthermore, the existence of different environments for the
Nd3+ ions in the LaF3 nanocrystals is also reflected in the lifetimes
of the 4F3/2 state, the values of which should depend on the excita-
tion and emission wavelengths. Lifetime measurements of the 4F3/2
state were performed by exciting the samples at 786 and 802 nm,
and collecting the luminescence at 1039 and 1057 nm,  respectively
(Fig. 12). Under excitation at 786 nm and collecting the lumines-
cence at 1039 nm,  the decay is a single exponential with a lifetime
of 688 �s for the GC sample doped with 0.1%, whereas by exciting at
802 nm and collecting the luminescence at 1057 nm,  the lifetime is

336 �s (Table 4). The longer lifetimes corresponds to the Nd3+ ions
incorporated in the nanocrystals. This lifetime is highly dependent
on Nd concentration, decreasing to 98 �s for the GC samples doped
with 1 mol%.
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Fig. 12. Logarithmic plot of the experimental decays from the 4F3/2 state obtained
under excitation at 786 nm (blue lines) and 802 nm (pink lines) for GC0.1 620 ◦C-
40h (a) and GC1 620 ◦C-40 h (b). (For interpretation of the references to colour in
this  figure legend, the reader is referred to the web version of this article.)

Table 5
Crystal fraction in wt% of glasses treated at 640 ◦C–40 h with different Nd3+ concen-
trations (mol%.), along with the respective concentration of Nd3+ in the glass matrix
and LaF3 nanocrystals NCs.

Nd wt%  LaF3 Nd in glass Nd in NCs

0.1 6.4 0.076 1.2

The crystallisation mechanism of transparent glass-ceramics in
ig. 11. Low temperature emission spectra obtained under excitation at 786 and
02  nm for GC0.1 620 ◦C-40 h (a) and GC1 620 ◦C-40 h (b).

As observed, there is a strong quenching of the lifetimes of Nd3+

n the LaF3 nanocrystals, but much less so in the amorphous phase.
his behaviour is likely explained from the considerable diffusion
f Nd3+ ions from the glass matrix to the LaF3 nanocrystals, as con-
rmed in the same system doped with Tm3+ studied by XANES [23].

n this previous work, the ionization energy E0 of Tm3+, calculated
rom the derivate function of the XANES spectra, increased dur-
ng the crystallisation process, from the glass to the glass-ceramic.
t was concluded; therefore, that part of the RE ions existed in a
uorine-rich environment, since the electronegativity of fluorine is
igher than that of oxygen. Additionally, the decrease in FWHM of
he Tm3+ absorption-edge peak from the glass to the glass-ceramic
ndicated a higher symmetry and, correspondingly, crystallinity of
he Tm3+ environment in the glass-ceramics. Thus, an increase of
he crystalline fraction with the heat treatment time at 620 ◦C, from
0 to 40 h, was concluded to occur simultaneously with the diffu-
ion process, resulting in the incorporation of around 30% of Tm3+

n the LaF3 crystalline structure after 40 h. Starting from the crys-
alline fractions obtained by Rietveld refinement, the ratio of the
oncentration of Tm3+ in the crystalline phase to that in the glass
atrix was calculated (with an error of ∼25%), to be approximately

2 for treatment times of 40 h.
In the present work, the same composition is used doping

ith Nd3+. The GCs were obtained in similar conditions and the
rystalline fractions calculated from Rietveld analysis are in close
greement with those obtained in the previous work [23]. In the
resent case, the crystalline fraction depends on the Nd content.
As discussed previously, for treatment times of 40 h, the diffu-
ion process should be essentially complete, as indicated by the
onstant crystal size for treatments of 20 h and longer. If a silica-
1  8.8 0.65 8.58
2  8.2 1.3 17.16

rich diffusion barrier is established, no further Nd3+ diffusion will
take place and so it is possible to consider that around 30% of the
Nd3+ ions will be in the crystalline phase. Using the same method
followed in [23], the respective Nd3+ contents in the amorphous
and crystalline phases were calculated, with an error ∼25%, and
are shown in Table 5.

The relative concentrations of Nd3+ in the glass matrix and LaF3
nanocrystals could explain the strong quenching of the Nd3+ emis-
sion for Nd3+ contents higher than 0.1%, whereas in the glass matrix
no significant quenching is observed. Further work is in progress
to confirm these calculations by measuring all the samples by XAS-
XANES.

4. Conclusions
the system 55Si-10La doped with increasing Nd3+ concentrations
was confirmed as a diffusion-controlled process starting from a
constant number of nuclei already present in the initial glass. The
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ddition of Nd3+ increases the Tg of the glasses and appears to affect
he crystallisation kinetics. As the Nd3+ content increases, the crys-
allised fraction also increases indicating that Nd3+ ions likely play a
ole as nucleating agent. Nevertheless, smaller crystals are obtained
or the higher Nd3+ content. TEM and SAXS techniques have pro-
ided complementary information about the size and distribution
f phase separation droplets and nanocrystals in the base glass and
heir evolution in the corresponding glass-ceramics.

Preferential incorporation of Nd3+ in the crystalline phase was
onfirmed by HR-TEM-EDX and several types of optical prop-
rty measurement. These include splitting of the absorption and
mission bands together with reduction of the �2 parameter
n the glass-ceramic samples as compared to the glass samples,
nd site-selective spectroscopy obtained under excitation of the
I9/2 → 4F3/2/4F5/2 transitions.

Low-temperature site-selective emission and excitation spectra
ogether with different lifetime values of the 4F3/2 state depend-
ng on the excitation and emission wavelengths allow emissions
rom Nd3+ ions in the LaF3 nanocrystals to be isolated and, in turn,
orrelation of the spectroscopic and structural properties. The opti-
um  amount of dopant corresponds to 0.1 mol%; strong quenching

f the lifetime of Nd3+ in the LaF3 nanocrystals occurs for higher
oncentrations.
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48] A. de Pablos-Martín, F. Muñoz, G.C. Mather, C. Patzig, S. Bhattacharyya, J.R.
Jinschek, T. Höche, A. Durán, M.J. Pascual, KLaF4 nanocrystallisation in

[

ramic Society 37 (2017) 1695–1706

oxyfluoride glass-ceramics, Cryst. Eng. Comm. 15 (2013) 10323–10332,
http://dx.doi.org/10.1039/C3CE41345D.

49] P. Karmakar, A.K. Subudhi, K. Biswas, K. Annapurna, Crystallization kinetics
analysis of BaF2 and BaGdF5 nanocrystals precipitated from oxyfluoride glass
systems: a comparative study, Thermochim. Acta 610 (2015) 1–9, http://dx.
doi.org/10.1016/j.tca.2015.04.019.

50] A.C. Yanes, J. Del-Castillo, J. Méndez-Ramos, V.D. Rodríguez, M.E. Torres, J.
Arbiol, Luminescence and structural characterization of transparent
nanostructured Eu3+-doped LaF3–SiO2 glass–ceramics prepared by sol–gel
method, Opt. Mater. 29 (2007) 999–1003, http://dx.doi.org/10.1016/j.optmat.
2006.02.021.

51] N. Zhao, Wei  Nie, Jun Mao, M.  Yang, D. Wang, Y. Lin, Y. Fan, Z. Zhao, H. Wei, X.
Ji,  A general synthesis of high-quality inorganic nanocrystals via a two-phase
method, Small 6 (22) (2010) 2558–2565, http://dx.doi.org/10.1002/smll.
201001218.

52] F. Li, C. Li, X. Liu, T. Bai, W.  Dong, X. Zhang, Z. Shi, S. Feng, Microwave-assisted
synthesis and up-down conversion luminescent properties of multicolor
hydrophilic LaF3:Ln3+ nanocrystals, Dalton Trans. 42 (2013) 2015–2022,
http://dx.doi.org/10.1039/C2DT32295A.

53] B.R. Judd, Optical absorption intensities of rare-earth ions, Phys. Rev. 127
(1962) 750–761, http://dx.doi.org/10.1103/PhysRev.127.750.

54] G.S. Ofelt, Intensities of crystal spectra of rare-earth Ions, J. Chem. Phys. 37
(1962) 511–520, http://dx.doi.org/10.1063/1.1701366.

55] W.T. Carnall, H. Crosswhite, H.M. Crosswhite, Energy Level Structure and
Transition Probabilities of the Trivalent Lanthanides in LaF3,  Argonne National
Laboratory, Argonne, IL, 1977.

56] S.F. Mason, R.D. Peacock, B. Stewart, Ligand-polarization contributions to the
intensity of hypersensitive trivalent lanthanide transitions, Mol. Phys. 30
(1975) 1829–1841, http://dx.doi.org/10.1080/00268977500103321.

57] P. Nachimuthu, R. Jagannathan, Judd-Ofelt parameters, hypersensitivity, and
emission characteristics of Ln3+ (Nd3+, Ho3+, and Er3+) ions doped in PbO-PbF2
glasses, J. Am.  Soc. 82 (2) (2007) 387–392, http://dx.doi.org/10.1111/j.1551-
2916.1999.tb20074.x.

58] W.F. Krupke, Induced-emission cross sections in neodymium laser glasses,
QE, IEEE J. of Quantum Electron. 10 (1974) 450–457, http://dx.doi.org/10.
1109/JQE.1974.1068162.

dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
dx.doi.org/10.1364/OL.26.000145
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0185
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1063/1.1696401
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1016/j.jallcom.2015.05.172
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1007/BF01911411
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.1016/0022-3093(80)90525-6
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
dx.doi.org/10.6028/jres.057.026
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0215
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1107/S0021889809002222
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1007/s10973-009-0257-3
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2004.08.007
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1016/j.jnoncrysol.2005.01.075
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1039/C3CE41345D
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.tca.2015.04.019
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1016/j.optmat.2006.02.021
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1002/smll.201001218
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1039/C2DT32295A
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1103/PhysRev.127.750
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
dx.doi.org/10.1063/1.1701366
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
http://refhub.elsevier.com/S0955-2219(16)30614-8/sbref0275
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1080/00268977500103321
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1111/j.1551-2916.1999.tb20074.x
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162
dx.doi.org/10.1109/JQE.1974.1068162


 

 

 

 

    

 

PAPER 4 

  

Effect of the heat treatment on the spectroscopic properties of Er3+-Yb3+-doped 

transparent oxyfluoride nano-glass-ceramics. 

G. Gorni, R. Balda, J. Fernández, L. Pascual, A. Durán, M.J. Pascual. 

J. Lumin. 193 (2018) 51-60. doi:10.1016/j.jlumin.2017.05.063 



Contents lists available at ScienceDirect

Journal of Luminescence

journal homepage: www.elsevier.com/locate/jlumin

Effect of the heat treatment on the spectroscopic properties of Er3+-Yb3+-
doped transparent oxyfluoride nano-glass-ceramics

G. Gornia, R. Baldab,c,⁎, J. Fernándezb,c, L. Pascuald, A. Durána, M.J. Pascuala

a Instituto de Cerámica y Vidrio ICV-CSIC, Madrid, Spain
b Departamento de Física Aplicada I, Escuela Superior de Ingeniería, Universidad del País Vasco UPV/EHU, Bilbao, Spain
c Centro de Física de Materiales UPV/EHU-CSIC, San Sebastian, Spain
d Instituto de Catálisis y Petroleoquímica ICP-CSIC, Madrid, Spain

A R T I C L E I N F O

Keywords:
Glass ceramics
Oxyfluoride
Er3+/Yb3+ co-doping
Energy transfer
Upconversion

A B S T R A C T

Er3+-doped and Er3+-Yb3+-co-doped transparent oxyfluoride glass-ceramics (GCs) containing LaF3 nano-
crystals (NCs) have been prepared by the melting-quenching method and adequate thermal treatments. A
detailed structural characterization, performed by X-ray diffraction (XRD) and high resolution transmission
electron microscopy (HR-TEM), confirms the precipitation of LaF3 NCs with a size in the 10–15 nm range. The
crystal growth is fast in the very beginning, from a few min up to 3–5 h of treatment at 620 °C and then it slows
down, up to 20 h. A SiO2 enriched viscous barrier is formed around the NCs, thus preventing further crystal
growth. The incorporation of Er3+ and Yb3+ ions into the NCs is proved by HR-TEM and energy dispersive X-ray
spectroscopy (EDXS) analysis. Photoluminescence measurements have been performed upon visible and near
infrared excitation. The energy transfer between Yb3+ and Er3+ ions is evidenced by the enhancement of the
near infrared and Up-Conversion (UC) emissions of Er3+ ions in the co-doped samples under 980 nm excitation.
A moderate back transfer from Er3+ to Yb3+ ions has been also observed under near infrared excitation of Er3+

ions at 800 nm. Upconverted green ((2H11/2,4S3/2) → 4I15/2) and red (4F9/2 → 4I15/2) emissions were observed in
all samples and attributed to a two photon process. The strong enhancement of the UC emission for the co-doped
glass-ceramics samples further confirms the incorporation of the rare-earth ions in the LaF3 NCs with a lower
maximum phonon energy environment which reduces multi-phonon relaxation rates. Different red-to-green
emission ratios are obtained depending on the heat treatment conditions for the glass-ceramic samples.

1. Introduction

Glass-ceramics have become increasingly important in the last
decades because they combine the advantages of glass processing with
the good properties of ceramic (or crystalline) materials, such as good
mechanical, thermal and optical properties. Paying attention to optical
materials for Vis-NIR application, transparent glass-ceramics are very
attractive because they allow obtaining an active crystal phase in a
glass matrix. In particular, oxide matrices in which low phonon energy
(200–500 cm−1) fluoride crystals precipitate, commonly known as
oxyfluoride glass-ceramics (GCs), have been extensively studied
[1–5]. From the pioneering work of Wang and Ohwaki in 1993 [6],
concerning the efficient green and red Upconversion (UC) emission in
Er3+-Yb3+ co-doped GCs containing PbxCd1−xF2 nano-crystals (NCs),
many different fluoride crystal phases have been studied, showing the
possibility of effectively improving the luminescence of rare-earth ions
(REI) when they are embedded in fluoride NCs.

REI in their most stable oxidation state (3+) show a wide range of
intra-band transitions (4f-4f), from UV to NIR, that are weakly affected
by the ligand field due to the s an p orbital shielding, as compared for
example to noble metals [7,8]. Their emission bands are roughly
centred at the same energy in different host materials, glasses or
crystals. This property converts them in the most important active ions
for technological applications in the Vis-NIR range. Therefore, the
continuous research for more efficient REI host materials has become
the crucial point for the development of the new generation of optical
materials. Even more interesting is the possibility of combining
different REI to produce Down-Conversion (DC) and UC processes in
which photons of smaller or higher energies are emitted upon absorp-
tion of incident photons [9]. Known examples are the DC processes in
the Pr3+-Yb3+ doped materials [10–15] with applications in solar cells
for blue to NIR light conversion, or the UC processes for Er3+ and Er3+-
Yb3+ ions with bio applications [16–24], where NIR light is used to
analyse organic tissues, thanks to its deep penetration, and then
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converted into visible light. Further applications of UC materials can be
found in the field of optical amplification and lasers [25–28].

Among different fluoride crystal phases, those containing REI such
as Gd3+ and La3+ that show neither Vis nor NIR emission bands
[29–31], offer the possibility of easily exchanging the REI of the host by
those used as dopants due to their similar size and electronic config-
uration.

In a previous work performed by our group [32], describing Nd3+

doped LaF3 GCs, the Nd3+ migration to the fluoride crystals was
showed; using a selective excitation it was possible to select Nd3+ ions
embedded in the LaF3 crystals, this leading to a highly improved
luminescence efficiency and similar emission spectra to those obtained
for pure Nd3+ doped LaF3 crystals. In this paper, both structural and
optical results of bulk glasses and GCs containing LaF3 crystals doped
with Er3+ and co-doped with Yb3+ for NIR and UC emission are
presented. There is abundant literature regarding Er3+ and Er3+-Yb3+

doped LaF3 materials, nevertheless, most of them refer to powders or
nanoparticles dispersed in liquid phase [24,33–39] and only a very few
are related to bulk or bulk-derived GCs [40–42]. The development of
inorganic bulk materials with excellent luminescence properties and
high ability to transmit light is useful for many optoelectronics
applications such as solid state lasers, optical amplifiers, and sensors
among others.

2. Experimental

2.1. Materials preparation

Glasses of composition 55SiO2-20Al2O3-15Na2O-10LaF3 (55Si-
10La) doped with 0.5Er3+, 0.5Er3+-2Yb3+ and 0.5Er3+-4Yb3+ (mol
%) have been prepared by the melting-quenching technique using as
raw materials: SiO2 (Saint-Gobin 99.6%), Al2O3 (Panreac), Na2CO3

(Sigma Aldrich,> 99.5%), LaF3 (Alfa Aesar, 99.9%), ErF3 (Alfa Aesar,
99.99%) and YbF3 (Alfa Aesar, 99.99%). The batches were calcined at
1200 °C for 2 h, melted at 1650 °C for 1.5 h and then quenched onto a
brass mould. The batches were melted again for 30 min and then
quenched onto a cold brass mould to improve glass homogeneity. An
annealing process at 600 °C for 30 min was performed on the as made
glasses to eliminate residual stresses. In the following, glass samples
will be labelled by G0.5, G0.5-2, G0.5-4 for Er3+ and Yb3+ concentra-
tions equal to 0.5, 0.5-2 and 0.5-4, respectively, while corresponding
glass-ceramics will be denoted with GC0.5, GC0.5-2 and GC0.5-4. Glass-
ceramics samples have been obtained upon heat treatments of glass
pieces at 620 °C-from 5 min up to 80 h and at 660 °C-20 h, using a
heating rate of 10 °C/min in all cases. Glass sheets (1 cm × 1 cm ×
2 mm) were treated at 620 °C-20 h and 40 h and at 660 °C-20 h and
then polished for optical characterization. One glass sheet of each
composition was polished but not heat treated. In this way it was
possible to compare the as made glasses with the corresponding GCs,
allowing to evaluate the influence of the treatment time/temperature
(for a fixed temperature/time) onto the optical properties.

The density of samples was measured by the Archimedes's method
using distilled water as liquid.

2.2. Thermal and dilatometric characterization

Small glass specimens (15 mm × 5 mm × 5 mm) were cut and
analysed by dilatometry (Netzsch DIL 402 PC) using a heating rate of
5 °C/min. By a linear fit of the curve in the range 100–450 °C the
dilatometric expansion coefficient α was obtained. The glass transition
temperature (Tg) and the dilatometric softening point (Td) were also
obtained. Differential thermal analysis (SDT Q600 – TA Instruments)
was performed on bulk specimens in the range 25–1000 °C using
20–30 mg of glass with particle size in the range 1–1.25 mm. DTA
curves were obtained with heating rates of 10 °C/min.

2.3. Structural characterization

Bulk glass specimens were treated in the range 620–660 °C from
5 min up to 80 h to convert them into GC samples and then milled and
sieved to a particle size lower than 60 µm and analysed by XRD (Bruker
D8 Advance) in the range 10–70° with a step size of 0.02°. Peak fit was
performed using the Pseudo-Voigt function and the crystal size was
estimated using the Scherrer's equation:

D λ

θ B B
= 0.94

cos −m i
2 2 (1)

where λ is the wavelength (1.54056 Å – CuKα1), Bm the full width half
maximum of the LaF3 peak (111) and θ its diffraction angle. The
constant factor 0.94 is assumed considering spherical crystals. The
instrumental broadening Bi has been also taken into account.

High resolution transmission electron microscopy (HRTEM) data as
well as scanning transmission electron microscopy-high angle annular
dark field (STEM-HAADF) images and X-ray energy dispersive spectra
(EDXS) were recorded on a JEOL TEM/STEM 2100F field emission gun
transmission electron microscope operating at 200 kV and equipped
with an EDXS spectrometer Oxford INCA X-sight system. XEDS analysis
was performed in STEM mode. Small amounts of powders were
dissolved in ethanol and then a drop was deposited onto a copper grid
supporting a lacey carbon film.

2.4. Optical characterization

UV–Vis absorption spectra were collected in the range
300–1700 nm using a double beam spectrophotometer (Perkin Elmer
LAMBA 950).

The steady-state emission measurements were made with a Ti-
sapphire ring laser (0.4 cm−1 linewidth) and an Argon laser as exciting
light. The fluorescence was analysed with a 0.25 monochromator, and
the signal was detected by an extended IR Hamamatsu H10330A-75
photomultiplier and finally amplified by a standard lock-in technique.
Visible emission was detected by a Hamamatsu R636 photomultiplier.
Lifetime measurements were obtained by exciting the samples with a
Ti-sapphire laser pumped by a pulsed frequency doubled Nd:YAG laser
(9 ns pulse width), and detecting the emission with Hamamatsu
H10330A-75 photomultiplier. Data were processed by a Tektronix
oscilloscope. All measurements were performed at room temperature.

3. Results and discussion

3.1. Glasses and GCs

Glasses and GCs perfectly transparent of all the compositions were
successfully obtained after the thermal treatments. A little bluish color
is observed for 0.5–4 glass and GC samples, related to light scattering
produced by phase separation and crystallization due to higher dopants
concentration. Anyway good transparency is still maintained, as shown
in Section 3.4.1, with a slight increase in the absorption edge around
400 nm.

3.2. Thermal and dilatometric characterization

Dilatometric measurements showed that Er3+ doped glass has Tg

around 596 °C (598 °C for the un-doped glass) while in co-doped
samples Tg diminishes down to 587 °C. This behaviour is likely
associated to a higher fluorine content in the co-doped samples, this
decreasing Tg. The dilatometric softening point Td diminishes from
670 °C to 656 °C when increasing Yb3+ content, but the dilatometric
expansion coefficient α is around 9.2 × 10−6 m−1 for all the glasses,
practically independent of Yb3+ content. The transition and crystal-
lization temperatures were determined by DTA analysis. The crystal-
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lization stability parameters Tp-Tg, where Tp is the LaF3 crystallization
peak temperature, changes from 105 °C for the un-doped glass to 100 °C
for Er3+ single doped sample to 79 °C for co-doped ones. This indicates
a higher crystallization tendency with the increase of dopant concen-
tration. Similar results using Nd3+ were deeply discussed in a previous
work and support these conclusions [32]. In fact, it was observed that
the stability parameter changed from 100 °C to 80 °C passing from 0.1
to 2 mol% of Nd3+.

3.3. Structural characterization

3.3.1. XRD and crystals size
Fig. 1(a) shows XRD of Er3+ singly doped and Er3+-Yb3+ co-doped

GC samples. It is confirmed that only LaF3 precipitates in the glass
matrix (JCPDS 00-032-0483). Diffractograms for heat treatment at
620 °C-40 h are compared for the three compositions 0.5, 0.5–2 and
0.5–4 in Fig. 1(b). It can be seen that passing from Er3+ doped sample
to co-doped ones the diffraction peaks become broader as a conse-
quence of the smaller crystal size. In particular, less resolved diffraction
doublets appear around 22° and the most intense peak at 27.5°,
corresponding to LaF3 (111) reflection, clearly showing an increase in
the FWHM. Such broadening effects could be also associated to LaF3
deformation as a consequence of the inclusion of doping ions (Er3+ and
Yb3+) smaller than La3+ ions in the crystals.

The variation of crystal size as a function of treatment time at 620 °C
(Fig. 1(c)) indicates that crystal growth rate is almost linear at the very
beginning, from 5 min up to 3–5 h, and then it stabilizes to a constant
value due to formation of a viscous barrier around crystals. Crystal
growth can be described by the following empirical law:

( )ϕ ϕ C e= + 1 −c
t t

0
− / s (2)

Here ϕ0 is the crystal size without thermal treatment, i.e corre-
sponding to the small crystalline domains in the as made glass, the
second part describing an exponential growth with asymptotic beha-
viour. ts could be associated to the starting time for the formation of a
viscous barrier around the crystals. For t much smaller than ts the
crystal growth rate proceed linearly with the treatment time, but when t
approaches to ts the crystal growth rate suddenly decreases up to totally
stop; further treatment time does not affect the crystal size.

A similar relation was proposed by Rüssel et al. [43] studying CaF2
oxyfluoride GCs to describe the increase of Tg that runs parallel with the
increase of crystals quantity. They showed that CaF2 crystals did not
grow with the treatment time, but they considered a range of times
from 10 up 80 h in the long time scale. Instead, we have extended the
analysis to the very beginning of the crystal growth, just from 5 min up
to 3 h of treatment.

Although the crystal size is not affected by increasing the treatment
time (for long time of treatment), the crystal fraction can indeed
increase. Furthermore, the increase of the treatment time influences the
REI diffusion inside the fluoride NCs, as confirmed by studies about REI
concentration incorporated in LaF3 NCs [44]. After fitting, C parameters
equal to 7.8 nm, 7.1 nm and 5.6 nm are obtained for GC0.5, GC0.5-2
and GC0.5-4. This suggests that the crystal growth rate is delayed when
increasing the Yb3+ content. Moreover, the crystal size is influenced by
the increase of co-dopants. In fact, as Yb3+ content increases the
crystals size corresponding to long heat treatment (> 20 h) stabilizes to
a smaller value. The effect of Yb3+ on the LaF3 crystallization was
studied in a previous work by Chen et al. [45] concluding that the
smaller ionic radius of Yb3+ causes a reduction in the lattice parameters
with consequents deformations and tensions that justifies that the final
crystals size decreases.

Increasing the treatment temperature up to 660 °C during 20 h,
bigger crystals are formed which size increases up to 14–15 nm (not
shown). However, for all compositions the crystal size is quite small,
less than 50 nm, and therefore the optical transparency of all the GC
samples is maintained. Heat treatments at temperatures higher than
660 °C were not useful for practical purpose due to the glass softening,
as described in Section 3.1.

3.3.2. Densities of glasses and GCs
Fig. 2 shows the density together with the crystallinity, calculated

by the XRD peak area of (001), (110) and (111) diffraction peaks in the
2θ range 22–30°, of glass and GCs treated at 620 °C during 20 and 40 h.
Errors bars are included in the symbols size. Co-doped glass and GCs

Fig. 1. (a) XRD diffractograms for glass and GCs samples doped with 0.5Er and treated at
620 °C during 5 min up to 80 h and treated at 660 °C-20 h. LaF3 reference peaks are
indicated (bottom). (b) XRD of GCs 620 °C-40 h for the three compositions. (c) Crystal
size and fitting with the exponential asymptotic function of the initial glass and GCs
treated at 620 °C from 5 min up to 80 h.
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have higher density than Er3+ singly doped samples due to co-doping
with Yb3+, heavier than Er3+. However, for both compositions the
density decreases with the increase of LaF3 crystal fraction, passing
from 2.95 g/cm3 to 2.93 g/cm3 for the 0.5 doped samples and from
3.06 g/cm3 to 3.03 g/cm3 for the 0.5-2 co-doped ones. Similar beha-
viour was observed for 0.5-4 samples, with densities higher than the
other compositions. This phenomenon was also observed by Bocker
et al. [46] and by Biswas et al. [47] studying GCs containing BaF2
crystals. They concluded that the decrease in density can be attributed
to an increase in the number of non-bridging oxygen in the glass matrix
upon BaF2 NCs formation followed by an expansion of overall glass
network.

3.3.3. HRTEM
Microstructural characterization of glass and GC samples was

performed by HRTEM and related STEM-HAADF along with EDXS
analysis. Fig. 3 shows representative TEM micrographs of G0.5 (a) and
G0.5-2 (b) glass samples with a clear formation of phase separation
droplets. Particle size distribution of the droplets is also presented in
the inset of Fig. 3, showing mean values of 26 nm and 30 nm,
respectively.

In the case of the GC samples (Fig. 4(a) GC0.5 and (b) GC0.5-2),
phase separation droplets are also observed for both samples, but some
features must be highlighted. Firstly, the particle size distribution of the
phase separation droplets was also determined (see the inset of Fig. 4(a)
and (b)), and distributions can be fitted to a Gaussian in both samples
with mean values of 41 nm and 30 nm and a FWHM of 17 nm and
10 nm, respectively. On the other side, NCs around 10 nm size develop
inside the droplets, more evident in the case of the co-doped sample.
The LaF3 Tysonite type phase was identified from the interplanar
distances measured in the HRTEM micrograph and in the DDP (Digital
diffraction pattern) of one NC shown in Fig. 4(c) and (d).

Regarding the chemical composition of the droplets in the GC
samples, several EDXS scan analyses were performed in STEM mode.
The EDXS line scan spectra of two droplets of Fig. 5(a) and (b) indicate
an enrichment of RE and fluorine inside the droplets, together with an
increment of the Si concentration just at the interphase of the droplets.
Thus, the local composition of the glass matrix is therefore affected by
the phase separation and crystallization. As a consequence, the forma-
tion of a SiO2 enriched shell that surrounds the droplets inhibits the
crystal growth despite the thermal treatment, as it was previously
observed [32,48]. Moreover, the presence of Al in the droplets could act
as a second viscous barrier that allows the growth of several separate
and independent crystals instead of one bigger crystal.

3.4. Optical characterization

3.4.1. UV–Vis–NIR absorption
UV–Vis absorption spectra for glass and GC 620 °C-40 h samples are

shown in Fig. 6(a) and (b), respectively. All the bands are associated to
the RE3+ ions 4f–4f transitions from the ground state to the excited
ones. From the left, the following Er3+ (4I15/2) transitions can be
associated: 377 nm (4G11/2), 406 nm (2H9/2), 450 nm (4F5/2), 487 nm
(4F7/2), 520 nm (2H11/2), 541 nm (4S3/2), 651 nm (4F9/2), 797 nm (4I9/
2), 976 nm (4I11/2) and 1530 nm (4I11/2). In Yb3+ co-doped samples the
strong absorption band of Yb3+ ions at 980 nm (2F7/2-2F5/2) overlaps
and hides the weak NIR transition of Er3+ ions at 976 nm.

For 0.5-4 samples, the absorption edge is shifted to longer wave-
lengths. This is likely due to higher Rayleigh scattering, consequent to a
more pronounced phase separation and crystallization tendency of this
glass composition.

3.4.2. NIR luminescence
The NIR emission spectra of the Er3+ and Er3+/Yb3+ co-doped

samples have been obtained in the 900–1700 nm spectral range by
exciting at different wavelengths in resonance with the 4I9/2 (Er3+) and
4I11/2(Er3+)-2F5/2(Yb3+) levels. Fig. 7 shows the fluorescence spectra

Fig. 2. Density (filled symbols) and XRD peak area (empty symbols) of initial glass and
GCs treated at 620 °C during 20 and 40 h. The connexion lines are guides for the eye.

Fig. 3. TEM micrographs of (a) G0.5 and (b) G0.5-2 doped glass samples and its
corresponding particle size distribution.
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for the Er3+ single doped and Yb3+ co-doped glass and GC samples
obtained by exciting at 800 nm in resonance with the 4I9/2 (Er3+) level.
After excitation of this level, the next lower levels are populated by
multi-phonon relaxation. The spectra of the single doped samples show
a weak emission corresponding to the 4I11/2 → 4I15/2 transition together
with the 4I13/2 → 4I15/2 emission. The spectra of the GC samples show a
better resolved structure for the 4I11/2 → 4I15/2 emission together with a
significant increase of the 4I11/2 → 4I15/2 and 4I13/2 → 4I15/2 emission
intensities which suggests the incorporation of Er3+ in the NCs. In the
case of the co-doped samples (Fig. 7(b) and (c)) the spectra show, in
addition to the Er3+ emissions, those corresponding to the 2F5/2 → 2F7/
2 transition of Yb3+. The presence of the Yb3+ emission around
1000 nm indicates that an energy transfer from Er3+ to Yb3+ ions
takes place.

Fig. 8 shows the emission spectra obtained for the same set of
samples under 980 nm excitation allowing the simultaneous population
of the 4I11/2 (Er3+) and 2F5/2 (Yb3+) levels. As observed, the peak
position (∼ 1530 nm) and linewidth (∼ 62 nm) of the 4I13/2 → 4I15/2
(Er3+) emission are similar for all samples but the fluorescence
intensity increases after the heat treatment. Moreover, compared to
the single doped sample, the addition of Yb3+ leads to a further
increase of the 1530 nm emission of Er3+. As just observed in the
absorption spectra, the introduction of Yb3+ ions increases the optical
absorption at 980 nm, which in turns increases the population of level
4I11/2 due to the energy transfer from Yb3+ to Er3+, and consequently
the emission from level 4I13/2. The energy transfer from Yb3+ to Er3+ is
also confirmed by the emission spectra obtained under 890 nm excita-
tion where only Yb3+ ions absorb.

The spectra in Fig. 9 show, in addition to the Yb3+ emission, the
4I13/2 → 4I15/2 (Er3+) band which confirms that an efficient Yb3+ →
Er3+ energy transfer takes place.

The temporal evolution of the luminescence from 4I13/2 level has
been obtained for all samples under excitation at 800 nm. In all the
cases, the experimental decays can be described, to a good approxima-
tion, by a single exponential function. The lifetime increases from
5.8 ms in the glass samples to 6.9 ms in the GCs treated at 660 °C-20 h
and co-doped with 4 mol% of YbF3 which suggests a fluorine environ-
ment for Er3+ ions in the GC samples according with their incorpora-
tion in the NCs. As an example Fig. 10 shows the experimental decays
for the single doped samples.

