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1. Motivation 

Diode laser systems are indispensable in modern laser-based manufacturing. The increasing 

demands in our everyday life have driven the development of diode laser technology 

enormously in the past 20 years [1]. Already established direct applications of diode laser 

systems in material processing include hardening, cutting, drilling, soldering and welding of 

car body panels in series production.  

The production of a multi kilowatt power diode laser system is realized by geometrical stacking 

of diode bars. The stacking of multiple emitter very close to each other generates high power 

and allows a compact design but is accompanied by a loss in beam quality and hence brightness 

in comparison to a single emitter laser diode. Improvement of the beam quality, beam density 

and the brightness of the laser source is possible by wavelength stabilization while placing 

Volume Bragg Gratings (VBGs) in the combined beam of all diodes. A part of the emitted light 

with exactly the desired wavelength is reflected back into the diode [2]. This is attributed to the 

grating structure caused by a periodic arrangement of alternating layers of high and low 

refractive indices. A hologram writing technique enables the production of these VBGs from 

photo-thermo-refractive (PTR) glass [3-5]. Irradiation with two beams of light which show 

interference and subsequent heat treatment causes a permanent refractive index change [6, 7]. 

Requirements to the material are insensitivity to radiation and temperature, variable processing 

of the material, adjustable spectral properties with a small angular sensitivity. The main 

prerequisite for VBGs in the high-power laser technology is a comparatively small absorption 

as well as a large change in the refractive index at the Bragg wavelength for optimum in 

diffraction efficiency. The material must withstand high intensities of laser radiation 

(I < 2 ·105 W cm-2). Furthermore, long-term temperature stability at T < 100 °C, a continuous 

structure without striae and inclusions inside the aperture is required for the application in high-

power laser systems [8]. While Bragg gratings are easy to produce in optical fibers of simple 

germanium oxide-doped glasses [9], this technique cannot be applied to bulk glasses of this 

composition since it has too much absorption in the wavelength range of the light used for 

structurization. Refractive index changes in glasses based on a fluorophosphate glass system 

are the subject of current studies. In fluorozircoaluminate glasses, refractive index modulations 

are up to Δn = 1.75 · 10-4, but the modulation depth in the volume is limited to 

regions  < 100 μm from the surface [10]. In borosilicate glasses, in which a silver ion exchange 

was previously carried out due to the recording of waveguides, VBGs were additionally 

recorded in the waveguides with ultra-short pulse laser radition (Δn = 1 · 10-3). At temperatures 

above 120 °C, the decomposition of the grating or waveguide has been observed [11]. The 
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refractive index modification in high-purity, not photosensitive glasses, was demonstrated by 

the writing of waveguides as well as of VBGs by ultra-short pulse laser radiation using a phase 

mask technique [12]. The refractive index change is affected by local melting of the glass. Any 

change in the period of the VBG requires the production of an individual phase mask.  

The economic and technological potential of diode laser systems, based on VBGs, is 

comparatively large. Actually, PTR glass allows the production of different types of optical 

elements: reflecting Bragg gratings [13, 14], transmitting Bragg gratings [15, 16], chirped 

Bragg gratings [17] and phase plates [18]. These elements enable a wide field of applications 

in laser system technology. Reflecting Bragg gratings find application as angularly and 

spectrally selective elements in high energy lasers to achieve spectral or coherent beam 

combining [19, 20], and as external couplers for longitudinal mode selection in laser systems 

[21]. Transmitting Bragg gratings are used for the phase locking of multimode lasers [22]. 

Chirped Bragg gratings are efficient optical materials for stretching and compression of ultra-

short pulse lasers [23]. 

Therefore, the objective of this work is the development of a new type of PTR glass. 

Appropriate for photonic applications are transparent nano glass ceramics due to their low 

scattering and absorption effects [24]. The absorption can be refined using optical grade raw 

materials with small impurities to avoid increased absorption in the UV and IR range. Scattering 

effects can be avoided by a small difference in the refractive indices between the glass matrix 

and the crystallized phase [25]. It is also crucial that the particles are homogeneously distributed 

and that they have a narrow size distribution [24]. An oxyfluoride glass containing CaF2 was 

chosen due to preliminary investigations which showed the ability to precipitate nanocrystals 

with a narrow crystallite size distribution during thermal treatment [26]. Since the refractive 

index differences of CaF2 (1.43) and the glass matrix (1.52) are smaller in comparison to NaF 

(1.32), less undesirable scattering effects are expected. Furthermore, higher differences in the 

refractive indices are possible since a higher amount of CaF2 is soluble in the glass. 

Hence, the main goal of this study was to prepare a new type of PTR glass by adaption of the 

photo-thermal process on the Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2 glass system. The first 

aim was to find a suitable glass composition and to clarify the technological aspects of glass 

melting and processing. In a second step, suitable parameters for successful photoinduced 

crystallisation need to be found. To control the heterogeneous crystallization due to light and 

thermal development, the details of the proposed mechanism need to be verified also with 

respect to the particular production. The understanding and optimization should lead to the 

ability to tailor a material with respect to the required optical properties. 



2.1 Oxyfluoride glass ceramics 

3 

 

2. Introduction 

2.1 Oxyfluoride glass ceramics 

A glass is an undercooled liquid. It exists in unstable and metastable state at temperatures below 

and above the glass transition temperature, Tg. Under certain thermal conditions, it can 

transform to a stable state [27]. This means crystallization occurs and in a first step, nuclei are 

formed. The subsequent step is crystal growth. Both processes depend on the temperature and 

on the chemical composition of the glass. The nuclei are thermodynamically stable if their 

radius is larger than the so called critical radius. The latter decreases with decreasing 

temperature. The nucleation rate reaches a maximum slightly above the glass transition 

temperature Tg. A small number of large crystallites is obtained if the crystal growth velocity 

is high and the number of nuclei formed per time unit is low. By contrast, if the nucleation rate 

is high and the crystal growth velocity is low, numerous small crystallites are obtained [28, 29]. 

The nucleation rate might depend on time and at temperatures near Tg, an induction time might 

be observed [30, 31]. The above description is valid in the case of isochemical systems where 

the composition of the crystalline phase is equal to that of the glass matrix and hence the crystal 

growth velocity does not change with time [32, 33].  

Since the 1950s, the way for the abundant use of a type of materials was opened by the findings 

of the high mechanical strength of these so-called glass ceramics. Stookey made this accidental 

discovery by overheating one of his glass samples which resulted in the formation of 

polycrystalline phases [34]. Glasses containing crystals with sizes less than half of the 

wavelength of visible light might be transparent [35]. Transparency is the most important 

required property of these materials especially with respect to applications in optics and 

photonics [24, 36]. The focus was to intensify the development of these transparent glass 

ceramics with crystallites in the nanometer scale since the 1980`s [37]. Furthermore, 

oxyfluoride glass ceramics may combine the advantages of aluminosilicate matrices and the 

optical features of low phonon fluoride crystals which can be activated by the incorporation of 

rare earth ions [38-40]. This results in materials with a narrow phonon spectrum, high 

luminescence quantum yield and long lifetime of the excited state, i.e. fluorescence lifetime 

[41]. The type of incorporation, e.g. the coordination number and the phonon energy affect the 

fluorescence lifetimes. If the atoms are tightly bounded in a crystalline environment, lower 

phonon energies are expected. Hence, the fluorescence lifetime of the excited state is increased 

[42]. In pure fluoride glasses with fluorine as the only anionic species, the phonon energy is 

low [43] but several disadvantages make them unattractive: poor mechanical and chemical 



2.1.1 Preparation 

4 

 

stability, the high tendency towards crystallization and the high expenditure necessary to 

produce these materials. By contrast, the oxyfluoride glass ceramics are considerably easier to 

produce. Good mechanical and chemical properties are governed by the surrounding glass 

matrix [44]. The oxide matrix hinders nanoparticle agglomeration and protects the 

nanoparticles surface against inactivation, e.g. by the adsorption of water. The inertness of the 

glass phase results in lowered toxicity in comparison to crystalline fluorides. The incorporation 

of rare earth dopants primarily allocated in the crystalline phase leads to spectroscopic 

properties similar the properties of fluoride single crystals [39]. These materials offer a large 

field of possible applications [45]. 

2.1.1 Preparation 

The glass ceramic preparation must be carried out under quite specific conditions to achieve 

the aimed properties in the material. In most cases, the glass phase is an aluminosilicate glass 

which is modified by the addition of assorted fluorides and oxides of alkali, alkali earth and/or 

rare earth metals, zinc, anhydrides of boric and phosphoric acids [45]. It is worth mentioning 

that oxyfluoride glass matrices may not only contain fluoride nanoparticles after crystallization; 

the formation of an oxidic crystalline phase is also possible [46, 47]. Hence, (i) the composition 

must be figured out in which the only crystallising phase is the desired one, (ii) the composition 

must be chosen within the area of glass formation in the corresponding matrix system. The 

suitable method to prepare transparent glass ceramics is conventional melting and subsequent 

thermal treatment considering the respective temperatures of nucleation and crystal growth [48, 

49]. This includes the temperature range where the nucleation takes place, the temperature for 

maximum nucleation rate, the crystal growth velocity, its temperature dependence and the 

attributed activation energy. Nucleation can also be controlled by the addition of nucleating 

agents [50, 51] or inhibitors [52-54]. Glasses can be prepared by the sol-gel technique where a 

chemical solution (sol) is thermally treated and aged to produce the fine particles in a network 

(gel) [55]. Further heat treatment of the gel lead to the glass ceramics [56-58]. 

The classical crystallisation theories are restricted to isochemical systems where the chemical 

composition of the crystallised phase is the same as the glassy phase. The main challenge is to 

control the change in the chemical composition of the glass matrix and the nucleation and 

crystal phases due to the goal of controlling crystal size, crystal volume fraction and size 

distribution; the latter must always be as narrow as possible. These high standards can only be 

achieved in multicomponent systems, e.g. non-isochemical systems [59]. 
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2.2 Crystallisation in non-isochemical systems - interface controlled 

crystallisation 

The glass compositions of oxyfluoride glasses are usually quite complex. The specific number 

of 5-7 components corresponds to the highest possible stability of the glasses [60, 61]. The 

main prerequisite for glasses and glass ceramics for optical and photonic applications is the 

optical homogeneity. This requires isotropy of the crystalline phases in glass ceramics. This 

means, the formed crystallites should have lattices with higher, preferably cubic symmetry. If 

the crystal lattices have lower symmetry or the crystallite sizes exceed half the wavelength of 

the light than they loose transparency due to the anisotropy of the refractive indices as well as 

light scattering [62]. Hence, difluorides MF2 with the space group Fm3m are frequently chosen 

for the respective crystalline phase [45]. Moreover, light scattering, in particular Rayleigh 

scattering needs to be avoided. Scattering occurs if the microstructure shows inhomogeneities 

with sizes larger than half the wavelength of the light. For this purpose, it was aimed that the 

size of the nanocrystals is restricted to 30 nm and the difference between the refractive indices 

of the crystalline and glass phase should not exceed 0.3 [63]. 

