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1. Introduction 

To understand the principles governing amorphous solids, one must demonstrate patience 

and imagination. Although this statement may be considered accurate for most materials, in the 

case of glasses it contains a deeper meaning - among others, peculiarly related to the conditions 

of transition to the glass phase described later. The first of the listed features indirectly expresses 

the amount of time necessary to obtain and characterize the newly created material. There is no 

widely known method that, analogous to X-ray diffraction in crystals, would allow for an 

unambiguous and exhaustive description of the internal structure of multicomponent glasses. 

Apart from empirically created principles defining the "ease" of vitrification of a given group of 

components, there is also no universal principle indicating whether and under what conditions 

it will be possible to vitrify an experimental mixture of compounds. At this point, it is appropriate 

to outline the second of the cited features, which allows for a basic understanding of what the 

postulated internal structure is, and thus provides for finding answers to problematic aspects of 

synthesis. The typical division of solids into crystals characterized by a periodic atomic structure 

and amorphous solids devoid of this property could suggest that in glasses at the microscopic 

level, atoms, not finding an energy minimum, are immersed in complete chaos. Imagination, 

which in this case is a broad term that includes not only invention but also the ability to reason, 

allows us to observe the relationships between atoms, creating probable visions of coordinated 

systems of structural units, which as a result form a "glass network". Based on the differences in 

the properties of chemical compounds constituting the components of glass, it is, therefore, 

possible to guess their role in the internal structure of the amorphous solid, but the way in which 

they fill the space often remains a riddle, in which a sharp mind puts together an answer using 

data on the nearest neighbors. 

Having described the most important characteristics of a glass researcher, it is necessary to 

turn our attention to the subject of study itself. In this work, among the many questions and 

issues that arise, I would like to begin with the question "What is glass?" and lead the narrative 

so fluently that the answer to the last question "Why glass?" becomes obvious. 

1.1. General characteristics of glasses 

Each of the questions asked deserves an answer, in the case of the previously posed 

"What is glass?" it should first be given a bit of elegance and transformed into the form "What is 

the definition of glass?". When looking for this definition, we can start by observing everyday 

life, as a result of which we can state with a clear dose of obviousness that we are surrounded 

by amorphous solids. Starting with kitchen containers and ending with all kinds of screens, we 

can surmise that these objects are made of glass. The question therefore arises: on what basis is 
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it possible to make this distinction, i.e. which material features do we consider necessary to 

assign glasses? Of course, transparency, fragility, and universality can certainly be mentioned. 

Awareness of them allows us to construct the first, "everyday" definition of glass as a material 

that is characterized by the above-mentioned properties. As can be seen, rooting the definition 

in the unique features of the material is a good direction, but it requires much greater precision 

and selectivity, in particular emphasizing the previously mentioned division that places 

crystalline solids against glasses. In contrast to crystals, amorphous solids lack long-range order, 

and thus periodicity, which would guarantee a relatively simple mathematical description of the 

structure. However, this does not mean a complete lack of order – short-range order is observed 

in the internal structure. This feature, referring only to the way atoms are arranged, and not to 

their types and bonds formed, constitutes a universal criterion that can characterize materials 

as amorphous. There is no doubt that the presented condition is sufficient in its simplicity and 

could constitute a second, this time already 'professional' definition of the described group of 

solids. However, it concerns a purely microscopic observation, which is a consequence of the 

glass transition observed macroscopically. Its occurrence is therefore a complementary criterion 

for the classification of amorphous solids. This transition can be considered based on the 

dependence of enthalpy as a function of temperature, an example of which is presented in Figure 

1. 

 

 

Fig. 1 Schematic diagram of the dependence of enthalpy on temperature obtained for the glass-forming 

liquid during cooling. The variants of the processes taking place are marked with 1 and 2:  

1 – crystallization, 2 – transition to the glass phase [1] 
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Analyzing the process described in Figure 1, one can observe how a gradually cooled liquid at 

the melting temperature Tm undergoes a phase transition, rapidly reducing (the graph shows a 

discontinuity in the function) its enthalpy to the level characteristic of a solid – crystallization 

occurs. As can be seen, following the path of the process marked with No. 2, as a result of cooling, 

one can obtain a solid with an enthalpy slightly higher than that observed for a crystalline solid 

in a given temperature range. The aforementioned patience, identified with providing the right 

amount of time, in the case of cooling a liquid in most cases leads to obtaining a material with a 

crystalline structure. Peculiarly, cooling a liquid sufficiently quickly at the crystallization 

temperature does not cause any noticeable process, and the curve continuously reaches a slope 

corresponding to a solid. For a supercooled liquid, a glass transition occurs in the region close to 

the glass transition temperature Tg, the atoms not having enough time to occupy their preferred 

equilibrium positions due to the drastic increase in viscosity in the transition region (with 

decreasing temperature) solidify to form an amorphous solid. Due to the fact that the transition 

to the glass phase is continuous and occurs in a temperature range (no well-defined beginning 

and end), for practical reasons the temperature Tg that characterizes it can be defined based on 

various concepts as a single value, but a precise description would require including a 

temperature range. Moreover, the curve corresponding to the enthalpy function characteristic 

for glasses in Figure 1 branches near the end of the glass transition. This is a manifestation of the 

kinetic feature of the glass transition - the value of Tg depends on the rate of cooling applied. 