3.4.3. Visible emissions under VIS and NIR excitations
The visible emission spectra of Er3+ ions in the 500–700 nm range

have been obtained for all samples by exciting at 488 nm in resonance
with the 4I15/2 → 4F7/2 transition. The excitation of the 4F7/2 level is
followed by non-radiative multi-phonon relaxation which populates the
next lower levels. Fig. 11 shows the emission spectra for the single and
co-doped samples. The spectra consist of three bands centred around
525, 540, and 660 nm corresponding to the 2H11/2,4S3/2,4F9/2 → 4I15/2
transitions, respectively. As observed, the main emission corresponds to
the green one associated to the (2H11/2,4S3/2) → 4I15/2 thermalized
transitions. The emission intensity increases significantly with the
thermal treatments and the bands are better resolved in the GC samples
in agreement with the incorporation of Er3+ ions into the crystalline
phase. It can be also observed that the ratio between the red
(630–690 nm) and green (500–570 nm) emission intensities is very

Fig. 4. TEM micrographs of (a) GC0.5 and (b) GC0.5-2 samples treated at 620 °C-40 h and its corresponding particle size distribution. (c) and (d) HRTEM of one droplet showing NCs and
DDP of one LaF3 crystallite along [001] zone axis.
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small (≈ 0.05) and practically independent on the Yb3+ co-doping and
thermal treatment which indicates that the population of this level is
due to multi-phonon relaxation from level 4S3/2.

NIR-to-visible Upconverted luminescence has been observed by the
naked eye under continuous wave excitation at 980 nm in resonance
with the 4I11/2 (Er3+) and 2F5/2 (Yb3+) levels. As observed in Fig. 12
the UC emission spectra show the green (2H11/2,4S3/2) → 4I15/2 and red
4F9/2 → 4I15/2 emissions as in the case of 488 nm excitation. The
emission bands are better resolved and the intensity is higher in the
heat-treated samples which confirms the incorporation of Er3+ ions in
the NCs with a lower phonon energy environment which reduces multi-
phonon relaxation rates. In addition, the red-to-green emission ratio,
which is 0.05 in the single doped samples under 488 nm excitation
(Fig. 11(a)) increases to 0.5 under 980 nm (Fig. 12(a)) pumping
wavelength suggesting the existence of additional mechanisms to
populate 4F9/2 (Er3+) level.

The UC emission intensity is greatly enhanced by the presence of
Yb3+ ions (Fig. 12 (b),(c)), which suggests the existence of an effective
Yb3+ to Er3+ energy transfer process. The most intense UC emission is
observed for the co-doped GC0.5-2 sample treated at 660 °C-20 h. As in
the case of the one photon emission, higher Yb3+ concentration does
not lead to an increase in the Er3+ luminescence. This may be due to
energy migration among Yb3+ ions and/or to energy transfer to
quencher centres [49,50]. Moreover, as can be observed in Fig. 12(b)
and (c), the ratio between the red (from 630 to 690 nm) and green
(from 500 to 570 nm) emissions, which is 0.5 in the single doped
samples, increases to 1.6 (0.5Er-2Yb) and 1.5 (0.5Er-4Yb) for the co-
doped samples treated at 620 °C-20 h, to 1.8 (0.5Er-2Yb) and 1.3

(0.5Er-4Yb) for the heat treatment at 620 °C-40 h and decreases down
to 0.8 (0.5Er-2Yb) and 0.5 (0.5Er-4Yb) when these samples are treated
at 660 °C-20 h. The higher red to green UC emission ratio in the co-
doped samples treated at 620 °C compared to the samples treated at
660 °C could be related with the different crystal sizes of the NCs in the
GC samples [51]. As mentioned in Section 3.3.1, the presence of Yb3+

induces a reduction of the lattice parameters as well as of the size of the
crystals. An increase of the treatment temperature up to 660 °C during
20 h, leads to the formation of bigger crystals and thus to a reduction of
the red-to-green emission ratio. The decrease of the red-to-green
emission ratio with increasing NCs size has been previously observed
in other systems [51,52].

To determine the excitation mechanisms involved in the population
of the 4S3/2 and 4F9/2 levels after 980 nm excitation, Upconverted green
and red emission intensities at 540 and 660 nm were measured at
different pumping powers. It is known that the UC emission intensity
(Iup) depends on the incident pump power (Ppump) according to the
relation Iup ∝ (Ppump)n, where n is the number of photons involved in the
pumping mechanism. As an example, Fig. 13 shows the logarithmic plot
of the Upconverted green and red emission intensities as a function of
the pump power laser intensity for the co-doped sample with 2 mol% of
YbF3 treated at 660 °C-20 h. As can be seen the dependence is nearly
quadratic with 1.89 and 1.85 slopes for the green and red emissions
respectively which indicates that a two photon (TP) UC process
populates levels 4S3/2 and 4F9/2.

Fig. 5. STEM-HAADF image and EDXS line scan along 2 droplets in (a) GC0.5 and (b)
GC0.5-2 samples treated at 620 °C-40 h.

Fig. 6. UV–Vis–NIR absorption spectra for (a) glasses and (b) GCs 620 °C-40 h of all the
three studied compositions.
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As it is well known under the 980 nm laser excitation, the Er3+ ions
are excited to the 4I11/2 state by ground state absorption and by
resonant energy transfer from the Yb3+ ions through the (2F5/2 →
2F7/2) (Yb3+); (4I15/2 → 4I11/2) (Er3+) process (ET1) (See Fig. 14).
Following this process, subsequent energy transfer from another Yb3+

ion in the 2F5/2 excited state can populate the 4F7/2 state of Er3+ ions
(ET2). This process is dominant in the co-doped samples due to the
larger absorption cross-section of the 2F5/2 excited state of Yb3+

compared with the 4I11/2 excited state of Er3+. The populated 4F7/2
level may relax non-radiatively to the lower 2H11/2 and 4S3/2 levels,

which produces the green emission.
In the single doped samples, the Er3+ ions in the 4I11/2 level can be

excited to the 4F7/2 state by excited state absorption (ESA) of a second
infrared pump photon and/or by energy transfer Upconversion (ETU)
process involving (4I11/2 → 4I15/2) (Er3+); (4I11/2 → 4F7/2) (Er3+)
transitions. The population of the 4I11/2 level increases with Yb3+ co-
doping as a result of the energy transfer from Yb3+ (2F5/2) to Er3+ (4I11/
2). As a consequence, the probabilities of an ESA and/or ETU processes
from the populated 4I11/2 level are higher in the co-doped glasses than
those in the Er3+ single doped samples.

Concerning the red emission from level 4F9/2, as mentioned before,

Fig. 7. Room temperature emission spectra of (a) 0.5% Er3+ single doped glass and glass-
ceramic samples, (b) 0.5% Er3+-2%Yb3+ and (c) 0.5% Er3+-4%Yb3+ co-doped glass and
glass-ceramic samples obtained by exciting at 800 nm. The details of the different thermal
treatments of the ceramic samples are also shown.

Fig. 8. Room temperature emission spectra of (a) 0.5% Er3+ single doped glass and glass-
ceramic samples, (b) 0.5% Er3+-2%Yb3+ and (c) 0.5% Er3+-4%Yb3+ co-doped glass and
glass-ceramic samples obtained by exciting at 980 nm.
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under 488 nm excitation the population of this level is due to multi-
phonon relaxation from level 4S3/2 and is nearly independent on Yb3+

concentration. However, this emission increases significantly for the co-
doped samples under 980 nm excitation because 4F9/2 level can be also

populated by ESA from the 4I13/2 level (populated non-radiatively from
the 4I11/2 level) and/or by energy transfer process described by (2F5/2 →
2F7/2) (Yb3+);(4I13/2 → 4F9/2) (Er3+) (ET3) with an excess energy of
around 1550 cm−1. These processes can explain the enhancement of
the red-to-green emission ratio in the co-doped samples.

4. Conclusions

Transparent oxyfluoride glass-ceramics doped with 0.5Er3+ and co-
doped with 2 and 4 Yb3+ (mol%) have been successfully obtained. The
precipitation of LaF3 NCs was proved by XRD and HRTEM. The
crystallization process starts from phase separation droplets already
present in the glass, with further growth of NCs inside the droplets. The
crystal growth is controlled by atoms diffusion and the crystal size is

Fig. 9. Room temperature emission spectra of (a) 0.5-2 and (b) 0.5-4 co-doped glass and
GCs samples obtained by exciting at 890 nm.

Fig. 10. Semilogarithmic plot of the fluorescence decays of the 4I13/2 level of Er3+ in the
single doped samples.

Fig. 11. Room temperature emission spectra obtained under excitation at 488 nm in the
(a) 0.5% Er3+ single doped glass and glass-ceramic samples, (b) 0.5% Er3+-2%Yb3+ and
(c) 0.5% Er3+-4%Yb3+ co-doped glass and glass-ceramic samples.
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limited by a SiO2 barrier around the crystals that prevent further
growth after 20 h of heat treatment at 620 °C. EDXS analysis clearly
shows the REI incorporation in the fluoride NCs and the local change of
the glass composition around the crystals.

The energy transfer between Yb3+ and Er3+ ions is evidenced by
the enhancement of the NIR and UC emissions in the co-doped samples.
A moderate back transfer from Er3+ to Yb3+ ions has also been
observed under near infrared excitation of Er3+ ions at 800 nm.
Upconverted green emission due to the (2H11/2,4S3/2) → 4I15/2 transi-
tions together with a red emission corresponding to the 4F9/2 → 4I15/2
transition have been observed in all samples and attributed to a two
photon process. An enhancement of the Upconverted emission is
observed for the GC samples being most efficient for the 0.5-2 co-

doped sample treated at 660 °C-20 h. The obtained results thus
furtherly confirm the incorporation of the REI in the LaF3 NCs, and
explain their higher emission efficiency due to the lower maximum
phonon energy of the fluoride crystal lattice which reduces the multi-
phonon relaxation rates. Depending on the heat treatment conditions a
different red-to-green ratio in the UC emission is observed which opens
the possibility to the preparation of GC materials with UC emission
mostly centred towards green or red color.
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1. Introduction 

The improvement of photoluminescence (PL) properties offered by the incorporation of small 

nano-crystals (NCs) doped with Rare-Earth (RE) ions in a glass matrix has been described since 

the 90’s [1]. In the last 10 years, many papers were published related to glass-ceramics (GCs) 

functionalized by dispersed crystals doped with RE ions. A particular attention has been given 

to oxyfluoride GCs that combine the low phonon energy of fluoride crystals and high solubility 

of RE ions inside, with the good mechanical, thermal and chemical properties of oxide glasses, 

especially those based on aluminosilicate compositions. Since 2012, several review papers were 

published about transparent GCs, some related to oxyfluoride GCs, and another one including 

also oxide crystals [2–5].  

The benefits of these materials reside mainly in the possibility of growing different crystal 

phases in oxide glass matrices thanks to a proper selection of the starting composition. 

However, no stoichiometric requirements are necessary and the same crystal phase can be 

obtained in different glass systems. Another great advantage of GCs with respect to other kind 

of materials is related with the availability of different processing methods: from classical melt-

quenching (MQ) to sol-gel (SG), that allows the preparation of materials as bulk, films, powder 

or fibres. Most published works about oxyfluoride GCs concern bulk materials prepared by MQ 

[3] doped with RE ions, however, a review paper about SG oxyfluoride GCs was also published 

recently [6]. Moreover, the preparation of optical fibres with GC core has emerged as an 

interesting field and several works were published since 2015. An enhancement of linear and 

nonlinear optical processes was observed in GCs with respect to the precursor glasses due to the 
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successful incorporation of RE ions inside the active crystal phase [7-21]. The possibility of 

obtaining crystal-like optical properties in bulk, films and fibres clearly demonstrated a great 

enhancement of PL intensity and lifetime with respect to the untreated glass.  

A fundamental point to take into account during the processing is the amount of RE ions added 

to the system. In fact, the dopants content will strongly affect the final PL properties and the 

knowledge of the effective incorporation of RE ions inside the NCs is hardly or never estimated. 

It is well known that for some ions, as Nd
3+

, in glasses and also in LaF3 crystals, there is a limit 

around  1 mol% to prevent concentration quenching [22–24]. However, in oxyfluoride GCs 

such limit was demonstrated to be strongly reduced to  0.1 mol% due to the high concentration 

of RE ions in fluoride NCs [25]. This behaviour is explained considering the small crystal 

fraction of oxyfluoride GCs produced by MQ, that hardly reaches 10 wt%, along with the high 

diffusion of RE ions into the fluoride NCs, thus producing a great enhancement of the effective 

concentration in the NCs.  

If the initial dopant precursor can affect the final optical properties is another unsolved problem 

when considering the quantification of RE ions incorporation in NCs. From a theoretical point 

of view there should not be any effect because the initial precursor is dissolved during the 

melting process and the use of dopant as oxides, chlorides, fluorides etc. should produce the 

same effect. In 2003, M. Mortier [26] studied the nucleation of PbF2 crystallites in a germanate 

glass (GeO2–PbO–PbF2) doped with different erbium oxide and halides using DTA analysis. 

The author concluded that [26]: “a memory of the way of introduction of the rare earth ions is 

kept after melting of the initial polycrystalline powders” and “most probably, the surrounding 

anions are preserved through the melting process as verified with our thermal analysis”. In 

2004, M. Abril et al. [27] studied oxyfluoride glasses and GCs doped with NdF3, Nd2O3 and a 

Nd
3+

 doping solution. The optical results indicated that GCs doped with NdF3 presented the best 

values for spectroscopic parameters as the stimulated cross section of the 
4
F3/2-

4
I11/2 laser 

transition. In fact, it was observed that Nd
3+

 incorporation in fluoride crystals is higher when 

NdF3 is used (86 %) whereas for Nd2O3-doped sample a smaller concentration was found. 

However, despite the aforementioned results, Fedorov et al. [3] stated in their review published 

in 2015 that there are no differences in using RE oxides or fluorides and both can be used, 

preferring the oxides for their lower cost, less toxicity and hygroscopicity. The RE ions inner 

polyhedral coordination will be the same using RE fluorides instead of the oxides.  

For these reasons, the combination of local structural techniques is necessary for a better 

understanding of RE-doped glasses and glass-ceramics. For example, X-Ray Absorption 

Spectroscopy (XAS) is a powerful technique to characterize the short-range order of glassy 

materials [28] but it is not commonly used to study oxyfluoride glass-ceramics and the RE ions 

surrounding.  



 

 

In this study, we analyse a glass composition, named 55Si10La in which LaF3 NCs are formed 

after a proper crystallisation process, doped with Nd
3+

 and Er
3+

 used as oxides and fluorides. 

The environment surrounding the ions in glass and GCs has been examined with XAS and the 

incorporation of the ions in LaF3 was studied by Electron Paramagnetic Resonance (EPR) and 

site-selective photoluminescence (PL).  

 

2. Experimental  

2.1 Materials preparation 

Glasses of composition (mol%) 55SiO2-20Al2O3-15Na2O-10LaF3 with 0.1NdF3-2NdF3, 

0.05Nd2O3, 0.5Nd2O3, 0.1-0.5ErF3 and 0.05Er2O3 were prepared by MQ using: SiO2 (Saint-

Gobin 99.6%), Al2O3 (Panreac), Na2CO3 (Sigma Aldrich,>99.5%), LaF3 (Alfa Aesar, 99.9%), 

NdF3 (Alfa Aesar, 99.99%), Nd2O3 (Alfa Aesar 99.99%), ErF3 (Alfa Aesar, 99.99%) and Er2O3 

(Alfa Aesar, 99.99%) as raw materials. The samples will be labelled G/GC-xNdF3/Nd2O3 or 

G/GC-ErF3/Er2O3 to indicate glasses or GC doped with x mol% of NdF3/Nd2O3 or with 

ErF3/Er2O3. The experimental procedure is fully explained elsewhere [12,25]. GCs were treated 

at 620 ºC for 3, 5, 20 and 40 h to crystallise LaF3. Optical sheets 1 cm x 1 cm x 2 mm were 

polished for optical characterisation. 

 

2.2 X-Ray Absorption Spectroscopy 

X-Ray Absorption Spectroscopy (XAS) was performed to evaluate the RE ions surrounding. 

The samples were characterized at the Nd L2 and Er L3-edge at the SpLine-CRG BM25 

beamline at the ESRF. A different edge has been used for Nd
3+

 and Er
3+

 because the L3 edge of 

Nd
3+

 partially overlaps with the fluorescence signal of La
3+

. 

XAS measurements of powdered samples were collected at RT in fluorescence mode using a 13 

element Si (Li) solid-state detector with the sample surface placed at an angle of 45° to the 

incident beam, with the final spectra representing an average of 4 scans. The XAS data were 

processed using the ATHENA software [29]. NdF3, Nd2O3, ErF3 and Er2O3 standards were 

measured in fluorescence mode as well as in transmission mode using an ionization chamber.  

 

2.3 Electron Paramagnetic Resonance 

Electron Paramagnetic Resonance (EPR) spectra were recorded by a Bruker ESP 300E 

spectrometer working in the X-band with field modulation of 100 kHz. The temperature of the 

sample was controlled with a continuous-flow helium cryostat (Oxford InstrumentsESR900). 

The values of the resonance magnetic fields and microwave frequencies were measured with a 

NMR Gauss-meter (Bruker ESP 300E) and a frequency-meter (Hewlett-Packard5342A), 

respectively. Small amount of powders ( 0.8 g) were enrolled in Teflon tape and placed in a 

sample holder.  



 

 

 

2.4 Photoluminescence and lifetime 

Site-selective steady-state emission and excitation spectra were recorded by exciting the 

samples with a continuous wave (cw) Ti:sapphire ring laser (0.4 cm
−1

 linewidth) in the 770–

920 nm spectral range. The fluorescence was analyzed with a 0.25 m monochromator, and the 

signal was detected by an extended IR Hamamatsu H10330A-75 photomultiplier and finally 

amplified by a standard lock-in technique. Measurements were performed at 9 K by using a 

continuous flow cryostat.  

Lifetime measurements were obtained by exciting the samples with a Ti-sapphire laser pumped 

by a pulsed frequency-doubled Nd:YAG laser (9 ns pulse width), and detecting the emission 

with Hamamatsu H10330A-75 photomultiplier. Data were processed by a Tektronix 

oscilloscope. 

 

3. Results and discussion 

 

Transparent glasses and GCs were obtained after the melting process and controlled heat 

treatment at 620 C for 3-40 h.  

 

3.1 XAS 

X-ray absorption near edge structure (XANES) spectra of NdF3 and Nd2O3 references at L2-

edge are shown in Figure 1a together with their first derivative spectra, inset of Figure 1a. Some 

differences in the absorption signal are revealed depending on the coordination of Nd
3+

 ions. 

For example, the corresponding maxima of the first derivatives are obtained at  6723 and 

6722 eV for NdF3 and Nd2O3, respectively. The shift of RE ions absorption edge towards higher 

photon energy is affected by the ligand ions, being the shift towards higher energy for RE 

fluorides than for oxides [30,31] However, the energy shift of the absorption edge observed for 

NdF3 and Nd2O3 references is very slight. Most relevant differences are found in the XANES 

range 6730-6840 eV. Nd2O3 presents resonances at  6738, 6757 and 6802 eV whereas for 

NdF3 resonances are shifted towards higher values: 6743, 6758 and 6804 eV. Another feature of 

NdF3 is the presence of a “valley” at  6735 eV whereas Nd2O3 presents a resonance almost at 

this energy. 

XAS spectra of glasses (G) and GCs doped with 1NdF3 and 0.5Nd2O3 are given in Figure 1b. 

The XANES region reveals some differences when oxides or fluorides are used as precursor. 

For G-1NdF3 the resonance at 6738 eV, corresponding to Nd2O3, is not observed, instead a 

“valley” is appreciated and similar to the one of NdF3 reference. The other resonances at higher 

energy are broader but are centred at the same values that for NdF3 For GC-1NdF3 the “valley” 



 

 

at 6735 eV is much better defined and the other resonances are narrower than for the glass and 

more similar to those of NdF3. This result indicates that even though the initial Nd
3+

 

surrounding in the glass is mostly rich in fluorine, a change around Nd
3+ 

ions occurs as a 

consequence of the crystallisation process thus producing less broadened resonances and a 

spectrum very similar to that of NdF3 for the GCs.  

 

 

Figure 1. (a) XAS spectra and (inset) first derivative curves of NdF3 and Nd2O3 reference compound. (b) XANES 

spectra and (inset) detail of the XANES region for glasses and GCs doped with 1NdF3 and 0.5Nd2O3. 

 

The absorption spectrum of G-0.5Nd2O3 sample, represented in Figure 1b, shows neither the 

Nd2O3 resonance at 6738 eV nor the “valley” at 6735 eV associated to NdF3. The other 

resonances in the absorption response of G-0.5Nd2O3 are more similar to NdF3 than to Nd2O3 

but in the first part of the XANES region the G-0.5Nd2O3 spectrum is more similar to Nd2O3. 

For GC-0.5Nd2O3 the ‘valley at 6735 eV becomes more visible and also the first resonance 

(shoulder) and the second one become more similar to those of NdF3, suggesting a progressive 

transformation around Nd
3+

 ions during the crystallisation process. However, with respect to the 

GC-1NdF3 sample, the XANES spectrum changes towards that of NdF3 but there are still 

remarkable differences when Nd2O3 is used as precursor; such differences are smaller when 

NdF3 is used as dopant precursor. 

The whiteline of the four samples and the references was fitted using a Pseudo-Voigt function 

after removal of the edge continuum jump described by an arctan function. The values of the 

full-width at half maximum (FWHM) and the intensity were free parameters in the fitting and 

are summarized in Table 1. 

A slight decrease of the FWHM is observed in the GC compared to the glass, which is 

associated with a more ordered environment due to RE ions inside LaF3 NCs. A similar 

behaviour was obtained by de Pablos et al. in a previous study of Tm
3+

 doped LaF3-GCs [32]. 

The whiteline intensity varies slightly for glasses and GCs. It increases in the GC for both oxide 

and fluoride precursors. According to Y.C. Choi [33], when RE ions are in oxygens 
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environment, the whiteline intensity decreases and get broader due to a higher covalence nature 

of the RE-O bond with respect to RE-F one (as we noted in the XANES scans of NdF3 and 

Nd2O3 references). Such phenomenon causes a less hybridization of the valence orbitals for 

fluoride compounds and hence increases the local density of states (LDOS) of 5d levels. The 

whiteline intensity is also affected by the RE ions concentration. Choi [33] suggested that the 

study of whiteline intensities of RE-doped glasses could be useful to define the solubility limit 

of these ions in glass systems before preventing clusters and concentration quenching. In fact, 

the author observed that for different fluoride glasses doped with 0.3, 0.5 and 1 mol% of Ho
3+

 

the same whiteline intensity was obtained, meaning that no clusters were formed. However, for 

higher concentrations a cluster formation is possible and the whiteline intensity decreases due to 

overlaps of d orbitals causing a decrease of LDOS. Therefore, in our case the change of the 

whiteline intensity could be explained considering that in the glasses there is still part of Nd
3+

 

ions surrounded by oxygen ions but after the heat treatment the amount of Nd
3+

 ions inside the 

LaF3 crystals increases. In addition, the highest intensity is obtained for the GC-0.5Nd2O3 

suggesting that a smaller effective concentration is expected in this GC with respect to GC-

1NdF3, hence indicating less Nd
3+

 ions in LaF3 crystals when the oxide precursor is used.  

The analysis of the XANES region for the samples doped with 0.1NdF3 and 0.05Nd2O3 is quite 

difficult due to the poor signal/noise ratio induced by the low concentration of absorbing atoms. 

However, it is still possible to draw some conclusions based on the whiteline intensities that for 

these concentrations are strongly affected when comparing glass and GC, Figure 2 and Table 1. 

As stated before, if RE ions in glasses are homogenously distributed the whiteline intensity 

should not be altered. A large difference is observed in the intensities for G-0.1NdF3 and G-

0.05N2O3, indicating a different environment for the Nd
3+

 ions. Based on the different intensity 

of RE-O and RE-F bonds, the local Nd
3+

 environment in glass, when Nd2O3 is used as 

precursor, is still dominated oxygens ions, producing smaller whiteline intensity. On the 

contrary, a much stronger whiteline is obtained for G-0.1NdF3, suggesting a fluorine-rich 

environment. Moreover, comparing G-0.1NdF3 and G-1NdF3 the white-line reduces by  40% 

whereas from G-0.05Nd2O3 to G-0.5Nd2O3 the change is 30%. This result indicates that higher 

clustering of Nd
3+

 ions is obtained for NdF3 doped glasses than for Nd2O3-doped ones. For what 

concerns the GC samples, a strong decrease of the whiteline intensity is observed for the GC-

0.1NdF3 while for the GC-0.05Nd2O3 the opposite occurs.  This result cannot be explained by 

the different environment of the RE ions and the explanation could be found in the following 

reasoning. After the heat treatment part of Nd
3+

 ions are embedded in LaF3 NCs, hence the 

number of RE-F ionic bond increases. Choi [33] observed that the whiteline intensities of the 

glasses are all stronger than their crystalline counterpart. If for G-0.1NdF3 an amorphous 

fluorine-rich environment prevails, in GC-0.1NdF3 such environment is pretty much ionic 

(crystalline) and the covalence decreases, causing a decrease of the whiteline signal. Instead, the 



 

 

transformation of G-0.05Nd2O3 to GC-0.05Nd2O3 produces higher whiteline intensity, meaning 

that Nd
3+

 ions gradually pass from an oxygen-like environment to a fluorine-rich one. Once 

again the whiteline intensity of GC-0.05Nd2O3 is higher than that of GC-0.1NdF3 suggesting 

lower amount of Nd
3+

 ions incorporated in LaF3 NCs. 

 

  

Figure 2. XANES spectra for glasses and GCs doped with 0.1NdF3 and 0.05Nd2O3. 

 

 

Table 1. FWHM of the whiteline for the G and GCs shown in Figures 1 and 2. 

Sample FWHM (eV) Whiteline intensity 

G-1NdF3 5.4 23.0 

GC-1NdF3 5.1 23.6 

G-05Nd2O3 5.4 24.2 

GC-05Nd2O3 5.2 25.1 

G-0.1NdF3 5.4 37 

GC-0.1NdF3 5.1 30 

G-005Nd2O3 5.2 34 

GC-005Nd2O3 5.2 41 

NdF3 5.5 19.3 

Nd2O3 6.1 18.3 

 

Figure 3a shows the XANES spectra at the L3-edge and their first derivatives (inset) of ErF3 and 

Er2O3 references. The position at the absorption edge calculated as the maximum of the first 

derivative spectrum, is 8357 eV and 8359 eV for Er2O3 and ErF3, respectively. In this case, a 

broader and less intense white line is also observed for the oxide reference, confirming our 

results obtained for the Nd
3+

 absorption edge and those published by Y.C. Choi [33]. The 

XANES region presents clear differences between the two precursors. Er2O3 shows two 

resonances at  8378 and 8396 eV, instead they appear at  8375 and 8394 eV for ErF3.  

Figure 3b shows the XANES spectra of glasses and GC prepared with Er2O3 and ErF3 

precursors. In all cases the XANES response is more similar to that of ErF3 reference 

6700 6750 6800

0

2

4

6

8

6720 6725 6730 6735

Energy (eV)

N
o

rm
a

liz
e

d
 
(

E
)

 

 

G-0.1NdF3

GC-0.1NdF
3

G-0.05Nd
2
O

3

GC-0.05Nd
2
O

3

N
o
rm

a
liz

e
d
 
(

E
)

Energy (eV)

 



 

 

compound, hence suggesting a fluorine-rich environment for all Er
3+

-doped samples. No 

relevant variations of whiteline intensity and width are observed for these samples.  Differently 

to what happens to Nd
3+

-doped samples, the use of oxide or fluoride compounds does not 

produce significant environment differences around the Er
3+

 absorbing atoms.  

 

 

Figure 3. (a) XAS spectra and (inset) first derivative curves of ErF3 and Er2O3 reference compound. (b) XANES 

spectra and (inset) detail of the XANES region for glasses and GCs doped with 0.1ErF3 and 0.05Er2O3. 

 

3.3 EPR 

EPR measurements of Nd
3+

 and Er
3+

-doped samples have been carried out to obtain a direct 

evidence of the incorporation of these ions in LaF3 NCs. Their spectrum is only observed at 

liquid He temperatures, so that only their lowest Kramers doublet is populated. Therefore, the 

spectrum of Nd
3+

 and Er
3+

 can be described by a Spin Hamiltonian with effective spin S’=1/2 

and would only show one resonance line for each magnetic field orientation. Moreover, 

powders are composed of randomly distributed crystals hence the principal axes of the g-matrix 

have all possible orientations relative to the direction of the magnetic field. Therefore, in the 

case of LaF3 phase (rhombic symmetry) the first derivative EPR spectrum only shows three 

lines appearing at three different principal g-values g1, g2 and g3. These values have been 

previously reported for Nd
3+

 and Er
3+

-doped LaF3 single crystals [34,35]. Figures 4a and 4b 

show the EPR signals of NdF3-doped glasses and GCs with different Nd
3+

 concentrations. The 

sharp signal at  1587 G, corresponding to a g=4.27.0.01, is associated to Fe
3+

 impurities due 

to SiO2 precursor [36,37]. This signal is also observed in other glass and GC samples prepared 

by other authors [38-41]. The other resonance at  3263 G is related to the background and to 

the g-line of Fe
3+

 impurities. This signal is also visible at room temperature (RT), hence it is 

excluded that can be related to RE ions. Increasing the Nd
3+

 content a broad signal overlaps 

with the Fe
3+

 signal and considering the absence of crystalline phases, such signal is associated 

to Nd
3+

 in the amorphous glass matrix. Such signal also broadens remarkably increasing the 

Nd
3+

 content and for quite high concentrations such as 1 and 2 mol% it smears in a range of 
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approx. 2000 G. Such behaviour is typical of glasses where broad resonances are observed due 

to site-to-site different environment and for high concentration the fast spin-spin relaxation 

broadens the resonance. Similar results were obtained by Dantelle et al. [38] for Yb
3+

 doped 

glasses. The GC samples show interesting features, the appearance of new resonances at  2130 

and 4919 G corresponding to g1=3.170.01 and g2=1.370.02 (Figure 4b). Such values are in 

perfect agreement with those reported for LaF3 single crystals [34,35]. The g3 resonance is not 

observed and both g1 and g2-lines become broader increasing the Nd
3+

 content due to stronger 

spin-spin relaxation process. Similar results were obtained by U. Rocha et al. [42] studying LaF3 

nanoparticles (NPs) doped with different amount of Nd
3+

. Only for low concentration such as 

0.2 mol% the three g resonances were observed together with the hyperfine structure of g1-line. 

However, in our case, the effective concentration of Nd
3+

 in LaF3 crystals is much higher than 

the nominal one as reported in a previous paper [25]. It was found an effective concentration in 

LaF3 NCs of  1 mol% for GC-0.1NdF3, one order of magnitude higher than the nominal value.  

 

 

 

 

Figure 4. EPR signals of (a) glasses and (b) glass-ceramics doped with 0.05-2NdF3. 

 

Another interesting result is obtained comparing four GCs doped with 1NdF3 and heat treated at 

620 ºC for 3, 5, 20 and 40 h. The corresponding EPR signals are shown in Figure 5. A careful 

analysis of the samples treated for 3 and 40 h shows that width of g1-line reduces increasing the 

treatment time and this is associated to a better crystallised sample as indicated by the intensity 

of the diffraction patterns and the increase of the crystal size [12,25] . Furthermore, for the GC 

treated 40 h the g2-line is also visible further confirming the increase of the LaF3 NCs and a 

better incorporation of Nd
3+

 ions inside them. The samples treated for 5 and 20 h follow a 

similar trend. 
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Figure 5. EPR signals of GCs doped with 1NdF3 and treated at 620 C during 3, 5, 20 and 40 h. (b) Detail of EPR 

signals for GCs treated at 620 C during 3 and 40 h. 

 

Figure 6 compares the EPR signals of GC-0.1NdF3, GC-1NdF3, GC-0.05Nd2O3 and GC-

05Nd2O3. Remarkable difference is suddenly observed for the less concentrated samples. While 

the Nd
3+

 incorporation is clearly demonstrated for the GC-01NdF3 by the visible g1 and g2-lines, 

only the g1-line is observed for the GC-0.05Nd2O3, its intensity being very small. Such 

difference is not so strong for the GC-1NdF3 and GC-0.5Nd2O3 but the intensity of the g1-line 

associated to NdF3-doped GC is stronger and also broader with respect to Nd2O3-doped GC. All 

these results are in agreement with those found by XAS and shown in Figures 1b. There is a 

noticeable difference in both XAS and EPR spectra for low Nd
3+

 concentrations. Both 

techniques indicate that, after the heat treatment, when Nd2O3 is used as precursor less Nd
3+

 ions 

are incorporated in LaF3 NCs. This could be explained considering the oxygen shell still 

surrounding Nd
3+

 ions in glass sample that inhibits or delay their incorporation in LaF3 NCs. 