The formation of different crystalline phases of various compositions in the glass matrix 

through thermal treatment is conceivable but in most cases, a fluoride phase appears in early 

crystallisation stages [45]. This can be explained by a change in the composition during the 

crystallisation process. It is known, that an increase in the viscosity of the residual glassy matrix 

phase during the course of the crystallisation process is a prerequisite for the formation of nano-

sized crystals. Experimental evidence was provided for many systems which are characterized 

by a self-organized crystallisation process, i.e. for oxides (Fe3Ox [64-66], quartz or spodumen 

[67-72]) and fluorides (CaF2 [26, 73, 74], BaF2 [75-78], SrF2 [79, 80], LaF3 [81-83], NaREF4 

[84-86]). In these systems, the formation of a diffusion layer with increased viscosity is 

observed which hinders crystal growth as well as coarsening (Ostwald ripening) [77]. Two 

different ways can be distinguished when such a layer is formed [59]. The first one is illustrated 

in Figure 1. In homogeneous glasses, nucleation occurs with subsequent crystal growth if the 

nuclei reach the critical radius. The glass phase at the interface to the crystal is depleted in those 

components which form the crystal, i.e. alkali or alkaline earth fluorides and enriched in 

network formers, e.g. SiO2. Hence, the viscosity around the crystals is increased. This results 

in a drastic and non-linear increase of diffusion coefficients near the crystal; a diffusion barrier 

is formed. The crystallisation process proceeds until the whole residual glassy phase has a 

viscosity of 1013 dPa. At this point the crystal growth is frozen in [87].  
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Figure 1 Scheme from Ref. [59] of the nanocrystallisation mechanism in homogeneous 

glasses with homogeneous nucleation 

The second way is illustrated in Figure 2. In this case, a proceeding phase separation occurs 

during the nucleation and crystallisation process. A droplet phase is formed, enriched in 

network formers and those components that are going to crystallise [88]. This is observed in 

glass systems in which an Al2O3 and TiO2 rich droplet phase is formed and a ZrO2 phase is 

precipitated inside the droplets [67, 71, 89]. The initial phase separation also occurs in the 

Na2O/Al2O3/SiO2/B2O3/FeOx system in which multicore magnetic particles in a B2O3 and FeOx 

rich droplet phase precipitate [65, 90, 91]. An initial droplet phase separation is observed in the 

Na2O/K2O/Al2O3/SiO2/SrF2 and Na2O/K2O/Al2O3/SiO2/LaF3 systems. In these systems, Al2O3 

and SrF2 or LaF3 are enriched inside the droplets. The respective crystalline fluoride phases 

precipitate inside the droplets, while the Al2O3 does not form the crystalline phase and is shoved 

away and forms a layer around the multicore particle [81, 82, 92, 93]. 

 

Figure 2 Scheme from Ref. [59] of the nanocrystallisation mechanism in phase separated 

systems 

Since these are diffusion controlled processes, heat treatment time and temperature have a 

minor effect. The volume concentration of the crystalline phase increases with thermal 

treatment temperature and time until a constant value is approached. The mean crystallite size 

remains constant with a narrow crystal size distribution [26, 76, 79]. In the reversal, control of 

the formation of the viscous barrier allows the control of the nanometric size of the particles.  
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Furthermore, stresses around the crystals, the structure of the melt during cooling and the 

percolation model must be considered. Percolation theory describes the glass structure as a 

randomly formed network with rigid and floppy regions. A network becomes rigid, if the mean 

number of covalent bonds per network forming unit <n> (SiO2, P2O5, B2O3, Al2O3, TiO2) 

exceeds the critical value of ncr = 2.4; tiny non-rigid regions still remain in the network [94, 

95]. The size of a floppy region can be calculated from the glass composition [96]. According 

to the classical nucleation theory, where nucleation occurs if the crystallisation enthalpy is equal 

to the surface energy of the nucleus, the size of the floppy region must be larger than the critical 

size of the nucleus at the respective temperature [96, 97]. In a floppy region, the diffusivity is 

obviously large and homogeneous nucleation takes place at T > Tg [73]. The network 

connectivity increases during crystal growth. The excess of network modifiers which were 

necessary to achieve n = 2.4 are shoved away from the crystal into the liquid phase around the 

nucleus. Since an excess of network formers is present in non-isochemical systems, these will 

also be shoved away into the liquid phase. Hence, enrichment of network formers will increase 

the rigidity and the crystal growth is notably decelerated [96].  
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2.3 Photorefractive materials  

The purposeful introduction of refractive index changes is the basis for volume phase hologram 

recording. Accurate recording of an optical interference pattern with high optical quality is 

determined first and foremost by the refractive index homogeneity within the medium. 

Moreover, a material that comes into consideration must be sensitive to a specific wavelength, 

for quite short exposure times and should remain physically and chemically stable concerning 

time and environment [98].  

A variety of materials exist that show photosensitivity [99], i.e. photographic emulsions [100], 

photopolymers [101], photochromics [102-104] and photorefractives [105, 106]. The properties 

of these materials differ in the mechanism of image formation; a latent image after exposure 

requires an additional step to be developed [107, 108] or the image is developed instantaneously 

[109]. Further, the persistence of the image is either permanent [110] or reversible due to a 

decay with further exposure or thermal relaxation [111]. An example for latent image formation 

are silver halide photographic emulsions. These emulsions consist of a dispersion of 

microscopic grains of silver halide (AgBr) in a thin gelatin layer (5-15 µm) [112]. An electron 

from a surface localised halide ion is released by photon absorption and moves through the 

crystal lattice to a surface silver ion, forming silver atoms (Ag0) with a restricted lifetime. 

Further absorption of photons is required to provide Ag species stable at room temperature 

(Ag2
0). At least, a cluster of four atoms (Ag4

0) is needed for a developable latent image. The 

photosensitivity of silver halide emulsions is high and is in agreement with the generally used 

laser wavelengths. The optical properties of the recording medium are not affected throughout 

the process, which makes it possible to use different wavelengths and record numerous 

holograms. The wet processing and subsequent drying is rather disadvantageous [107]. 

Instantaneous image development is shown by photopolymers which consist of a film-forming 

polymer, an initiator and one or more types of monomer. The absorption of light triggers the 

formation of cations or radicals from the initiator which results in a chain reaction 

polymerization. The refractive index modulation is increased by the diffusion of monomer into 

the zones of polymerization. The termination of the process hinders degradation by further 

exposure. The nature of the material as a film does only offer the possibility for surface 

hologram recording [113]. By contrast, very selective spatial and spectral gratings can be 

recorded in the volume of photochromic materials, which are characterised by reversible colour 

changes due to light exposure at the respective wavelengths but they show correspondingly low 

sensitivity [99].  
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The photorefractive effect was discovered as an undesirable optical damage [114] in LiNbO3 

crystals which are up to now, one of the most extensively investigated material in terms of this 

effect [115, 116]. Theoretically, every system which combines photoconductivity and nonlinear 

optical response can feature the photorefractive effect [106]. Exposure to light with a spatially 

periodic intensity pattern leads to the release of electrons which diffuse through the crystal 

lattice. Due to the photovoltaic effect, the diffusion is governed by the applied electric field and 

the electron charges tend to accumulate in the darker regions of the crystal. A strong electric 

field is created by the charge density which distorts the crystal lattice to create a periodic 

refractive index modulation due to the electro-optic effect [117]. The addition of Fe impurities 

serving as traps resulted in great improvement of the material [118]. This photorefractive effect 

is reversible, which means that readout leads to degradation of the image, since the same 

wavelength is used as for recording [119]. Controlled heating makes the refractive index 

modulation permanent [110]. The main drawback is the low photosensitivity of LiNbO3 which 

requires exposure intensities about 104 J/ m2 [99]. 

2.4 Photosensitive glass 

In the second half of the last century, Corning Inc. proved to be a pioneer in the development 

of photosensitive glass by listing many patents issued to the company. It was first demonstrated 

by D. Stookey [120] that photosensitive glass based on a silicate glass has the practicability as 

photographic and recording medium [121]. At that time, in the 1950s, photosensitive glass was 

developed to record a translucent image in glass due to light scattering. First, the focus has been 

directed to the development of artistic coloured glass plates based on photoinduced 

crystallisation of Ag, Au and Cu in a two-step irradiation and heat treatment process [50]. Metal 

colloids and crystalline phases were obtained, which are small enough to avoid light scattering 

and provide a huge number of colours associated with the ions present in the glasses. The 

recording of the images was based on the mismatch between the refractive index of the glass 

matrix and the precipitated phases [122, 123]. Borate glasses and phosphate glasses were 

reported to be out of interest as basis for photo-thermo-refractive glass systems, as the 

development process was reported to start already spontaneously during the cooling phase 

[121], or the oxide compounds of polyvalent ions can be reduced to the metallic state and form 

colloids. 

  



2.5 Photo-thermo-refractive glass 

10 

 

2.5 Photo-thermo-refractive glass 

Based on the original photosensitive glass composition developed by D. Stookey in 1949 [121] 

a photorefractive material with outstanding prospects for the volume hologram recording is 

receiving increasing attention and importance for the application as holographic optical 

elements (HOEs) since the 1990s [5, 13, 19, 23, 124, 125]. The PTR glass is a 

Na2O/ZnO/Al2O3/SiO2 glass doped with silver, cerium, tin, antimony, fluorine and bromine [4]. 

It is a homogeneous, optically transparent, multicomponent glass which undergoes permanent 

refractive index changes after UV exposure and two-step heat treatment, making it suitable for 

volume phase hologram recording [3, 4]. The large permanent refractive index changes, low 

optical losses, good performance and high stability is the reason for the high interest in this 

material. The glass composition of the NaF PTR glass is listed in Table 1. 

Table 1 Typical PTR glass composition from Ref. [123] 

glass component mol % function 

SiO2 72.3 

glass matrix 
Na2O 13.6 

ZnO 5.2 

Al2O3 2.3 

   

NaF 3.7 
nanocrystal constituents 

AlF3 1.3 

   

Ag2O 0.01 
photosensitive agents, 

optical sensitizer 
CeO2 1.5 

KBr 0.01 

   

Sb2O3 0.03 thermal sensitizers, redox 

agents, refining agents SnO2 0.02 

The exact determination of the concentrations of the elements after melting is important for 

reproducible properties. A method which is used to compare relative concentrations in the PTR 

glass batches especially for F and Br is secondary ion mass spectroscopy (SIMS) [126, 127]. 

Qualitative and quantitative analyses of the polyvalent elements is performed by spectroscopic 

methods. Luminescence spectroscopy [128-130], UV-vis spectroscopic studies [131-133] and 
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EPR spectroscopy [134] were performed for the investigation of cerium, tin and antimony 

valence states and the influence of bromine and impurities on the optical absorption spectra 

[135]. Since the quality of the VBGs remains with the optical homogeneity of the glass, a new 

interferometry method was used by Lumeau et al. to map the optical heterogeneity over the 

sample [136]. Crystallisation homogeneity was studied intensively in detail by non-isothermal 

scanning calorimetry (DSC) and optical microscopy [137-140].  