When Nd
3+

 concentration increases the XAS differences are still visible but the effects are 

weakened by the very high Nd
3+

 effective concentration in LaF3 [25]. Nevertheless, similar 

conclusions are obtained once again and confirm that when Nd2O3 is used as dopant less Nd
3+

 

ions get incorporated in LaF3 crystal phase.  
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Figure 6. EPR signals of GCs dope with 0.1 and 1NdF3 and 0.05 and 0.5Nd2O3. 

 

 

EPR signals of ErF3-doped samples are given in Figure 7. A sharp signal at 2130 G associated 

to Fe
3+

 impurities is also observed in this sample. A quite broad resonance appears at low field, 

corresponding to a g  12, is associated to Er
3+

 ions in a fluorine-rich environment. In fact, for 

the sample doped with 0.5ErF3 there is a small tip superimposed to the quite broad band 

corresponding to g1  11.30.1 in agreement with the one of Er
3+

 in LaF3 single crystals [34,35] 

and in Er
3+

doped NPs [43]. For the higher doped sample the Er
3+

 signal increases and the other 

two resonances corresponding to g2  4.90.2 and g33.10.2 are observed and unambiguously 

attributed to Er
3+

 in LaF3 NCs. The presence of small traces of LaF3 NCs for 0.5ErF3 doped 

samples was also noticed in a previous work [12]. The fact that even in the starting glass there 

are some NCs suggest the high nucleating agent effect of Er
3+

 ions in this system. In the GC 

samples, the Er
3+

 resonances become well resolved for both dopant concentrations, being 

sharper for the less concentrated sample. A careful look at the g1-line of the GC-0.1ErF3 reveals 

a weak peak (left hand side) and two weak shoulders (right hand side) associated to the 

hyperfine structure of 
167

Er ions with a nuclear spin I=7/2 whose abundance is around 22%.  

These weak resonances are not observed for the higher doped sample. These results indicate the 

further incorporation of Er
3+

 ions in LaF3 NCs after the crystallisation process, the effective 

concentration for the 0.5ErF3-doped sample being quite higher. It is worth noticing that the 

broader signal at low field is still present for the GC samples but it is reduced in intensity with 

respect to glass samples. This indicates that there is still an important amount of Er
3+

 ions 

outside the LaF3 NCs.  
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Figure 7. EPR signals of (a) glasses and (b) GCs doped with 0.1 and 0.5ErF3. 

 

The EPR signals of glasses and GCs doped with ErF3 and Er2O3 are given in Figure 8. Very 

similar features are obtained for G-0.1ErF3 and G-0.05Nd2O3 and for the oxide-doped sample 

there are also tiny perceivable resonances associated to Er
3+

 in LaF3 NCs. After the 

crystallisation process, sharp resonances appear for both samples indicating the progressive 

incorporation of Er
3+

 ions in LaF3 NCs. Anyway, there are no remarkable differences in using 

Er2O3 or ErF3 for Er
3+

-doped samples, thus confirming the previous results of XANES.  

 

 

 

Figure 8. EPR signals of (a) glasses and (b) GCs doped with 0.1ErF3 and 0.05Er2O3. 

 

3.4 PL and lifetime 

The previous results concerning Nd
3+

 incorporation on the NCs are confirmed by site-selective 

laser spectroscopy and lifetime measurements. As we have mentioned before, in a previous 

work, some of the authors obtained the Nd
3+

 emission in LaF3 NCs in GC samples heat treated 

at 620 ºC-40 h doped with different NdF3 concentrations by selective excitation at 786 nm in the 

4
F5/2 level. It was found that at this excitation wavelength, the contribution to the emission 

spectrum corresponds to Nd
3+

 ions incorporated in the LaF3 NCs whereas by exciting at 802 nm, 
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a broad band similar to the one of the glass sample is observed corresponding to the emission of 

Nd
3+

 in an amorphous environment. The relative contribution of both emissions in the 

crystalline and amorphous phase was strongly affected by Nd
3+

 concentration.  

At low concentration (0.1NdF3), the most efficient emission corresponds to Nd
3+

 ions in the 

NCs whereas the emission from the amorphous phase dominates at higher concentrations 

(1NdF3),   due to the strong concentration quenching of Nd
3+

 in the NCs.  

To analyse the effect of Nd2O3 doping on the luminescence of Nd
3+

 in the NCs, we have 

obtained the low temperature (T=9K) emission spectra under the same experimental conditions 

to compare the results with those found in NdF3 doped GC. 

As an example, Figures 9a and 9b show the low temperature emission spectra corresponding to 

the 
4
F3/2 

4
I11/2   laser transitions of the GC sample heat treated at 620 ºC-40 h obtained under 

excitation at 786 and 802 nm, the wavelengths at which is possible to separate the contribution 

to the emission from Nd
3+

 ions in the NCs and in the amorphous phase. As can be seen, in both 

cases, the relative contribution of Nd
3+

 emission in the NCs, obtained by exciting at 786 nm, is 

higher than the one corresponding to the amorphous phase (802 nm excitation), however, the 

sample doped with 0.05% Nd2O2 shows a slightly lower contribution from Nd
3+

 in the 

crystalline phase compared to the amorphous one. 

 

 

 

Figure 9. Low temperature (9K) emission spectra obtained under excitation at 786 nm (blue line) and 802 nm (red 

line) for the GC sample doped with (a) 0.1NdF3 and (b) 0.05Nd2O3. 

 

Figure 10a and 10b show the emission spectra recorded at 9 K under 786 and 802 nm excitation 

for the samples doped with 1NdF3 and 0.5Nd2O3. At this concentration, for the sample doped 

with NdF3 (Figure 11a), the emission from Nd
3+

 in the amorphous phase is nearly twice the one 

of Nd
3+

 in LaF3 NCs due to concentration quenching.  Moreover, the spectrum becomes broader 

and with less resolved peaks. In the case of the GC sample doped with 0.5Nd2O3, both 

emissions from Nd
3+

 ions in the crystalline and amorphous phases are similar with a more 

resolved spectrum under 786 nm excitation than in the case of NdF3 doping. These results 
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indicate a lower concentration quenching of the Nd
3+

 emission in the NCs for the GC samples 

doped with Nd2O3 according with a less Nd
3+

 incorporated in LaF3 NCs. 

 

 

 

Figure 10. Low temperature (9K) emission spectra obtained under excitation at 786 nm (blue line) and 802 nm (red 

line) for the GC sample doped with (a) 1NdF3 and (b) 0.5Nd2O3. 

 

The lifetime values of Nd
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with 1NdF3. The lifetime values corresponding to the Nd
3+
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been obtained at 9 K by exciting at 786 nm collecting the luminescence at 1039 nm. Figure 11a 

displays the decays for the GC samples doped with 0.1NdF3 and 0.05Nd2O3. As can be seen, the 

decays can be described by a single exponential function and the lifetime values are 688 µs and 

635 µs, respectively. As concentration increases, there is decrease of the lifetimes due to 

concentration quenching however this quenching is reduced in the case of the sample with 

0.5Nd2O3 compared with the 1NdF3 doped GC sample. As shown in Figure 11b, the decay for 

the GC sample doped with 0.5Nd2O3 is nearly single exponential with a lifetime of 163 µs 

whereas the decay for the GC sample doped with 1NdF3 is not single exponential with a lifetime 

of 98 µs.  The longer lifetime in the case of the sample doped with 0.5Nd2O3 suggests that in 
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and less Nd
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 ions are incorporated in the NCs in agreement with the results obtained from 

XANES and EPR. 
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Figure 11. Semilogarithmic plot of the experimental decays from the 4F3/2 state   obtained under excitation at 786 nm 

collecting the luminescence at 1039 nm (a) for the GC samples doped with (a) 0.1NdF3 (blue line) and 0.05Nd2O3 

(pink line) and (b) 1NdF3 (blue line) and 0.5Nd2O3 (pink line). 

 

In the case of ErF3 and Er2O3 the fluorescence decay curves from 
4
I13/2 level for both samples 

have been obtained by pumping level
 4
I9/2 at 801 nm collecting the luminescence at 1540 nm at 

the maximum of the 
4
I13/2

4
I15/2 emission.  For both samples a similar lifetime of around 6.5 ms 

was obtained with no significant differences in the experimental decays. This result is in 

agreement with those obtained from XANES and EPR.  

 

4. Conclusions 

 

Transparent oxyfluoride glass-ceramics with LaF3 NCs, doped with Nd
3+

 and Er
3+

 using oxide 

and fluoride precursors, were prepared by MQ and controlled crystallisation. The local 

environment of the RE ions was studied using XAS, EPR and PL. Clear differences in XAS and 

EPR spectra were observed for Nd
3+

-doped samples indicating a lower incorporation of Nd
3+

 in 

the LaF3 NCs when the oxide precursor is used. PL measurements confirmed this result. The 

lifetime of Nd
3+

 in the LaF3 NCs increased from 635 (using Nd2O3) to 688 s (using NdF3) for 

low doping level (0.1 mol% Nd
3+

). Instead, the lifetime decreased from 163 to 98 s for higher 

doping level (1 mol% Nd
3+

), showing a stronger concentration quenching when NdF3 is used. 

For Er
3+

-doped samples (0.1 mol% Er
3+

) very similar XAS, EPR, PL spectra and lifetimes were 

observed, indicating that a similar incorporation of Er
3+

 in the LaF3 NCs is obtained using oxide 

or fluoride precursors. Therefore, the effect of the dopant precursor on the incorporation of the 

RE ions depends on both nature of RE ion and its content. 
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Phase evolution of KLaF4 nanocrystals and their
effects on the photoluminescence of Nd3+ doped
transparent oxyfluoride glass-ceramics

A. A. Cabral, a R. Balda, bc J. Fernández,bc G. Gorni, d J. J. Velázquez, d

L. Pascual, e A. Durán d and M. J. Pascual *d

Transparent oxyfluoride glass-ceramics (GCs) were prepared starting from the glass composition 70SiO2–

7Al2O3–16K2O–7LaF3 (mol%) doped with four different Nd3+ concentrations (0.1–2 mol%). The glass-

ceramics were prepared by heat treatment above the corresponding glass transition temperatures (Tg +

10–100 °C). Depending on the Nd3+ concentration, cubic (α-phase) and hexagonal (β-phase) KLaF4 nano-

crystals (NCs) precipitated from the starting glass. By X-ray diffraction (XRD) and high resolution transmis-

sion electron microscopy (HR-TEM), the crystallization of the cubic structure was observed for all compo-

sitions, while β-KLaF4 nanocrystals were mostly detected for the glass-ceramic samples doped with 0.5

mol% NdF3. This noteworthy result is confirmed by site-selective laser spectroscopy. The presence of

α-KLaF4 and β-KLaF4 crystalline phases is unambiguously identified from the emission and excitation spec-

tra and lifetime measurements of the 4F3/2 state of Nd3+ ions. The spectroscopic results confirm those

obtained with XRD and HR-TEM techniques: α-KLaF4 NCs are found to be present for all NdF3 concentra-

tions whereas β-KLaF4 NCs are predominant in the glass-ceramic samples doped with 0.5 mol%.

1. Introduction

The development of transparent glass-ceramic materials with
NCs homogeneously distributed in a glass matrix is highly de-
sirable in the photonic applications field. They combine the
efficient incorporation of active rare-earth (RE) ions into low
phonon energy fluoride crystals and the good thermal stabil-
ity and high mechanical and chemical properties of an alumi-
nosilicate glass matrix; therefore they are potential candidates
for numerous optical applications.1–6

Rigorous control of the nucleation and crystal growth pro-
cesses is required. In principle, these GCs are prepared from
non-isochemical systems, where the chemical composition of
the residual glass changes during the crystallization process,
and the corresponding crystal growth rates vary with heat
treatment time. Nevertheless, there are two scenarios: (i) if
NCs are enriched in network glass formers, the crystal growth

rate increases; (ii) if a phase is enriched in network modi-
fiers, a diffusion barrier is formed and a decreasing crystal
growth rate is obtained. This latter effect leads to self-
organized crystallization processes, as demonstrated for
Na2O/K2O/CaO/CaF2/Al2O3/SiO2

7 and Na2O/K2O/BaF2/Al2O3/
SiO2 GCs.

8,9

Concerning Na2O–Al2O3–SiO2–LaF3 glass systems and
based on the crystal chemical nature of the elements, Sroda
et al.10 pointed out that the production of transparent
oxyfluoride GCs obtained through the precipitation of LaF3
crystals in the glass network is highly dependent on the
Na2O/(SiO2 + Al2O3) ratio. In fact, LaF3 nanocrystallization
was confirmed in some un-doped silicate glasses with nomi-
nal compositions 40SiO2–30Al2O3–18Na2O–12LaF3 (mol%)11,12

and 55SiO2–20Al2O3–15Na2O–10LaF3 (mol%),13 hereafter
called 55Si-10La. When this latter composition was doped
with Tm3+, the largest LaF3 NCs were obtained as compared
to the un-doped composition, and the dopant affected the
crystal growth velocity, but did not influence the crystalliza-
tion mechanism.14,15 Recently, Gorni et al.16 prepared trans-
parent 55Si-10La GCs doped with several Nd3+ concentrations
and concluded that the crystallization mechanism was con-
trolled by diffusion with a fixed number of nuclei, which did
not change with the addition of Nd3+. Moreover, they were
able, upon selective excitation, to reproduce the optical prop-
erties of pure LaF3 crystals doped with Nd3+, thus obtaining a
notable increase of luminescence efficiency. They also
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prepared optical fibers of the same composition and
obtained similar results.17

On the other hand, NaLaF4 NCs with a size ≈20 nm
enclosed in a SiO2 enriched barrier have been detected in a
mixed alkali glass composition 70SiO2–7Al2O3–8Na2O–8K2O–
7LaF3 (mol%) (70Si-7La).18 When this glass composition was
doped with Tm3+, the size of these NCs was nearly constant
around 14 nm, with a delayed crystallization process.19

Another oxyfluoride glass composition with peculiar crys-
tallization characteristics is 70SiO2–7Al2O3–16K2O–7LaF3
(mol%), hereafter called 70Si-7LaK. In comparison with the
mixed alkali glass 70SiO2–7Al2O3–8Na2O–8K2O–7LaF3 (mol%),
the 70Si-7LaK glass exhibits higher viscosity and lower kinetic
fragility.20 In addition, depending on the chosen temperature
of heat-treatment, for the first time α-KLaF4 and β-KLaF4 NCs
were achieved, which had cubic and hexagonal structures, re-
spectively. Nevertheless, the crystallization process was drasti-
cally modified when the 70Si-7LaK glass was co-doped with
0.2 mol% Tm2O3 and 0.5 mol% YbF3, and β-KLaF4 NCs were
not detected, even after heat-treatment at 580 °C for 150 h.21

The relevance of this finding is strongly related to better fluo-
rescence and higher up-conversion properties of the β crystal-
line phase, as previously demonstrated for other glass sys-
tems, where cubic and hexagonal NaĲY,Gd)F4 crystals
precipitate.22–27 In particular, NaYF4 is known to be one of
the most efficient hosts of rare earth (RE) ions for near-
infrared to visible up-conversion emission and has been in-
vestigated for its use in bio-imaging and tissue detection.28,29

The phase exists in high temperature cubic and low-
temperature hexagonal polymorphs.30 A phonon energy of
262 cm−1 has been reported for hexagonal KLaF4.

31 Tyagi
et al.32 suggested that the advantageous lower phonon energy
of KLaF4 in comparison with NaYF4 (360 cm−1) arises from
the greater radius of the alkali-metal ion, whereas the greater
size of the La ions in KLaF4 as compared with that of the Y
ions in NaYF4 imparts higher stability.33

Some papers have been published concerning the optical
properties of the KLaF4 crystalline phase. In particular, cubic
KLaF4 crystals present interesting optical properties when
doped with high contents of Eu3+ ions, resulting in a strong
red color and longer lifetimes after excitation with different
wavelengths.34 These results make KLaF4 a promising mate-
rial for white light LEDs and other display applications. On
the other hand, S. Ahmad et al.35 showed that cubic and hex-
agonal KLaF4 crystals can be efficient green emitters when
doped with various concentrations of Tb3+ ions, resulting in
a color tuning from bluish-green to green as the ion concen-
tration changes. All of these results suggest its potential use
as a light emitting phosphor for LEDs, mercury-free lamps
and plasma display panels or biological applications when
this phase is co-doped with Yb3+ ions by means of an up-
conversion process.

Therefore, continuing the research to find a way to precipitate
β-KLaF4 NCs (phonon energy around 262 cm−1), this paper aims
to investigate the crystallization process of the 70Si-7LaK glass
samples doped with different amounts of Nd3+ and analyze its in-

fluence on the crystallization behavior and on the optical proper-
ties. Nd3+ has an intense 4F3/2 → 4I11/2 emission at around 1.06
μm,36 a well-known wavelength for laser applications. Moreover,
it can also be used as a probe allowing the local structure of the
ion to be related to the spectroscopic properties.37

2. Experimental section
2.1. Material preparation

Glass samples of composition 70SiO2–7Al2O3–16K2O–7LaF3
(70Si7LaK) doped with 0.1, 0.5, 1 and 2 NdF3 (in mol%), here-
inafter called G01; G05; G1 and G2, respectively, were pre-
pared by melting–quenching using the following reagent
grade raw materials: SiO2 (Saint Gobain, 99.6%), Al2O3

(Panreac, 99.5%), K2CO3 (Scharlab 99.6%), LaF3 (Alfa Aesar,
99.9%), and NdF3 (Alfa Aesar, 99.9%) in an electric furnace.
After mixing the reagents, the batches were homogenized in
a Turbula mixer for 1 h, calcined in a covered platinum cruci-
ble at 1300 °C for 1 h and then melted at 1550 °C for 1 h.
The melting process was carried out twice in order to im-
prove homogenization. Further, the liquid was quickly
quenched in air onto a brass mold and then annealed above
the glass transition temperature (Tg) to avoid residual ther-
mal stress. The chemical composition of the glass samples
was analyzed by X-ray fluorescence spectroscopy (XRF) using
a PANalytical spectrometer. All oxides were determined
employing the melting method with Li2B4O7, whereas ele-
mental fluorine analysis was performed on pressed pellets of
powdered glass (63 μm, 8 g) in order to avoid fluorine
volatilization.

GCs of each composition were obtained by heat treatment
of bulk glass samples at 590 °C and 660 °C from 1 to 342 h.
Depending on the Nd3+ concentration, the corresponding
GCs will be denoted as GCx.

2.2. Thermal and structural characterization

Glass samples with dimensions of 9 × 7 × 5 mm were pre-
pared for each composition to determine Tg by dilatometry.
The samples were heated in air at a heating rate of 5 K min−1

using a Netzsch Gerätebau dilatometer, model 402 EP; the es-
timated error of Tg was ±1 °C.

After heat treatment at 590 °C and 660 °C for different
times, the glass-ceramic samples were milled, sieved (<63
μm) and characterized by XRD using an X-ray diffractometer
D8 ADVANCE (Bruker) equipped with a Lynx Eye detector.
The patterns were collected with a step size of 0.017° and a
fixed counting time of 1.63 s per step, using monochromatic
Cu-Kα radiation (1.5406 Å) over the angular range 10 ≤ 2θ ≤
60°. The size of the NCs was estimated by the Scherrer equa-
tion (eqn (1)) using diffraction peaks at 2θ ≈ 43° and 2θ ≈
38°, which corresponded to the cubic (α-KLaF4) and hexago-
nal (β-KLaF4) phases, respectively:

D G
B B






cos m i
2 2 (1)
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where D is the crystal size, G is a constant whose value is
0.94 (spherical crystals), Bm is the full width at half maximum
of the peak, and θ is the Bragg angle. The errors were calcu-
lated by peak fitting (pseudo-Voigt function) and in accor-
dance with error theory. The instrumental broadening Bi was
calculated using NaF as a reference (<63 μm).

The crystalline phases were indexed using the ICDS data-
base (Inorganic Crystal Structure Database).

2.3. Transmission electron microscopy

Samples for HR-TEM of the base glass and the corresponding
GCs were prepared from sieved powders of size <63 μm dis-
persed in ethanol. The micrographs were recorded using a
JEOL 2100 field-emission gun transmission electron micro-
scope operating at 200 kV with a point resolution of 0.19 nm.
Micrograph analysis was performed using Gatan Digital
Micrograph software.

2.4. Optical characterization

Plano-parallel sheets (1 × 1 cm2 size and 2 mm thickness) of
the parent glass and the corresponding GC samples obtained
at 590 °C for 24 and 150 h and at 660 °C for 66 and 150 h
were prepared and polished for the optical characterization.

Site-selective steady-state emission and excitation spectra
were recorded by exciting the samples with a continuous
wave (cw) Ti:sapphire ring laser (0.4 cm−1 linewidth) in the
spectral range of 770–920 nm. The fluorescence was analyzed
with a 0.25 m monochromator, and the signal was detected
using an extended IR Hamamatsu H10330A-75 photo-
multiplier and finally amplified by a standard lock-in tech-
nique. The sample temperature was varied between 10 and
300 K in a continuous flow cryostat.

Lifetime measurements were obtained by exciting the sam-
ples with a Ti-sapphire laser pumped using a pulsed, frequency-
doubled Nd:YAG laser (9 ns pulse width) and detecting the
emission with the Hamamatsu H10330A-75 photomultiplier.
Data were processed using a Tektronix oscilloscope.

3. Results and discussion
3.1. Chemical analysis and dilatometry

Transparent glass samples for each composition were
obtained. The corresponding XRD patterns did not reveal the
presence of any crystalline phase. Table 1 presents the nomi-

nal and analyzed compositions of each glass. From these re-
sults, the fluorine loss is estimated and given in the last line
of the table. The fluorine loss varies between 28 and 40 wt%.
The chemical analysis of the other elements shows values
roughly in agreement with the nominal ones. Such large fluo-
rine loss is quite typical in these compositions due to the
high melting temperatures involved.

Fig. 1 shows the increasing tendency of Tg with the Nd3+

content. The Tg value of the un-doped glass is 552 ± 2 °C.20

As can be observed, Tg increases from 568 °C to 584 °C,
which is in agreement with previous results obtained by
Gorni et al.16 Consequently, the glass network becomes more
rigid as the NdF3 increases and the viscosity increases as
suggested by Sroda10 and de Pablos-Martín.20

3.2. X-ray diffraction (XRD)

Fig. 2(a–d) show the XRD diffractograms of the GC01 and
GC05 samples heat treated at 590 °C for 1 h up to 150 h and
at 660 °C for 1 to 192 h. From Fig. 2(a and b), it is observed
that α-KLaF4 peaks (JCPDS 00-075-2020) appear at both tem-
peratures and are denoted by “x”. Nevertheless, small traces
of β-KLaF4 NCs (JCPDS 00-075-1927) were also detected for
GC01 heat treated at 660 °C for times longer than 144 h. The
diffractograms of GC1 and GC2 compositions are similar to
GC01, so they are not presented here. For GC05, cubic (α-
KLaF4) and hexagonal (β-KLaF4) NCs precipitated at both
treatment temperatures, Fig. 2(c and d).

Fig. 2 demonstrates that the diffraction peaks obtained for
each composition become narrower and more intense as the
temperature and time of heat treatment increase, respec-
tively, thus indicating an increase of both crystal size and
fraction.

Fig. 3 shows the crystal size of α-KLaF4 and β-KLaF4 crys-
tals after heat treatments at 590 °C and 660 °C.

The crystal size increases with time for each Nd3+ concen-
tration at both temperatures but tends to stabilize after a cer-
tain time, which agrees with the un-doped and co-doped
GCs.20,21 Nevertheless, β-KLaF4 NCs were detected by stan-
dard XRD only for GC05 at these temperatures.

The average crystal size changes with Nd3+ concentration
and varies from ≈8 nm for GC01 to ≈17 nm for GC05 (α-
KLaF4) at 590 °C, while the un-doped20 and Tm–Yb co-
doped21 GCs have crystals with a mean size of ≈9 nm and 5.5
nm, respectively. In addition, α-KLaF4 NCs were not detected

Table 1 Nominal and analyzed chemical compositions (in mol%) of each glass

Glass
components

G01 G05 G1 G2

Nominal Analyzed Nominal Analyzed Nominal Analyzed Nominal Analyzed

SiO2 69.93 70.8 69.65 70.0 69.30 71.5 68.60 69.6
K2O 15.98 15.9 15.92 16.2 15.84 15.4 15.68 15.4
Al2O3 6.99 7.1 6.97 7.3 6.93 7.4 6.86 7.1
LaF3 6.99 6.2 6.97 6.1 6.93 5.0 6.86 6.4
NdF3 0.10 0.06 0.50 0.3 1.00 0.7 2.00 1.5
F 21.27 18.8 22.41 19.2 23.79 17.1 26.58 23.7
F loss (wt%) 28 32 40 34
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for GC01 after periods of time less than 15 h at this treatment
temperature. Additionally, β-KLaF4 NCs were detected only for
GC05 for times longer than 15 h, which indicated that hexago-
nal nanocrystals need longer growth times.

Even when taking into account GCs with similar composi-
tions, one should remember that the crystal size is highly tem-
perature dependent. In this case, the treatment temperature
used (590 °C) is higher than the one used to monitor the crys-
tal growth of un-doped and Tm–Yb co-doped glasses (580
°C).20,21 However, Fig. 3a shows that only GC01 presents a crys-
tal size comparable to un-doped glass, which could be attrib-

uted to their very similar viscosity temperature dependence.
For both temperatures, the crystal growth rate is very slow.

As the temperature increases, β-KLaF4 NCs are detected
in GC05 from shorter times of heat treatment at 660 °C,
and they are larger than the cubic ones. Nevertheless, the
crystal growth rates of α-KLaF4 and β-KLaF4 NCs at 590 °C
as well as at 660 °C are strictly different, which means that
their corresponding growth kinetics is independent. This re-
sult sheds a different light on the crystallization of the 70Si-
7LaK composition. Hence, in comparison with previous
work,20,21 it could be stated that both crystalline phases co-
exist even at lower temperatures, coming probably from the
residual fluorine in the glassy matrix, and it is not then
clear if a polymorphic transformation of one phase to the
other occurs.

Nevertheless, at least one question needs a more convinc-
ing answer: why do the β-KLaF4 nanocrystals precipitate only
for GC05?

High resolution XRD patterns were collected at the BM25
SpLine of the ESRF in Grenoble using 20 keV energy (corre-
sponding to a wavelength of 0.619 Å) in order to obtain more
insight and to overcome the detection limit of typical XRD in-
struments. Diffractograms were acquired in the range of 5–
25° (corresponding to the range of 10–60° using standard
CuKα1 radiation) using a step size of 0.02°. GC01 and GC05
heat treated at 590 °C for 150 h were measured and the corre-
sponding diffractograms are shown in Fig. 4.

Fig. 1 Tg evolution with NdF3 content (mol%). The Tg of the undoped
glass is also shown for comparison.

Fig. 2 XRD patterns of the GC01 and GC05 samples heat-treated at different temperatures and times: (a) GC01 – 590 °C; (b) GC01 – 660 °C; (c)
GC05 – 590 °C; and (d) GC05 – 660 °C. (x): α-KLaF4 and (+): β-KLaF4.
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Fig. 4(b) confirms the precipitation of cubic and hexago-
nal KLaF4 NCs for GC05, where the corresponding patterns
have relative intensities similar to the one given in Fig. 2c. In
addition, the size of α-KLaF4 and β- KLaF4 NCs is estimated
to be ∼20 nm and 11 nm, respectively, which is in excellent
agreement with the results shown in Fig. 3(a).

On the other hand, both KLaF4 phases were detected for
GC01 treated at 590 °C for 150 h (Fig. 4(a)), with sizes being
∼9 and 11 nm for α and β-KLaF4 crystals, respectively. Thus,
the size of α-KLaF4 NCs is in agreement with that given in
Fig. 3. Nevertheless, the crystallization of the cubic phase is
favored, since the β-KLaF4 phase has a lower crystalline frac-
tion than the cubic one.

Therefore, one can conclude that the hexagonal NCs are
not a unique feature of the GC05 samples. Perhaps, these
crystals also precipitate in GC1 and GC2 samples, even
though they can be affected by the dopant concentration and
the kind of dopant, such as Tm3+ and Yb3+, where β-KLaF4
NCs are not detected.21 In both cases, high-resolution XRD is
a powerful technique that can clear these questions.

Taking into account that α-KLaF4 and β-KLaF4 NCs of
GC05 precipitate with distinct crystal growth rates and they
are also identified by high-resolution XRD at 590 °C for GC01,
this could be an argument to conclude that the crystallization
of the hexagonal phase did not come from the cubic one.

Comparing Fig. 2 and 4, it is observed that the intensity of
the diffraction peaks increases even for times longer than

100 h, while the size of the NCs remains almost constant.
Therefore, one can infer the formation of a viscous layer
enriched in silica around the crystals, which hinders further
crystal growth,18 and the crystallization takes place from a
fixed number of nuclei, as previously demonstrated for other
oxyfluoride systems.13,16

Assuming a fixed number of nuclei, the crystallization is
controlled by the interface or diffusion,38 and it can be dis-
tinguished by the dependence of the crystal size on the time.
In the former, the crystal dimensions should increase linearly
with time, while for the diffusion-controlled growth, they
should increase with the square root of time (=t0.5). Then, the
crystal size vs. t0.5 curves (Fig. 3c and d) of all GCs tend to be
linearly dependent, which confirms that the diffusion gov-
erns the crystal growth of these glass samples.

3.3. HR-TEM

The HR-TEM images of the base glass samples indicate that
there are no signs of phase separation in the initial glass as
previously observed in the undoped glass composition.20

Fig. 5(a and b) present the bright field micrographs of
GC01 treated at 590 °C for 150 h. Only α-KLaF4 crystals were
detected by HR-TEM, with the fraction of β-KLaF4 crystals be-
ing very low and therefore hard to detect (see Fig. 4(a) for
comparison). The size of α-KLaF4 NCs, around 9 nm, is in
good agreement with the XRD results. Fig. 5b shows the HR-

Fig. 3 Crystal size (nm) as a function of time (t) after heat treatment at (a) 590 °C and (b) 660 °C, and crystal size (nm) as a function of t0.5 after
heat treatment at (c) 590 °C and (d) 660 °C.
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TEM micrograph with the corresponding filtered images of
two crystals where lattice planes can be seen. The lattice dis-
tance values of 0.21 nm and 0.33 nm are in good agreement
with the (220) and (111) planes of the α-KLaF4 crystals, corre-
sponding to the two highest diffraction peaks that appear
around 43 and 26°, respectively (see Fig. 2(a and b)).

Fig. 6(a and b) show the micrographs of GC05 treated at
590 °C-150 h. Particle size distributions were obtained by
measuring close to 300 particles from different areas. The
histogram displays two different maxima, which means that
the particle size is not homogeneous. This is indicative of the
coexistence of the α and β phases which also have different
crystal sizes as has been also obtained by XRD. To corrobo-
rate this feature, the size distribution was well fitted to a two
Gaussian peak curve. From the fit, two mean values at Xc1 =
8.9 nm and Xc2 = 18.1 nm and standard deviation widths of
4.6 and 4.4 nm, respectively, were obtained. From the crystal
size determined from the XRD data of Fig. 3a, we can con-
clude that the former mean value of Gaussian 1 is attribut-
able to the β phase and the latter (Gaussian 2) to the α phase.
Additionally, using fast Fourier transform, the lattice dis-
tances of both phases were estimated to be 0.56 nm for the
(100) planes of the β phase and 0.34 nm for the (111) planes
of the α phase (Fig. 6b).

The HR-TEM micrographs of the GC05 glass-ceramic sam-
ple heat treated at 660 °C for 144 h in which XRD showed
bigger β-KLaF4 crystals (near 40 nm) were also obtained

(Fig. 7a and b). The electron diffraction pattern (Fig. 7b) indi-
cates a clear mixture of the α and β phases. The β crystals are
very unstable under the electron beam. The structure de-
grades as observed in the diffuse streaking appearing in the
FFT. Despite that, the image offers a confirmation of the
presence of β-KLaF4 crystals in the GC05 material where a
crystal oriented along the [101] zone axis is presented.

The increasing concentration of RE dopants has been
demonstrated to have an influence on the phase evolution in
oxyfluoride glass-ceramics and on fluoride and double fluo-
ride NCs. These are some of the related papers found in the
literature:

H. Guo et al.39 previously studied how the doping concen-
tration induced phase transition in Eu3+-doped β-PbF2 nano-
particles from oxyfluoride glass (50−x)SiO2–40PbF2–10CdF2–
xEu2O3 (mole fraction x = 0.05, 0.1, 0.5, 1.5). Ln3+ ions are
substituted for Pb2+ sites and the doping concentration in-
duces a site symmetry distortion from Oh to D4h. By PL and
XRD studies, they concluded that the structure of low-doped
nanoparticles is cubic PbEuF9. With the increase of doping
concentration, the cubic Pb3EuF9 transforms to tetragonal
PbEuF5. Given the fact that the number of substituting Eu3+

Fig. 4 XRD patterns of (a) GC01 and (b) GC05 treated at 590 °C-150 h
performed at the BM25-SpLine of the ESRF. JCPDS reference patterns
of α and β-KLaF4 crystals are also given.

Fig. 5 (a) HRTEM micrograph of GC01 treated at 590 °C-150 h with
the α-KLaF4 crystal size distribution. (b) HRTEM micrograph showing
five α-KLaF4 crystals. For two of them (encircled in red) the plane dis-
tances were obtained by FFT (fast Fourier transform) and their corre-
sponding filtered images are also shown.
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ions in a single cubic cell increases with doping concentra-
tion, the structure of NCs changes from β to tetragonal,
coexisting both phases for 0.05 GC. The same has been ob-
served by Y. Li et al.40 from Tm3+ nanocrystals using the
same base glass composition.

Liu et al. have demonstrated rational tunability of the size
and phase of NaYF4 NCs by doping with RE ions to change
the crystal growth rate.41 However, there have been few sys-
tematic theoretical and experimental studies focusing on
how RE ion doping can modify the shape and phase of
NCs.42 X. Wang et al.43 studied the size and shape modifica-
tions, phase transition, and enhanced luminescence of fluo-
ride NCs induced by doping using in this case a novel soft
chemistry route. These changes were proved to originate from
the surface charge redistribution of the crystal nuclei induced
by inner electron charge transfer between dopant ions and
lattice cations.

In our study, we claim that the controlled crystallization
of the two phases takes place firstly as an effect of the ther-
mal treatment. In the undoped glass, the precipitation of the
α phase takes place at lower temperatures (around 580 °C),
and at higher temperatures (up to 660 °C at which the GCs
remain transparent) the precipitation of the β phase is also
promoted and the two phases coexist. From the obtained re-
sults, we conclude that there is no polymorphic transforma-
tion from the α phase to the β phase during the thermal
treatment when the doping concentration increases. How-
ever, these two phases nucleate independently with very dif-
ferent crystal growth rates.

The Nd added acts as a nucleant since it favors the crystal-
lization process as a whole but the concentration of 0.5 Nd
seems to be the optimum one to favour the nucleation of the
β phase that becomes even the main phase for GC05 treated
at 660 °C.

3.4. Optical characterization: site-selective laser spectroscopy

As we have seen in the previous sections, β-KLaF4 nano-
crystals precipitate mostly in GC05. This noteworthy result is
also confirmed by site-selective laser spectroscopy. This sec-
tion presents the spectroscopic results for the glass and GC
samples doped with 0.1, 0.5, and 1 mol% NdF3 heat treated
at 590 °C-24 h, 590 °C-150 h, 660 °C-66 h and 660 °C-150 h.

The 4F3/2 → 4I11/2 steady-state fluorescence spectra were
measured at room temperature for the glass and GC samples
by exciting with a Ti-sapphire laser at 804 nm in resonance
with the 4I9/2 → 4F5/2,

2H9/2 absorption band. Fig. 8(a) shows
the emission for the glass and GC01. As can be seen, the emis-
sion is inhomogeneously broadened due to site-to-site varia-
tions in the local ligand field. The peak position (∼1054 nm)
and effective linewidth (∼33 nm), calculated from the inte-
grated fluorescence band divided by the peak intensity, do
not change significantly in the GC samples compared to the
glass sample. Similar emission spectra are observed for all
NdF3 concentrations at this excitation wavelength. However,
in the heat treated samples the excitation spectra obtained in

Fig. 6 (a) HR-TEM micrographs of GC05 heat-treated at 590 °C-150
h. The crystal size distributions of α and β phases are also given in the
top and bottom right images. (b) Details of α and β crystals with their
corresponding plane distances.

Fig. 7 (a) HR-TEM micrographs of a β-KLaF4 crystal in GC05 heat-
treated at 660 °C-144 h. (b) Electron diffraction pattern of the same
sample showing the presence of both α and β crystals.
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the 765–905 nm spectral range monitored at 1054 nm show a
better resolved structure for the 4I9/2 →

4F5/2,3/2 bands with re-
spect to glass, which suggests the partial incorporation of
Nd3+ ions in the NCs. As an example, Fig. 8(b) displays the ex-
citation spectra of the glass and GC01 samples treated at 590
°C-24 h, 590 °C-150 h, 660 °C-66 h, and 660 °C-150 h. As can
be seen, the sample treated at 660 °C-150 h shows a more re-
solved structure. A similar behavior is observed for the sam-
ples doped with 1 mol% (not shown). However, the excitation
spectra of the GC05 shows, in addition to the observed fea-
tures of the 4I9/2 →

4F5/2,3/2 bands, sharp peaks at around 792
and 864 nm that do not appear in the GC01 and GC1 samples
and can be related to the presence of the β-KLaF4 nanocrystals
(see Fig. 9). These new peaks are more intense for the GC
sample treated at 660 °C-66 h and decrease for the treatment
during 150 h.

To determine if these additional peaks correspond to a
different type of atomic environment of Nd3+ ions in these
GCs, emission spectra have been obtained by exciting at dif-
ferent wavelengths along the 4I9/2 → 4F5/2 absorption band.
For comparison, Fig. 10 shows the normalized emission spec-
tra obtained by exciting at 792 and 804 nm for the GC01 and
GC05 samples treated at 660 °C-66 h. The spectra of the
GC01 sample present inhomogeneous broadened bands simi-
lar to the ones of the glass sample for both excitation wave-
lengths, whereas the emission spectrum of the GC05 sample,

obtained under excitation at 792 nm, narrows and shows a
more resolved structure which exhibits a new peak around
1046 nm.

To better identify the emission from the Nd3+ in the NCs,
the emission and excitation spectra have been measured at
low temperature to minimize the overlapping of the contribu-
tions from Nd3+ in the crystalline and amorphous phases due
to the thermal population of the higher energy Stark compo-
nents of the ground and excited states.

The low temperature (9 K) excitation spectra have been
obtained at different emission wavelengths along the 4F3/2 →
4I11/2 laser transition. Fig. 11 shows the excitation spectra for
the GC01 and GC05 samples heat treated at 660 °C-66 h

Fig. 8 (a) Room temperature normalized emission spectra obtained
under excitation at 804 nm for the G01 sample treated at 590 °C-24 h,
590 °C-150 h, 660 °C-66 h, and 660 °C-150 h. (b) Excitation spectra
obtained by collecting the luminescence at 1054 nm for the G01 sam-
ple treated at 590 °C-24 h, 590 °C-150 h, 660 °C-66 h, and 660 °C-
150 h.

Fig. 9 Excitation spectra of the glass and GC05 samples treated at
590 °C-24 h, 590 °C-150 h, 660 °C-66 h, and 660 °C-150 h obtained
by collecting the luminescence at 1054 nm.

Fig. 10 Room temperature emission spectra obtained under
excitation at 792 and 804 nm for the (a) GC01 and (b) GC05 samples
heat treated at 660 °C-66 h.
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obtained by collecting the luminescence at 1046 nm (the
wavelength corresponding to the additional peak that ap-
pears in the room temperature emission spectrum of the
GC05 under excitation at 792 nm). The figure depicts how the
spectra change depending on the NdF3 concentration, which
indicates that Nd3+ ions are in different crystal field sites. As
observed in the spectrum obtained by collecting the lumines-
cence at 1046 nm for GC01 (Fig. 11(a)), the 4I9/2 →

4F5/2 band
is composed of a sharp peak at 801 nm in addition to a
broad component which indicates the presence of crystalline
and amorphous environments for Nd3+ ions. Moreover, the
4I9/2 → 4F3/2 transition presents a broad component together
with an isolated narrow peak at around 871 nm, which sug-
gest that Nd3+ ions are in a crystalline environment. The
same behavior is observed for the heat treatment at 590 °C-
150 h and 660 °C-150 h for GC01. However, the excitation
spectrum of the sample doped with 0.5 mol% shows a differ-
ent behavior. As can be seen in Fig. 11(b), the spectrum
obtained by collecting the luminescence at 1046 nm shows,
for the 4I9/2 → 4F5/2 transition, sharp and well resolved peaks
with the most intense one located at 792 nm together with a
much less intense peak at 801 nm also observed in the sam-
ple doped with 0.1 mol%, which indicates different crystal-
line environments for Nd3+ ions. The band corresponding to
the 4I9/2 →

4F3/2 transition narrows into two components with
the low energy main peak at around 863.5 nm as expected for
one well defined crystal field site of symmetry lower than cu-
bic. This band also shows a very weak peak at 871 nm, the

one observed in GC01. Based on the previous structural anal-
ysis these results suggest that the main contribution to the
excitation spectrum of the sample doped with 0.5 mol% cor-
responds to Nd3+ ions in β-KLaF4 nanocrystals which are pre-
dominant for this concentration. The weak peaks at 801 and
871 nm, also observed for the other Nd3+ concentrations, can
be associated with Nd3+ ions in the α-KLaF4 nanocrystals.

In order to confirm if the features shown by the excitation
spectra monitored at 1046 nm could be definitely related to
the presence of Nd3+ ions in the α-KLaF4 and β-KLaF4 NCs,
site-selective steady-state emission spectra for the 4F3/2 →
4I11/2 transition were recorded by exciting at 792 and 801 nm
in the 4I9/2 → 4F5/2 transition. Fig. 12 shows the normalized
emission spectra at 9 K obtained under excitation at 792 and
801 nm for the GC01 and GC05 samples treated at 660 °C-66
h. The spectrum of GC01 (Fig. 12(a)) obtained under excita-
tion at 792 nm shows a broadband similar to that of the glass
sample. However, the spectrum of GC05 (Fig. 11(b)) shows a
sharp peak at 1046 nm together with a structured band. This
indicates that for the 792 nm excitation in GC05 we mainly
excite Nd3+ ions in the β-KLaF4 crystalline phase. The spectral
features of the emission obtained under excitation at 801 nm
are similar for both concentrations. In both GC samples, the
spectra show a narrow peak at around 1046.5 nm together
with a broad band. As can be seen in Fig. 12(b), this narrow
peak is slightly broader than the one observed under 792 nm
excitation and can be attributed to Nd3+ ions in α-KLaF4 NCs.
The spectral overlapping between the crystalline and

Fig. 11 Low temperature excitation spectra obtained by collecting the
luminescence at 1046 nm for the (a) GC01 and (b) GC05 samples
treated at 660 °C-66 h. Peak labels correspond to (x) α-KLaF4 and (+)
β-KLaF4 crystalline phases.

Fig. 12 Low temperature normalized emission spectra of the 4F3/2 →
4I11/2 laser transition obtained under excitation at 792 and 801 nm for
the (a) GC01 and (b) GC05 samples heat treated at 660 °C-66 h.
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amorphous phases makes it difficult to isolate the emissions
of Nd3+ in the α-KLaF4 and β-KLaF4 crystalline phases.

The relative contribution of the emissions from Nd3+ ions
in the α-KLaF4 and β-KLaF4 crystalline phases for GC05 de-
pends on the heat treatment. Assuming that the excitation
peak at 792 nm corresponds to the Nd3+ ions in the β-KLaF4
crystalline phase and the one at 801 nm to those in the
α-KLaF4, the highest intensity for the emission of Nd3+ in the
β-KLaF4 crystalline phase corresponds to the GC sample
treated at 660 °C-66 h. Fig. 13 shows the relative intensities
of the peaks at 792 and 801 nm for three different treatments
at 590 °C-150 h, 660 °C-66 h, and 660 °C-150 h.

The excitation spectra obtained by collecting the lumines-
cence at 1053 nm, around the peak of the broad band emis-
sion, also show a different behavior depending on the NdF3
concentration. As observed in the spectrum of the sample
doped with 0.1 mol% (Fig. 14(a)), the 4I9/2 → 4F5/2 band is
composed of two narrow and well resolved peaks at around
798 and 804 nm in addition to a broad component. More-
over, the 4I9/2 → 4F3/2 transition shows at least four main
bands instead of the one (cubic symmetry) or two (lower sym-
metry) expected Stark components of the 4F3/2 level in a well-
defined crystal field site. This behavior is similar to the one
observed for the glass sample. However, the spectrum of
GC05 shows the presence of the peaks at 792 nm and 863.5
nm corresponding to the β-KLaF4 crystalline phase together
with the peak at around 804 nm, also observed in the glass
sample, which indicates that the emission at 1053 nm corre-
sponds to Nd3+ ions in the amorphous and β-KLaF4 crystal-
line phases. For other NdF3 concentrations, the emission is
mainly due to Nd3+ ions in the amorphous environment.

The emission spectra obtained under excitation at 804 nm
are similar for all GCs and glass samples, which indicates
that at this wavelength we mainly excite Nd3+ ions in the
amorphous phase.

The existence of different environments for Nd3+ ions is
also reflected by the lifetimes of the 4F3/2 state. Lifetime mea-
surements of the 4F3/2 state were performed by exciting the
samples at 792 and 801 nm and collecting the luminescence
at different emission wavelengths in the 4F3/2 → 4I11/2 transi-
tion, corresponding to different sites observed in the emis-
sion and excitation spectra. If different environments for the
Nd3+ ions are present, the lifetime values should be depen-
dent on the excitation and emission wavelengths. In this
case, due to the spectral overlapping of the emission coming
from Nd3+ ions in amorphous and crystalline environments,
it is somewhat difficult to give accurate values for the excited
state lifetime of each site. In the case of the GC01 and GC05
samples, where the main crystalline phase is α-KLaF4, the de-
cay obtained at 9 K under excitation at 801 nm by collecting
the luminescence at 1046 nm can be described by a single ex-
ponential function, with lifetime values of 494 μs and 423 μs
for the glass-ceramics heat treated at 660 °C-60 h doped with
0.1 and 1 mol%, respectively. These lifetime values can be as-
sociated with Nd3+ ions in the α-KLaF4 crystalline phase. At
other excitation wavelengths along the 4F5/2 absorption band
the decay results deviate from a single exponential function
and the lifetime values range between 535 μs and 466 μs for
the GC01 sample, whereas for the GC1 specimen, this

Fig. 13 Low temperature excitation spectra obtained by collecting the
luminescence at 1046 nm for the GC05 sample heat treated at 590
°C-150 h, 660 °C-66 h, and 660 °C-150 h. Peak labels correspond to
(x) α-KLaF4 and (+) β-KLaF4 crystalline phases.

Fig. 14 Low temperature excitation spectra obtained by collecting the
luminescence at 1053 nm for the (a) GC01 and (b) GC05 samples heat
treated at 660 °C-66 h, peak labels (+) correspond to the β-KLaF4
crystalline phase.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 1
7 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 C

er
am

ic
a 

y 
V

id
ri

o 
(I

C
V

) 
on

 1
0/

1/
20

18
 3

:0
8:

22
 P

M
. 

View Article Online

http://dx.doi.org/10.1039/c8ce00897c


5770 | CrystEngComm, 2018, 20, 5760–5771 This journal is © The Royal Society of Chemistry 2018

variation is from 429 μs to 335 μs depending on the excita-
tion and emission wavelengths. As an example, Fig. 15(a)
shows the decay results, obtained under 792 and 801 nm ex-
citation by collecting the luminescence at 1046 nm, for GC01.
In the case of GC05 (Fig. 15(b)) the decay can be described by
a single exponential function with a lifetime of 440 μs only
under excitation at 792 nm by collecting the luminescence at
1046 nm, whereas under 801 nm excitation it deviates from
an exponential function due to the overlapping of the emis-
sion of Nd3+ in the two crystalline phases. The lifetime value
obtained from the single exponential decay (440 μs) in the
case of the GC05 sample can be attributed to the lifetime of
Nd3+ ions in the β-KLaF4 NCs.

4. Conclusions

The structural characterization of Nd3+ doped KLaF4 GCs
showed the formation of NCs with sizes ranging from 9 to al-
most 40 nm depending on both Nd3+ content and treatment
conditions. α-KLaF4 NCs were observed for all the studied
compositions; however, by high resolution XRD, both α and
β phases were identified, with the relative intensity of the β

phase being very small in all cases except for the composition
doped with 0.5 Nd3+. The crystallization was proved to be
diffusion-controlled leading to a constant crystal size after a
viscous barrier enriched in SiO2 was formed around the NCs.

Site-selective laser spectroscopy in the 4I9/2 → 4F3/2/
4F5/2 tran-

sitions of Nd3+ performed in the GC samples confirmed that
Nd3+ is incorporated into both the crystalline and amorphous
phases. The differences among the spectral features of the
site-selective excitation and emission spectra of Nd3+ in the
studied glass and GC samples allowed distinguishing be-
tween crystalline and amorphous environments for Nd3+ ions
and correlation of the spectroscopic properties with struc-
tural properties. The presence of α-KLaF4 and β-KLaF4 crys-
talline phases can be unambiguously identified from the
emission and excitation spectra as well as from the lifetime
measurements of the 4F3/2 state of Nd3+ ions. Whereas Nd3+

doped α-KLaF4 NCs are present for all Nd3+ concentrations,
the incorporation of Nd3+ into β-KLaF4 NCs is only observed
for GC05 samples.
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Oxyfluoride glass–ceramic fibers doped with Nd3+:
structural and optical characterization
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Y. Castro, a L. Pascual,d G. Chen,e M. Sundararajan,e M. J. Pascual *a and A. Durán a

Transparent oxyfluoride glass–ceramic fibers containing LaF3 nanocrystals have been drawn using a single

crucible method and crystallization after an appropriate heat treatment. Optical fibers have been obtained

a posteriori through the deposition of SiO2 cladding prepared by sol–gel and deposited by dip-coating. De-

tailed thermal and structural characterization performed by DTA, XRD, HRTEM and SAXS showed the good

reproducibility of the technology. Phase separation, due to fluorine immiscibility in an oxide glass matrix,

initiates the crystallization. The crystallization mechanism is a diffusion-controlled process and the local

compositional changes of the glass matrix around the nanocrystals limit the crystal size to 10–20 nm

depending on the treatment conditions. The optical characterization demonstrated the light propagation

into the glass–ceramic core and the possibility to selectively excite Nd3+ ions in the fluoride nanocrystals

with a corresponding increase of the luminescence efficiency.

Introduction

Many efforts have been made during the last few decades to
study and develop new non-silica fibers with different applica-
tions, most of them as optical fibers,1 in the field of photo-
nics.2 For example, tellurite glasses and fibers show advan-
tages such as a wide transmittance window, chemical
durability and high nonlinearity, being used in applications
as broadband amplifiers or for continuum frequency
generation;3–9 phosphate optical fibers revealed good proper-
ties for application as high power fiber lasers and
amplifiers10–13 and also for medical applications due to the
capability of phosphate glasses to be resorbed in aqueous me-
dia.14,15 Fluoride glasses have also received attention because
of their low phonon energy and mid-infrared transparency.16

Therefore, these glasses are excellent candidates for fiber la-
sers in visible and mid-infrared regions where emissions are
hardly obtained from silicate and phosphate fibers. Fluoride
fibers have been studied for lasing actions due to their high
suitable doping levels (up to 10 mol%), relatively high
strength and low transmission loss (<0.05 dB m−1).17 These
properties are attractive for photonic applications such as re-
mote spectroscopy, thermometry, IR imaging and laser power

delivery.18 However, fluoride glasses have poor chemical dura-
bility as compared to oxide ones.

The growing interest in glass–ceramics (GCs), i.e. glasses
that undergo controlled crystallization, has shown, in the last
few decades, the potential of this new class of optical mate-
rials, whose properties, especially the optical ones, improve
significantly due to the controlled crystallization of certain
crystalline phases. Oxyfluoride glass–ceramics (OxFGCs) com-
bining oxide matrices with low-phonon-energy fluoride
crystals19–23 showed the possibility to increase the optical ef-
ficiency of rare earth ions (REI), the most widely used active
ions in the field of photonics, and allow a strong material in
terms of thermal, mechanical and chemical resistance to be
obtained at the same time.

Most of the studies on OxFGCs doped with REI are about
their optical properties as bulk materials24–37 and a few are
about thin films.38–41 However, very few works have been
published about OxFGC fibers.42–44 This is strictly correlated
with the difficulty of preparing glass and GC fibers in stan-
dard labs because dedicated drawing towers and suitable
core and cladding properties are required. In fact, even
though light propagation occurs in the optical fiber core, the
cladding plays a relevant role as well. The cladding refractive
index has to be smaller than that of the glass core to ensure
light propagation into the core; moreover, good matching of
mechanical and thermal properties is also required for the
drawing process as well as for the subsequent heat treatment
to obtain optical fibers with a GC core.

The sol–gel method is an alternative route to obtain trans-
parent glass with a low refractive index using low sintering
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temperatures (<500 °C). Some papers report silica coatings
obtained by the sol–gel method and used as optical fiber
cladding.45,46 Sol–gel starts with a liquid phase and coating
deposition can be achieved by dip-coating or spin-coating
methods. The main advantage of sol–gel cladding materials
in the field of glass fibers is their possibility to be deposited
a posteriori onto the glass core and, therefore, no thermal or
mechanical matching conditions are required.

In this paper, we describe the crystallization, structural
and optical properties of OxFGC fibers doped with Nd3+ and
coated by means of silica sol–gel cladding. The bulk glass–
ceramics were previously studied in detail.35 Both uncoated
and coated LaF3-GC optical fibers were prepared in our lab
using a two-step process, which is easy to apply to a variety
of glass compositions. Doping of Nd3+ ions has been used
considering the good optical results obtained for bulk GCs,
thus making interesting the possibility to use these mate-
rials as integrated optical amplifiers or fiber lasers.

Experimental section
Materials preparation

Uncoated fiber procedure. Glass fibers were prepared
starting from the undoped glass of composition (mol%)
55SiO2–20Al2O3–15Na2O–10LaF3 (55Si–10La). Nd3+-doped fi-
bers were also prepared from doped glasses of the same base
composition with the addition of 0.1 and 2 mol% NdF3. A full
description of the doped bulk glasses is given in detail else-
where.35 Fibers were prepared using a single crucible
method; the description of the equipment was given in a pre-
vious paper.47 The glasses were heated and drawn in a wide
temperature range from 1150 °C up to 1480 °C, correspond-
ing to values of log η equal to 5.8 and 3.2 dPa s,
respectively.48

Fibers with diameters in the range from 50 up to 500 μm
were successfully prepared. Among these fibers, those with a
diameter around 200 μm were selected and characterized in
detail to study the crystallization mechanism. In the follow-
ing, the undoped, 0.1 and 2 Nd3+-doped fibers will be named
GF0, GF0.1 and GF2, respectively, while their corresponding
glass–ceramic samples will be named GCFx.

The GC fibers were obtained upon heat treatments of
small fiber specimens 5–10 cm in length at 620 °C and 640
°C for 40 h, at 660 °C for 20, 40, and 90 h, and at 680 °C for
5, 20, 40, 90, and 120 h, using a heating rate of 10 °C min−1.

Cladding of optical fibers. To obtain the cladding of the
optical fibers, a silica coating was deposited onto the fibers
using the sol–gel method.

The fibers were previously treated at 640 °C for 40 h to con-
vert them into GC samples and then coated by dip-coating. In
particular, only thicker fibers (core around 500 μm) with a
length of 30 cm were coated using a silica sol prepared by
mixing tetraethyl orthosilicate (TEOS), methyltriethoxysilane
(MTES) and a colloidal silica suspension (Ludox-4S, Aldrich,
aqueous suspension 40 wt%, particle size 20 nm, pH 9). Then,
concentrated nitric acid (HNO3) was added to induce hydroly-

sis and condensation reactions. The sol was diluted with ab-
solute ethanol (EtOH, Panreac, 99.8%) to obtain a SiO2 con-
centration of 170 g L−1. The final molar ratio of the silica sol
was 1(TEOS + MTES) : 0.5Ludox : 2.7EtOH.

The multilayer coatings were prepared by dip-coating at a
withdrawal rate of 50 cm min−1. After the first deposition, the
fibers were dried at 300 °C for 5 minutes and coated again by
a second deposition process. The coated fibers were annealed
at 450 °C for 1 h to obtain dense SiO2 cladding. The
untreated glass fibers were also coated with the sol to com-
pare their luminescence efficiency with that of the GC fibers.
Photographs of the transverse and cross-section of the coated
GC fibers were obtained using a ZEISS Axiophot microscope
equipped with a Zeiss AxioCam MR 5 camera.

Thermal and structural characterization. DTA was
performed on small fibers with a length of 3 cm and a diame-
ter of 250 μm using an SDT Q600 (TA Instruments). The DTA
curves were obtained with heating rates in the range of 10–80
°C min−1. From the DTA data, the most relevant information
on the glass transition temperature (Tg) and crystallization
peak (Tp) was obtained.

The heat treated fibers were milled and sieved to a size
less than 60 μm and the powders were analyzed by XRD
using a Bruker D8 Advance diffractometer. The
diffractograms were acquired in the range 10° ≤ 2θ ≤ 70°,
with a step-size of 0.02° and an acquisition time of 1 s for
each step. The crystal size was calculated using the general-
ized Scherrer equation:

where λ is the wavelength (1.54056 Å, CuKα), Bi is the instru-
mental broadening, Bm is the full width at half maximum of
the most intense diffraction peak and θ is its diffraction an-
gle. The numerical constant 0.94 corresponds to spherical
crystals, which is commonly assumed. The (111) diffraction
peak, around 27.5°, was used to estimate the crystal size by
pseudo-Voigt function fitting.

TEM analysis was performed on glasses and GC samples
prepared starting from sieved powders of size <60 μm. An
ethanol dispersion was prepared, and then one drop was de-
posited onto a nickel grid supporting a perforated carbon
film. High resolution transmission electron microscopy
(HRTEM) data as well as scanning transmission electron
microscopy-high angle annular dark field (STEM-HAADF) im-
ages and energy dispersive X-ray spectra (EDXS) were
recorded on a JEOL TEM/STEM2100F field emission gun
transmission electron microscope operating at 200 kV
equipped with an EDS spectrometer (Oxford INCA X-sight sys-
tem). EDXS analysis was performed in a STEM mode with a
beam size of 1 nm.

Small-angle X-ray scattering (SAXS) was used to measure
the glasses and GC fibers, and the details of the experiment
were described elsewhere.35
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Optical characterization. Site-selective steady-state emis-
sion and excitation spectra were recorded by transversely ex-
citing the fibers with a continuous wave (cw) Ti:sapphire ring
laser (0.4 cm–1 linewidth) in the 770–920 nm spectral range.
The fluorescence was analyzed with a 0.25 m monochroma-
tor, and the signal was detected with an extended IR Hama-
matsu H10330A-75 photomultiplier and finally amplified
using a standard lock-in technique.

Lifetime measurements were carried out by exciting the fi-
bers with a Ti–sapphire laser pumped using a pulsed
frequency-doubled Nd:YAG laser (9 ns pulse width) and
detecting the emission with a Hamamatsu H10330A-75
photomultiplier. The data were processed using a Tektronix
oscilloscope.

Results and discussion
Uncoated and coated fibers

The uncoated fibers drawn using the single crucible method
were transparent and uniform in size and morphology. Dif-
ferent diameters, from 50 to 500 μm, were obtained by
changing the drawing temperature.

After the coating process, transparent and very thin (3 μm)
SiO2 cladding was obtained. Previous tests were performed by
depositing the sol onto soda-lime glass substrates which were
then heat-treated at 450 °C for 1 h. Good coating adhesion
was achieved. The film thickness, around 3 μm, was mea-
sured by ellipsometry using a Cauchy model.

Considering that the sintering temperature was only 450
°C, almost 150 °C less than Tg, no deformation or softening
was observed and the fibers maintained their shape and
transparency. An optical-microscopy image in the transverse
direction of a coated fiber with a core thickness of around
500 μm is given in Fig. 1, and good fiber homogeneity is evi-
dent. A cross-section image of the coated GC fiber is given in
Fig. 1b. A detailed image of the core/cladding is shown in
Fig. 1c and no cracks are observed. In comparison with the
scale, cladding with a thickness around 3 μm is observed.

DTA and crystallization mechanism

For the thermal characterization performed by DTA, Fig. 2a
shows a weak exothermic peak corresponding to LaF3 crystal-
lization. The fiber crystallization trend is weaker than that of
bulk samples, as shown in the comparison of their corre-
sponding DTA curves (Fig. 2b). To obtain a more evident crys-
tallization peak, fast heating rates up to 60–80 °C min−1 were
used, while for bulk samples with a heating rate of 10 or 20
°C min−1, the crystallization peak can be perfectly recognized.
The Tg increases from bulk to fiber samples, passing from
590 °C to 605 °C, respectively, for a rate of 10 °C min−1, the
one used to obtain crystallized GC fibers. This result indi-
cates that the fictive temperature depends on the cooling
rate, as studied by Huang and Gupta for bulk and uncoated
glass fibers,49 this being generally higher during fiber draw-
ing by the single crucible method. Moreover, no change of Tg
was observed passing from undoped to Nd3+-doped fibers,
the only difference being the crystallization stability parame-
ter ΔT = Tp − Tg, whose value decreased from 100 °C to 75 °C
for the undoped and Nd3+-doped samples, respectively. A
similar behavior was observed for bulk samples.35

Fig. 1 (a) Photograph in the transverse direction of SiO2-coated
GCF0.1 treated at 640 °C for 40 h. The core is around 500 μm, as
shown in detail in (b). (c) Details of glass–ceramic fiber cladding where
a 3 μm coating is observed.

Fig. 2 (a) DTA curves of GF2 samples heated from 10 up to 80 °C
min−1. The dashed line is the baseline of the LaF3 crystallization peak.
(b) Comparison of DTA curves of bulk (G2) and fiber (GF2) samples of
the same composition.
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XRD and crystal size

The crystallization behavior of GCs was firstly studied by XRD
to compare with that of bulk samples. Fig. 3a and c show
diffractograms where only LaF3 diffraction peaks appear
(JCPDS 00-032-0483).50 The as-made glass fibers (untreated)
were amorphous as can be seen in the diffractograms. When
the temperature was increased to 620 °C and the treatment
time to 40 h, the suitable conditions for LaF3 precipitation in
bulk samples, the fibers were still amorphous. To observe
LaF3 crystallization (not presented in Fig. 3), it was necessary
to increase the treatment time up to 120 h.

Therefore, as compared to bulk samples, a clear delay in
the crystallization was observed. This can be explained con-
sidering the fast thermal quenching during the drawing pro-
cess using the crucible method. It affects the phase separa-
tion in the glass and causes a smaller nuclei density, as
compared to bulk samples, with a subsequent delay in the
crystallization process, as also observed in DTA. For
undoped and Nd3+-doped fibers, very similar results were
obtained and the suitable heat treatment conditions were at
640 °C for 40 h. Higher temperatures cause LaF3 crystalliza-
tion but at temperatures as high as 660 °C, the glass soften-
ing produced notable fiber deformations. Hence, treatment
temperatures higher than 640 °C are not useful for practical
purposes. The LaF3 crystal size is between 10–23 nm
depending on the composition and the treatment tempera-
ture, as shown in Fig. 3b and c. Smaller crystals are formed
for the Nd3+-doped samples, as compared to the undoped
ones. Moreover, while for undoped fibers treated at 660 °C
from 20 h up to 90 h the crystal size changes from 14 to 19
nm, for Nd3+-doped fibers, this change is smaller passing
from almost 14 to 15 nm.

A different behavior is observed for heat treatments at 680
°C. In this case, the undoped fibers do not show any appre-
ciable variation in the crystal size for 20 or 90 h of treatment,
with the crystal size being around 23 nm. In contrast, in the
Nd3+-doped fibers, the crystals grow from 19 up to 22 nm.
This indicates that the doping delays the crystallization kinet-
ics. In fact, it is well known that in OxFGCs, where phase sep-
aration initiates crystallization, a viscous shell is formed
around crystals due to a local change in the composition of
the residual glass matrix. In particular, enrichment in a net-
work former such as Si was observed for these GCs35,36,51 and
other oxyfluoride glass compositions.52,53 This shell prevents
further crystal growth because it inhibits atom diffusion and
the final result is an asymptotic value for the crystal size at a
certain treatment temperature. Higher temperatures speed
up the process; therefore, crystals grow faster but also the vis-
cous shell is formed earlier. This explains why for treatments
of undoped fibers at 660 °C the crystal size still increases,
while at 680 °C a viscous diffusion barrier is formed earlier
and the asymptotic behavior is reached faster.

For Nd3+-doped fibers at both treatment temperatures, the
crystal size still increases due to a delay in the process kinet-
ics; the constant value is obtained at 90 h of treatment.

This delay could be associated with the increase of Tg with
increasing Nd3+ content. In a previous paper, we have shown
that Nd addition causes a delay in the crystallization process

Fig. 3 Ĳa)–(d) XRD patterns of GCF0 and GCF2 with the crystal size of
the corresponding GC samples.
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but allows a higher crystal fraction to be obtained.35 On the
other hand, it also acts as a nucleating agent promoting
phase separation.

Fig. 4 shows XRD diffractograms of GCF0.1 fibers treated
at 640 °C for 40 h whose size increases from 50 μm up to 500
μm. It is clear that, for thinner fibers, the crystallization pro-
cess is delayed producing smaller crystals (5 nm) as com-
pared to thicker fibers (17 nm), which also affects the crystal
fraction (proportional to the peak area). This is a direct con-
sequence of the higher cooling rate suffered by thin fibers
during the drawing process, resulting in glass fibers with

lower crystal size. For this reason, thick fibers (500 μm)
where selected for the coating process.