Up to now, the production of VBGs from NaF PTR glass lead to an intense increase of the 

performance of laser systems. VBGs in PTR glass show diffraction efficiencies up to 99.9 % 

and a very low shift of the Bragg wavelength by thermal variations (dn/dT = 5 × 10-8 1/K). The 

holograms are stable under any type of radiation, since the refractive index change is due to the 

precipitation of the crystalline NaF phase. The silicate matrix provides superior mechanical and 

environmental stability and the hologram cannot be damaged by heating up to 400 °C [141]. 

2.6 Photoinduced crystallisation 

The photo-thermal-refractive process proceeds in three steps and many studies on the function 

of the individual components of the PTR glass have been carried out [134, 142-147]. 

Nevertheless, the refractive index change mechanism in this 13-component glass (see Tab. 1) 

is far from being fully understood [148]. The optimisation of the photo-thermal-refractive 

process took several years and is still in progress. The major role in the process have the 

polyvalent (Ag, Ce, Sn, Sb) and highly volatile (F, Br) elements. The photoinduced 

crystallisation mechanism can be described as follows in a simplified way [148]: 

 

Figure 3 Schematic representation from Ref. [148] of the classical mechanism that has 

been extensively used to explain the photo-induced structural transformations in 

PTR glass. 

1) UV exposure in the absorption range of Ce3+ causes photoionization to Ce4+ and an 

electron is released, which reduces an Ag+ ion to a neutral Ag0 atom.  

2) The UV exposed sample is heat treated to a temperature slightly above Tg. Silver cluster, 

consisting of Ag0 and possibly AgBr are formed as potential nucleation centres. 
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3) A subsequent heat treatment at a higher temperature leads to the crystallisation of NaF 

on the Ag nuclei. At least, cooling of the glass ceramic to room temperature induces 

local nanoscopic stresses due to the difference in the coefficients of thermal expansion 

(CTE) of crystals and glass matrix.  

2.6.1 Photo-ionization, photo-reduction 

Cerium is the most important photosensitizer due to the electron donation ability by electronic 

excitation from the 4f to the 5d shell. Linear photosensitivity is provided by the introduction of 

cerium into the PTR glass matrix, which has a band gap at 212 nm (5.8 eV). Cerium exists in 

the Ce3+ and Ce4+ valence states in the glass matrix, which is shown by characteristic absorption 

bands in the UV-vis absorption spectra [149]. The ratio of the two valencies is dependent of 

melting conditions, e.g. furnace atmosphere and the addition of reducing or oxidizing agents 

[150], the temperature of melting [151] and the concentration of polyvalent ions in the glass 

[152]. The absorption spectra of the 4f-5d transitions for the Ce3+ and charge transfer transitions 

(CT) for the Ce4+ are host sensitive and strongly depend on the type of glass [153-160]. Glass 

compositions with a low polarizability and comparatively low optical basicity favour the shift 

of redox equilibria to the reduced state [161-163]. In phosphate and borate glasses [154, 156, 

164], silicate glasses and crystals [150, 160], the Ce3+ absorption is an envelope of five spectral 

components, attributed to the 2F5/2→ 5d transitions. The detailed analyses by absorption band 

separation in NaF PTR glass showed for Ce3+ an envelope of at least 2-3 components [132, 

133]. Regular PTR glass samples were exposed with usual treatment conditions (He-Cd laser 

at 325 nm, 5 J cm-2). It was reported that UV exposure which leads to the photoionization of 

Ce3+ did not increase the absorption of Ce4+ accordingly, rather a new band was induced 

resulting from a Ce3++ species [165]. The wavelength of this band remains independent from 

dosage and its amplitude increases with increasing dosage. Another study of cerium ionization 

showed the creation of additional induced absorption bands after UV exposure and the 

conclusion was drawn that the ionisation of cerium results in very complex redox equilibria 

between different species (see Eq. 1-3) [148]. 

𝐶𝑒3+ + ℎ𝜈 →  𝐶𝑒3++  +  𝑒−  (𝐶𝑒3++  ≠  𝐶𝑒4+)  (1) 

𝐶𝑒4+  +   1𝑒−  → [𝐶𝑒4+]𝑒−  ([𝐶𝑒4+]𝑒−  ≠  𝐶𝑒3+  (2) 

[𝐶𝑒4+]𝑒− + ℎ𝜈 →  𝐶𝑒4+  + 1𝑒−     (3) 
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It was confirmed that electrons are initially transferred to Sb5+ ions at room temperature (Eq. 4). 

The electrons are transferred to Ag ions as soon as the temperature is increased to a few hundred 

degrees and a latent image is created by the reduction to metallic Ag (Eq. 5) [134, 166]. Further 

Sn and Sb ions maintain at a constant level the redox potential of the system and create the 

optimum relationship between the valencies of Ag and Ce and act as regulators of the 

photosensitivity of the glass (Eq. 6) [142]. 

𝑆𝑏5+ +  𝑒−  → [𝑆𝑏5+]−      (4) 

 𝐴𝑔+  +  𝑒−  →  𝐴𝑔0       (5) 

𝑆𝑛2+  +  𝑆𝑏5+  ↔  𝑆𝑛4+  +  𝑆𝑏3+     (6) 

In addition, the photosensitivity in regular PTR glass was triggered in different ways. The effect 

of non-linear photosensitivity was observed for a Nd:YAG laser at 355 nm when two-photon 

ionisation was induced [167]. Multi-photon ionisation is possible using a weakly focused 

femtosecond laser with a central wavelength between 800 and 1500 nm and a peak intensity of 

1013 W cm-2 [168]. A shift of the photosensitivity to longer wavelengths was possible by 

replacing Ce by Tb ions, which is based on an upconversion-process [169]. 

2.6.2 Silver agglomeration 

After UV exposure of the glass, the heat treatment at a temperature slightly above Tg is 

performed. This leads to the growth of silver particles by aggregation of silver atoms. 

Reasonable growth velocities are reached at a certain temperature [170]. The glass receives a 

characteristic yellow colouration. In the case that the Ag particles are small in comparison to 

the wavelength of light, the colour of the glass is determined by size, shape and volume fraction 

of the colloidal metal particles as well as by the dispersion properties of the glass matrix [171, 

172]. A strong field is enhanced around metal particles due to collective oscillations of 

conduction band electrons, the so-called surface plasmons. The changes in the localised surface 

plasmon resonance for Ag particles are easily accessible by optical absorption spectroscopy 

because of their position within the range of visible light [173]. It was shown that the broad 

plasmon resonance absorption band is the sum of the superposition of several elementary bands 

[174]. In PTR glass, the formation of the nucleation centers is dependent on the dosage of UV 

exposure and on the heat treatment temperature. The position, intensity and the full width at 

half maximum (FWHM) of the plasmon resonance absorption bands are affected [175]. A linear 

increase of the plasmon resonance absorption band position with the irradiation dosage is 
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observed [176-178] and furthermore, an increase of the absorption band amplitude [170, 179]. 

The bands are associated with the occurrence of hole centers and the formation of Ag/AgBr 

particles [135, 176]. The plasmon resonance maximum shifts to longer wavelengths with 

increasing bromide concentration. This is explained by the formation of a AgBr shell with high 

refractive index around the Ag particles [180]. Using simulations according to Mie theory 

showed that observations might be explained by the growth of a ~ 0.5 nm AgBr shell [181]. An 

in situ study of the evolution of the Ag plasmon resonance band showed that at a maximum of 

the amplitude evolution does not occur and the optimum of the nucleation process is associated 

with the appearance of a new absorption band in the visible range. This band disappears when 

the crystallisation starts [182]. Moreover, the maximum amplitude is reached, when the 

crystallisation peak temperature Tc determined by the DSC reaches its minimum. Therefore, it 

is expected, that the nucleation rate has its maximum [138]. The nucleation kinetics in the NaF 

PTR glass were fully characterised but the exact mechanism and the physical and chemical 

nature of the nuclei is still unclear [148]. 

2.6.3 Nanocrystallisation and refractive index change 

The silver cluster act as nucleation center for alkaline (earth) fluoride nanocrystallisation in a 

second heat treatment step at a higher temperature [3, 4]. The presence of these silver particles 

is required for the photoinduced crystallisation step. For the NaF crystallisation in traditional 

PTR glass, it was shown that there is a common behaviour of the glass transition temperature 

Tg and the crystallisation peak temperature Tc as well as for UV exposed and unexposed PTR 

glass. Increased nucleation temperature or increased nucleation time does not result in a change 

of Tg but leads to a decreased Tc with a comparable induction period. Noticeably, the Tc for the 

UV exposed glass saturates at a level 50 K lower than for the unexposed glass. Hence, the 

photoinduced crystallisation occurs earlier and can be triggered by the choice of appropriate 

heat treatment conditions [138]. The growth kinetics in the unexposed PTR glass were studied 

in detail [183]. The steady-state nucleation rates, nucleation time-lags and crystal growth 

velocities are analysed on the basis of classical nucleation theory. It is assumed that the NaF 

solubility determines the saturation level and hence, the thermodynamic driving force for the 

crystallisation [137]. The NaF solubility is described as a correlation between the equilibrium 

volume fraction of crystallized NaF and temperature. The crystallisation stops when the 

crystallised volume is in equilibrium with the dissolved NaF in the residual glass matrix. The 

equilibrium volume fraction decreases with increasing temperature. Therefore, the 

thermodynamic driving force is an interaction between the temperature and the evolution of the 
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crystallisation process. Moreover, NaF crystallisation undergoes simultaneously a liquid-liquid 

phase separation (LLPS) [184] which is influenced by the bromide concentration. It is proposed 

that the number of free F- ions is related to the bromide concentration and that the NaF solubility 

is decreased. Thus, the maximum volume fraction of crystallised NaF increases with increasing 

bromide concentration. The correlation between Tg and heat treatment time showed a drop of 

Tg followed by an increase of Tg, which then saturates at a value close to the heat treatment 

temperature, which is proposed to be an evidence for crystallisation in the glass matrix and not 

in the droplets because the formation of crystals depletes the glass matrix in Na and F [148]. 

The observed drop of Tg in the Tg vs. time plot for short heat treatment times decreases by the 

addition of bromide, probably by changing the solubility of NaF in the glass and hence, the 

thermodynamic driving force for the crystallisation [139]. NaF nucleation occurs between 430 

and 560 °C and the maximum nucleation rate is achieved at approximately 485 °C, which also 

provides the lowest level of scattering in holographic optical elements recorded in PTR glass 

[174]. XRD studies showed that crystals do not exceed diameters of 20 nm with increasing heat 

treatment time but the number of crystals is increasing. The restricted crystal size is proposed 

to be due to the limited amount of fluorine in the glass [185]. Electron micrographs of hyper-

developed samples show different morphologies for unexposed and UV exposed samples [140]. 

The precipitation of the nanocrystals correlates with the refractive index change in the pre- 

irradiated regions of the glass but is not strictly proportional to the volume fraction of NaF 

crystals [185]. Moreover, the refractive index change depends on the thermal treatment and 

cooling process [186]. Different possible mechanisms are described for the overall negative 

refractive index change [187, 188]. A small change of the refractive index also occurs in the 

non-irradiated regions [146]. Solely the refractive index difference Δn (Eq. 7) is of interest since 

this is a characteristic parameter for the efficiency of a VBG. 

 

Δn = nUV-exposed and thermally treated – nunexposed    (7) 

 

It is proposed that the origin of the refractive index change between UV exposed and unexposed 

areas in the glass are nanoscale stresses which are caused by differences in the CTE between 

the PTR glass matrix and the cubic NaF crystals [187]. 
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4. Discussion 

4.1 Chosen base glass system and its modification 

Glasses within the system Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2 were chosen for the adaption 

of the photo-thermal process. These glasses showed in previous studies the ability to form 

nanocrystals with a narrow size distribution during thermal treatment [26] via an interface-

controlled crystallisation mechanism [59]. Glasses with the mol% composition (63-x) SiO2- 

x Al2O3- 12.3 CaO- 5.3 K2O- 9.0 Na2O- 10.4 CaF2 with x = (10, 8, 6) were melted and 

respective samples were thermally treated described in article 3.4. 

The Al2O3 concentration was varied because oxyfluoride glasses, which have shown the ability 

to incorporate rare earth ions in the precipitated nanocrystalline phase, possess usually high 

Al2O3 concentrations [45]. Additionally, it is reported that the Al2O3 concentration has a major 

effect on the refractive index change in conventional PTR glass [145].  

For the purpose to adapt the photo-thermal process with successful refractive index change and 

further to incorporate rare earth ions in the crystalline CaF2 phase which is attractive for 

photonic applications, different glass compositions were studied. A detailed investigation by 

thermal analyses and investigation of the microstructure by electron microscopy (SEM and 

TEM) of the as casted base glasses and the thermally treated glasses is presented in article 3.4. 

The as casted glass with composition x = 10 is completely opaque which is due to a phase 

separation by a fluorine rich amorphous phase as it was proven by XRD analysis. The glasses 

with the compositions x = 8, 6 are clear and visually transparent. The turbidity of the glasses is 

decreasing while the transparency is increasing with decreasing Al2O3 concentration (Fig. 1, 

article 3.4). Hence, optical quality of the as casted glasses is increasing with decreasing Al2O3 

concentration. The transformation temperatures determined from the DSC compared with 

values from the dilatometry remains nearly constant for all glasses within the limits of error 

(± 5 K) (Tab. 2, article 3.4). Nevertheless, the Tg for glass x = 10 is only 10 K higher in 

comparison to the other compositions. The crystallisation temperature Tc decreases with 

increasing Al2O3 concentration, which at a first glance appears surprising. From a homogeneous 

glass, it is expected that usually the tendency towards crystallisation decreases with increasing 

Al2O3 concentration. The behaviour of Tg and Tc is a result of two effects. First, the higher 

tendency to phase separation could be explained by increasing F concentration bonded to Al 

with increasing Al2O3 concentration [189]. Five and six-fold coordinations can be assumed due 

to the presence of fluorine [190]. The formation of more Al-F sites leads to an increase of 

network connectivity due to the reduced number of non-bridging oxygens (NBOs) which also 
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results in an increase in Tg [191]. Moreover, Al is predominantly incorporated in four-fold 

coordination, i.e. as AlO4
- tetrahedron, since in the studied glasses the molar concentration of 

Al2O3 is much smaller than those of network modifiers. Hence, increasing Al2O3 concentration 

leads to increasing network connectivity. Thus, a higher Al2O3 concentration should lead to 

increasing viscositiy and a higher Tg [192, 193]. However, this is superimposed by the second 

effect, the phase separation which is observed in the scanning electron microscope (SEM) 

(see 5 a in article 3.4), which leads to the enrichment of Ca and F and possibly also Al in the 

droplet phase. An enrichment of Ca and F, which are the components of the crystallising phase, 

drives the crystallisation to lower temperatures as it was also proven by XRD analyses of heat 

treated samples from 560 to 620 °C (Fig. 3, article 3.4). The crystal sizes remain to be constant 

between 10 and 38 nm which was estimated using Scherrer`s equation (Tab. 3, article 3.4). 

The occurrence of phase separation in the initial stages of the crystallisation were observed 

from the slope of transformation temperature Tg (DSC) vs. heat treatment time. The samples 

heat treated at 580 °C show a slight drop of Tg for short heat treatment times (< 1 h, inset of 

Fig. 2, article 3.4). With increasing time of thermal treatment, Tg increases and finally reaches 

nearly the supplied temperature of thermal treatment. The unwanted effect of phase separation 

was also reported in the literature for the NaF PTR glass and was suppressed by the addition of 

KBr to the initial batch composition [139], which has a major effect on the photosensitivity of 

the PTR glass [146] and is discussed later in sections 4.4.4 and 4.5.3 in terms of articles 3.1 

and 3.5. 

The crystallisation behaviour of the studied glasses is similar to the mechanism of nano 

crystallisation previously described in the literature [59, 96]. During the course of the 

crystallisation, the viscosity and hence also Tg around the growing nuclei increases until the 

crystallisation is frozen in if Tg of the residual glass phase reaches the supplied heat treatment 

temperature [26]. A schematic representation of the proposed nano crystallisation mechanism 

is illustrated in Fig. 9, article 3.4. The observed effects can be explained as follows: (i) the as 

casted glass is already phase separated. (ii) During nucleation and crystallisation inside the 

droplets or at the droplet/matrix interface, other network modifiers, such as Na+ and K+ are 

shoved away from the crystallisation front and may diffuse out of the droplets. Since these are 

network modifying ions and hence the fastest diffusing species, this will lead quickly to a 

decrease in the viscosity of the matrix phase. (iii) During ongoing crystallisation, Ca2+ as well 

as F- must further diffuse from the matrix to the droplets. Since this results in a depletion of the 

matrix phase in Ca2+ and F-, the viscosity increases. This leads to a deceleration of the crystal 

growth, i.e. the crystals do not exceed the size of the initial droplet phase. The growth of the 
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spherical particles, i.e. droplet phase separation, during heat treatment is also observed in the 

micrographs. A liquid/liquid phase separation as a precursor stage of crystallisation is preferred 

because the interfacial energy between two glassy phases is much lower than that between a 

glassy and a crystalline phase [194]. Hence, the kinetic hindrance of the crystallisation is much 

larger than that of the phase separation.  

4.2. Adaption of the photo-thermal process 

For the development of a new photo-thermo-refractive glass based on the glass system 

Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2, the glass was doped with Ag2O, CeO2, SnO2, Sb2O3 

and KBr. A glass composition based on the composition previously studied with 3.7 mol% 

Al2O3 was chosen [26] due to the proof of nanocrystallisation and as it was shown, the lower 

tendency to phase separation. The main glass composition is 59.6 SiO2•12.0 CaO•9.3 Na2O•8.4 

CaF2•5.4 K2O•3.7 Al2O3•0.7 ZnO•1.0 KBr, doped with 0.02 Ag2O, 0.02 CeO2, 0.02 SnO2, 0.04 

and Sb2O3 (mol%). All prepared glasses were homogeneous and transparent to the naked eye. 

The parameters for the thermal treatment are based on results of previous studies [26, 73]. A 

schematic representation of the adapted photo-thermal process to CaF2 PTR glass is illustrated 

in Figure 4. 

  

Figure 4 Schematic representation of the photoinduced crystallisation process  

in a CaF2 PTR glass 
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4.3. Photoionization 

The photoreaction is the initial process of the heterogeneous crystallisation of CaF2 resulting in 

a refractive index change. The knowledge on the nature of the photo process involving Ce, Ag, 

Sn and Sb is essential for the optimization. First, the focus is on the excitation of the cerium by 

UV-light (Eq. 8). 

𝐶𝑒3+ + ℎ𝜈 →  𝐶𝑒4+  +  𝑒−     (8) 

Detailed UV-vis spectroscopic studies were performed to investigate the spectral components 

of the cerium and are presented in article 3.2. The absorption spectrum of the homogeneous 

and transparent CaF2 PTR glass shows high absorptions at wavelengths < 275 nm with a 

shoulder at 310 nm (Fig. 1, article 3.2). According to the literature on conventional NaF PTR 

glasses, the high absorption in the UV range < 275 nm is due to the combination of absorptions 

of the components Sb3+, Sn2+, Ag+ and Ce4+ [131, 195]. The absorption band with a maximum 

at 310 nm is related to the Ce3+ absorption and sensitizes the glass to UV light. However, the 

high amount of fluoride in the CaF2 PTR glass causes low polarisability and comparatively low 

optical basicity [162] which leads to a shift of the redox equilibrium to the reduced state, i.e. to 

Ce3+ (Eq. 9) [161].  

4𝐶𝑒4+ + 2𝑂2−  ↔ 4𝐶𝑒3+ + 𝑂2    (9) 

The theoretical optical basicity was calculated with the averaged experimentally determined or 

calculated basicity values for the oxides and fluorides of Duffy and Lebouteiller/Courtine [162, 

196] to be λtheo = 0.59. This value leads to the assumption that the Ce3+/Ce4+ redox equlibrium 

is shifted to the reduced state. Furthermore, the Ce3+/Ce4+ ratio is influenced by the melting 

conditions [156] and is further discussed in article 3.2. Hence, if the glass is melted under 

reducing conditions (Ar atmosphere and Ar bubbling), most cerium is expected to be reduced 

to Ce3+. To understand the effect and behaviour of the cerium during the photo process, the 

optical absorption bands caused by Ce3+ and Ce4+ ions were investigated in detail by the 

deconvolution of the absorption spectra using Gaussian functions. Previous studies wanted to 

achieve a deconvolution of the spectra by a minimum number of gaussian functions [131, 133]. 