HRTEM and EDXS

The structural analysis was complemented with characteriza-
tion performed by HRTEM and related techniques, STEM-
HAADF along with EDXS analysis. Fig. 5 and 6 show the se-
lected area electron diffraction patterns (SAED) and HRTEM
micrographs of GF2 and GCF2 640 °C–40 h, respectively. The
glass fibers obtained during the drawing process are amor-
phous, as confirmed by the absence of electron diffraction
spots in the SAED pattern and HRTEM image in Fig. 5(a) and
6(a). For GC fibers, the LaF3 crystals can be clearly detected
in the SAED pattern with the diffraction spots corresponding
to the LaF3 phase (Fig. 5(b)), as well as in the HRTEM micro-
graph in Fig. 6(b).

In particular, a quite similar structure is observed for bulk
samples.35

Fig. 4 XRD patterns of GCF0.1 640 °C–40 h fibers with diameters
from 50 μm up to 500 μm. The corresponding crystal size is also
given.

Fig. 5 Electron diffraction patterns of (a) GF2 and (b) GCF2 640 °C–40
h.

Fig. 6 HRTEM images of (a) GF2 and (b) GCF2 640 °C–40 h. (c) Details
of a phase separation droplet with LaF3 crystals inside.
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The phase separation droplets are clearly visible with an av-
erage size of around 25 nm and a FWHM of 5 nm. Moreover,
the multi-crystal formation observed inside the droplets is a
relevant feature of the 55Si–10La composition. The crystal seg-
regation inside the droplets is likely due to residual Si and Al
diffusion that forms very thin shells of high viscosity that are
not appreciable with the EDXS measurement. Fig. 6c shows a
detailed view of a droplet where the lattice planes are clearly
seen. The interplanar distance obtained is 3.2 Å, attributed to
the (111) planes of the hexagonal LaF3 crystalline phase, which
is described in detail in the previous section through XRD
analysis. Incorporation of Nd3+ ions is confirmed by EDXS
analysis across one crystallized phase separation droplet, as
given in Fig. 7. A Si viscous shell is mainly formed just at the
interphase with the crystals while a clear enrichment in La, Nd
and F is observed inside the crystals.

By taking into account the results in previous sections and
by comparing with bulk samples,35 it can be concluded that
the drawing process does not influence either the glass and
GC structure or the crystallization mechanism. However, the
crystallization depends on the drawing speed that determines
the cooling rate. The higher the cooling velocity, the higher
the treatment temperature needed to obtain a similar crystal
size and crystal fraction.

SAXS

Four main peaks can be identified from SAXS measurements
(Fig. 8a) through deconvolution with Gaussian functions. The
first one centered at 6 nm could be associated with the scatter-
ing of small phase separation droplets that further crystallize
in the GC samples. The peaks around 17 and 20 nm (only for
GCFs) could be related to bigger phase separation droplets with
LaF3 crystals inside, which precipitate with a size of around 11
nm (Fig. 3). A notable increase in the vol. particle distribution
is obtained passing from GFs to GCFs, which means that crys-
tallization occurred and the number of phase separation drop-

lets increased. A similar behavior was observed for the GF2 and
GCF2 640 °C–40 h samples, as shown in Fig. 8b. In this case,
the particle distribution between 15–30 nm is associated with
bigger phase separation droplets (Fig. 6b). By proper
deconvolution, a further hidden peak centered at 9 nm is ob-
served which is probably associated with crystal scattering,
whose size is consistent with the one obtained by XRD as
shown in Fig. 3b. Therefore, a rough agreement between HR-
TEM, XRD and SAXS analyses was confirmed.

Optical characterization

The transmission losses at 633 nm were determined by a con-
ventional cut-back (or differential) method.54 Fig. 9 shows a
photo of the coated fiber and the experimental setup for mea-
suring losses. The guided mode is also observed when
projected onto a white screen. The input for the power was
provided by a He–Ne laser and the transmitted power was
measured using a Si detector. Then, the fiber is cut back and
the transmitted power is measured again. The loss of the fi-
ber in decibels per unit length is obtained from the mea-
sured transmitted power ratio of the two measurements. The
obtained value for these multimode optical glass–ceramic fi-
bers doped with 0.1% NdF3 is about 20 dB m−1.

Fig. 7 EDXS analysis in STEM mode of a phase separation droplet (in
the background) containing LaF3 crystals in the GCF2 640 °C–40 h
sample. The yellow line indicates the scanning line.

Fig. 8 Particle distribution obtained by SAXS for (a) GF0.1 and GCF0.1
640 °C–40 h and for (b) GF2 and GCF2 640 °C–40 h.
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The emission and excitation spectra of coated fibers with
a core thickness of around 500 μm untreated and treated at
640 °C for 40 h doped with 0.1 and 2% NdF3 have been
recorded at different excitation and emission wavelengths.
Following the results obtained for the bulk samples, the
emission spectra were obtained under excitation at 786 and
802 nm, the wavelengths at which it is possible to separate

the contribution of Nd3+ in the amorphous and crystalline
phases.35 Fig. 10(a) shows the normalized emission spectra
obtained under excitation at 786 and 802 nm for the GC fiber
doped with 0.1% NdF3 and treated at 640 °C for 40 h. The
spectra shows the same features as those obtained from the
bulk samples.35

Although the crystal size may affect the luminescence
properties of rare-earth ions, the obtained results are similar
to those found in bulk glass–ceramic samples with relatively
smaller LaF3 NCs (between 9 and 12 nm), which indicates
that the optical properties are not affected by the crystal size
in both fiber and bulk samples.

The spectrum obtained under excitation at 786 nm corre-
sponds to Nd3+ ions in the LaF3 NCs, whereas the one
obtained under excitation at 802 nm shows an inhomogene-
ously broadened band similar to that of the glass sample
(Fig. 10(b)). Moreover, the excitation spectra obtained by
collecting the luminescence at 1039 and 1057 nm also show
the presence of different environments for Nd3+ ions. Fig. 11
shows the normalized excitation spectra for the same fiber
doped with 0.1 mol% NdF3. The spectrum monitored at 1039
nm presents narrower and well-resolved peaks corresponding
to Nd3+ ions in a crystalline environment.

As the concentration increases, the emission from Nd3+

ions in the NCs decreases, and the spectra become broader
with less resolved peaks. Fig. 12 shows the normalized emis-
sion and excitation spectra of the coated glass–ceramic fiber
doped with 2 mol% NdF3. As can be seen, the spectra are
broader and less resolved than that of the fiber doped with
0.1 mol% NdF3. This can be explained considering previous
results of bulk materials where an estimation of the Nd3+

concentration in the LaF3 NCs was given.35 Using Rietveld re-
finement and XANES analysis to calculate the crystal fraction
and the Nd3+ diffusion into the NCs, we concluded that dop-
ing the batch with a nominal concentration of 0.1 mol%
NdF3 results in an effective concentration of around 1 mol%
in the NCs. As this value is close to the onset of concentra-
tion quenching, higher doping would cause a much higher

Fig. 9 GC fiber and experimental set-up for measuring fiber losses.
The excitation source was obtained with a He–Ne laser and the guided
mode is observed.

Fig. 10 Normalized emission spectra obtained under excitation at 786
and 802 nm for (a) GCF0.1 640 °C–40 h and (b) GF0.1.

Fig. 11 Normalized excitation spectra of GCF0.1 640 °C–40 h
obtained by collecting the luminescence at 1039 and 1057 nm.
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Nd3+ concentration in the NCs, with subsequent lumines-
cence quenching.

Lifetime measurements of the 4F3/2 state were performed
by exciting the samples at 786 and 802 nm and collecting the

luminescence at 1039 and 1057 nm, respectively. The decays of
the GC fiber doped with 0.1 mol% NdF3 can be described by
single exponential functions to a good approximation for both
excitation and emission wavelengths. However, the lifetime
value is different depending on the excitation and emission
wavelengths. Under excitation at 786 nm and by collecting the
luminescence at 1039 nm, the lifetime value is 608 μs, whereas
under excitation at 802 nm and by collecting the luminescence
at 1057 nm, the lifetime is 374 μs. The longer lifetime corre-
sponds to the Nd3+ ions incorporated into the NCs. Fig. 13
shows the experimental decay curves of GCF0.1 treated at 640
°C for 40 h. As in the case of the bulk samples, the lifetime of
Nd3+ ions in the NCs is strongly reduced as the concentration
increases, being 32 μs for the GC fibers doped with 2 mol%.
This quenching is less relevant to the lifetime of Nd3+ in the
amorphous phase which is reduced from 374 μs to 159 μs as
the concentration increases from 0.1% to 2 mol%. This behav-
ior, also observed in the GC bulk samples, was explained by
high diffusion and incorporation of Nd3+ ions from the glass
matrix to the LaF3 NCs causing concentration quenching.35

The same results were obtained for the uncoated fibers.

Conclusions

Transparent OxFGC optical fibers doped with Nd3+ were suc-
cessfully prepared by a single crucible method and then cov-
ered with SiO2 cladding using the sol–gel method. No differ-
ences were observed from the structural analysis, performed
by HRTEM, SAXS, and XRD, as compared to the correspond-
ing bulk GC materials. The crystallization mechanism is a
diffusion-controlled process that starts from phase separation
in the as-made fibers. However, by comparison with bulk ma-
terials of the same composition, a delay in the crystallization
kinetics is observed due to the higher cooling rate during the
drawing process. The higher the cooling velocity, the higher
the treatment temperature needed to obtain a similar crystal
size and crystal fraction.

The analysis of the luminescence properties confirms the
incorporation of Nd3+ ions into the NCs in the uncoated and
coated GC fibers. Site-selective emission and excitation laser
spectroscopy allows isolation of the emission of Nd3+ ions in
LaF3 NCs. The lifetime values of Nd3+ in the NCs show strong
concentration quenching probably due to the redistribution
of Nd3+ ions from the glass matrix to the LaF3 NCs. It is
worth noting that these oxyfluoride glass fibers present the
great advantage of maintaining the precursor crystalline
phase during the drawing process, which allows thermal con-
trol of the size of the crystallites in the resulting glass–ce-
ramic fibers and preservation of their optical guidance. Fur-
ther improvements in the optical quality of the fibers are in
progress in order to minimize the transmission losses to per-
form amplification experiments.
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Fig. 12 (a) Normalized emission spectra of GCF2 640 °C–40 h
obtained under excitation at 786 and 802 nm. (b) Normalized
excitation spectra of GCF2 640 °C–40 h obtained by collecting the
luminescence at 1039 and 1057 nm.

Fig. 13 Logarithmic plot of the experimental decays from the 4F3/2
state obtained under excitation at 786 nm (blue line) and 802 nm (red
line) for GCF0.1 640 °C–40 h.
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A B S T R A C T

The crystallization mechanism of LaF3 in sol-gel oxyfluoride glass-ceramics in the system SiO2-LaF3 has been
studied using DTA, XRD, FTIR, HRTEM and NMR. Based on classical calculations of non-isothermal DTA curves
involving Ozawas's plots, a diffusion-controlled process should be responsible for the fluorides crystallization
similarly to that obtained for melt-quenching oxyfluoride glass-ceramics. Therefore, an increase of the crystal
size and fraction is expected when increasing the time and/or temperature of the treatment. Nevertheless, XRD,
FIR, HRTEM and NMR demonstrated that neither bigger crystals nor higher crystal fraction are obtained for
treatment times longer than 1min at 550 °C. However, further heat treatment causes that the structural order of
the crystals is lost. On the other hand, typical fluorides crystallization temperatures (~300 °C) in sol-gel ma-
terials are much lower than Tg of the matrix (~1130 °C) thus being very different to what observed for oxy-
fluoride glasses prepared by melt-quenching. The proposed crystallization mechanism is a fast process that
occurs when crystallization temperature is reached. This behavior is explained as a chemical reaction from the
xerogels, followed by the fast precipitation of the nanocrystals without energy barrier. The nanocrystals are
unstable in the surrounding SiO2 matrix for aging at crystallization or higher temperatures. These treatments
lead to a dissolution process, favored by the compositional gradient between matrix and crystals, which drive the
material to reach the equilibrium.

1. Introduction

Oxyfluoride glass-ceramics have been deeply studied since the
pioneering work in 1993 by Wang and Ohwaki [1] that opened the way
to a new class of materials with improved active optical properties with
respect to common glasses. Such materials combine the low phonon-
energy of fluoride crystals with excellent mechanical, thermal and
chemical stability of oxide glasses, especially the alumino-silicate ones,
showing an improvement of linear and non-linear optical properties
when active ions are embedded in the fluoride crystal phase. In fact, as
compared to typical oxide glass matrices, the phonon energy of several
fluoride crystals is in the range 250–450 cm−1, being therefore 4–5
times smaller than those of oxide glass matrices [2]. Such low phonon
energy values allow preventing or strongly reducing the non-radiative
losses thus permitting higher emissions intensity and longer lifetimes.

Rare-earth (RE) ions are commonly used as active ions because they
show emissions in a wide spectral range, from UV to NIR, and their use
in telecom, lasers, lightening etc. makes them indispensable nowadays.
Moreover, the screening of the outer electronic levels allows main-
taining the emission energies centered near the same values in different
hosts, making them suitable for applications where certain defined and
fixed wavelengths are required.

For these reasons, a great number of publications about oxyfluoride
glass-ceramics emerged in the last two decades and many different
compositions have been prepared showing how the crystallization of
fluorides doped with RE ions increases the optical properties with re-
spect to glasses of the same composition [3–5].

Glasses are commonly prepared by melt-quenching and then heat
treated in a controlled way for obtaining glass-ceramic samples. The
heat treatment is generally performed at temperatures slightly higher
than Tg (Tg+ 20–100 °C) allowing the precipitation of nano-crystals. In
fact, due to a big difference in the refractive index of fluoride crystals
and oxide glasses, the Rayleigh scattering strongly reduces the final
transparency if the crystal size exceeds 40–50 nm. In most cases, phase
separation takes place during the cooling of the melt in which a fluorine
rich phase is immersed in the oxide glass matrix. This phase separation
acts as precursor for the subsequent crystallization of fluorides.

Several authors studied the crystallization mechanism for non-iso-
thermal conditions using DTA or DSC analysis and the Avrami's theory
or the modified Ozawa's, Matusita's and Kissinger's equations [6–13].
The results show that the crystallization mechanism for glass-ceramics
produced by melt-quenching is a diffusion-controlled process that starts
from a fixed number of nuclei with no further nuclei produced during
the heating process. Crystalline structures are developed starting from

https://doi.org/10.1016/j.jnoncrysol.2018.01.031
Received 1 December 2017; Received in revised form 17 January 2018; Accepted 18 January 2018

⁎ Corresponding author.
E-mail address: ggorni@icv.csic.es (G. Gorni).

Journal of Non-Crystalline Solids 501 (2018) 145–152

Available online 13 June 2018
0022-3093/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2018.01.031
https://doi.org/10.1016/j.jnoncrysol.2018.01.031
mailto:ggorni@icv.csic.es
https://doi.org/10.1016/j.jnoncrysol.2018.01.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2018.01.031&domain=pdf


phase separation droplets already present in the precursor glass and the
crystal growth is linear with the square root of time, thus confirming
the diffusion-limited mechanism. Given that oxyfluoride compositions
are non-isochemical systems, crystals and glass matrix do not have the
same composition. The crystallization process produces a redistribution
of elements and local compositional changes of the residual glass ma-
trix, causing the increase of Tg with the dwelling time [14]. A shell
enriched in glass formers is built around the crystals acting as a diffu-
sion barrier and slowing down the crystal growth [15–18]. Therefore,
no increase of the crystal size is observed after such viscous barrier is
formed and the only effect of longer heat treatments is to redistribute
ions inside crystals or favor the phase transformation of polymorphous
crystals [19–23].

However, glass-ceramics produced by melt-quenching present some
drawbacks, most of them related to the high temperatures involved in
the melting process that cause relevant fluorine losses, thus limiting the
final content of crystal fraction that can be obtained. Furthermore,
phase separation can affect the final optical quality of the samples
making difficult obtaining highly homogeneous materials with suitable
optical quality.

An alternative route to obtain materials with enhanced optical
properties is offered by the sol-gel method. The synthesis typically in-
volves the hydrolysis and polycondensation of metal salts or metal-or-
ganic precursors, such as tetraethyl orthosilicate (TEOS), in alcoholic
medium. After hydrolysis and polycondensation reactions, a network
polymers (“gel”) is formed in liquid phase.

A two-step process is involved in the preparation of oxyfluoride
materials by sol-gel [24]. First, a silica sol is prepared using alkoxide
precursors and following the classical route. Second, a mixture of
fluoride and RE ion precursors (acetates, nitrates, chlorides etc.) is
prepared separately dissolving them in ethanol and/or acidic medium.
The mixing of both solutions, followed by suitable thermal treatments,
leads to the precipitation of fluoride crystals in the silica-glass matrix.
By this method, much lower crystallization and sintering temperatures
are used with respect to melt-quenching method, thus allowing a much
higher fluorine content being added. Additionally, no phase separation
is observed in oxyfluoride sol-gel samples, permitting obtaining nano-
materials with improved homogeneity and enhanced optical properties.

A great contribution in the preparation of sol-gel oxyfluoride glass-
ceramics came from the first works of Fujihara et al. [24,25]. In par-
ticular, the use of trifluoarecetic acid (TFA) as fluorine precursor al-
lowed preventing La3+ ions to be incorporated into the SiO2 matrix.
Thanks to the screening action of CF3COO− ions these ions are already
coordinated to La3+ in the silica sol, thus allowing the precipitation of
LaF3 crystals.

In spite of the sol-gel method has been extensively used since the
end of nineties to prepare oxyfluoride glass-ceramics, materials with
maximum LaF3 amounts of only 10mol% have been prepared.
Moreover, the crystallization mechanism of fluorides in sol-gel glass
ceramics is still unclear and has not been elucidated yet [26,27].

In this work, we studied the crystallization mechanism of LaF3
crystals in SiO2-LaF3 materials prepared by sol-gel using DTA, XRD,
HRTEM, FTIR and NMR. The paper compares the crystallization process
that takes place in materials containing 20mol% of LaF3 with others
obtained by melt-quenching previously developed by the authors.

2. Experimental

2.1. Materials preparation

80SiO2-20LaF3 (mol%) sols were prepared using tetra-
ethylorthosilicate (TEOS, ABCR, 98%) as SiO2 precursor, lanthanum
acetate (La(CH3COO-nH2O)3, Sigma-Aldrich, 99.9%) and TFA (Sigma-
Aldrich, 99%) as fluorine source. The synthesis of the sol was performed
by a two steps process. First, a SiO2 sol, labelled as SOL-1, was pre-
pared, mixing TEOS, absolute ethanol (EtOH) and H2O (0.1M HCl) in a

molar ratio 1TEOS:9.5EtOH:2H2O and stirred for 2 h at room tem-
perature [28]. To start the hydrolysis process, H2O was added drop by
drop under vigorous stirring. Then, a mixture, labelled as SOL-2, con-
taining lanthanum acetate, TFA, absolute ethanol and distilled water
was prepared separately stirring the mix at 40 °C during 2 h to ensure
complete dissolution of the reagents. The molar ratio was fixed to 1La
(ac):5TFA:5EtOH:4H2O. The last step was mixing SOL-1 and SOL-2 to
obtain the desired composition.

2.2. Thermal characterization and crystallization mechanism

Non-isothermal crystallization kinetics was studied by differential
thermal analysis (DTA) and thermogravimetry (TG) (SDT Q600 – TA
Instruments) using 20–30mg of bulk specimens, grinded to a size of
1–1.25mm and obtained after drying the sol at 80 °C. The measure-
ments were performed between 25 and 850 °C using heating rates from
10 up to 40 °C/min. From these results the Avrami's parameter n and
crystal-growth dimensionality parameter m were calculated from the
Ozawa's equation [29] and the Matusita's equation [30] given by Eqs.
(1) and (2), respectively:

⎜ ⎟
⎛
⎝

− − ⎞
⎠

= −d x
d q

n[ln[ ln(1 )]]
(ln ) T (1)

⎜ ⎟
⎛

⎝
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= − +

q
T

mE
RT
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n

p
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p
2
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In these equations, x is the partial area of the crystallization peak
calculated for a fixed temperature T and q is the heating rate; Tp and R
are the crystallization peak temperature and the gas constant, respec-
tively. The activation energy for crystallization, Ea, was calculated
using the Kissinger's equation [31,32]:
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2.3. Structural characterization and crystal growth

X-Ray-Diffraction (XRD) was performed on milled and sieved
powders (< 60 μm) derived from heat-treated bulk specimens.
Diffractograms were acquired in the range 10–70° using a step size of
0.02° and 1 s of integration time for each step. The crystal size was
calculated using the Scherrer's equation [33]:

=
−

φ λ
θ B B

0.94
cos

x
m i
2 2 (4)

where λ is the wavelength (1.54056 Å – CuKα1), Bm the full width half
maximum of the LaF3 peak (111) and θ the corresponding diffraction
angle. The constant factor 0.94 corresponds to spherical crystals and is
commonly used. Pseudo-Voigt function was used to fit diffraction-peak
parameters. High resolution diffractograms were also acquired at the
European Synchrotron Radiation Facility using a wavelength of
0.619 Å.

A JEOL 2100 field-emission gun transmission electron microscope
operating at 200 kV with a point resolution of 0.19 nm was used to
acquire high resolution transmission electron microscopy (HRTEM)
images. Samples were prepared depositing, onto a copper grid carbon
lacey, two drops of an ethanol suspension containing a small amount of
powder sample. Then, the ethanol was removed by drying under a UV
lamp, leaving small traces of sample on the copper grid.

Fourier Transform Infra-Red (FTIR) spectra in the range
4000–450 cm−1 were obtained, with a resolution of 4 cm−1, using a
Perkin Elmer Spectrum 100 instrument. Transmission spectra were
obtained using KBr pellets prepared mixing 2–3mg of powder samples
with 250mg of KBr. Far Infra-Red spectroscopy (FIR) spectra were
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collected directly on the samples in ATR configuration in the range
600–175 cm−1 with a resolution of 4 cm−1 using a Nicolet 6700-
Thermo Scientific.

19F magic-angle spinning nuclear magnetic resonance (19F MAS/
NMR) spectra of xerogel and glass-ceramics were recorded using a NMR
Spectrometer AVANCE II (BRUKER) equipped with a 9.4 Tesla magnet
(400MHz) and a 2.5mm rotor spinning at 20 kHz.

3. Results

3.1. Thermal and morphological characterization

Transparent and crack-free 80SiO2-20LaF3 bulk samples were ob-
tained after drying the sol at 80 °C. After heating at 550–650 °C the
transparency and homogeneity were preserved.

Fig. 1a shows the DTA curves of 80SiO2-20LaF3 bulk samples per-
formed in air using heating rates between 10 and 40 °C/min. In all
cases, two exothermic (upward) peaks are identified. The first one ap-
pears at 285 °C and shifts toward higher temperatures, up to 302 °C,
when the heating rate increases. The second peak appears around
440 °C and shifts to 464 °C for the fastest heating rate. The area of both
peaks increases with the heating rate and the FWHM of the first peak

narrows producing more intense and well defined peaks. This means
that more crystals are produced in the same time interval because of
faster heating. Fig. 1b shows a detail of the DTA together with the TG
curve. A small weight loss, around 10wt%, is observed between 100
and 250 °C and assigned to residual water and solvents elimination. The
weight loss of around 30% in the range 250–380 °C is associated with
the first exothermic peak. For temperatures higher than 400 °C only a

Fig. 1. (a) DTA of 80SiO2-20LaF3 bulk samples treated in air from RT to 800 °C with
heating rates 10–40 °C/min. (b) Detail of DTA (right axis) and TG (left axis) curves for the
sample treated using a rate of 10 °C/min. The endothermic process (1) is assigned to
solvent removal. The exothermic processes (2) and (3) are associated to LaF3 crystal-
lization and combustion process, respectively.

Fig. 2. (a) DTA of 80SiO2-20LaF3 bulk samples treated in argon from RT to 800 °C with
heating rates 10–40 °C/min. (b) DTA and TG of SOL-2 in argon atmosphere using a
heating rate of 10 °C/min. The endothermic peak (1) corresponds to solvent removal and
the exothermic peak (2) is assigned to LaF3 crystallization. (c) Ozawa's plot for five dif-
ferent temperatures. In the bottom the n mean value together with the m parameter and
the crystallization activation energy are also given.
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small weight loss, about 3 wt%, appears, related with the combustion of
residual organic compounds. The first exothermic peak is associated
with the crystallization of fluoride crystals [24], in accordance with
similar behaviors observed for other fluoride phases with DTA exo-
thermic peaks between 280 and 350 °C [34–37]. It is worth nothing that
such behavior is true only for sol-gel derived oxyfluoride glass-ceramics
while for melt-quenching samples much higher crystallization tem-
peratures are observed [11,12,22,38–40].

DTA curves were also measured in argon (inert gas) atmosphere to
avoid oxidations processes, Fig. 2a. In this case, only the first exo-
thermic peak appears at the same temperature of DTA curves performed
in air. The second exothermic peak disappeared, indicating that it was
related to some oxidation processes. Fig. 2b shows DTA and TG curves
in argon atmosphere for SOL-2 dried at 80 °C, Fig. 2a. Once again, a first
mass loss is observed around 125 °C related to water and solvents re-
moval, and only an intense exothermic peak, at 286 °C, appears along a
80% mass loss. Therefore, the exothermic peak appearing around
300 °C (for heating rate of 10–40 °C/min) is assigned to LaF3 crystal-
lization process.

The crystallization process is not usually related to a mass loss, but
only to an energy release. However, in the case of sol-gel materials, a
chemical reaction [24,41] occurs previously and it is responsible for
crystals formation and associated with the big mass loss:

→ + + +La(CF COO) LaF (CF CO) O CO CO3 3 3 3 2 2 (5)

By using the Eqs. (1)–(3), the crystallization mechanism was eval-
uated using the DTA in argon to avoid overlaps of other processes.
Fig. 3c shows the Ozawas's plots for five different temperatures. In all
cases, a straight line is obtained for each temperature and an n mean
value equal to 1 was calculated with the corresponding standard de-
viation. By applying Eq. (2) the m crystal growth dimensionality
parameter was also calculated, giving a value equal to 1. Considering
these results, the use of the Kissinger's equation to calculate the crys-
tallization activation energy is correct. The crystallization activation
energy, around 293 kJ/mol, is smaller than that obtained for LaF3
crystallization in melt-quenching derived glass-ceramics, around
340 kJ/mol [12,21]. From these results and according to Donald [42],
the crystallization mechanism could be described as a diffusion-con-
trolled process starting from a fix number of nuclei that occurs in the
volume of the sample. This is the typical crystallization mechanism for
LaF3 or other fluoride phases in melt-quenching oxyfluoride glass-

ceramics [12,21,22]. Indeed, some authors [34,35] reported similar
results for sol-gel derived oxyfluoride glass-ceramics, concluding that a
diffusion-controlled process is the main crystallization mechanism of
fluorides in sol-gel materials.

Fig. 3 shows the DTA of 80SiO2-20LaF3 sample recorded up to
1200 °C. The endothermic process appearing at 1175 °C allows esti-
mating Tg ~ 1130 °C, along with the LaF3 crystallization peak at
~280 °C.

3.2. Structural characterization and crystal growth

Fig. 4a shows XRD patterns for 80SiO2-20LaF3 bulk samples treated
at 550 °C from 1min up to 80 h. As observed, after only 1min of
treatment LaF3 crystals (JCPDS 00-032-0483) are detected with a size
of 11 nm. The increment of treatment time to 1 h decreases the crystal
size to 8 nm. This decrease is more evident when the treatment is
maintained for 20 h, the crystal size reducing to 6.5 nm.

For a fixed temperature two effects are observed when treatment
time increases: 1) the decrease of the crystal size, associated to broader
and less resolved peaks, and 2) the decrease of the crystal fraction
(related to the peak height). Fig. 4b shows the diffractograms of 80SiO2-
20LaF3 samples treated at 550 °C for 1min and 1 h performed at the
synchrotron ESRF BM25B beamline. In the inset of Fig. 4b, a detail of
the most intense (111) diffraction peak is given for comparison con-
firming the broadening of the peak when increasing the treatment time.
The calculated crystal sizes agree with those obtained from Fig. 4a.
Moreover, as shown in Fig. 4c, if no thermal quenching is performed at
crystallization temperature only small and not defined crystals are de-
tected.

To further study the crystal growth, samples were treated at 650 °C.
A comparison of samples treated at 550 °C and 650 °C for 1 h is given in
Fig. 4d. The crystal size is quite similar for both samples being 8 and
7.5 nm, respectively, and no better crystallinity is observed even in-
creasing the treatment temperature by 100 °C.

FIR spectra were also acquired to study the fluoride vibrations
evolution with the heat treatment, considering that the main vibration
band of La-F in LaF3 crystals is around 350 cm−1 [43]. The spectra,
collected in the range 600–175 cm−1, allow comparing the evolution of
the bands with the treatment time and/or temperature. Fig. 5a shows
FIR spectra of 80SiO2-20LaF3 bulk xerogel and glass-ceramic samples
treated at 550 °C from 1min up to 80 h. The spectrum of pure silica
glass was also measured together with pure LaF3 crystalline powders.
Silica glass spectrum shows a band around 460 cm−1 associated to
OeSieO bending vibration [44–47], while LaF3 reference sample shows
three main bands centered at around 345, 250 and 190 cm−1 [43]

The xerogel, obtained after drying the sol at 80 °C, does not show
any band characteristic of LaF3 thus confirming the absence of fluoride
crystals; a weak band at ~270 cm−1 is assigned to CF3 rocking vibra-
tion in TFA derived compounds [48]. The vibration band at around
425 cm−1 is associated to OeSieO bending. This band broadens and
shifts toward lower wavenumbers with respect to glass-ceramic sam-
ples, such behavior being related to the formation of SiO4 units with
larger inter-tetrahedra angles [49,50].

On the other side, the glass-ceramic sample treated at 550 °C for
1min clearly shows the La-F vibrations of LaF3 crystals, especially the
higher frequency mode near 350 cm−1 along with the OeSieO bending
vibration. A small band shift is observed as compared to the references
likely related to ATR configuration that causes a peak shift depending
on the refractive index/density difference of the samples. In particular,
La-F vibrations diminish for increasing treatment times, almost dis-
appearing for very long treatment times (80 h). The stronger La-F
contribution is obtained for the fastest heat treatment although such
bands are still appreciable up to 5 h (Fig. 5a).

Fig. 5b shows the effect of the treatment temperature for 80SiO2-
20LaF3 samples treated at 550 and 650 °C during 1 h. The OeSieO
bending band is still centered around 460 cm−1, thus indicating that

Fig. 3. High temperature DTA of 80SiO2-20LaF3 bulk sample. The inset shows a detail of
the encircled zone where the endothermic peak corresponding to SiO2 Tg appears at about
1130 °C. Endothermic processes (1) and (3) are due to solvent removal and glass transi-
tion, respectively. The exothermic peak (2) is assigned to LaF3 crystallization.

G. Gorni et al. Journal of Non-Crystalline Solids 501 (2018) 145–152

148



the condensation of the silica network at 550 °C is not significantly
altered by rising the temperature by 100 °C. The same effect is observed
for the main La-F vibration at 350 cm−1, meaning that no big differ-
ences exist with respect to the crystallization process. Vibration changes
in the range 250–175 cm−1 may be related to less resolution in the
experiment. These results are in agreement with those shown in Fig. 4d
where similar diffractograms and crystal size are obtained for these
samples.

FTIR spectra of the 80SiO2-20LaF3 xerogel and glass-ceramic sample
treated at 550 °C-1min are shown in Fig. 6a. For the xerogel sample, a
more complex spectrum is observed due to incomplete condensation of
the glass-matrix and the presence of residual organic compounds. The
bands centered at 1680 and 1650 cm−1 are associated to C]O carboxyl
acid dimer stretching [51,52] and HeOeH bending [53–55] vibrations,
respectively. In the range 1500–1400 cm−1 the vibrations associated
with TFA or derived ions appear [24,48]: the eCOO– groups have three
main absorption bands while the CeF stretching band is identified
between 1400 and 1000 cm−1. For the glass-ceramic sample, the
spectrum is simpler and the asymmetric stretching vibration of
SieOeSi is observed around 1060 cm−1 together with the symmetric
vibration around 800 cm−1 [46,47,56]. The sharp band at 1279 cm−1

is associated to unremoved organic compounds (CeO) [57,58] which
disappears with increasing treatment times.

The structural characterization and the study of fluorine environ-
ment were completed by 19F Magic angle spinning (MAS) NMR of
80SiO2-20LaF3 xerogel and glass-ceramic samples treated at 550 °C for
1min, Fig. 6b. The signal is given as a function of the chemical shift of
the nucleus whose resonance frequency is affected by the electron
screening, thus making possible to identify the local environment of the
atom. The 19F NMR spectrum of pure LaF3 powder is also shown. For
the xerogel, a sharp band appears around −76 ppm associated to 19F

surrounding the precursor TFA acid [59]. Instead, after 1min of heat
treatment at 550 °C, all the appearing bands at −22, −18 and 26 ppm
are associated to 19F in LaF3 crystals. In fact, due to the space group
symmetry of LaF3 crystals (P c3 1) three different fluorine sites are
identified (see black spectrum of pure LaF3 crystals). Only one peak at
about −155 ppm is not assigned neither to 19F in LaF3 crystals nor to
spinning side bands. It could be related to 19F in four-coordinated Si-F
species [60].

HRTEM of 80SiO2-20LaF3 samples treated at 550 °C during 1min
and 1 h, and at 650 °C for 1 h are given in Fig. 7a, b and c, respectively.
Homogeneously dispersed LaF3 crystals are clearly visible for each heat
treatment, confirming XRD and FIR results. Fig. 6c also offers a detail of
the [111] planes of LaF3 obtained by the Fourier Transform of one of
the crystals. The average crystal size was estimated by using several
micrographs and measuring the size of around 100 crystals. The cor-
responding distributions are also compared in Fig. 7d. The average
crystal sizes, obtained by Gaussian fitting, are in well agreement with
those calculated by the Scherrer's equation given in Fig. 4a. After 1min
of heat treatment many LaF3 crystals are observed with an average size
of 10.5 nm.

4. Discussion

From DTA results some distinctive features of sol-gel samples can be
derived. The LaF3 crystallization peak is much sharper and more in-
tense, appearing at much lower temperature than those obtained for
melt-quenching samples. This suggests that the crystallization process
in sol-gel is very fast and different from the diffusion-limited process of
melt-quenching materials. On the other hand, melt-quenching glass-
ceramics are treated at temperatures slightly higher than Tg to promote
and facilitate ions diffusion and to limit the crystal size to few tens of

Fig. 4. (a) XRD of 80SiO2-20LaF3 sol-gel glass-ceramics treated at 550 °C from 1min up to 80 h. (b) Comparison of high resolution XRD, performed with synchrotron radiation at Spline of
the ESRF, of 80SiO2-20LaF3 glass-ceramics treated at 550 °C during 1min and 1 h. (c) 80SiO2-20LaF3 glass-ceramics treated at 550 °C during 1 h and followed or not by thermal
quenching. (d) 80SiO2-20LaF3 glass-ceramics treated at 550 and 650 °C for 1 h.
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nm. According to the definition of glass-ceramics of Höland [61] “Glass-
ceramics are ceramic materials formed through the controlled nucleation
and crystallization of glass”. But for sol-gel oxyfluoride materials a dif-
ferent situation appears, since fluoride crystallization is produced at
much lower temperatures, far from Tg (~1130 °C) as shown in Fig. 3.

Tohge et al. [62] demonstrated that materials produced by sol-gel
are indistinguishable from conventional melted glasses when heated to
Tg. However, structural features of silica glasses treated at 800 °C, hence
far from Tg, are already identical to those of melted glasses. Further-
more, the properties of silica gels are also identical to those of melted
silica in terms of density, refractive index, hardness, thermal expansion
and modulus. So, dense glass with metastable structures can be ob-
tained by sol-gel.

XRD experiments also showed that the crystallization behavior is
very different from a nucleation and growing process that usually oc-
curs for melt-quenching oxyfluoride glass-ceramics. In particular, for
only 1min of treatment at 550 °C a perfect crystallization is obtained
and no better crystallinity is achieved for longer treatment times, while
for diffusion-controlled processes, crystal size and fraction increase
with the treatment time [12]. Therefore, in sol-gel materials, the
fluoride crystallization is a very fast process that takes place once the
crystallization temperature is reached. Longer treatment times produce

the loss of crystal structure and/or partial or total dissolution of crystals
in the glass matrix. Even increasing the treatment temperature by
100 °C no increase of crystal size and/or crystalline fraction is obtained.
On the contrary, for melt-quenching derived oxyfluoride glass-cera-
mics, an increment of temperature of 20 or 40 °C causes notable effects
on both crystal size and crystal fraction [12,21]. This conclusion is
further supported by the FIR results of Fig. 5: 1) no relevant changes in
the crystallization of fluoride crystals are observed with the increment
of treatment temperature by 100 °C, and 2) the increase of the treat-
ment time does not allow increasing the intensity of the bands asso-
ciated with fluoride crystals but an opposite effect is observed.

HRTEM showed the presence of homogeneously dispersed LaF3
crystals after a short heat treatment of 1min at 550 °C, thus confirming
that 1min of heat treatment is enough to produce the perfect pre-
cipitation and crystallization of nano-fluoride crystals in the SiO2 ma-
trix. Such time (1min) is much shorter than typical times required for
diffusion processes in melt-quenching glasses that generally need from
few hours (1−3 h) up to several days (72–120 h) to grow the crystals. It
is known that a real diffusion process is controlled by the root square of
time and the crystal growth, for non-isochemical compositions, gen-
erally shows an asymptotic behavior due to the formation of a viscous
barrier enriched in glass formers that surround the crystals and prevents
further crystal growth. In sol-gel materials, such behavior is not

Fig. 5. (a) FIR spectra of 80SiO2-20LaF3 xerogel and samples treated at 550 °C-from 1min
up to 80 h. Spectra of SiO2 and LaF3 reference materials are also given for comparison and
their vibrations are highlighted by a vertical dashed line. (b) FIR spectra of 80SiO2-
20LaF3 samples treated at 550 and 650 °C during 1 h.

Fig. 6. (a) FTIR spectra of the 80SiO2-20LaF3 xerogel and glass-ceramic sample treated at
550 °C-1min. (b) 19F MAS-NMR spectra of the 80SiO2-20LaF3 xerogel and glass-ceramic
sample treated at 550 °C-1min. The spectrum of pure crystalline LaF3 is also given for
comparison. Stars indicate spinning side bands.
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observed.
Finally, 19F NMR showed that no 19F bonds of LaF3 are present in

the xerogel, the ions being bonded as in the precursor acid. On the other
hand, a very fast heat treatment allows precipitating the LaF3 nano-
crystals, and almost all 19F bonds of the glass-ceramic samples corre-
spond to the LaF3 phase.

Although the DTA analysis following Eqs. (1)–(3) indicates that
crystallization is a diffusion-limited process with n=m=1, similar to
that appearing in melted oxyfluoride glass-ceramics, these calculations
are demonstrated to be wrong. We think that this approach should only
be used in the case that Tx and Tp are above Tg. Our proposal is that the
crystallization mechanism of LaF3 (and other fluorides) in oxyfluoride
sol-gel materials consists on a chemical reaction followed by a fast
crystals precipitation, the obtained crystals being unstable.

To further explain this behavior a thermodynamic analysis is ne-
cessary. Sol-gel glass-ceramics are obtained after the treatment of xer-
ogels that consist of a continuous solid network surrounding a con-
tinuous liquid phase; condensation and shrinkage reducing the free
energy of the system. It is well known that conventional glass systems
may reside in a metastable equilibrium with a free energy higher than
the equilibrium state. On the other side, gels have higher free energy
than a melted glass of the same nominal composition. But xerogels are
unstable, not metastable, because there is no energy barrier to prevent
the gel from relaxing toward the glassy state. Aging generates structural
changes leading to denser amorphous or crystalline state whenever
mobility is increased by increasing the treatment temperature.

Structural techniques (NMR, FTIR, Raman) demonstrate that local
bonding in gels is quite similar to that of melted glasses below Tg [63].
The absence of energy barrier may explain that crystallization occurs as
a precipitation process at quite low temperature and very short times
not following the diffusion-limited crystallization processes of conven-
tional melted glasses.

In addition, all the results show that the SiO2 network evolves along
with the fluoride crystallization, and the two systems, from a thermo-
dynamic point of view, develop independently. As observed from DTA,
LaF3 crystallization occurs around 300 °C. Further heating or aging at
crystallization or higher temperatures will lead to the decomposition of
the crystals and their further dissolution in the matrix. Such dissolution
process is favored due to the compositional gradient between matrix
and crystals that will drive the material to reach the equilibrium of
chemical potentials.

It remains as an open question the study of the fluorine content
evolution from the sol, containing an excess of TFA, to the gel and the
final glass-ceramic material. This point is under investigation by using
XRD and 19F NMR.

5. Conclusions

The crystallization mechanism of sol-gel oxyfluoride glass-ceramics,
studied by non-isothermal DTA showed that LaF3 crystallization is a
diffusion-controlled process similar to that occurring for melt-
quenching samples. However, from DTA curves narrow crystallization
peaks are observed at temperatures (~300 °C) much lower than SiO2 Tg

(~1130 °C), demonstrating a quite different crystallization process in
sol-gel materials.

Sol-gel oxyfluoride glass-ceramics, studied by XRD, FTIR, FIR,
HRTEM and 19F NMR, behave differently from melt-quenching glass-
ceramic materials. Neither increase of the crystallinity nor of crystal
size were observed when increasing the treatment time. On the con-
trary, the best crystallization was obtained for very fast treatments
(1 min) at temperatures much lower than Tg, thus confirming that
crystallization process is very fast and only needs to reach the suitable
energy.

Therefore, it is proposed that the crystallization process of LaF3 in
sol-gel materials is not a diffusion-controlled nucleation and growing
process, but a chemical reaction followed by the fast precipitation of
crystals. Given that such crystals are unstable, the aging at crystal-
lization or higher temperatures will cause their dissolution trying to
reach the equilibrium of chemical potentials.

Although non-isothermal DTA analysis indicates that crystallization
is a diffusion-limited process, with n=m=1, these calculations are
demonstrated to be wrong. We think that this approach should only be
used in the case that Tx and Tp are above Tg.
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Abstract
Transparent glass ceramic (GC) films and self-supported layers of composition

80SiO2-20LaF3 doped with Nd3+ were prepared by sol-gel method for the first

time. GC films were deposited by dip coating on different substrates and heat-

treated between 350°C and 850°C for 1, 3, and 80 hours. The structural analysis

of thin films was performed by GI-XRD and HR-TEM to check the LaF3
nanocrystals precipitation in the SiO2 matrix, revealing a crystal size lower than

5 nm. The emission and excitation spectra and lifetimes of the films have been

obtained for different thermal treatments and Nd3+ contents. The luminescence

intensity of the 4F3/2 ?4I11/2 laser transition increases with the treatment tempera-

ture and Nd3+ content, whereas a reduction for the luminescence lifetime is

observed compared to those observed in bulk samples prepared by melting

quenching.

KEYWORD S

coatings, glass ceramics, glass manufacturing, optical properties, oxyfluoride, photoluminesence,

sol-gel

1 | INTRODUCTION

Rare-earth (RE)-doped materials have gained great interest
in the last decade for their use in solid-state lasers, sensing,
solar cells, etc.1-7 Silicate glasses were commonly used for
these applications due to their good mechanical and chemi-
cal properties compared to borate, phosphate, or chalco-
genide glasses. However, oxide glasses, especially silicates,
have quite high phonon energy (1200 cm�1) that causes
nonradiative relaxation with subsequent low optical effi-
ciency.8 Thereby, oxyfluoride GCs have been considered
as promising host materials due to their high transparency,
low phonon energy of fluoride crystals, and the possibility
to effectively host RE ions inside the crystals.9 Moreover,
they present high chemical and mechanical stability

typical of oxide glasses, in particular silicates and alumina-
silicates.

Many oxyfluoride GCs have been prepared by the melt-
ing quenching (MQ) method10,11 using several RE ions, as
Eu3+,12 Nd3+ for its use as laser material at 1.06 lm,13-15

Pr3+-Yb3+ as down-converter materials,16-18 and Er3+-Yb3+

for up-conversion.19,20 But MQ method presents some limi-
tations such as the high temperature of processing that
causes fluorine loss by evaporation. Moreover, phase sepa-
ration is commonly produced during the quenching, thus
limiting the possibility to obtain homogenous materials
with high optical quality. Therefore, many efforts were
concentrated to prepare oxyfluoride materials by sol-gel
method.21-31 This process allows obtaining purer materials,
and compositions impossible or extremely difficult to

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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obtain by MQ method using much lower temperatures. Fur-
thermore, it is a very flexible and rather cheap method.

In the last years, different authors have reported the
development of SiO2-LaF3/LaOF oxyfluoride glass ceram-
ics by sol-gel, highlighting the works of Fujihara et al21-23

and Ribeiro et al24 Fujihara et al described the preparation
of 90SiO2-10LaF3/LaOF thin films doped with Eu3+ and
reported that the luminescence associated to Eu3+ ions
increased when the RE ions are introduced in a oxyfluoride
GCs matrix compared to silica glass matrix. Anyway, at
high temperature (600-900°C) LaOF crystals instead of
LaF3 are identified. On the other hand, Ribeiro et al pre-
pared films with the same composition finding that for heat
treatment between 600-900°C both LaF3 and LaOF phases
appeared. They used these films as planar waveguides at
Vis (500-600 nm) and IR (1.44-1.46 lm) wavelengths
obtaining losses of 1.8 dB/cm at 632.8 nm.

Different authors have reported the doping of GC mate-
rials with RE ions and demonstrated that these ions are
preferably incorporated into the crystalline phase and not
into the silica matrix, confirming that the sol-gel process is
suitable for the synthesis of oxyfluoride GC materials with
photonic applications. Biswas et al25 prepared 95SiO2-
5LaF3 xerogels doped with Er3+-Yb3+ for up-conversion.
Upon Yb3+ excitation at 980 nm, Er3+ emission from
the4FJ levels (at 450 and 490 nm) was observed, suggest-
ing that Er3+ ions are present in a local environment of
very low phonon energy. An Er3+ emission 4I13/2-

4I15/2
quite broad compared to the emission of Er3+ in the LaF3
crystals was observed. The emission had two contributions:
one produced by Er3+ ions inside the LaF3 crystals and the
other associated with the ions near of crystals surface that
feel the high phonons of the silica matrix. Vel�azquez
et al30,31 have also prepared 95SiO2-5LaF3 xerogels doped
with Tb3+ and codoped with Dy3+ to enhance the UV
absorption band and shift this energy to the visible range.
The precipitation of LaF3 crystals inside the SiO2 matrix
was observed and the lifetimes reported show that around
75% of the RE ions are in the LaF3 crystals. The same
materials doped with Pr3+-Yb3+ ions for Vis UC upon
Yb3+ excitation at 980 nm were also studied.

Finally, a review of sol-gel monoliths with more than
200 references focused on the preparation of silica and sil-
ica-based materials, especially SiO2-LnF3 GCs, was
reported by Kajihara.32 However, in all of these works,
typical LaF3 concentration was between 5 and 10 mol%;
furthermore, the same synthesis procedure was used with-
out modifying the processing parameters. On the other
hand, structural characterization of thin films together with
optical properties have been poorly evaluated.

The aim of this work was the preparation of 80SiO2-
20LaF3 transparent GC films doped with Nd3+ using the
sol-gel method. The structural characterization was

performed by GI-XRD and HR-TEM, whereas the optical
properties were investigated using steady-state emission
and excitation spectra and lifetimes. This work demon-
strates the possibility to prepare completely transparent
films with higher LaF3 amount (20 mol%) compared to the
materials reported up to now, and opens the door to new
compositions with even higher LaF3 content (30-40 mol%)
and with promising optical properties of coating and self-
supported sol-gel materials.

2 | EXPERIMENTAL

2.1 | Preparation of 80SiO2-20LaF3 sols,
coatings, and self-supported layers

The 80SiO2-20LaF3 sol was prepared in alcoholic media
using tetraethylorthosilicate (TEOS, ABCR, 98%) as pre-
cursor of silica, lanthanide acetate (La(CH3COO-nH2O)3,
Sigma-Aldrich, St. Louis, MO, 99.9%) and trifluoroacetic
acid (TFA, Sigma-Aldrich, 99%) as lanthanide and fluorine
sources, respectively. The synthesis of the sol was per-
formed in two steps. First, SOL-1 was obtained mixing
TEOS, absolute ethanol (EtOH) and H2O (0.1M HCl) in a
molar ratio 1TEOS:9.5EtOH:2H2O and maintained under
stirring for 2 hours at room temperature. Water was added
drop by drop, to start the hydrolysis process. Then, SOL-2
was prepared from lanthanum acetate (La(ac)), trifluoracetic
acid (TFA), absolute ethanol, and distilled water. The
molar ratio was fixed to 1La(ac):5TFA:5EtOH:4H2O. SOL-
2 was stirred for 2 hours at 40°C to obtain a homogenous
solution. Finally, SOL-1 and SOL-2 were mixed and main-
tained at room temperature before using.

Doped 80SiO2-20LaF3 sols with 2 ad 3 mol% of Nd3+

were also prepared by adding the corresponding molar ratio
of neodymium acetate (Nd(ac)) (Nd(CH3CO2)3�xH2O,
Sigma-Aldrich, 99.9%) to SOL-2 and then, mixing with the
SOL-1.

SiO2 films doped with 3Nd3+ were also prepared using
the same TEOS:H2O:EtOH ratio as for the 80SiO2-20LaF3
composition but substituting Nd(ac) with Nd(NO3)3
(Sigma-Aldrich 99.9%) because the latter can be easily dis-
solved in H2O and EtOH without using TFA.

Doped and undoped 80SiO2-20LaF3 films were depos-
ited on silicon wafers and silica substrates by dip-coating
method using a withdrawal rate of 30 cm/min. Films were
sintered between 350 and 850°C during 1, 3, or 80 hours
using a heating rate of 10°C/min. Two-layers films were
also prepared on silica substrates using an intermediate
heat treatment at 200°C for 20 minutes and a final heat
treatment at 750°C for 3 and 80 hours. SiO2-3Nd coatings
were also prepared using the same withdrawal rate and
varying the heat treatment between 350 and 850°C during
3 hours.
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A similar synthesis with a different H2O/EtOH ratio
was used to prepared self-supported layers with composi-
tion 80SiO2-20LaF3 doped with 0.5 and 3Nd3+ (mol%). A
wet-gel was obtained by leaving the solution in a sealed
container at 50°C for 2 days and then dried for 15 days at
50°C. Finally, the self-supported layers were heat-treated in
air at 650°C for 3 hours with a rate of 1°C/min to obtain
the precipitation of LaF3 nanocrystals and giving rise to
crack-free transparent GCs.

2.2 | Characterization of coatings and
self-supported layers

Ellipsometry measurements were performed using a spec-
tral Ellipsometer (M-2000UTM, J.A. Co., Woollam) to
characterize the films deposited onto silica substrates. The
spectra were taken between 250 and 1000 nm at two dif-
ferent incident angles: 50 and 60°. The data were fitted
using the WVASE32 software with a Cauchy model. From
the fitting data, the refractive index (n) (taken at
k = 700 nm) and the thickness of the films were obtained.

Fourier transform infrared spectroscopy (FTIR) of doped
and undoped 80SiO2-20LaF3 films on Si-wafer substrates
was performed in transmission mode, using a Perkin Elmer
Spectrum 100 equipment, in the range 4000-400 cm�1 with
a resolution of 4 cm�1.

The crystallization behavior was followed by Grazing
Incidence X-ray diffraction (GI-XRD) of doped samples
deposited on Si-wafers. GI-XRD spectra were obtained
using a X’pert PRO Theta/2Theta diffratometer (Panalyti-
cal). The 2h scanning angle was varied between 20 and
70° with a step of 0.05° and with a grazing angle of 0.5°.

After the heat treatment, the self-supported layers were
milled and sieved to a particle size less than 60 lm to
measure XRD. Diffractograms were acquired in the range
10-70° with a step size of 0.02° and 1 second of integra-
tion time using a D8 Advance diffractometer (Bruker, Bill-
erica, MA).

Self-supported layers and coatings on silicon wafers
were also characterized by high-resolution electron micro-
scopy (HR-TEM), including scanning transmission electron
microscopy-high angle annular dark field (STEM-HAADF).
A JEOL 2100 field-emission gun transmission electron
microscope operating at 200 kV with a point resolution of
0.19 nm was used. The samples were obtained by scratch-
ing the films and depositing the scaled fragments onto car-
bon-coated copper grids.

2.3 | Optical characterization

Luminescence measurements were performed at room tem-
perature with a single grating monochromator (focal length
0.25 m), an extended IR Hamamatsu H10330A-75

photomultiplier, and amplified by a standard lock-in tech-
nique. The films were excited with a tunable Ti-sapphire
ring laser (0.4 cm�1 linewidth) in the 770-920 nm spectral
range, and the incident beam formed a 25° angle with the
sample normal. The emitted light was collected along the
direction perpendicular to the films. For all the samples,
the excitation power was 700 mW, except for the self-sup-
ported layers for which a power of 100 mW was used.
Luminescence decay curves were obtained by exciting the
samples with a Ti:sapphire laser pumped by a pulsed fre-
quency-doubled Nd:YAG laser (9 ns pulse width), and
detecting the emission with a Hamamatsu H10330A-75
photomultiplier. The sample temperature was varied
between 9 and 300 K in a continuous-flow cryostat.

3 | RESULTS AND DISCUSSION

Transparent and stable sols were obtained after the synthe-
sis process. The viscosity value was ~ 3 mPa.s and
remained almost unchanged for at least 2 months. Figure 1
shows a picture of 80SiO2-20LaF3-3Nd

3+ film treated at
750°C-80 hours. In the picture, the coating was marked
with a yellow line. Homogeneous, transparent and crack-
free doped and undoped coatings were obtained in all
cases, and for all the sintering temperatures.

80SiO2-20LaF3-3Nd
3+ films deposited on silica sub-

strates were characterized by ellipsometry to obtain the
refractive index and thickness as a function of sintering
temperature. Figure 2A shows the ellipsometry measure-
ments with the corresponding Cauchy fits for single and
double films on SiO2 substrate treated at 750°C-3 hours.
Very good agreement between the measurements and the
fits is obtained, thus indicating the good film quality. The
thickness and refractive index were obtained by measuring
four films to obtain an n average � standard deviation.
Figure 2B shows the corresponding variation in the

FIGURE 1 Photograph of 80SiO2-20LaF3-3Nd
3+ thin film on

silica substrate treated at 750°C during 80 h [Color figure can be
viewed at wileyonlinelibrary.com]
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thickness and refractive index at k = 700 nm for single
film treated between 350 and 850°C during 3 hours. The
thickness decreases linearly with temperature, from 625 nm
at 350°C to 450 nm at 750°C with a slope of 0.4 nm/°C
(R2 = .96). Then, an important shrinkage of the coating is
observed and the thickness decreases up to 325 nm at
850°C. In the case of refractive index, it increases with
temperature. The increment of refractive index is associated
with two effects: one with the condensation of the silica
network and the corresponding elimination of the residual
organic groups, and the other, with the increase in crystal-
lization of LaF3 with temperature. The refractive index
increases linearly (R2 = .998) from 1.50 at 350°C to 1.54
at 750°C, but from 750°C a faster increase is observed, the
refractive index reaching the theoretical value of 1.56 at
850°C, closer to the LaF3 refractive index (1.60 at
k = 700 nm).33 To confirm the precipitation of LaF3 crys-
tals and the effect on the refractive index, SiO2-3Nd doped
samples were prepared and treated between 350 and 850°C
for 3 hours. The LaF3-free composition shows a refractive

index value smaller than that of 80SiO2-20LaF3-3Nd
3+

films and very close to silica coatings, around ~ 1.45.
Moreover, very small change is observed passing from 350
to 550°C, the refractive index passing from 1.44 to 1.45,
and for temperature higher than 550°C no change in the
refractive index is observed. Instead, for 80SiO2-20LaF3
coatings a remarkable change is obtained increasing the
treatment temperature and this is associated to LaF3 crystal-
lization.

Film thicknesses from 450 to 910 nm were obtained for
single and multilayer 80SiO2-20LaF3 coatings, respectively,
after heat treatment at 750°C during 3 hours (Figure 2).

Figure 3A shows the FTIR spectra of 80SiO2-20LaF3-
3Nd3+ films treated at 150, 550, 650, 750, and 850°C during
3 hours together with the spectrum of the untreated film.
FTIR bands associated to nontotally reacted precursors
appear in the untreated film and in the one treated at 150°C
with big bands related to molecular H2O and OH-Si

FIGURE 2 Ellipsometric characterization of 80SiO2-20LaF3-
3Nd3+ films. A, Fit of one and two film deposition using simple and
double Cauchy layer model. B, Thickness and refractive index for
films treated at 350-850°C during 3 h [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 A, FTIR spectra of 80SiO2-20LaF3 films deposited
on Si-wafer and treated between 150-850°C for 3 h. The FTIR for the
untreated film is also shown. B, OH groups area of the films
measured in (A) calculated in the range 3750-2850 cm�1 [Color
figure can be viewed at wileyonlinelibrary.com]
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vibrations. Moreover, the absorption bands at 1460 and
1680 cm�1 appear associated to C=O vibrations of organic
compounds not completely removed. In the range 1350-
1090 cm�1 several sharp vibration bands appear related to
CF2 and CF3 associated to TFA.34 In the case of 80SiO2-
20LaF3-3Nd

3+ films treated at 550-850°C, a small band
between at 845-780 cm�1 corresponding to the symmetric
stretching vibration of Si-O-Si is also identified. The spectra
show a broad band ranging from 850-1250 cm�1 ascribed to
asymmetric stretching of Si-O-Si bonds. On the other hand,
at 1640 cm�1 the bending vibration of H2O molecules is
identified together with a broad band centered around
3400 cm�1 associated with the stretching vibrations of the -
OH groups. The presence of -OH groups affects the optical
properties, producing a quenching of the luminescence of RE
ions due to the high vibration frequency of these groups
(three times higher than the phonons of silicate glasses). In
our case, these bands decrease with increasing the sintering
temperature. Figure 3B shows the semiquantitative evolution
of -OH groups as a function of temperature. The area was
calculated considering a broad band (between 3750 and
2850 cm�1) and assuming an area of 100% for the untreated
coating. In general, a progressively decrease in the -OH
groups is observed increasing the treatment temperature,
reaching the 98% of elimination for sample treated at 850°C.
However, this temperature is too high and other fluoride

phase, such as LaOF, can appear.24 Therefore, it is important
to reach a compromise between sintering temperature, pres-
ence of hydroxyl groups and the precipitated crystal phase.

To identify the presence of crystalline phases, GI-XRD
of 80SiO2-20LaF3 thin films treated at 550°C and 750°C
for 3 and 80 hours was performed (Figure 4). In all the
diffractograms, two broad peaks are observed at 2h = 27.5°
and 44°, corresponding to crystallization of LaF3 in hexag-
onal form (JPCD 00-032-0483) and associated to the
reflections of (111) and (300)-(113) planes, respectively.
The diffraction peaks do not change with temperature prob-
ably associated with the small size of LaF3 crystals. How-
ever, the nanocrystals sizes cannot be calculated using
Scherrer’s equation due to the broad width of the XRD
peaks. No diffraction peaks appear in the untreated film.

Figure 5 shows XRD of 80SiO2-20LaF3 self-supported
layer treated at 650°C for 3 hours together with the
untreated sample. The mean crystal size was evaluated by
the Scherrer’s equation,35 using the full width at half maxi-
mum (FWHM) and position of the XRD peaks. From this
equation, the mean size of the nanocrystals is ~ 4 nm.

HR-TEM images and electron diffraction patterns were
obtained for 80SiO2-20LaF3 coatings treated at 750°C for
80 hours to identify the presence of LaF3 crystals (Fig-
ure 6). The micrograph clearly shows the presence of well
distributed LaF3 crystals with small nanocrystals size,
between 3 and 5 nm, homogenously distributed in the glass
matrix (Figure 6A). Similar results were obtained for
90SiO2-10BaMgF4 films prepared by Fujihara et al36 where
3 nm BaMgF4 crystals were observed in thin films treated
at 750°C. The small crystal size explains the difficulty of
using GI-XRD to determine the crystal phase, since this
size is close to the detection limit of the equipment. The

FIGURE 4 GI-XRD of 80SiO2-20LaF3 films deposited on Si-
wafer treated at 550°C and 750°C for 3 and 80 h. The measurement
for the untreated film is also shown for comparison [Color figure can
be viewed at wileyonlinelibrary.com]

FIGURE 5 XRD of 80SiO2-20LaF3 self-supported layer treated
at 650°C for 3 h. The measurement for the untreated (xerogel) sample
is also shown for comparison [Color figure can be viewed at
wileyonlinelibrary.com]
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inset in Figure 6A shows a magnified detail of the lattice
structure. The distance between the adjacent lattice corre-
sponds to the plane distance (111) of hexagonal LaF3, the
most intense diffraction peak (JPCD 00-032-0483), whose
lattice spacing is d111 = 0.328 nm.15,29,37 No defects, such
as planes mismatch, distortions etc, are observed from the
analysis of the micrograph. The electron diffraction pattern
(Figure 6B) shows diffraction rings and white spots that
lay on the diffraction rings. The rings are attributed to cer-
tain lattice planes of LaF3. For films treated at 750°C dur-
ing 3 hours, crystals smaller than 3 nm were observed (not
shown). The detection of LaF3 crystals is complicated
when the heat-treatment temperature is reduced because
very small crystals are expected. Thus, an inhibition of the
crystallization process could be associated with the pres-
ence of quite high internal stresses in the film that increase
when the thickness decreases.

Figure 7 shows HRTEM of the 80SiO2-20LaF3 self-
supported layer treated at 650°C-3 hours with nanocrystals
homogeneously dispersed having a size around 4 nm,
which is consistent with XRD results. Figure 7B and C
show the corresponding Fast Fourier Transformation (FFT)
image taken from two of the nanocrystals encircled in blue
in the HRTEM image. The regular diffraction spots
recorded along the zone axis unambiguously demonstrate
that the nanocrystal has a single crystalline nature, which
can be readily indexed as hexagonal LaF3. The HRTEM
interplanar distances are determined to be 0.33 nm and
0.207 nm corresponding to the (111) and (300) lattice
planes, respectively, of the LaF3 phase.

The emission spectra for untreated and heat-treated
films with different Nd3+ concentrations were obtained at
room temperature by exciting at 806 nm in the 4I9/2?

4F5/2
absorption band. A broad spectrum is observed for all the
treated samples with a main peak at around 1060 nm corre-
sponding to the 4F3/2?

4I11/2 laser transition of Nd3+ ions.
As an example Figure 8 shows the room-temperature emis-
sion spectra of thin films doped with 3 mol% Nd3+

untreated and treated between 350°C and 750°C for
3 hours. As can be seen, the luminescence of the untreated
film is very weak, and increases as the heat-treatment tem-
perature increases. However, the spectra show similar fea-
tures for the different treatments indicating that no
significant changes in the chemical surrounding of the
Nd3+ ions occur. These changes should affect the Stark
splitting and the spectrum peak structure. The emission
spectra for times longer than 3 hours show the same spec-
tral features. The increase in the emission intensity is likely
related to the reduction in -OH groups with temperature.
Concerning to the peak position, the small red-shift
observed as annealing temperature increases has been
observed in oxyfluoride thin films and attributed to the

(A)

(B)

FIGURE 6 HR-TEM micrographs (A) and electron diffraction
(B) of 80SiO2-20LaF3 film treated at 750°C for 80 h [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 7 HR-TEM micrographs A, and plane distance B, and
C, of 80SiO2-20LaF3 self-supported layer treated at 650°C for 3 h
[Color figure can be viewed at wileyonlinelibrary.com]
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formation of oxygen-rich phases at the expense of fluorine
content which produces a small variation on the ligand
field acting on the RE ions.38

Figure 9 shows the excitation spectra for the thin films
doped with 2 and 3% Nd3+ treated at 650°C-3 hours
together with the excitation spectrum of the untreated film
doped with 3% Nd3+ for comparison. As the Nd3+ concen-
tration increases there is an increase in the emission inten-
sity. On the other hand, the excitation spectra obtained
between 775 and 915 nm by collecting the luminescence at
1064 nm show two broad bands corresponding to the 4I9/
2?

4F5/2 and 4I9/2?
4F3/2 transitions. Similar excitation

spectra are obtained for all heat treatments. The untreated
sample shows similar spectral features with a very weak
intensity.

Another important spectroscopic parameter to character-
ize the luminescent behavior of Nd3+ ions in these films is
the decay time of the emitting level. The lifetimes of the
4F3/2 state were obtained by exciting at 806 nm and col-
lecting the luminescence at 1064 nm. The decays deviate
from a single exponential function and the lifetimes are
unexpectedly short, around 40 ls. Table 1 shows the aver-

age lifetimes, calculated by hsi ¼
R1
0

tIðtÞdtR1
0

IðtÞdt , where I(t) rep-

resents the luminescence intensity at time t corrected for
the background for the samples doped with 2 and 3% for
different thermal treatments. The lifetimes are nearly one
order of magnitude shorter than those observed in bulk
samples prepared by melting quenching.15 The strong
reduction in the lifetimes could be due to the formation of
clusters leading to luminescence quenching39,40 Moreover,
the effective RE3+ ions concentration into the nanocrystals
is much different from the theoretical (or nominal) one, as
shown in previous papers were an estimation of the effec-
tive RE3+ ions diffusion and incorporation into the crystal
phase was given.15,41 The results showed that the effective
concentration into the nanocrystals can be one order of
magnitude higher than the nominal concentration.