For this approach, they independently extracted the bands of the Ce3+ and Ce4+ by using a 

mathematical combination of various spectra in all wavelength ranges. The deconvolution of 

the absorption spectra of the CaF2 PTR glass described in detail in article 3.2 is based on a 

physical model and confirms the role of the Ce3+ as important photosensitizer due to its electron 
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donation ability by electronic excitation from the 4f to the 5d shell. The deconvolution of the 

absorption spectrum of the CaF2 PTR glass only doped with CeO2 and melted under reducing 

conditions was fitted with seven Gaussian functions (Fig. 3, article 3.2) according to Refs [150, 

156]. The deconvoluted bands are characterized by the peak wavenumber, νp, the full width at 

half maximum, FWHM, and the intensity. The five bands in the range from 350 to 200 nm with 

a constant moderate bandwidth are attributed to the 4f-5d transition of Ce3+. The two broader 

absorption bands represent the charge transfer (CT) transitions of the Ce4+ ions. The addition 

of these broad absorption bands for the CT transition indicates that a complete shift of the redox 

equilibrium to the reduced state was not possible. This means, not every cerium ion can provide 

an electron for the photoreduction of the Ag+. The same deconvolution procedure was applied 

to the absorption spectrum of the glass melted under non-reducing conditions before (Fig. 4, 

article 3.2) and after irradiation (Fig. 5, article 3.2). The bands of Ce3+ and Ce4+ obtained from 

the deconvolution of the absorption spectrum of the reduced sample have been added at the 

same spectral positions under the assumption that the absorption of the photoionized Ce3+ 

(Ce3++) is identical to Ce4+ and no intrinsic colour centers are generated [149, 165]. Generally, 

the CT transitions of Ce4+ have higher intensities than the 4f-5d transition bands of Ce3+. The 

Ce4+ CT transitions are due to an electron transfer from oxygen and fluoride to the cerium ion. 

The 4f-5d band intensities of the deconvoluted absorption bands are decreased to about 2/3 of 

the intensities of the reduced glass. By contrast, the Ce4+ CT transitions are in the non-reduced 

glass four times higher than in the reduced glass. After irradiation, the intensities of the Ce3+ 

are decreased and the Ce4+ intensities are increased (Fig. 5, article 3.2). The deconvolution of 

the absorption spectrum obtained after irradiation proves the oxidation of Ce3+ to Ce4+ (see 

Eq. 8). The slight shift of the five Ce3+ absorption bands to lower wavenumbers is due to the 

generation of Ce3++ colour centers which are different from Ce4+ (see Eq. 1). The colour centers 

Ce3++ have the same valencies as Ce4+, however, the bond lengths and -angles might be different 

and rather similar to those of Ce3+.  
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4.4. Photoreduction and Ag agglomeration 

The electrons provided by the photoionization of the Ce3+ are trapped by Ag+ ions. The Ag+ 

ions are reduced to neutral Ag0 atoms (Eq. 10). 

𝐴𝑔+  +  𝑒−  →  𝐴𝑔0     (10) 

The initial thermal treatment for 1 h at 530 °C (a temperature close to Tg) results in the 

agglomeration of the Ag0 atoms and the formation of nucleation centers in the previously 

irradiated samples (Eq. 11).  

𝑛𝐴𝑔0  →  𝐴𝑔𝑛
0      (11) 

This is indicated by the yellow colour of the sample (see Fig. 1, article 3.3) which did not occur 

in non-irradiated and heat-treated samples. The UV-vis spectrum of the irradiated and heat-

treated sample show a characterisic plasmon resonance absorption peak between 410 and 

450 nm (Fig. 2, article 3.1; Fig. 1, article 3.3). This plasmon resonance is not observed in the 

non-irradiated and heat-treated sample. Hence, the Ag agglomeration is a photosensitive 

process in the CaF2 PTR glass matrix. 

4.4.1 The role of dopants Sb and Sn on the photo-thermal process 

If only cerium and silver were involved in this process, the photoreaction should work without 

the other dopants, i.e. SnO2 and Sb2O3. This was investigated in detail in article 3.2. The 

development of the UV-vis spectra in a glass without Sn/Sb during irradiation and first heat 

treatment is in the wavelength range < 350 nm similar to Sn/Sb doped CaF2 PTR glass 

(Fig. 8, article 3.2). Noteworthy is the missing of the plasmon resonance absorption peak after 

heat treatment. Thus, no plasmon resonance is observed, all silver occurs in the oxidized state, 

i.e. is dissolved as Ag+. In the short wavelength range of the absorption spectra a relative 

decrease of the band intensity in the Sn/Sb free glass after irradiation was observed in 

comparison to the Sn/Sb containing CaF2 PTR glass (Fig. 2 and Fig. 8, article 3.2). This 

confirms the occurrence of processes in which Sb and Sn ions are involved. An additional 

absorption band occurs at around 215 nm [147]. It is assumed that Sn/Sb traps the electrons of 

the photoionization and that Ag+ is reduced to Ag0 due to the loss of trapped photo electrons by 

Sb and Sn ions during the heat treatment (Eq. 12). This was recently confirmed in an EPR study 

of NaF PTR glass by Magon et al. [134]. The formation of a Sb4+ species was revealed (Eq. 4), 

which confirms the proposed mechanism in Ref. [145]. The concentration of Sb3+ ions in the 
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initial glass determines the formation kinetics of silver nanoparticles according to the law of 

mass action [197]. 

2𝐴𝑔+ + 𝑆𝑏3+ ↔  2𝐴𝑔0 + 𝑆𝑏5+     (12) 

Additionally, the ratio between Sb and Sn has an noticeable influence on the photo process 

[142]. Both, Sb and Sn form redox equilibria with cerium in the melt. For Sb, it can be written 

as Eq. 13 

     (13) 

Redox equilibria are always shifted to the oxidized state with decreasing temperature; an effect 

which strongly depends of the type of redox pair. If two or more redox pairs are present, the 

equilibrium is shifted with the temperature according to the standard reaction enthalpies, ΔH°, 

of the respective redox pair. Since the Sb3+/Sb5+ redox pair has a notably higher ΔH° than 

Ce3+/Ce4+ redox pair according to [152, 153], Eq. 9 is shifted to the right during cooling. That 

means the addition of antimony to the glass composition helps to adjust a higher Ce3+/Ce4+ ratio 

in the glass. Hence, a higher concentration of Ce3+ occurs which enables the reduction of higher 

Ag+ concentrations to elemental Ag0.  

4.4.2 Influence of UV dosage and temperature 

The Ag nanoparticle formation is photosensitive (article 3.1), even by small amounts of cerium 

and requires the presence of antimony and tin (article 3.2). During heat treatment, the silver 

particles grow by aggregation of silver atoms. A certain temperature is necessary to reach a 

sufficiently large diffusion coefficient for reasonable growth velocities [170]. The Ag particle 

formation is clearly visible by the characteristic yellow colouration of the CaF2 PTR glass 

(Fig. 1, article 3.3). The Ag particle formation in the CaF2 PTR glass was investigated in detail 

by electron microscopy in article 3.3 and by UV-vis spectroscopy in article 3.5 with the 

assistance of computational simulations.  

In the case that the Ag particles are small compared to the wavelength of light, the colour of the 

glass is determined by the size, shape, volume fraction of the colloidal metal particles as well 

as the dispersion properties of the glass matrix [173, 198, 199]. For the CaF2 PTR glass a linear 

increase of the Ag particle formation with UV dosage is observed (Fig. 1, article 3.5) as it was 

also reported in [177]. The overall shift of 2.3 nm is very low. The colour of the samples is 

different from NaF PTR glass for respective heat treatments due to the position of the plasmon 

resonance in longer wavelength range. In contrast to the NaF PTR glass, the Ag particle 

3 4 5 32 2Sb Ce Sb Ce    
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formation dependent on the heat treatment temperature (Fig. 1, article 3.5), is not linear [177]. 

The overall shift is 16 nm from a wavelength of 407 nm to 423 nm and the Ag nanoclusters 

grow with increasing heat treatment temperature and change the plasmon resonance frequency 

as expected.  

The linear increase of the plasmon absorption band intensity vs. irradiation time (Fig. 2, 

article 3.5) indicates that the number of Ag particles grow with UV dosage. With higher UV 

dosage, more Ce3+ is reduced and consequently more electrons are released to reduce Ag+ to 

Ag0 which can agglomerate during subsequent heat treatment. At a certain size of the Ag cluster 

the plasmon resonance intensity decreases and the band is noticeably broadened, which is in 

agreement with Ref. [198]. 

4.4.3 Microstructure 

The microstructure during the Ag particle formation was investigated by electron microscopy 

techniques and are presented in article 3.3. The microstructure in the (TEM) micrographs 

(Fig. 2, article 3.3) of an irradiated and heat-treated sample (530 °C/1 h) appears 

inhomogeneous. The observed structures are 20-50 nm in diameter. The dark appearance of 

these inhomogeneities are due to an increased absorption of the primary electron beam, i.e. a 

mass thickness-contrast mechanism, and hence indicate a densification of these areas in 

comparison to the surrounding glass matrix. In the high-angle annular dark field (HAADF) 

STEM micrograph these structures appear brighter than the surrounding matrix. Since HAADF 

imaging is based on the inelastic scattering of electrons within the sample and is thus very 

sensitive to atomic numbers. This suggests a higher average atomic number of these structures 

in comparison to the glass matrix. The volume density of these structures can be estimated to 

be ≈ 20-30 % but the calculated volume fraction of Ag in the glass melt is only 0.008 %. Hence, 

these structures cannot be solely composed of Ag and are associated with a phase separation 

(see section 4.1). Analysis via STEM-EDXS was not possible due to extensive sample damage 

by the electron beam. Further, it is assumed that the volume concentration of Ag0 is below the 

detection limit. The proof of colloidal Ag0 particle formation after photoionization and heat 

treatment was given in a PTR glass matrix with 0.5 wt% Ag2O [175]. 

4.4.4 Evidence of Ag-AgBr core-shell structure 

The addition of bromide to the glass composition has a noticably effect on the photo-thermal 

process [139]. Especially, it was observed in UV-vis studies (see Fig. 4, article 3.5) that the Ag 

plasmon resonance peak maximum is shifted to longer wavelengths with increasing bromide 

concentration [146]. As mentioned, the position of the plasmon resonance peak is dependent 
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on the particle shape, size and the refraction index of the matrix surrounding it. The occurrence 

of a shell with higher refractive index around the silver nanoparticles would explain the long 

wavelength shift of the plasmon resonance band maximum. For this purpose, a simulation of 

the Ag plasmon resonance peak position for Ag particle for the glass matrices with the mol% 

composition (100-x) (60.18 SiO2•12.12 CaO•9.32 Na2O•8.46 CaF2•5.44 K2O•3.76 Al2O3•0.72 

ZnO) (x KBr) with x = 0.0, 1.0, 2.0, (doped with 0.02 Ag2O, 0.02 CeO2, 0.02 SnO2, 0.04 Sb2O3 

(mol%)) was performed based on Mie theory (Fig. 3, article 3.5). The dispersion of the glasses 

containing different KBr concentrations was used for the calculation. The dispersion of the 

glasses was calculated from the measured refractive indices at certain wavelengths according 

to the Fraunhofer lines (D, d, e, F, g, h) using the Wemple equation (Eq. 14) [200]. 