In a previous work on Nd-doped GCs prepared by melt-
ing-quenching, the emission of Nd3+ in LaF3 nanocrystals
has been isolated using site-selective laser spectroscopy.15

It was observed that as the Nd3+ concentration increases, a
stronger quenching of lifetime occurs for Nd3+ ions inside
LaF3 crystals with respect to those ions dispersed in the
glass matrix. Moreover, by increasing Nd3+ concentration
the spectra become broader and less resolved. To clarify if
the Nd3+ ions are incorporated in the LaF3 nanocrystals in
the sol-gel coatings, the emission and excitation spectra
and lifetime of a 80SiO2-20LaF3 self-supported layers
doped with 0.5 and 3%, and treated at 650°C for 3 hours
were measured. The emission spectrum of this sample,
obtained by exciting at 786 nm, is presented in Fig-
ure 10A, showing a more resolved structure which

FIGURE 8 Room-temperature emission spectra of 80SiO2-
20LaF3 thin films doped with 3 mol% Nd3+ for different heat
treatments. The emission spectrum of the untreated sample doped
with 3% is also included [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 9 Room-temperature excitation spectra of 80SiO2-
20LaF3 thin films doped with 2 and 3 mol% Nd3+ heat-treated at
650°C-3 h. The excitation spectrum of the untreated sample doped
with 3% is also included [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Average lifetime of the 4F3/2 state for the 80SiO2-
20LaF3 thin films doped with 2 and 3 mol% Nd3+ for different
temperatures. The experimental error is 3%

Sample <s> (ls)

Nd 2% 350°C-3 h 38

Nd 2% 550°C-3 h 40

Nd 2% 650°C-3 h 38

Nd 2% 750°C-3 h 45

Nd 3% 350°C-3 h 37

Nd 3% 550°C-3 h 40

Nd 3% 650°C-3 h 42

Nd 3% 750°C-3 h 41
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indicates a crystalline environment for Nd3+ ions with sim-
ilar features to those observed in LaF3 crystals.15,42 This is
also confirmed by the excitation spectrum, Figure 10B,
obtained by collecting the luminescence at 1064 nm. The
spectrum presents narrow and well-resolved peaks corre-
sponding to Nd3+ ions in the nanocrystals. The normalized
emission and excitation spectra of the untreated sample
with the same Nd3+ concentration are included in Fig-
ure 10 for comparison. It is worth noting that in the case
of the untreated sample the spectral features of both spectra
correspond to Nd3+ ions in an amorphous environment.
Moreover, the Nd3+emission of the treated sample is
around 100 times more intense than that of the untreated
one. The decay from the 4F3/2 level obtained under excita-
tion at 786 nm collecting the luminescence at 1064 nm
deviates from a single exponential function. The average
lifetime decreases from 147 ls to 18 ls as Nd3+ concentra-
tion increases from 0.5 to 3 mol%.

Nd3+ incorporation into LaF3 nanocrystals was unam-
biguously confirmed by measurements performed at low
temperature. Figure 11A and B shows the emission and
excitation spectra, respectively, obtained at 9 K for the

samples doped with 0.5 and 3 mol% Nd3+. The emission
spectrum of the lowest concentrated sample shows sharp
peaks which correspond to the emission of Nd3+ in LaF3
nanocrystals. As observed in the excitation spectrum, the
low energy band corresponding to the 4I9/2?

4F3/2 doublet
narrows and defines into two single components as expected
for a well-defined crystal field site. Moreover, the 4I9/2?

4F5/
2 band is composed of narrow and well-resolved peaks
which indicate that the spectrum corresponds to Nd3+ ions
in the LaF3 nanocrystals. These results confirm that in the
self-supported layer treated at 650°C for 3 hours the Nd3+

ions are mainly incorporated in the LaF3 nanocrystals. How-
ever, the low-temperature emission and excitation spectra of
the untreated sample doped with 0.5 mol% Nd3+ show
broad and structureless bands according with a predominant
amorphous environment for Nd3+ ions. Referring to the
emission and excitation spectra of the treated sample doped
with 3 mol% Nd3+, although they show the peaks corre-
sponding to Nd3+ in LaF3 nanocrystals they become broader
and less resolved than those of the less concentrated sample

FIGURE 10 Normalized room-temperature emission A, and
excitation B, spectra of Nd3+ in the 80SiO2-20LaF3-0.5Nd

3+ sol-gel
self-supported layer untreated (red line) and treated at 650°C-3 h
(black line) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Normalized emission A, and excitation B, spectra
of Nd3+ in the 80SiO2-20LaF3 sol-gel self-supported layers treated at
650°C-3 h doped with 0.5% Nd3+ (black line) and 3% Nd3+ (blue
line) together with the spectra of the untreated self-supported layer
doped with 0.5% Nd3+ (red line). Data correspond to 9 K [Color
figure can be viewed at wileyonlinelibrary.com]
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which indicates the presence of different Nd3+environments.
This is confirmed by the excitation wavelength dependence
of the emission. Figure 12 shows the low temperature emis-
sion spectra corresponding to 786 and 806 nm excitations
displaying the crystalline and amorphous Nd3+ environ-
ments, respectively.

In summary, Nd3+ incorporation into the LaF3
nanocrystals was observed and by selective excitation
spectra of pure Nd3+:LaF3 crystals were obtained for
self-supported layers doped with 0.5Nd3+ and 3%. For
coatings similar lifetimes but broader spectra were
observed doping with 2 and 3 mol%. This discrepancy
could be attributed to a much higher Nd3+ effective con-
centration into the LaF3 nanocrystals. In fact, excessive
Nd3+ concentration may produce inhomogeneous spectral
broadening giving rise to glassy-like luminescence emis-
sion. Similar behavior was observed in bulk samples pre-
pared by MQ where it was observed that, increasing
Nd3+ content, spectra lost resolution and became similar
to those of glass.15

4 | CONCLUSIONS

Transparent and crack-free 80SiO2-20LaF3 GC films doped
with 2 and 3 mol% Nd3+ were successfully obtained by
sol-gel. Self-supported GC layers of composition 80SiO2-
20LaF3 doped with 0.5 and 3Nd3+ were also prepared to
furtherly study the optical properties. By HRTEM it was
shown the precipitation of LaF3 nanocrystals with a size
between 3 and 5 nm.

For self-supported layers the Nd3+ incorporation into
the nanocrystals allows reproducing spectra of pure Nd3+:
LaF3 crystals, however, the lifetime is strongly quenched

as compared to typical lifetime in oxyfluoride GCs. Optical
properties of coatings show the increase in luminescence
with the heat-treatment temperature due to an increase in
the crystal fraction and removal of -OH groups. Much
broader emission spectra were obtained as compared to
self-supported layers likely due to extremely high Nd3+

effective concentration. Further studies are in progress to
optimize the RE concentration and glass matrix composi-
tion to obtain Nd3+-doped films with optimal luminescence
properties.
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1. Introduction 

Oxyfluoride glass-ceramics (OxGCs) have attracted great interest in the field of photonics since 

the pioneering work of Wang and Ohwaki [1]. OxGCs are polycrystalline materials containing 

fluoride nano-crystals (NCs) that crystallize in a glass matrix during a controlled heat treatment 

of the precursor glass. Alumina-silicate glass matrices are suitable due to their excellent 

mechanical, thermal and chemical properties compared to phosphate or fluoride glasses. In 

addition, OxGCs may host Rare-Earth (RE) ions in the low-phonon energy fluoride crystals 

(300-450 cm-1), thereby increasing the luminescence efficiency with respect to the 

corresponding oxide glasses [2–14]. The melt-quenching (MQ) method has been routinely used 

to prepare OxGCs that showed excellent optical properties and a significant enhancement of 

photoluminescence with respect to the precursor glasses. Moreover, the possibility to draw 

fibers and convert the core into a GC revealed the importance of this method for the preparation 

of novel devices with new or improved optical efficiencies [15–20]. However, the high melting 

temperatures (1400-1700 °C) greatly affect the fluoride content, limiting the crystal phase 

content to 10 wt% or less for some crystal phases, such as LaF3 [7,9,10]. Furthermore, phase 

separation and spontaneous fluoride crystallization is usually present due to fluorine 

immiscibility at high temperature in oxide-glass matrices. For these reasons, this method still 

has to overcome some problems and efforts are required to improve the quality and processing 

of these materials. Another crucial point concerns the incorporation of dopants into the fluoride 

NCs. In fact, it is known that in melted glasses there is a portion of RE ions that remain outside 
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the fluoride NCs even after heat treatment for prolonged periods [10,12]. This phenomenon is 

explained considering the high glass viscosity at typical crystallization temperatures (Tg+20-

100 °C) that limits ionic diffusion. Moreover, due to the depletion of crystal formers in the glass 

matrix, a viscous Si-enriched shell forms around the crystals, which further limits ionic 

diffusion. A challenging goal is to obtain homogeneous materials with much higher fluoride 

contents and with higher dopant incorporation in the NCs, thus improving the optical efficiency.  

The sol-gel (SG) route appears to be a promising alternative to prepare OxGC films and bulk 

materials [21–34]. The SG process is a cheap and extremely flexible chemical method for 

obtaining pure and very homogenous materials, as well as offering a wide range of possible 

nano/micro-structures at relatively low sintering temperatures (100-600 °C). Synthesis 

classically involves the hydrolysis and polycondensation of metal salts or metal-organic 

precursors, such as tetraethyl orthosilicate (TEOS), in alcoholic media [35]. In the late nineties, 

Fujihara et al. prepared the first OxGC SG materials in a two-step process [21] involving 

preparation of silica sol using the classical route followed by mixing of fluoride and RE-ion 

precursors (acetates, nitrates, chlorides etc.) dissolved in ethanol or acidic medium. The mixing 

of both solutions, with subsequent controlled crystallization, leads to the precipitation of 

fluoride crystals in the silica-glass matrix. However, the literature mostly describes the 

preparation of OxGC materials with a nominal content of 5 mol% active crystal phase, and with 

the final crystal fraction not being estimated [36]. For example, Szpikowska-Sroka reported 3 

wt% of crystallized phase for a nominal concentration of 5 mol% [34] Such concentrations are 

even lower than those obtained by MQ [2,10,12]. Other authors have attempted to increase the 

crystal content up to 15 mol% but opaque materials were obtained [21]. Moreover, high 

treatment temperatures (800-1000 °C) are used to obtain OxGCs from the amorphous 

precursors, even though the typical crystallization temperature of fluorides is between 280-350 

°C. To date, the use of sol-gel to obtain OxGCs has not been widely investigated because no 

significant improvement in structural and optical properties has been achieved since the earliest 

papers. There is still much work to be performed on correlating the crystallization mechanism of 

these materials with the structure, dopant incorporation and optical properties.  

In this work, novel OxGC materials with a much higher active crystal phase content and 

sintered at much lower temperature than previously reported have been prepared by taking 

advantage of the particular benefits of the SG process. In addition, it was demonstrated how this 

method leads to precipitation of RE-doped NCs using short heat treatment times. Moreover, it is 

shown how most RE ions are incorporated into the NCs during the crystallization process. 

 



 

 

2. Materials and Methods  

Materials preparation 

Sols of composition (mol %) 80SiO2-20LaF3 doped with 0.1 and 0.5Er
3+

 were prepared by 

partially replacing TEOS with methyl-trimethoxy-silane (MTES) as precursor with a 

TEOS/MTES molar ratio of 40/60. The synthesis was performed in two- step process starting 

from a silica sol with molar ratio: 0.4TEOS:0.6MTES:2.5EtOH:1H2O(0.1HCl):0.2CH3COOH 

stirred for 2 h at room temperature. Subsequently, La(CH3COO)3:EtOH:H2O:TFA in the molar 

ratio 1:5:4:4 was stirred for 2 h at 40 °C and then mixed with the silica sol in the ratio 

0.8(TEOS+MTES):0.2La  

Thin films on silica and silicon wafers (111) were prepared by dip coating using withdrawal 

rates of 10-35 cm/min. Finally, the films were treated at 550 °C for 1 min and 1 h using a 

heating rate of 10 °C/min. 

Moreover, self-supported layers (bulk-like monoliths 1-2 mm thick) were prepared using the 

molar ratio 0.4TEOS:0.6MTES:3EtOH:2H2O(0.1HCl), respectively. An acetate dissolution, 

similar to that used for thin films, was prepared rising the H2O content to obtain a total molar 

ratio 1(TEOS+MTES):10H2O.  

Then, the sol was deposited into Petri dishes, covered, sealed and kept at 50 °C for 1 week to 

obtain the xerogel samples. GC samples were obtained by heating the xerogels at 550 °C for 1 

min up to 1 h, with an intermediate step at 150 °C to remove water and solvents. 

Characterization of coatings and self-supported layers  

Thin films deposited onto silica and silicon wafer were characterized by spectroscopic 

ellipsometry in the range 250-1000 nm using a M-2000UTM ellipsometer (J.A. Co., Woollam). 

The incident angles were set to 50 and 60 ° and the acquisition time to 10 s. The data were fitted 

using the CompleteEASE software representing the film as a Cauchy layer deposited onto the 

corresponding substrate. 

Differential thermal analysis (DTA) and thermogravimetry (TG) of bulk xerogels were 

measured using the SDT Q600 instrument (TA Instruments). Around 20–30 mg of powder 

materials with a size of 1–1.25 mm, obtained after drying the sol at 50 °C, were measured in air 

and Argon using a heating rate of 10 °C/min. 

X-Ray Diffraction (XRD) patterns of 80SiO2-20LaF3-0.5Er
3+

 self-supported layers and grazing 

incidence XRD (GI-XRD) of 80SiO2-20LaF3 thin films were obtained at the BM25B-SpLine 



 

 

beamline of the ESRF (European Synchrotron Radiation Facility, Grenoble, France) [37], using 

an X-ray wavelength of 0.619 Å. For G-XRD measurements, an incidence angle of 0.5 ° was 

used. The crystal size, D, was estimated using the Scherrer’s equation: 

𝐷 =
0.94𝜆

cos Θ √𝐵𝑚
2 −𝐵𝑖

2
                                           

where  is the wavelength, Bm the full width half maximum of the peak and θ its diffraction 

angle. The instrumental broadening Bi was also taken into account. The diffraction-peak 

parameters were fit using a pseudo Voigt function. 

Rietveld Refinement was performed using the FullProf software [38] and the LaF3 crystal 

fraction was estimated using NaF as internal weight standard in a similar manner to that 

described previously [12]. X-ray powder data were collected over the range 20 ≤ 2θ ≤ 120 ° in a 

step width of 0.0289° and a counting time of 4s per step employing a Bruker D8 high-resolution 

diffractometer equipped with a solid-state rapid LynxEye detector, and monochromatic Cu K1 

radiation.  

High Resolution Transmission Electron Microscopy (HRTEM) was performed using a JEOL 

2100 field emission gun operating at 200 kV with a point resolution of 0.19 nm. The samples 

were obtained by scratching the films or milling the self-supported layers and dispersing in 

EtOH. Then, one or two drops of suspensions were depositing on the scaled fragments onto 

carbon-coated copper grids. The solvent was removed after drying the copper grids under UV 

lamp.  

Er
3+

 L3 edge X-Ray Absorption spectroscopy (XAS) were used to characterize the 80SiO2-

20LaF3 0.5Er
3+

 films treated at 150 °C for 1 h (xerogel) and at 550 °C for 1 min (GC) 

employing the BM25A-SpLine beamline (ESRF). XAS measurements were collected in 

fluorescence mode using a 13 element Si (Li) solid-state detector with the sample surface placed 

at an angle of 45 ° to the incident beam. The spectra represent an average of at least six scans; 

the XAS data were processed using the software ATHENA [39]. Both ErF3 and Er2O3 standards 

were also measured as references. 

Electron Paramagnetic Resonance (EPR) spectra were obtained by a Bruker ESP 300E 

spectrometer working in the X-band with field modulation of 100 kHz. The temperature was 

controlled with a continuous-flow helium cryostat (Oxford Instruments ESR 900) and the 

calibration of the resonance magnetic fields and microwave frequencies measured with a NMR 

Gauss-meter (Bruker ER 035 M) and a frequency meter (Hewlett-Packard 5342A), respectively. 



 

 

Self-supported layer samples (xerogel and GCs) doped with 0.1 and 0.5 Er
3+

 were milled and 

rolled in Teflon tape to perform the measurements.  

The steady-state emission spectra were performed by exciting the 80SiO2-20LaF3 bulk samples 

and thin films doped with 0.1 and 0.5Er
3+

 with a tunable Ti-sapphire ring laser (0.4 cm
−1

 

linewidth) in the 770–920 nm spectral range. The fluorescence was analysed with a 0.25 m 

monochromator, and the signal was detected by an extended IR Hamamatsu H10330A-75 

photomultiplier and finally amplified by a standard lock-in technique. The sample temperature 

was varied between 9 and 300 K in a continuous flow cryostat.  

3. Results and Discussion 

3.1. Self-supported layers and thin films 

Crack-free and homogeneous self-supported layers were obtained before and after heat 

treatment of the doped and undoped 80SiO2-20LaF3 samples at 550 °C for 1min, Figure 1.  

 

Figure 1. (a) Xerogel of composition 80SiO2-20LaF3- 0.5Er3+  bulk sample obtained at 150 °C for 24 h. (b) GC 

of the same composition obtained at 550 °C for 1 min. 

Homogeneous and transparent films with good adhesion were obtained for all the withdrawal 

rates used. The good agreement between measurement and fitted data, Figure 2a, demonstrated 

the good quality of the films. The corresponding thickness varies almost linearly with the 

withdrawal rate, up to a thickness of  1.4 µm in a single deposition and using a withdrawal rate 

of 35 cm/min, Figure 2b. The addition of MTES allows the thickness of films to be increased, 

compared to when only TEOS is used. In particular, according to [40], the TEOS/MTES ratio 

0.4/0.6 produces the highest critical thickness. Moreover, the addition of MTES improves the 

mechanical strength of self-supported layers. Such behavior is associated with the presence of 

CH3 groups which allow the porosity to be increased in the silica network reducing the stress 

[40]. The amount of OH groups is also reduced when MTES is added to TEOS because the 

surfaces become more hydrophobic [40,41]. 

  

Figure 1. (a) Xerogel of composition 80SiO2-20LaF3 
0.5Er3+ obtained at 150 °C for 24 h. (b) OxFGC of the 
same composition obtained at 550 °C for 1 min. 



 

 

 

Figure 2. (a) Ellipsometric measurements and fit of 80SiO2-20LaF3 0.5Er3+ thin films treated at 550 °C for 1 

deposited onto silica substrate using a withdrawal rate of 10 and 35 cm/min. (b) Variation of thickness with the 

withdrawal rate. 

3.2. DTA and crystallization 

Figure 3 shows a DTA curve for self-supported layers measured in air with a heating rate of 

10 °C/min. The endothermic process at ~ 100 °C corresponds to water and solvent removal. The 

first sharp exothermic peak at ~ 280 °C is associated to LaF3 crystallization and the 

corresponding mass loss (~ 30 %) is due to decomposition reactions, as studied elsewhere [42]. 

The sharpness of the crystallization peak means that the process occurs very rapidly; in contrast, 

the LaF3 crystallization peak in the melted glasses (MQ) is much broader and less intense [12]. 

Moreover, the Tg of these samples is higher than 1000 °C, as reported in a previous paper [42], 

and the crystallization of SG OxGCs occurs at much lower temperature than the Tg. The 

crystallization mechanism is, thus, clearly different with respect to that of MQ OxGCs [43–47].  

 

Figure 3. (a) DTA (red) and TG (blue) curves for 80SiO2-20LaF3-0.5Er3+ bulk sample treated in air with a heating 

rate of 10 C/min. 
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The second exothermic process at ~ 575 °C, associated to oxidation of CH3 groups with a 

further mass loss of around 10 %, does not appear in Ar atmosphere. Heat treatment at 

temperatures higher than that of CH3 elimination causes a sudden shrink of films and self-

supported layers, leading to crack of the samples. 

3.3. XRD, GI-XRD and crystal fraction 

The XRD patterns of self-supported layers exhibited well-defined peaks consistent with the 

crystallization of LaF3 (JCPDS 00-032-0483) with a crystallite size of 9.0 ± 0.5 nm, 

demonstrating that only 1 min is sufficient to crystallize the phase, Figure 4. The crystallization 

mechanism of similar GCs was extensively studied in previous papers [42,48], demonstrating 

how the decomposition reaction of lanthanide fluoroacetates leads to precipitation of NCs once 

the crystallization temperature is reached. The crystallization mechanism of these materials is, 

therefore, completely different to that of oxyfluoride glasses by MQ in which the crystal growth 

is a diffusion-controlled process. Chemical bonds between fluorine and the glass matrix were 

observed using 
19

F Nuclear Magnetic Resonance (NMR) [42]. Instead, for the xerogel samples, 

the fluorine environment is exactly the same as in the precursor TFA acid; almost all fluorine is 

then found in the form of LaF3 after the crystallization process [42]. Furthermore, it was 

demonstrated that an increase of treatment time does not increase the crystal size or the crystal 

fraction of bulk samples; in contrast, crystal dissolution is observed for very long heat treatment 

times. Such results are clearly inconsistent with a diffusion-controlled process. 

 

Figure 4. Observed (small red circles), calculated (continuous black line) and difference (continuous blue line at the 

bottom) XRD profiles of 80SiO2-20LaF3-0.5Er3+self-supported layer treated at 550 °C mixed with 9 wt.% NaF as 

internal standard. Bragg peaks of NaF and LaF3 are indicated by blue and red vertical bars, respectively. 

Quantitative Rietveld refinement of the LaF3 crystalline fraction with NaF as internal standard 

was carried out for 80SiO2-20LaF3 0.5Er
3+

 bulk GC treated at 550 °C for 1 min [47]. The 

2θ ( )



 

 

observed diffraction pattern and the difference between observed and calculated diffraction 

patterns are shown in Figure 4. Weight fractions (wt%) of 17.8% and 82.2% were determined 

for the LaF3 crystalline fraction and glassy phase, respectively. To our knowledge, this 

represents the highest crystal fraction reported in the literature for transparent OxGCs prepared 

by SG methods and it is the highest crystal fraction reported so far for LaF3-OxGCs prepared by 

both MQ and SG [36]. A small shift of the diffraction peaks towards higher 2θ was also 

observed for the Er
3+

-doped GC. This provides evidence of Er
3+

 incorporation since the smaller 

Er
3+

 ions (1.17 Å) on the sites of the larger La
3+

 (1.31 Å) ion decrease the unit-cell volume 

(Table 1). 

Table 1. Lattice constants of 80SiO2-20LaF3-0.5Er3+ GC bulk sample treated at 550ºC for 1 min 

Sample a(Å) c(Å) 
Unit Cell Volume 

(Å3) 

Undoped LaF3  

[JCPDS]1 
7.187 7.350 328 

 

Er3+ doped GCs 

550C 1m 

7.16±0.01

  
7.32±0.01 325±1 

1 JCPDS cards no 00-032-0483. Ionic sizes in n-fold coordination for hexagonal phase: 1.31 Å for La3+ and 1.17 Å 

for Er3+ [49]. 

GI-XRD pattern of thin film was obtained at the BM25B-SpLine beamline of the ESRF 

[37] and is shown in Figure 5a. The XRD of bulk sample has also been acquired for 

comparison, Figure 5b. For the thin film, only a broad band, which could be deconvoluted into 

two peaks associated to LaF3 crystals (Figure 5a). In this case, the crystallite size was much 

smaller, ~ 2.5 ± 0.5 nm. The difference in crystallite size between bulk and film samples, is 

likely to be related to the synthesis and sintering conditions since more diluted sols are 

necessary for film deposition with respect to bulk materials and during the sintering the coating 

densifies only by shrinkage normal to the substrate. Moreover, the fast evaporation of the 

solvent during the heat treatment may lead to the precipitation of such small NCs. This 

difference in crystal size between films and bulk-like materials has also been reported 

previously for similar systems but a clear explanation is still necessary [50]. For comparison, 

Figure 5b shows the XRD of bulk samples of the same composition treated under the same 

conditions. 

 

 



 

 

 

Figure 5. (a) GI-XRD of thin film and (b) XRD of bulk sample of composition 80SiO2-20LaF3 0.5Er3+ (TEOS-

MTES) treated at 550 °C for 1 min. The crystal size is given together with the LaF3 reference shown with vertical 

bars (JCPDS 00-032-0483). 

3.4. HRTEM and nanostructure characterization 

HRTEM was used to reveal the lattice planes and crystal-size distribution of LaF3 crystals in the 

thin films (Figure 6(a)-(c)) and self-supported layers ((d)-(f)) treated at 550 °C for 1 min. Small 

crystals are homogeneously distributed in the glass matrix. The crystal size is around 2.0 ± 0.5 

nm and 8.0 ± 0.5 nm for films and self-supported layers, respectively, in agreement with the GI-

XRD and XRD results. A similar structure is observed in both samples, consisting of separated 

crystals surrounded by the residual SiO2 matrix. Fourier Transformation of the [111] crystal 

planes of the LaF3 Tysonite phase was employed to estimate an interplanar distance of 0.33 nm 

[51]. These results demonstrate the absence of clusters even for such short heat treatment times 

and further support the hypothesis that the crystallization mechanism involves chemical 

decomposition followed by crystal precipitation. 

 

 

Figure 6. (a) HRTEM micrograph, (b) lattice distance and (c) crystal-size distribution of 80SiO2-20LaF3 0.5Er3+ thin 

film treated at 550 °C for 1 min. (d) HRTEM micrograph, (e) lattice distance and (f) crystal-size distribution of 

80SiO2-20LaF3 0.5Er3+ self-supported layer treated at 550 °C for 1 min. 

 

3.5. XAS, EPR and RE environment 
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A crucial aspect of RE-doped OxGCs concerns distribution of dopants and the mechanism of 

incorporation into the fluoride NCs. In fact, RE ions are much more efficient when are 

embedded in low-phonon-energy fluoride crystals. Evidence of RE incorporation is often 

obtained by optical spectroscopy but sometimes only indirectly, unless specific selective 

excitation measurements are carried out. Here, the RE-ion environment and how it changes on 

transformation of the xerogel to the GCs have been studied in detail using the local structural 

techniques XAS and EPR.  

XAS measurements of Er2O3 and ErF3 were used as reference and compared to the results of 

thin films doped with 0.5Er
3+

, Figure 7. The presence of Er
3+

 is clearly indicated by the 

absorption edge centred around 8370 eV. However, small shifts of the edge are produced by 

different ligand fields. In general, for the same RE ion, the edge energy increases passing from 

oxides to fluorides due to lesser hybridization of the chemical bonds in fluoride compounds 

attributable to a higher field strength [52–54]. In this case, the edge was obtained by the first 

derivative of the absorption spectrum and the edge shifts from 8356.6 to 8359 eV passing from 

Er2O3 to ErF3. More insights are obtained by a comparison of the post-edge region that contains 

information about the local structure. In particular, the X-Ray Absorption Near Edge Structure 

(XANES) shown in Figure 7 as red and black spectra, for ErF3 and Er2O3, respectively, show 

slight differences at the white line and at resonances of ~8375 and 8395 eV. The XANES 

spectra and derivative of the xerogel and OxGC thin film (bottom inset of Figure 7) exhibit an 

absorption edge centred at ~8359 eV, similar to pure ErF3. Hence, a fluorine-rich environment 

is already observed in the xerogel. Nevertheless, differences in the XANES region (8370-8415 

eV) are observed compared to ErF3, which may indicate a change in the Er
3+

 environment for 

the xerogel and the OxGC samples. Fourier-Transform calculations indicate a narrowing of the 

first shell as the xerogel transforms to the OxGC, which is consistent with the development of a 

higher symmetry environment corresponding to fluoride crystalline phase.  

A linear combination of XANES spectra in the range 8325-8475 eV was performed for the 

OxGC sample using the standard ErF3 and Er2O3 materials. Employing the crystal fraction of 

LaF3 calculated by Rietveld refinement, approximate fractions of 91% and 9% were calculated 

for Er
3+

 in ErF3 and Er2O3-like environments, respectively. Thus, the Er
3+

 ions are likely to be 

situated near fluoride ions in the xerogel state, precipitating in fluoride-rich crystals after the 

heat treatment at 550 °C for 1 min. These results are explained considering that, in the starting 

sol, the La
3+

 and Er
3+

 ions are surrounded by TFA cations that are screened and impeded from 

bonding with Si atoms. Hence, in the xerogel sample, fluorine is still coordinated as in TFA 

acid [42] and Er
3+

 ions are principally coordinated by fluorine. During the heat treatment, 

decomposition promotes the precipitation of LaF3 crystals in which Er
3+

 ions become trapped. 



 

 

Other techniques, such as Energy Dispersive X-Ray Spectroscopy (EDXS), demonstrated an Eu 

enrichment in GdF3 NCs after just 1 min of treatment at 550 °C [48], further supporting the 

aforementioned conclusions. 

 

Figure 7.XAS spectra and derivatives (inset) of Er2O3 and ErF3 references in black and red, respectively (top), and of 

XAS spectra and derivatives (inset) of 80SiO2-20LaF3-0.5Er3+ (TEOS-MTES) xerogel and GC thin film treated at 

550 °C for 1 min, in pink and blue, respectively (bottom). The grey line indicates the white line and the red and black 

lines indicate resonance positions for ErF3 and Er2O3, respectively. 

Once the crystal fraction is obtained, an indication of the concentration of RE ions in LaF3 

crystals may be obtained. Supposing that 91 % of Er
3+

 ions are embedded in the crystal phase 

and that the crystalline fraction is 18 wt% (XRD), the effective concentration of Er
3+

 ions in 

the crystal phase is around 6.5 mol%, representing an order of magnitude increase with respect 

to the nominal concentration (0.5 mol%). Similar values were obtained in previous studies of 

samples prepared by MQ, albeit with a lower fraction of RE ions incorporated in the crystal 

phase [55].  

Further evidence supporting the mechanism for the incorporation RE ions is obtained by EPR of 

self-supported layers. Figure 8 shows the EPR spectra of xerogel samples doped with 0.5Er
3+

 

(mol%) measured at 5 K. The EPR signal of a glass, prepared by MQ, containing 0.5Er
3+

 in an 

amorphous fluorine-rich environment is also shown for comparison. Several resonances are 

observed for the xerogel samples due to the presence of organic compounds which remain after 

heat treatment at 50 °C. Er
3+

 resonances are associated with the broad signals appearing in the 

range 500-1000 G. Other authors reported EPR measurements of Er
3+

 in oxyfluoride glasses 

showing the presence of broad signals at low magnetic fields (high g values) [56]. Moreover, 

such resonances disappear at RT and are only visible below 20 K, indicating that they are 
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associated with Er
3+

 ions. Such broad signals are clearly related to an amorphous environment 

typical of glasses and liquids. The EPR signal of an oxyfluoride glass doped with 0.5Er
3+

 

prepared by MQ is also shown for comparison. The signal around 2300 G, observed only in the 

xerogel, is attributed to the presence of organic compounds. Interesting results are obtained for 

the GC samples, which display resonances associated to paramagnetic species with effective 

spin S’=1/2 in rhombic or lower symmetry after just 1 min of heat treatment; the resonances 

appear at g values of g1=11.2; g2=4.9 and g3=3.1. On comparison with the EPR results obtained 

for an Er
3+

-doped LaF3 single crystal [57,58], it can be unambiguously concluded that the 

resonances in the GC samples are those of Er
3+

 in LaF3 NCs. Broader signals are observed for 

the GC doped with 0.5Er
3+

 and associated to stronger relaxation processes due to a moderately 

high effective concentration. 

 

Figure 8. (a) EPR signals for the 80SiO2-20LaF3-0.5Er3+ xerogel and of a MQ glass doped with 0.5Er3+. (b) EPR 

signals of 80SiO2-20LaF3 GCs doped with 0.1 and 0.5Er3+ (mol%) treated at 550 C for 1 min. 

For the composition with a lower concentration of dopant, the hyperfine structure is only 

partially resolved, due to the interaction of the electrons with nuclear spins. The low intensity of 

the hyperfine structure is due to the quantity of Er isotope nuclei with I=7/2 (23%), while the 

remaining nuclei (77%) with I=0 do not produce any hyperfine interaction [56,59,60]. For the 

composition doped with 0.5Er
3+

, the hyperfine structure is too broad to be resolved but its 

presence may be discerned from the shape of the resonance at g1=11.2 which presents broader 

sidebands. Another interesting result is the absence of any further Er
3+

 resonance other than that 

of Er
3+

 in the LaF3 NCs.  

These results, together with the previous discussion of XAS measurements, indicate that dopant 

incorporation occurs with crystal precipitation. In contrast, in melted glasses, residual 

contributions of RE ions in an amorphous environment are still observed even after the 

crystallization process, confirming that some RE ions remain in the glass matrix or in phase-

separation droplets. 
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3.6. Photoluminescence (PL) 

The near-infrared emission spectra corresponding to the 
4
I13/2→

4
I15/2 transition for 80SiO2-

20LaF3-0.5Er
3+

 supported layer heat treated at 550 C for 1 min were obtained at room 

temperature and at 9 K by exciting at 793 nm in the 
4
I15/2→

4
I9/2 absorption band. After excitation 

of this level, the next lower levels are populated by multiphonon relaxations. The room 

temperature emission spectrum (Figure 9a) shows a series of peaks with a maximum around 

1540 nm. Figure 9b shows the excitation spectrum corresponding to the 
4
I15/2→

4
I9/2 transition 

obtained by collecting the luminescence spectrum at 1540 nm, revealing well defined peaks 

which suggest the partial incorporation of Er
3+

 ions in the LaF3 NCs.  