1

𝑛2(𝐸)−1
=

𝐸0

𝐸𝑑
−

1

𝐸0𝐸𝑑
∗ 𝐸2     (14) 

The calculated resonance wavelength increases from 407 nm for a particle of 10 nm diameter 

up to 457 nm for a particle of 60 nm in diameter. By comparison of the simulated plasmon 

resonance peak wavelengths with the measured plasmon resonances (see Fig. 1 and 3, 

article 3.5), it is considered that Ag particles of 10 nm in diameter have grown at a heat 

treatment temperature of 450 °C and the Ag particle diameter increases up to 34 nm during a 

heat treatment temperature of 530 °C. For particles below around 10 nm, quantum confinement 

effects lead to an additional size dependence of the complex dielectric function of silver [198]. 

With increasing KBr concentration, a difference in resonance wavelength has almost not 

occurred. Hence, the simulation of the plasmon resonance peak position shows that the plasmon 

resonance frequency is very sensitive to the particle size, but not to the Br concentration in the 

matrix. The influence of the Br, especially in the measured concentrations, on the refractive 

index of the glass is much too small to cause a significant influence. Furthermore, the measured 

absorption spectra of the as casted glasses are similar for different bromide concentrations in 

the initial batch composition (Fig. 4 left, article 3.5). After irradiation and heat treatment the 

position of the silver plasmon resonance peak position is shifted to longer wavelengths from 

414 nm to 433 nm by adding bromide (Fig. 4 right, article 3.5). The intensity of the plasmon 

resonance absorption maximum is decreasing with increasing bromide concentration. The 

influence of the measured Br concentration is not responsible for the wavelength shift. The 

long-wavelength shift and the decrease of the plasmon resonance band intensity indicates the 

growth of larger Ag particles or the formation of a AgBr shell around the Ag particles. 
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A simulation of the plasmon resonance peak positions was performed for a single Ag particle 

surrounded by a dielectric shell of AgBr (Fig. 5, article 3.5) according to [181]. The whole 

core-shell structure was additionally embedded in the glass matrix described by the measured 

dispersion of the glass. Without a dielectric shell, the plasmon resonance peak maximum is 

shifted to longer wavelengths with increasing Ag core diameter and is also shifted with 

increasing AgBr shell thickness by keeping the Ag core diameter constant. The plasmon 

resonace peak maximum position increases from a wavelength of 405 nm for a particle without 

AgBr shell to a wavelength of 470 nm for an Ag particle with 3.0 nm AgBr shell and a core 

diameter of 15 nm. The high refractive index of AgBr (n = 2.2) leads for very thin shell 

dimension to the observed notable shift of the plasmon resonance peak position towards higher 

wavelengths. Similar glass compositions as well as similar UV and thermal treatment processes 

lead to similar Ag particle sizes. Hence, the strong shift caused by adding KBr to the glass 

composition can only be explained by the formation of a dielectric shell around the Ag particle. 
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4.5 CaF2 Nanocrystallisation 

4.5.1 Evidence of photoinduced crystallisation 

Samples without previous irradiation did not show plasmonic resonance bands in the absorption 

spectra (Fig. 2, article 3.1). As already mentioned, Ag cluster formation is photosensitive and 

these clusters act as nucleation centers for the CaF2 in a second heat treatment step at a 

temperature above Tg. After this second heat treatment at 560 °C for 20 h the samples become 

slightly light scattering, meaning that the overall scattering is increased. The latter is determined 

by the sum of the scattering at each individual crystal [185]. This translucency of the material 

is not a real problem for possible applications as, e.g., wavelengths in the near infrared, i.e., 

1040 nm, are normally used for writing holograms. 

The XRD patterns of non-irradiated samples show a distinct, but weak line related to cubic 

CaF2 (Fig. 3, article 3.1) after the two-step heat treatment at 530 °C/1 h and 560 °C/20 h. By 

contrast, the XRD pattern of the irradiated and two-step heat treated sample reveals an intense 

and narrow peak at 2θ = 28.4° related to cubic CaF2 (JCPDS file no. 35-0816) 

(Fig. 4, article 3.1). Crystallisation of CaF2 was not noticeably observed after one-step heat 

treatment at 560 °C/20 h (Fig. 4, article 3.1). Hence, pre-irradiation and a subsequent two-step 

heat treatment has a distinct effect on the crystallisation behaviour of CaF2 in the glass matrix. 

The first step of the thermal process is quite essential; obviously, the formation of Ag nucleation 

centers is hindered in the absence of the first heat treatment slightly above Tg and hence, the 

crystallisation of CaF2 is not triggered.  

4.5.2 Influence of UV dosage on crystallisation 

The irradiation time has a significant effect on the volume concentration of CaF2 nanocrystals 

(Fig. 6, article 3.1). Noticeably, longer irradiation times led to an increase of the intensity of 

the peak at 2θ = 28.4° and the occurrence of a peak at 2θ = 57.0° attributed to cubic CaF2 due 

to the formation of a higher number of nucleation centers. The ratio of the intensity of the two 

peaks at 2θ = 28.4° and 2θ = 31.7° increases by a factor of two after using a twice as long 

exposure time. It is not clear, if the peak at 2θ = 31.7° is related to the (200) peak of cubic CaF2 

or if it this peak might be due to the occcurence of AgBr which (200)-peak fits well according 

to JCPDS file no. 06-0438. Since the occcurence of silver in the glass is only 0.04 wt%, the 

concentration seems to be very small for a peak of comparably high intensity.  
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4.5.3 Role of bromide on the crystallisation 

The peak at 2θ = 31.7° in the XRD patterns (Fig. 4, article 3.1) predominantly occurs in KBr 

containing CaF2 PTR glass. Furthermore, the addition of bromide to the initial glass 

composition is significant for the success of the controlled heterogeneous CaF2 crystallisation 

(Fig. 7, article 3.1). For a bromide free CaF2 PTR glass XRD pattern of the colourless non-

irradiated samples show distinct lines related to CaF2 after heat treatment. The homogeneous 

CaF2 crystallisation predominantly occurs in the bromide free glass. Furthermore, it is observed 

that by the addition of bromide the peak intensities for cubic CaF2 are changed in comparison 

to the bromide free CaF2 PTR glass. The peak at 2θ = 47.0° which is normally the 100% peak 

is attenuated in its intensity or is completely absent. By contrast, the peak at 2θ = 28.4° which 

is normally of 95% intensity is increased to 100% intensity. From these observations, it can be 

assumed that the crystal growth mechanism is in the bromide containing glass is different from 

the bromide free glass. 

For the traditional NaF PTR glass, it was observed that the Br concentration has a major 

influence on the NaF crystallisation and hence on the refractive index change. At a certain Br 

concentration, the crystallisation peaks occur in the DSC thermograms at lower temperatures 

for the UV exposed samples compared to unexposed samples. The heterogeneous 

crystallisation is triggered. Moreover, the difference in refractive indices between unexposed 

and UV exposed samples reaches a maximum at a certain Br concentration [145, 146]. 

Additionaly, a drop in the Tg vs. time plot for short heat treatment times (see section 4.1 and 

Fig. 2, article 3.4) was also observed in the Br free NaF PTR glass and disappears with 

increasing Br concentration [139]. Br- ions have a larger radius than O2- and F- ions. Br- might 

be incorporated in the coordination spheres of the network modifiers and F- ions are released, 

which then can take part in the crystallisation process [145]. The results of the XRF analysis of 

the Br concentration (Fig. 4 right, article 3.5) in the as casted CaF2 PTR glasses confirmed the 

high volatility of bromide during the melting process. Hence, the remaining Br concentration 

is too low to cause a considerable effect in terms of increasing the concentration of “free” F- 

ions. An increase of the Br concentration in the initial batch composition would lead to a 

reduction of Ag+ ions to Ag0 in the glass upon melting and form colloids without irradiation 

[145]. 
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4.5.4 Microstructure 

The existence of CaF2 crystals was confirmed by different electron microscopy techniques and 

is presented in articles 3.3 and 3.4. The SEM micrographs of the fractured and etched surface 

(HF, 5%) (Fig. 5 a, article 3.3) of an irradiated and heat-treated sample show bright spherical 

particles with diameters up to ca. 300 nm. These particles are not homogeneous (Fig. 5 b, article 

3.3 and Fig. 6, article 3.4) and possess a substructure smaller than 50 nm in size. SEM-EDXS 

analysis showed the enrichment of Ca and F in these particles. The performed EBSD analyses 

(Fig. 6, article 3.3) provides reliable indexing as cubic CaF2 (pattern 1-3) from elongated 

crystals rarely observed in the microstructure which could be due to the occurrence of 

homogeneous crystallisation. From the XRD pattern in Fig. 3, article 3.1 it can be concluded 

that homogeneous CaF2 crystallisation cannot be completely ruled out. The information depth 

of the inhomogeneous spherical particles is too low to allow reliable indexing and making 

EBSD scans of these particles useless. The TEM micrographs of this sample (Fig. 7, article 

3.3) features the cross section through the spherical particles which are clearly inhomogeneous, 

i.e. polycrystalline which easily explains the low EBSD pattern quality. The crystalline nature 

was confirmed with dark-field TEM imaging by using only selected, diffracted electrons with 

the help of an aperture placed in the back-focal plane of the TEM enable to qualitatively image 

crystalline areas, which then appear bright due to the diffraction. The cross section clearly 

shows that the particles are not single crystals. Instead, the bright-field image show a 

microstructure suggesting outward growth from a central point. This is in agreement with the 

assumption that that the clusters act as heterogeneous nucleation sites. However, the existence 

of Ag could not be proved in the TEM. The growth mechanism could hence be related to 

dendritic [140, 201, 202] or spherulitic growth [203]. The mechanism similar to viscous 

fingering has also been proposed to occur in glasses [204]. The crystalline nature was 

investigated from a further cross section through a nanoparticle and the selected area diffraction 

(SAD) patterns obtained in the TEM by restricting the information volume to the circled areas 

with an appropriate aperture (Fig. 8, article 3.3). The SAED pattern from the zone of the 

particle exhibits circular positioned elongated spots which arise from similarly oriented crystals 

and could indicate a spherulitic microstructure. By comparison, the SAD pattern of the zone 

around the particle shows the characteristic halo around the primary central beam confirming 

the amorphous matrix. The STEM-EDXS element distributions (Figs. 10 and 11, article 3.3) 

are in agreement with the expectations of CaF2 crystals growing in a glass matrix. The particles 

are enriched in Ca and F, while the glass matrix mainly contains Si and O as well as Na, K, Al 

and Zn. However, especially Si, Na, Al and O are also detected in small but not negligible 
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concentrations inside the spheres. Hence, the intercrystalline spaces in the particles probably 

contain residual glass which would be in agreement with all three growth mechanisms 

mentioned above. The signals of the dopant elements (Ag, Ce) are either too small or are 

superimposed by the signals of the glass, or both. The element-dependent detection limit of 

EDXS usually ranges from 0.5 to 1.0 at%. 

4.6. Refractive index change  

The production of the CaF2 PTR glass with the required optical quality was very challenging 

due to the high volatility of the fluoride (fluoride evaporation 50%, EDXS- and XRF analyses). 

For the measurement of refractive index changes in the order of magnitude of Δn =  10-5-10-4 a 

shearing interferometer setup was admitted. In article 3.2 (Tab. 2) measured refractive index 

changes are presented. The CaF2 PTR glass sample was exposed through a mask to UV light 

(308 nm, excimer laser) with a constant pulse intensity and different dosages. As the values 

show, permanent refractive index changes in this glass composition can be generated by the 

precipitation of the CaF2 nanocrystals. 

To achieve a negative refractive index change in the irradiated region of the glass matrix, a 

number of parameters have to be controlled and must perfectly match: (i) The optical 

homogeneity of the glass samples is of significant importance [136], (ii) the glass composition 

has a great influence [142, 143, 145, 146], (iii) the parameter of the irradiation and heat 

treatment [138, 174, 177, 186]. Thus, the phase separation, which might even occur in the as 

casted glass, could hinder controlled heterogeneous crystallization and influence refractive 

index changes. Since the homogeneous crystallization could not be completely ruled out which 

occurs in all parts of the glass, i.e. the non-irradiated regions, a noticeable difference in 

refractive indices might be prevented. 
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5. Summary 

This thesis reports on the development of a new type of a photo-thermo-refractive (PTR) glass. 

A photo-thermo-refractive glass is a homogeneous oxyfluoride glass which is doped with CeO2, 

Ag2O, SnO2 and Sb2O3. A permanent refractive index change is generated by UV irradiation 

and a subsequent two step thermal treatment due to the formation of nanocrystals in the glass 

matrix. This enables the production of Volume Bragg Gratings (VBGs) with a periodic 

arrangement of alternating layers of high and low refractive indices by the usage of a hologram 

writing technique, e.g. irradiation with two beams of light which show interference [148].  

The glass system Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2 was chosen, which meets the 

requirements for a successful adaption of the photo-thermal process. Thus, glasses within this 

system showed in previous studies the ability to form nanocrystals in the glass matrix during 

thermal treatment with a narrow crystal size distribution [26, 73]. This leads to glass ceramics 

with high transparency which makes them attractive for photonic applications. Since the 

refractive index differences of CaF2 (1.43) and the glass matrix (1.52) are lower than those in a 

glass from which NaF (1.32) was crystallized, less undesirable scattering effects are expected 

and higher differences in refractive index should be possible since a higher amount of CaF2 is 

soluble in the glass. Besides, these glass ceramics combine the advantages of an aluminosilicate 

matrix and the optical features of low phonon fluoride crystals that can be activated by the 

incorporation of rare-earth ions [45], which might be interesting for further studies, especially 

with respect to their luminescence behaviour. 

Different base glass compositions with varying Al2O3 concentrations were under investigation 

since it was reported that this affects the tendency to crystallisation and hence, the refractive 

index change [145]. Glass compositions with lower Al2O3 concentration proved to be more 

appropriate due to less turbidity of the as casted glasses and higher transparency. Hence, optical 

quality of the as casted glasses is increasing with decreasing Al2O3 concentration. The loss of 

transparency is due to an amorphous phase separation by the enrichment of Ca and F in the 

droplet phase and drives the CaF2 crystallisation to lower temperatures. This was confirmed by 

XRD analyses, thermal analyses and different electron microscopy techniques. The higher 

Al2O3 concentration leads to a higher tendency of phase separation which might be explained 

by increased amount of F bonded to Al [191]. Thermal analyses (DSC) of thermally treated 

samples confirmed the nanocrystallisation mechanism in this glasses by an interface-controlled 

crystallisation mechanism [59] which is accompanied by a liquid/liquid phase separation in the 

initial stage, followed by the nanocrystallisation in the Ca and F enriched droplet phase and 

limitation of the crystal size by the formation of a diffusion barrier around the droplets.  
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For the adaption of the photo-thermal process, a glass composition with less Al2O3 

concentration was chosen since phase separation should be avoided due to the scattering effects 

and less controllable crystallisation. The parameters of the thermal treatment were chosen due 

to the results of thermal analyses and XRD studies. After irradiation with UV light, the first 

thermal treatment is carried out near Tg at 530 °C for 1 h and the second heat treatment at a 

higher temperature, e.g. 560 °C for 20 h. To control the heterogeneous crystallisation due to 

light exposure and subsequent thermal development, the details of the proposed mechanism 

were under investigation.  

The photoionization of the cerium (𝐶𝑒3+ + ℎ𝜈 →  𝐶𝑒4+  +  𝑒−) by irradiation with UV light 

is the initial reaction. The absorption band at 310 nm related to the 4f-5d transitions of the Ce3+ 

sensitises the glass to UV light. To understand the effect and the behaviour of the cerium during 

the photo process, the optical absorption bands caused by spectral components of the cerium 

were investigated by a detailed UV-vis spectroscopic study based on a physical model. The 

absorption spectra were deconvoluted by using Gaussian functions. In contrast to Refs. [131, 

132], the result is an envelope of five bands related to the 4f-5d transitions of the Ce3+ and two 

bands related to the charge transfer (CT) transitions of the Ce4+. The results confirm the role of 

the cerium as important photosensitizer due to its electron donation ability by electronic 

excitation from the 4f to the 5d shell. Furthermore, even the low optical basicity of the glass 

and reducing melting conditions did not totally shift the Ce3+/Ce4+ redox equilibrium to the 

reduced state which would provide a higher number of electrons for the Ag+ reduction. The 

reduction of Ag+ to Ag0 by the released electrons is the next step in the process (𝐴𝑔+  +  𝑒−  →

 𝐴𝑔0). Moreover, the presented UV-vis spectroscopic studies confirm the proposed mechanism 

[145] in which the released electrons are first trapped by Sb5+ ions and subsequently trapped by 

the Ag+ ions in the initial thermal treatment at 530 °C/1 h when additionally the Ag0 

agglomerates (𝑛𝐴𝑔0  →  𝐴𝑔𝑛 
0 ). This is observed by the occurrence of the characteristic yellow 

colouration due to the silver plasmon resonance in the absorption spectra, which only occurs in 

previously irradiated samples. In agreement with the literature [177], plasmon resonance 

absorption bands indicate a linear increase of the Ag particle formation with UV dosage. Ag 

particles grow with increasing heat treatment temperature but in contrast to traditional PTR 

glass, Ag particle formation vs. heat treatment temperature is not linear. Computational 

simulations of the Ag plasmon resonance peak positions were performed based on Mie theory 

and give evidence of the formation of a whole Ag-AgBr core/shell structure in the CaF2 PTR 

glass matrix. These particles act as nucleation centers for the CaF2 nanocrystallisation in the 

second heat treatment at 560 °C. The evidence of the photoinduced crystallisation is given by 
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XRD results. The necessity of a two-step thermal treatment process was proved. In the absence 

of the first heat treatment step, nucleation centres cannot be generated and heterogeneous CaF2 

crystallisation is hindered. The increase of CaF2 volume density with irradiation time indicates 

the formation of a higher number of nucleation centres which is in agreement with UV-vis 

spectroscopic studies of Ag particle formation. The addition of bromide to the initial batch 

composition is essential for the photosensitivity which is also reported for the NaF PTR glass 

[139, 146]. The addition of bromide drives the heterogeneous crystallisation in the CaF2 PTR 

glass but homogeneous crystallisation cannot be completely ruled out. The investigation of the 

microstructure during heat treatment by different electron microscopy techniques gives 

evidence of CaF2 crystallisation. Noticeably is the inhomogeneous microstructure, e.g. 

polycrystallinity, of the spherical particles observed in the SEM and TEM which does not 

enable to reliable index cubic CaF2 by EBSD analysis. The crystalline nature was confirmed 

with dark-field TEM imaging. The cross-section of a particle in the bright-field TEM 

micrograph also clearly shows an inhomogeneous microstructure and suggests outward growth 

from a central point which is in agreement with the concept that the cluster act as nucleation 

centres. Additionally, the SAED pattern of a particle cross-section exhibit circular positioned 

elongated spots which arise from similarly oriented crystals and could indicate a spherulitic 

microstructure. This is supported by STEM-EDXS results which show the enrichment of Ca 

and F in the particles and Si, Na, Al and O in the intercrystalline spaces.  

Refractive index changes were generated in the glass in the order of magnitude of Δn = 10-5 to 

10-4. A reliable generation of refractive index changes which makes this material suitable for 

standard hologram recording could be obtained by more detailed thermal characterisation of 

the crystallisation process in terms of the glass composition and an optimisation of the 

irradiation process. 
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6. Zusammenfassung 

Diese Dissertation handelt von der Entwicklung eines neuen Typs eines „photo-thermo-

refractive“ (PTR) Glases. Ein PTR Glas ist ein homogenes Oxyfluoridglas, das mit CeO2, 

Ag2O, SnO2 und Sb2O3 dotiert ist. Durch UV-Bestrahlung und anschließender zweistufiger 

thermischer Behandlung wird eine permanente Brechzahländerung durch die Ausscheidung 

von Nanokristallen aus der Glasmatrix erzeugt. Dies ermöglicht die Herstellung von Volumen-

Bragg-Gittern (VBGs), die aus einer periodischen Anordnung höherer und niedrigerer 

Brechzahlen aufgebaut sind. Die Strukturierung der Brechzahlen wird erreicht durch die 

Verwendung einer Hologramm-Schreibtechnik, d.h. durch die Bestrahlung mit zwei kohärenten 

Lichtstrahlen einer Wellenlänge, die Interferenz zeigen [148]. 

Es wurde das Glassystem Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2 gewählt, das die 

Voraussetzungen für eine erfolgreiche Anpassung des photothermischen Prozesses erfüllt. So 

zeigten Gläser in diesem System in früheren Studien die Fähigkeit, während der thermischen 

Behandlung, Nanokristalle aus der Glasmatrix mit einer engen Kristallgrößenverteilung 

auszuscheiden [26, 73]. Dies führt zu Glaskeramiken mit hoher Transparenz, welche daher für 

photonische Anwendungen sehr attraktiv sind. Da die Brechzahlunterschiede von CaF2 (1.43) 

und der Glasmatrix (1.52) niedriger sind als diejenigen in einem Glas, aus dem NaF (1,32) 

kristallisiert wurde, sind weniger unerwünschte Streueffekte zu erwarten. Zudem sollten höhere 

Brechzahlunterschiede möglich sein, da eine höhere Menge an CaF2 im Glas gelöst sein sollte. 

Des Weiteren kombinieren diese Glaskeramiken die Vorteile einer Aluminosilikatglasmatrix 

und die optischen Eigenschaften von Fluoridkristallen, die durch den Einbau von 

Seltenerdionen [45] aktiviert werden können, was für weitere Studien, insbesondere in Bezug 

auf ihre Lumineszenzeigenschaften, interessant sein könnte. 