  

Figure 9. (a) Room temperature emission spectrum of 80SiO2-20LaF3-0.5Er
3+

 bulk sample heat treated at 

550C for 1h obtained on exciting at 793 nm. (b) Low-temperature excitation spectrum obtained at 1540 

nm. 

The incorporation of Er
3+

 ions into LaF3 NCs is unambiguously confirmed by measurements 

performed at low temperature. Figures 10a and b show the emission and excitation spectra, 

respectively, obtained at 9 K. The emission spectrum shows sharp peaks superimposed on a 

broad band. The excitation spectrum obtained by collecting the luminescence at the emission 

maximum also shows very well defined peaks. The features exhibited by the low-temperature 

spectra confirm the partial incorporation of Er
3+

 ions in the NCs and provide evidence of the 

crystalline and amorphous Er
3+

 environments.  

Although, the emission and excitation spectra of the 80SiO2-20LaF3-0.5Er
3 

bulk sample show 

well-defined peaks, they are quite broad suggesting the presence of both crystalline and 

amorphous Er
3+ 

environments in the doped 80SiO2-20LaF3-0.5Er
3+

 GC sample. 

 

1400 1450 1500 1550 1600 1650 1700

4I13/2
4I15/2

T=295 K

ex = 793 nm

0.5Er3+

550  C - 1 min

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Emission Wavelength (nm)

(a) 4I15/2
4I9/2

770 780 790 800 810 820 830

T=295 K

lem=1540 nm

0.5Er3+

550  C - 1 min
In

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

Excitation Wavelength (nm)

(b)



 

 

 

Figure 10. (a) Low temperature emission spectrum of 80SiO2-20LaF3-0.5Er
3+

 bulk sample heat treated at 

550 C for 1 min on exciting at 793 nm. (b) Low temperature luminescence spectrum obtained at 1511 

nm. 

The room temperature emission spectra of 80SiO2-20LaF3 thin films doped with 0.1 and 0.5Er
3+

 

heat treated at 550 C for 1 h corresponding to the 
4
I13/2→

4
I15/2 transition obtained by exciting at 

980 nm reveal a glass-like behaviour. Figure 11 shows the emission spectra for thin films doped 

with 0.1 and 0.5% Er
3+

. In both samples the spectrum shows an unresolved structure with a 

maximum at around 1540 nm which indicates the absence of a crystalline environment for Er
3+

 

ions.   

 

Figure 11. Room temperature emission spectrum of 80SiO2-20LaF3 thin films doped with 0.1% (black 

line) and 0.5% (red line) Er3+ heat treated at 550 C for 1 h obtained on exciting at 980 nm. 

 

4. Conclusions   

For the first time the preparation of transparent oxyfluoride glass ceramics of composition 

80SiO2-20LaF3 containing Er
3+

-
 
dopant

 
have been prepared by sol-gel using TEOS and MTES 

as silica precursors. XRD and HRTEM showed the precipitation of LaF3 nanocrystals, with size 

of 9 and 3 nm, after heat treatment at 550 C for 1 min for bulk and thin film, respectively. 
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Rietveld refinement indicated a LaF3 crystal fraction of ~ 18 wt% for the bulk glass ceramic. To 

our knowledge, this represents the highest crystal fraction reported in the literature for 

transparent oxyfluoride glass ceramics prepared by both melt-quenching and sol-gel methods. 

XAS and EPR shown a fluorine-rich amorphous environment in the xerogel and confirmed the 

presence of Er
3+

 in the LaF3 nanocrystals after crystallization, with a concentration around one 

order of magnitude higher than the nominal value. No XAS and EPR results have previously 

been reported for RE-doped oxyfluoride glass-ceramics prepared by sol-gel. The incorporation 

of Er
3+

 ions into LaF3 nanocrystals was unambiguously confirmed by measurements performed 

at low temperature. A clear difference is found between the emission spectra of thin films and 

bulk samples, likely related to the different crystal size. 
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Abstract
Transparent oxyfluoride nano-glass-ceramics (GCs) containing GdF3 nanocrystals undoped and doped with 0.5 Eu

3+ (mol%)
were obtained by a novel sol–gel method after sintering at temperatures such low as 550 °C. X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM) show the precipitation of GdF3 nanocrystals with size between
7 and 10 nm, depending on the crystalline phase (hexagonal or orthorhombic) and the heating time. Fourier transform
infrared spectroscopy (FTIR) analysis allows following the system evolution during the heat treatment showing the
decomposition of trifluoroacetic acid (TFA), used as fluorine precursor, together with the formation of fluoride lattice
bonding. Energy dispersive X-ray (EDX) analysis confirms the incorporation of the RE ions in the fluoride nanocrystals in
the GCs. The ions incorporation on the GdF3 crystals is also supported by optical characterisation. Photoluminescence
measurements result in a well resolved structure together with a narrowing of the Eu3+ emission and excitation spectra in the
GCs compared to the xerogel. Moreover, the asymmetry ratio between the electric dipole transition (5D0→

7F2) to the
magnetic dipole transition (5D0→

7F1) is reduced in GCs, indicating that Eu3+ ions are incorporated in the GdF3 crystalline
phases. Moreover, Gd3+→Eu3+ energy transfer with enhancement of the energy transfer efficiency was observed in the GCs,
further supported by fluorescence decay curves.
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Highlights
● Eu3+ doped SiO2-GdF3 GCs with 20 mol% of crystalline phase has been successfully obtained by sol–gel method.
● The use of methyl triethoxysilane allows obtaining crack-free GCs samples and reduces the hydroxyl groups.
● Energy transfer with enhancement of efficiency was observed from Gd3+ to Eu3+ in the nanocrystals.

Keywords Sol–gel ● GdF3 ● Oxyfluoride nano-glass-ceramic ● Luminescence ● Energy transfer

1 Introduction

In recent years, the preparation of rare-earth (RE) doped
transparent oxyfluoride glass-ceramic (OxFGCs) materials
have attracted much attention due to their excellent
mechanical, chemical, and optical properties along with
wide photonic applications, such as infrared and tunable
phosphors, bioimaging, photovoltaics, solid-state lasers, etc
[1–3]. The most common process to prepare nano glass
ceramic materials (nGCs) is the melt-quenching, based in
the nucleation and growth of nanocrystals (NCs) from a
glass matrix in a controlled process. Due to the small size of
these NCs the Rayleigh scattering is very weak, and perfect
transparency is maintained after the conversion from glass
to GCs. Moreover, this technique allows obtaining materials
in different shapes, such as bulks and fibers [4–6]. How-
ever, this technique has important limitations such as the
evaporation of chemical components, due to the high tem-
peratures (1400–1700 °C) required causing uncontrollable
changes of the composition respecting to fluorine and rare
earth, which affect the final crystal fraction achieved, with
maximum around 10 wt% in LaF3 GCs. This technique
also requires long treatment times (10–80 h) to obtain nGCs
[7–9].

With the aim of developing new materials, the sol–gel
process (SG) appears as a suitable alternative to obtain
OxFGCs with inherent advantages over conventional tech-
niques, like the versatility for obtaining thin-films, powder
and bulk materials; the high purity and homogeneity of the
obtained materials, and the possibility to incorporate high
quantities of fluorides into nGCs associated with low sin-
tering temperatures [10–14]. Different papers report on the
preparation of nGC materials by SG. In general, the authors
use only tetraethyl orthosilicate (TEOS) as precursor of
silica matrix and with a maximum theoretical content of
fluoride of 10 mol% [15–17]. The intents to produce films
and bulk samples containing up to 15 mol%, were not
successful resulting without a loss of transparency [10]. On
the other hand, most papers report the processing of GCs at
treatments at high temperatures, from 700 to 1000 °C with
the aim of eliminating the residual –OH groups that quench
the luminescence properties [16, 18, 19]. Indeed, these
treatment temperatures are much higher than the typical
crystallization temperatures of fluoride NCs in MQ pro-
duced materials (550–700 °C) [6, 9].

Therefore, an improvement of the synthesis and proces-
sing is required to obtain high crystalline fraction and low
–OH content using lower treatment temperatures. The
incorporation of other silica precursors as methyl triethox-
ysilane (MTES) that presents an organic radical that
remains in the final structure, improves the process, also
enhancing the flexibility and avoiding the appearance of
cracks in SG materials. This synthesis has been widely used
in sol–gel coatings with the aim to increase the thin films
thickness [20, 21].

GdF3 is a well-known material, being a good RE ions
host due to its low phonon energy (300–340 cm−1) and the
possibility to exchange Gd3+ ions with other RE ions used
as dopants. Furthermore, Gd3+ ions can act as sensitizer
transferring energy to several RE ions, such as Eu3+, Tb3+,
and Dy3+, thus allowing the conversion from UV to Vis
light [1, 22–24]. For these reasons, there are several reports
on the preparation of OxFGCs containing GdF3 by melting-
quenching process [1, 4, 25, 26]. However, only few papers
about SG GdF3 OxGCs have been published. Fujihara et al.
[14] prepared thin films of SiO2-GdF3 doped with 1 mol%
of Eu3+ with nominal crystalline phase content lower than
10 mol%. They observed the precipitation of GdF3 for heat
treatments at 300 and 400 °C, but GdOF NCs was detected
when the temperature increases above 500 °C. More
recently, Szpikowska-Sroka reported Eu3+-doped SiO2-
GdF3 bulk GCs, with lowest concentration of GdF3, around
3 mol%, following the Fuhijara synthesis. [19, 23, 27].
However, most of these articles are focused in the optical
properties disregarding the details of synthesis process or
structural characterisation.

Eu3+ ion is frequently used as luminescent activator in a
variety of host lattices for its abundant energy levels in a
wide range of wavelengths giving rise to emission of red-
dish orange light. Moreover, this ion can act as spectro-
scopic probe of local structure, due to the electric dipole
(ED) character of the 5D0→

7F2 hypersensitive transition of
Eu3+ ions. This transition exhibits a great dependence on
the symmetry of the site occupied by these ions [18, 28].
The aforementioned properties, together with Eu3+ intense
absorption in the near UV or vacuum-ultraviolet (VUV) in
combination with an efficient host, convert this ion, in a
suitable candidate for potential applications in plasma
display panels (PDPs) and mercury-free fluorescent lamps
[29, 30].
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In the present work, a novel synthesis of Eu3+-doped
SiO2-GdF3 transparent GC materials by sol–gel was
explored. The effect of incorporating fluoride content up to
20 mol% in the GCs and the use of MTES as precursor of
silica were studied and correlated with the structural and
optical properties. The use of MTES in adequate combina-
tion with TEOS allows obtaining self-supporting layers,
reducing the shrinkage during drying and facilitating the
elimination of OH groups, also opening the way to obtain
GCs at lower temperatures. The luminescence properties and
energy transfer mechanism from the GdF3 fluoride matrix to
the Eu3+ ions before and after heat treatment were also
evaluated by steady state and time-resolved luminescence.

2 Experimental section

2.1 Synthesis of SiO2-GdF3 xerogel and glass-
ceramics

Undoped and 0.5 Eu3+ (mol%) doped SiO2-GdF3 sols
containing 10 and 20 mol% of GdF3 were prepared by a
novel sol–gel method. First, the required amount of Gd
(CH3COO)3·nH2O and Eu(CH3COO)3 were dissolved in
trifluoracetic acid (CF3COOH), ethanol and acidulated H2O
solution (0.1 N HCl). The molar ratio of RE3+ (La3+ and
Eu3+) to CF3COOH was 1:5. The solution was stirred
vigorously for 24 h at 40 °C in a glycerin bath, in order to
obtain a homogeneous solution of the precursors. Sepa-
rately, tetraethyl ortosilicate (TEOS) and methyl triethox-
ysilane (MTES) were mixed with ethanol (EtOH), and pre-
hydrolyzed adding acidulated H2O (0.1 N HCl) and acetic
acid (CH3COOH) as catalysts. The silica sol was stirred at
room temperature during 3 h. The final molar ratio was
fixed to 1 (TEOS+MTES):5 EtOH:10 H2O:0.5 CH3COOH
and to 40TEOS:60MTES. After that, corresponding amount
of silica sol and lanthanide solution were slowly mixed to
obtain the molar ratios 90SiO2-10GdF3 and 80SiO2-
20GdF3. The resultant homogeneous solutions were stirred
vigorously for 4 h at room temperature.

The final solution was filtered and deposited into Petri
dishes, covered and maintained at 50 °C for 15 days to
obtain the xerogel. Then, the samples were dried at 150 °C
to eliminate the solvents and finally treated in air at 550 °C
for different times (from 1 min up to 8 h) to obtain the
transparent nGCs.

2.2 Thermal and structural characterization

The thermal evolution analysis of the xerogel was studied
by thermogravimetry and differential thermal analysis
(DTA/TG, SDT Q600—TA Instruments) using 20–30 mg
of xerogel with particle size in the range 1–1.25 mm. DTA

curves were obtained heating the samples from 20 to 950 °C
with heating rates in the range of 10–50 °C/min.

Fourier-transform infrared (FTIR) spectroscopy of dried
and heat treated samples was performed in ATR mode, with
a Perkin Elmer Spectrum 100 spectrometer, in the range of
400–4000 cm−1 with a resolution of 2 cm−1.

X-ray diffraction (XRD) measurements were performed
at the beamline BM25-B (SpLine) of the European Syn-
chrotron Radiation Facility (ESRF) using an energy of
20 keV corresponding to an X-ray wavelength of 0.619 Å.
The obtained patterns were converted in the range of 2θ
from 10° to 70° corresponding to standard lab measure-
ments obtained using CuKα1 radiation (λ= 1.54056 Å).

The morphological, compositional, and crystallographic
information of xerogel and GCs were evaluated by using a
high resolution electron microscopy (HRTEM, JEOL 2100)
operating at 200 kV and equipped with a scanning trans-
mission microscopy-high angle annular dark field (STEM-
HAADF) and X-ray energy dispersive spectroscopy (EDX,
INCA X-Sight, Oxford Instruments), which allowed to
achieve a point resolution of 0.19 nm. EDX analysis was
performed in STEM mode, with a probe size of ca. 1 nm.
Samples were prepared by dispersing the fine powder
obtained by grinding the xerogel and GC pieces, in ethanol
with ultrasonic agitation, and then, a droplet of the sus-
pension was deposited onto a copper holey carbon grid.

2.3 Optical properties

Room temperature emission and excitation spectra as well
as luminescence decays were recorded by using a FS5
fluorescence spectrometer (Edinburgh Instruments Ltd, UK)
equipped with a 150W Xenon lamp. The emission was
detected by Hamamatsu R928P photomultiplier.

3 Results and discussion

Transparent and stable sols were obtained after the synthesis
process, with viscosity around 4 mPa.s. Then, transparent
and homogeneous (100-x)SiO2-xGdF3 materials undoped
and doped with Eu3+ were prepared: the xerogels after
drying and treating at 150 °C and glass ceramics after sin-
tering at 550 °C.

3.1 Thermal and structural characterization

Figure 1 shows the DTA/TG analysis of 0.5 Eu3+-doped
90SiO2-10GdF3 and 80SiO2-20GdF3 xerogels at different
heating rates. The analysis was performed in argon to avoid
oxidation processes.

A first weight loss, corresponding to an endothermic
band centred between 100 and 180 °C, due to desorption of
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the water and evaporation of the solvents is observed in
both samples, with a mass loss around 3–5% for 90SiO2-
10GdF3 and 6–8% for 80SiO2-20GdF3, for 1–50 °C/min
heating rates, respectively. A following weight loss of about
30% is detected in the range of 250–325 °C for both sam-
ples, this being associated with the decomposition of Gd
(CH3COO)3·nH2O, Eu(CH3COO)3 and TFA to obtain Gd
(CF3COO)3 and CH3COOH. The weight loss appears along
with an exothermic peak, Tp, between 272 and 316 °C and is
associated with the crystallization of GdF3 phase. The peak
is more intense and narrower with the increment of the
heating rate and composition, indicating that crystallization
increases. For 90SiO2-10GdF3 composition, the Tp position
changes linearly by increasing the heating rate from 276 to
316 °C, while in the case of 80SiO2-20GdF3 composition,
the shift of Tp deviates from linearity (272–296 °C).

Figure 2 shows the FTIR spectra obtained for 0.5 Eu3+

-doped 80SiO2-20GdF3 xerogel and GC heat treated at
550 °C for 1 min. The bands around 3500–3400 cm−1 and
that at 1640 cm−1 are assigned to stretching and bending
vibrations of –OH and molecular water, respectively, both
practically disappearing in the GCs. The bands appearing at
1100, 800, and 434 cm−1 are associated to Si–O–Si
stretching and bending vibrations. The bands appearing in
the xerogel in the range 1750–1400 cm−1 correspond with

TFA and acetates precursors, all disappearing after the heat
treatment [31, 32]. The band at 450 cm−1 is only present in
the treated sample and attributed to fluoride lattice, this
confirming the formation of the fluoride nanocrystals [31].

The effect of sintering conditions on the crystallization of
the SiO2-GdF3 materials was studied by XRD. Figure 3
shows the XRD patterns of 90SiO2-10GdF3 and 80SiO2-

Fig. 2 FTIR spectra of Eu3+-doped 80SiO2-20GdF3 xerogel and GC
samples. Main absorption transitions are indicated
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Fig. 1 DTA and TG curves at different heating rates of 0.5 Eu3+-doped 90SiO2-10GdF3 a and 0.5 Eu3+-doped 80SiO2-20GdF3 b xerogels
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20GdF3 sol–gel GCs doped with 0.5 Eu3+ heat treated at
550 °C at different sintering times (from 1 min to 8 h).
Characteristics peaks of orthorhombic (PDF card 12-0788
card) GdF3 structure were identified in both compositions
and for all the heating times, whereas hexagonal phase was
also indexed by using the PDF card of hexagonal EuF3 phase
(PDF card 32-0373), as made by Chen et al. [4] because of
the corresponding GdF3 hexagonal data have not been
reported yet. The existence of the two phases in each com-
position for all the heating times, demonstrates that 1 min is
enough time to obtain the total crystallization of GF3.

The increase of heating time does not produce significant
changes on the diffraction peaks, indicating that the nano-
crystal size remains similar and independent of the heating
time. The crystallite size was estimated by the Scherrer
equation [33] using the full width at half maximum
(FWHM) and the position of the XRD peaks at 28.9 and
41.2 degrees for hexagonal and orthorhombic crystalline
phases, respectively. The values obtained for 80SiO2-
20GdF3 GCs are summarized in Table 1. The mean size of
GdF3 NCs is bigger for the orthorhombic phase respect to
the hexagonal one. Moreover, NCs size slightly decreases
for this phase with heating time, while remains near
unchanged in hexagonal phase. This proves that crystal-
linity is not improving with dwelling time.

Additionally, the unit cell parameters and cell volume
were estimated from the corresponding JCPDS files of both
crystalline phases in Eu3+-doped 80SiO2-20GdF3 compo-
sition. Figure 4 shows the evolution of the unit cells para-
meters. These parameters diminish respecting to reference
parameters but not changing significantly with dwelling
time. For the hexagonal phase, the heating time increasing
results in a large distortion of the “c” parameter and a

slightly increases in the “a” parameter. As a result of the
reduction of the unit cells parameters, the cell volume of
hexagonal and orthorhombic crystalline phases slightly
decreases in the doped samples from 294 to 284 Å3 and
from 202 to 198 Å3, respectively.

Figure 5 shows the structural characterization by
HTREM of 0.5 mol% Eu3+-doped 80SiO2-20GdF3 GCs
heat treated at 550 °C for 1 min. The micrograph (Fig. 5a, b)
shows NCs dispersed in an amorphous silica matrix, with
sizes around 7 nm, in agreement with XRD measurements
for hexagonal phase. The amplification of the images and
filtering using the fast Fourier transform (FFT) of the pat-
tern (Fig. 5c, d) reveals the lattice planes with constant
spacing of 3.2 Å (0.32 nm) attributed to (111) atomic plane
of hexagonal phase and 2.9 Å (0.29 nm) to (210) atomic
plane of orthorhombic structure [3, 26]. Figure 5f shows the
EDX curves of the nanocrystal marked by yellow circle in
Fig. 4d. The yellow line is the scanning line and the vertical
dashed red lines limit the nanocrystal size. EDX analysis
shows a clear enrichment in Gd3+ and F− ions in the NCs.
Furthermore, Eu3+ ions are also detected inside the GdF3
crystals evidencing that the dopant is incorporated in the
nanocrystal.

From the previous results it is possible to discuss the
crystallization mechanism; DTA results suggest that the
crystallization process is very fast and different from the
diffusion-limited process of melt-quenching materials. This
assumption is also supported by XRD analysis, since after
treatments at 550 °C for 1 min up to 8 h; no significant
changes were observed in the NCs size. Indeed, after heat
treatment at 550 °C for 1 min a perfect crystallization was
achieved, thus confirming that this process cannot be
described as a diffusion-limited one. These results are
similar to those described by the authors in a previous work
on SiO2−LaF3 GCs using TEOS as only alkoxide precursor
[34]. We justified the crystallization process beginning with
a chemical reaction followed by crystal precipitation. This
was associated with a big mass loss [10, 35, 36] related to
TFA and acetates decomposition, also observed in DTA and
FTIR analysis, Figs. 1 and 2, respectively. The chemical
reaction identified as responsible for the subsequent GdF3
NCs precipitation is:

Gd CF3COOð Þ3! GdF3 þ CF3COð Þ2Oþ O2 þ CO ð1Þ
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Fig. 3 XRD of 0.5 Eu3+-doped 0.5 Eu3+-doped 80SiO2-20GdF3 GCs
heat treated at different times; PDF cards of hexagonal (32-0373) and
orthorhombic (12-0788) phases have been included

Table 1 Nanocrystal mean size of 0.5 Eu3+-doped (100-x)SiO2-xGdF3
TEOS-MTES sol-gel glass ceramics heat treated at different
temperatures and heating times

Nanocrystal
size (nm)

550 °C 1 min 550 °C 3 h 550 °C 8 h

Hex. Ort. Hex. Ort. Hex. Ort.

80SiO2-
20GdF3

7.6 ±
0.5

9.0 ±
0.5

7.2 ±
0.5

8.4 ±
0.5

7.3 ±
0.5

7.7 ±
0.5
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3.2 Optical properties

The emission spectra were obtained for all samples, in the
290–770 nm range, under excitation at 273 nm (8S7/2→

6IJ
transition) for Gd3+ and 393 nm (7F0→

5L6) for Eu
3+ ions.

After 393 nm (Eu3+) excitation, due to the small energy gap
between 5L6,

5D2,
5D1, and

5D0 levels of Eu
3+ ions, the 5D0

level is populated non-radiatively and the main emissions
correspond to the 5D0→

7F0,1,2,3,4 transitions. Excitation of
Gd3+ ions at 273 nm leads to the same emission bands of
Eu3+ together with the Gd3+ emission at around 311 nm
corresponding to the 6PJ→

8S7/2 transition. The presence of
Eu3+ emission after Gd3+ excitation confirms the Gd3
+→Eu3+ energy transfer. According to the energy level
diagram (Fig. 6) of Gd3+ and Eu3+ ions, after 273 nm
excitation (8S7/2→

6IJ transition of Gd3+), the 6P7/2 level (Gd
3

+) can be populated by multiphonon relaxation and the
energy can be transferred to the 5HJ levels of Eu3+ from
which the 5D0 state is populated by non-radiatively transi-
tion. Another possibility is a direct transfer from levels 6IJ of
Gd3+ to 5FJ and/or

5IJ levels of Eu
3+ from where the lower

levels are populated non-radiatively until the lowest excited
state 5D0 is reached [30, 37].

Figure 7a shows the emission spectra of the untreated
sample. The spectrum obtained under 273 nm excitation
shows an intense peak corresponding to the 6PJ→

8S7/2 (Gd
3

+) emission together with the 5D0→
7F0,1,2,3,4 emissions of

Eu3+. When Gd3+ ions are excited, the Eu3+ emission band
shows an intensity much higher, more than twice, than that
obtained under direct excitation of Eu3+ ions, thus indi-
cating an efficient Gd3+→Eu3+ energy transfer. In the case
of the Eu3+ emission, the highest intensity corresponds to
the electric-dipole 5D0→

7F2 transition. The intensity of this
hyper-sensitive transition is strongly affected by the host
and the influence of the local field on the emission spectra
of Eu3+ can be described by the asymmetry ratio, R, of the
5D0→

7F2 and
5D0→

7F1 emission intensities. It is known [38,
39] that in oxide glasses differences in this ratio are related
to the Judd-Ofelt Ω2 parameter which depends on covalency
and/or structural changes around Eu3+ ions. In our case the
obtained values, 2.86 and 2.77 for excitation at 273 and
393 nm, respectively, are closed to those found in Eu-oxide
in silicate glasses [38] and indicate that Eu3+ ions are
located in a non-centrosymmetric site. The ratio is slightly
higher under 273 nm excitation which could indicate that
some weak contribution from the 6GJ→

6IJ emission lines of
Gd3+ in the orange/red (560–640 nm) spectral region
overlaps with the 5D0→

7F1,2 emissions of Eu3+ [27]. The
6GJ levels can be populated by excited state absorption from
the metastable 6P7∕2 level. Measurements performed in the
undoped sample under 273 nm excitation, show the pre-
sence of a weak Gd3+ emission in the 565–650 nm spectral
range (see inset in Fig. 7a). The emission from higher-lying
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Fig. 4 Unit cell parameters; a, b, and c of hexagonal a and orthor-
hombic phases b for Eu3+-doped 80SiO2-20GdF3 (TEOS-MTES)
sol–gel glass ceramics
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5D1 and 5D2 levels of Eu3+ is not observed in the xerogel
sample due to nonradiative relaxation to the 5D0 level.

The excitation spectra were recorded by monitoring the
5D0→

7F2 emission of Eu3+ ions at 617 nm. The excitation
spectrum of the untreated sample (Fig. 7b) consists of sharp
peaks corresponding to the f–f transitions of the Eu3+ and

Gd3+ ions. The peaks at 273 nm (8S7/2→
6IJ), 298 nm (8S7/

2→
6P3/2), 306 nm (8S7/2→

6P5/2), and 311 nm (8S7/2→
6P7/2),

correspond to the f–f transitions of Gd3+ (see energy level
diagram in Fig. 6). The excitation peaks in the 350–330 nm
spectral range are associated to the intra-configurational f–f
transitions of Eu3+ ions and attributed to 7F0→

5D4,3,2 at
361.5, 415, and 464.5 nm, respectively, to 7F0→

6L7 at
380 nm and to 7F0→

5L6 at 393 nm. The most intense exci-
tation peaks correspond to 8S7/2→

6IJ at 273 nm (Gd3+) and
7F0→

5L6 at 393 nm (Eu3+). On the other hand, the excita-
tion peak at about 250 nm, corresponding to the 8S7/2→

6DJ

transition, has a very low intensity with respect to the
excitation from 8S7/2 to 6IJ levels. The peaks at 250 and
273 nm are superimposed to a broad band that could be
assigned to the O2−→Eu3+ charge transfer [4] which means
that Eu3+ ions can also be excited through the charge
transfer band. The same excitation spectrum is obtained by
collecting the luminescence at 591 nm in the 5D0→

7F1
transition of Eu3+ (not shown). The presence of Gd3+ peaks
in the excitation spectrum obtained monitoring the Eu3+

emission further confirms the Gd3+→Eu3+ energy transfer.

Fig. 6 Energy level diagram of Gd3+ and Eu3+ ions

Fig. 5 a, c, d HRTEM images of
0.5 Eu3+-doped 80SiO2-20GdF3
bulk heat treated at 550 °C for
1 min; b distribution of
nanocrystals size; Inset in c and
d crystalline structure with
interplanar distances associated
to the GdF3 orthorhombic and
hexagonal structure and
corresponding selected area
electron diffraction (SAED)
pattern, respectively; e STEM
image of 0.5 Eu3+-doped
80SiO2-20GdF3 heat treated at
550 °C 1 min used for the EDX
measurement; f EDX of the
corresponding NCs surrounded
in e (yellow line indicates the
scanning line)
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The emission spectra of the samples treated at 550 °C for
1 min show important different spectral features. As
observed in Fig. 8, the intensity of the 5D0→

7F1 emission is
higher than the 5D0→

7F2 one, which indicates a different
surrounding of the Eu3+ ions with respect to the xerogel
sample. In addition, the emission bands are narrower and
better resolved as compared to the untreated sample, thus
confirming a crystalline environment for Eu3+ ions. The R
value for the 90SiO2-10GdF3 GC sample, treated at 550 °C
for 1 min, decreases from 0.74 to 0.66 exciting at 273 and
393 nm, respectively. A similar behaviour is obtained for
the 80SiO2-20GdF3 GC, which R value changes from 0.87
(273 nm) to 0.72 (393 nm). The small values of the R ratio
suggest that, after the heat treatment, the ionic character of
the bonds and the crystal field symmetry around Eu3+ ions
change according to the incorporation of Eu3+ ions in the
nanocrystals. The lower this ratio, the closer is the local

Fig. 7 a Emission spectra of Eu3+and Gd3+ ions in sol–gel xerogel
excited at 393 nm (Eu3+) and 273 nm (Gd3+). The inset shows the Gd3
+ emission of the undoped sample in the 565–650 nm spectral range; b

Excitation spectrum of Eu3+and Gd3+ ions in sol–gel xerogel col-
lecting the luminescence at 617 nm (Eu3+)
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Fig. 8 Emission spectra of Eu3+ and Gd3+ ions in sol–gel 90SiO2-
10GdF3 and 80SiO2-20GdF3 treated at 550 °C for 1 min and excited at
393 nm (Eu3+) and 273 nm (Gd3+)

Fig. 9 Excitation spectrum of Eu3+ and Gd3+ ions in sol–gel 80SiO2-
20GdF3 treated at 550 °C for 1 min collecting the luminescence at
617 nm
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symmetry to the one having an inversion center [38]. In
these samples, the 6PJ→

8S7/2 (Gd
3+) intense peak is strongly

reduced compared to untreated sample, which suggests a
more efficient Gd3+→Eu3+ energy transfer. This emission
appears superimposed to a broad band centered around
326 nm associated to the matrix, since the 4f65d-4f7 tran-
sition of Eu2+ lies in the 360–420 nm range [40].

The excitation spectrum of the samples treated at 550 °C
for 1 min shows the f–f transitions of the Eu3+ and Gd3+

ions with the most intense peak at 273 nm as in the case of
the xerogel. However, in the heat treated samples, the broad
band between 200 and 300 nm is much weaker than that of
the xerogel probably due to the different environment of
Eu3+ ions. As an example, Fig. 9 shows the excitation
spectrum for the 80SiO2-20GdF3 sample doped with
0.5 mol% Eu3+ and treated at 550 °C for 1 min.

The existence of different environments for Eu3+ ions as
well as the energy transfer from Gd3+ ions should be
reflected in the lifetimes of the 5D0 state. The luminescence
lifetimes of the 5D0 level have been obtained for the xer-
ogel and GC samples by exciting at 273 (Gd3+) and 393
(Eu3+) nm and collecting the luminescence at 591 and
614 nm, respectively. The decays can be described by two
exponential functions which suggest the presence of dif-
ferent environments for Eu3+ ions and the obtained life-
times are given in Table 2. The lifetime values of the
xerogel sample, 0.38 and 2.5 ms under 273 nm excitation,
are longer than those obtained under 393 nm excitation
(0.22 and 2.3 ms) confirming the energy transfer from Gd3+

ions. Obtaining of longer lifetimes under Gd3+ excitation at
273 nm compared with 393 nm is a common trend in all
samples.

The GC samples treated at 550 °C min-1 show lifetimes
values more than twice longer than those of the xerogel
sample, this behaviour agreeing with the lower R value of
the GC. The longer lifetimes for 90SiO2-10GdF3 and
80SiO2-20GdF3 GCs are due to the incorporation of Eu3+

ions in the low phonon energy fluoride NCs. These values
are similar to those obtained for LiGdF4:Eu

3+ NCs dis-
persed in a silica matrix [31]. Furthermore, the longer
lifetimes obtained for GC samples are associated with the
reduction of the hydroxyl groups, thus avoiding the lumi-
nescence quenching.

4 Conclusions

Europium doped and undoped GCs perfectly transparent
with (100−x)SiO2-xGdF3 (x= 10 and 20 mol%) have been
successfully obtained by a novel sol–gel method. MTES
addition as silica precursor improves the mechanical prop-
erties avoiding the cracking even at high heating rates,
around 10 °C/min. XRD peaks of the hexagonal and
orthorhombic phases were shifted to larger 2θ angles with
the dwelling time indicating the incorporation of Eu3+ ions
into the nanocrystals. As a result, a contraction of the unit
cell parameters and volume is observed. HRTEM and
STEM-EDX confirm the results of XRD and the incor-
poration of Eu3+ ions in the nanocrystals. Moreover,
luminescence results also demonstrate that Eu3+ ions are
mainly incorporated in GdF3 nanocrystals. Efficient energy
transfer was observed from Gd3+ to Eu3+ in the nanocrys-
tals, dismissing the Gd3+ emission as well as increasing the
Eu3+ reddish visible emission. All these properties allow
potential applications in Plasma Display Panels (PDPs) and
mercury-free fluorescent lamps.
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