Es wurden verschiedene Grundglaszusammensetzungen mit variierender Al2O3 Konzentration 

untersucht, da aus der Literatur bekannt ist, dass dies die Kristallisationsneigung und damit die 

Brechungzahländerung beeinflusst [145]. Glaszusammensetzungen mit niedrigerer Al2O3 

Konzentration erwiesen sich aufgrund der höheren Transparenz der Gläser als geeignet. Daher 

nimmt die optische Qualität der gegossenen Gläser mit abnehmender Al2O3-Konzentration zu. 

Die Zunahme der Trübung beruht auf einer amorphen Phasentrennung durch die Anreicherung 

von Calcium und Fluorid in einer Tröpfchenphase und dies verschiebt die CaF2-Kristallisation 

zu niedrigeren Temperaturen. Dies wurde durch XRD-Analysen, thermische Analysen und 

verschiedene Elektronenmikroskopie-Techniken bestätigt. Die höhere Al2O3 Konzentration 

führt möglicherweise zu einer höheren Tendenz zur Phasentrennung, was durch eine erhöhte 

Menge an F, welches an Al gebunden ist [191], erklärt werden könnte. Thermische Analysen 
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(DSC) von thermisch behandelten Proben bestätigten die Nanokristallisation nach einem 

grenzflächengesteuerten Kristallisationsmechanismus in diesen Gläsern [59], der im 

Anfangsstadium mit einer Flüssig/Flüssig-Phasentrennung einhergeht, gefolgt von der 

Nanokristallisation in der mit Calcium und Fluorid angereicherten Tröpfchenphase und 

Begrenzung der Kristallgröße durch die Bildung einer Diffusionsbarriere um die Tröpfchen an 

der Grenzfläche zur Restglasmatrix. 

Zur Anpassung des photo-thermischen Prozesses wurde eine Glaszusammensetzung mit 

geringerer Al2O3 Konzentration gewählt, da die Phasentrennung aufgrund der Streueffekte und 

der weniger kontrollierbaren Kristallisation vermieden werden sollte. Die Parameter der 

thermischen Behandlung wurden aufgrund der Ergebnisse von thermischen Analysen und 

XRD-Studien ausgewählt. Nach der Bestrahlung mit UV-Licht wird die erste thermische 

Behandlung in der Nähe von Tg bei 530 °C für 1 h durchgeführt und die zweite folgende 

Wärmebehandlung bei einer höheren Temperatur, z.B. 560 °C für 20 h. Um die heterogene 

Kristallisation durch Belichtung mit UV Licht und anschließender thermische Entwicklung zu 

kontrollieren, wurde der gesamte Prozess im Detail untersucht. 

Die Photoionisierung des Cers (𝐶𝑒3+ + ℎ𝜈 →  𝐶𝑒4+  +  𝑒−) durch Bestrahlung mit UV-Licht 

ist die Ausgangsreaktion. Die Absorptionsbande bei 310 nm, die aus den 4f-5d-Übergängen des 

Ce3+ resultiert, sensibilisiert das Glas für UV-Licht. Um die Wirkung und das Verhalten des 

Cers während des Photoprozesses zu verstehen, wurden die spektralen Komponenten der 

Absorptionsbanden des Cers durch eine detaillierte UV-vis-spektroskopische Untersuchung auf 

der Basis eines physikalischen Modells untersucht. Die Absorptionsspektren wurden unter 

Verwendung von Gauß-Funktionen entfaltet. Im Gegensatz zu den Ref. [131, 132] ist das 

Ergebnis die Entfaltung in fünf Banden, die aus den 4f-5d-Übergänge der Ce3+ resultieren und 

zwei breiten Banden, die sich auf die Ladungstransferübergänge (CT-charge transfer) des Ce4+ 

beziehen. Die Ergebnisse bestätigen die Rolle des Cers als wichtiger Photosensibilisator 

aufgrund seiner Elektronendonorfähigkeit durch elektronische Anregung von der 4f zur 5d-

Schale. Darüber hinaus verschob auch die geringe optische Basizität des Glases und die 

reduzierenden Schmelzbedingungen das Ce3+/Ce4+ Redox-Gleichgewicht nicht vollständig zum 

reduzierten Zustand, was eine höhere Anzahl von Elektronen für die Ag+ Reduktion bedeuten 

würde. Die Reduktion von Ag+ zu Ag0 durch die freigesetzten Elektronen ist der auf die 

Photoionisation folgende Schritt des Prozesses (𝐴𝑔+  +  𝑒−  →  𝐴𝑔0). Darüber hinaus 

bestätigen die resultierenden UV-vis-spektroskopischen Untersuchungen den vorgeschlagenen 

Mechanismus [145], bei dem die freigesetzten Elektronen zuerst von Sb5+ Ionen aufgenommen 

werden und anschließend auf die Ag+ Ionen bei der anfänglichen thermischen Behandlung bei 
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530 °C/ 1 h übertragen werden, wenn folglich das Ag0 agglomeriert (𝑛𝐴𝑔0  →  𝐴𝑔𝑛 
0 ). Dies 

wird charakterisiert durch das Auftreten einer Gelbfärbung, die auf der Plasmonenresonanz des 

Silbers beruht, die nur in zuvor belichteten Proben in den UV-vis Spektren auftritt. In 

Übereinstimmung mit der Literatur [177] zeigen Plasmonresonanzabsorptionsbanden eine 

lineare Erhöhung der Ag-Partikelbildung mit der UV-Dosis der Belichtung. Ag-Partikel 

wachsen mit zunehmender Wärmebehandlungstemperatur, aber im Gegensatz zu 

herkömmlichem PTR-Glas ist der Verlauf der Ag-Partikelbildung zur 

Wärmebehandlungstemperatur nicht linear. Computersimulationen der Ag-Plasmonresonanz-

peakpositionen wurden auf der Grundlage der Mie-Theorie durchgeführt und belegen die 

Bildung einer vollständigen Ag-AgBr-Kern/ Hülle Struktur in der CaF2 PTR Glasmatrix. Diese 

Partikel wirken als Keimbildungszentren für die CaF2 Nanokristallisation im zweiten 

Wärmebehandlungsschritt bei 560 °C. Der Nachweis der photoinduzierten Kristallisation wird 

mittels XRD-Ergebnisse geliefert. Ebenso wurde die Notwendigkeit eines zweistufigen 

thermischen Behandlungsprozesses bewiesen. In Abwesenheit des ersten Wärmebehandlungs-

schrittes können keine Nukleationszentren erzeugt und eine heterogene CaF2 Kristallisation 

wird verhindert. Die Erhöhung der CaF2 Kristallvolumendichte mit der Bestrahlungszeit ist 

konform mit der Bildung einer höheren Anzahl von Nukleationszentren, was mit UV-vis-

spektroskopischen Untersuchungen der Ag-Partikelbildung übereinstimmt. Die Zugabe von 

Bromid zu der Ausgangsglaszusammensetzung ist für die Photosensibilität wesentlich, wie es 

auch für das NaF PTR-Glas publiziert ist [139, 146]. Die Zugabe von Bromid erhöht die 

heterogene Kristallisation im CaF2 PTR Glas, aber die homogene Kristallisation kann nicht 

vollständig ausgeschlossen werden. Die Untersuchung der Mikrostruktur während der 

Wärmebehandlung durch verschiedene Elektronenmikroskopietechniken belegt die 

Kristallisation von CaF2. Bemerkenswert ist die inhomogene Mikrostruktur, d.h. die 

Polykristallinität, der im SEM und TEM beobachteten sphärischen Partikel. An diesen ist 

wiederum keine zuverlässige Indizierung von kubischem CaF2 durch EBSD-Analyse nicht 

möglich. Die Kristallinität wurde Dunkelfeld-TEM Bildgebung bestätigt. Der Querschnitt eines 

Teilchens in den Hellfeld-TEM Aufnahmen zeigt auch deutlich eine inhomogene Mikrostruktur 

und lässt auf ein nach aussen gerichtetes Wachstum ausgehend von einem zentralen Punkt 

schliesssen, der mit dem Konzept übereinstimmt, dass die Ag Cluster als Keimbildungszentren 

fungieren. Zusätzlich weist das SAED-Muster eines Teilchenquerschnitts kreisförmig 

positionierte längliche Flecken auf, die aus ähnlich orientierten Kristallen entstehen und eine 

spherulitische Mikrostruktur anzeigen könnten. Dies wird durch STEM-EDXS-Ergebnisse 
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unterstützt, die die Anreicherung von Ca und F in den Partikeln und Si, Na, Al und O in den 

zwischenkristallinen Räumen zeigen. 

Brechzahländerungen wurden im Glas in der Größenordnung von Δn = 10-5 bis 10-4 erzeugt. 

Eine zuverlässige Erzeugung von Brechzahländerungen, die dieses Material für eine 

standardisierte holografische Strukturierung geeignet macht, könnte durch eine detailliertere 

thermische Charakterisierung des Kristallisationsverfahrens hinsichtlich der Glas-

zusammensetzung und einer Optimierung des Bestrahlungsprozesses erhalten werden. 
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7. Abstract 

Glasses in the system Na2O/K2O/CaO/CaF2/Al2O3/ZnO/SiO2 show the ability to precipitate 

nanocrystalline CaF2 in the glass matrix via a surface-controlled crystallisation accompanied 

by a phase separation. The Al2O3 concentration affects the phase separation in the glass and 

with decreasing Al2O3 concentration the opacity of the glass decreases and the optical quality 

is increased. For the development of a new type of photo-thermo-refractive (PTR) glass, the 

adaptation of the photo-thermo-refractive process was adapted to this glass system by doping 

with CeO2, Ag2O, SnO2, Sb2O3, KBr and the perfomance of UV exposure and two-stage 

temperature treatment. The cerium sensitises the glass to UV light due to its electron donor 

capability. The decomposition of the absorption bands of the core on the basis of a physical 

model using Gaussian functions results in an envelope of 5 + 2 bands. The low optical basicity 

of the base glass and additionally strongly reducing melting conditions could not completely 

shift the Ce3+/Ce4+ redox equilibrium to Ce3+. Antimony has a crucial role as an electron transfer 

agent in the reduction of the Ag+ to Ag0 in the first heat treatment step. The formation of 

elemental Ag is photosensitive only in the presence of Sb5+ ions in the glass. In the first heat 

treatment step, the Ag0 agglomerates in the previously exposed areas. A characteristic yellow 

coloration occurs due to the silver plasmon resonance. Computer simulations of the Ag-

plasmon resonance peak positions based on the Mie theory prove the formation of a complete 

Ag-AgBr core/shell structure of the particles. The Ag/AgBr particle formation depends on the 

exposure time and the temperature and act as nucleating centers for the heterogeneous CaF2 

crystallisation, which is photosensitive only in the presence of bromide. The volume density of 

the CaF2 crystalls increases with the exposure time. The CaF2 nanocrystals, which are up to a 

size of 300 nm in diameter, have an inhomogeneous polycrystalline microstructure which 

suggests an outward growth from a center. Refractive index changes were generated in the glass 

on the order of Δn = 10-5 to 10-4. 
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