Unifying the presented postulates, it is possible to put forward a final definition: a glass is any 

isotropic material that exhibits a glass transition in the temperature range described by the 

parameter Tg and whose structure is completely devoid of long-range order described by 

translational symmetry [1]. 

Based on the adopted description, it can be concluded that the transition to the glass 

phase is not a special feature exhibited only by some group of materials, but in the physics of 

the condensed phase, although less stable, in many aspects equivalent to the crystal state of 

matter, available for most compounds under certain conditions. David Turnbull in his work [2], 

considering the latter, cites the cooling rate (𝑇̅), reduced surface tension at the crystal-liquid 

boundary (α), and reduced glass transition temperature (Tgr) as parameters whose higher values 

have a positive effect on the tendency to form glasses. On the other hand, its improvement can 

also be achieved by reducing the grain density (ρ), the fraction of acceptors on the crystal surface 

(f), and the volume of the liquid (Vc). Some of the above-mentioned quantities are material 

constants, so the actual control of the process is limited to changing the volume of the liquid and 

the cooling rate. A smaller volume of liquid, and thus the amount of cooled substance, has a 

greater chance of solidifying in an amorphous form due to the fact that despite the 
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homogeneous nature of the glass transition, heat flow from the sample occurs mainly through 

its surface (in the case of conventional methods of preparation), and thus, with fixed values of 

the other parameters, limits its maximum dimensions. Considering that obtaining glass is directly 

related to maintaining the state of a supercooled liquid, in which nucleation and growth do not 

occur, the problem of the possibility of obtaining a glassy form of the material can be 

transformed into the problem of avoiding crystallization during cooling. To do this and obtain a 

glass of a given composition, the critical value of the cooling rate must be provided to the sample 

by conducting the experiment. The previously used term "sufficiently fast cooling" was defined 

by Richard Zallen [3] as cooling sufficiently fast and strongly, where fast refers to ensuring the 

fastest possible exceedance of the temperature range corresponding to the supercooled liquid 

without crystallization occurring, and strongly expresses cooling below the glass transition 

temperature Tg defined for the beginning of the transition. For this reason, the tendency to form 

glass can be directly identified with the cooling rate required by a given material to obtain it in 

an amorphous form. It may therefore seem that regardless of the selected substance, in the form 

of a mixture of compounds or single elements, increasing the cooling rate will allow vitrification 

of each of them, which is partially proven by metallic glasses obtained using 𝑇̅ = 105 – 108 K/s 

[3]. However, with the increasing value of 𝑇̅, the decreasing volume of obtained samples is 

partially correlated. As a result, materials are sought that constitute a compromise of properties 

and tendency to form glasses so that they could have practical applications. 

Deviating slightly from the formulation of the definition of glasses, it is worth considering 

the essence of their structure. It was mentioned earlier that in the absence of long-range order, 

short-range order occurs in them, but what is it in reality? Its presence certainly means that the 

positions of the atoms forming the glass network are macroscopically arbitrary, but at the same 

time not completely random. Randomness would mean in this case that, just like in an ideal gas, 

the atoms do not interact with each other and can occupy any positions at a given moment 

limited only by the atomic radius. As it turns out, however, when analyzing the mutual positions 

of atoms in the structure of glasses, one can observe clear correlations in their immediate 

surroundings, which are a consequence of the occurrence of chemical bonds. The presence of 

bonds defines the interatomic distances between the closest neighbors and is the reason for the 

existence of a certain trend in the angles in the units forming the structure. Randomness 

therefore refers to any way of arranging well-defined structural units relative to each other and 

determines a certain statistical distribution describing the lengths of bonds and their angles in 

the structure of glasses. 

The first attempts to create a theory describing the process of glass formation focused 

on the classification of compounds that can be easily obtained in glassy form and the features 
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accompanying them. Collectively, they were called the structural theory of glass formation. The 

breakthrough work in this trend was the theory of the continuous random network of glasses 

proposed by Zachariasen in 1932 [4]. 

 

 

Fig. 2 Schematic diagram of the structure of oxide glass with the general formula A2O3 proposed by 
Zachariasen [4]. Oxygen atoms are marked with empty circles 

 

Having noticed the similarity of mechanical properties of glasses and crystals, he concluded that 

this was a sign of the same interatomic forces in both the crystal and the glass, and therefore of 

ultimately similar internal energies. This idea was presented in the well-known diagram (Figure 

2) showing a two-dimensional proposal of the glass network. Zachariasen's outstanding 

achievement was to combine the above observations and propose, based on the principles of 

crystal chemistry, oxygen polyhedra as the basic units forming the glass network. This gave rise 

to four empirical principles relating to structural properties, which at that time explained why 

some oxides were easier to obtain in amorphous form. The principles were formulated as 

follows: 1) an oxygen atom is linked to not more than two glass-forming atoms; 2) the number 

of oxygen atoms surrounding glass-forming atoms must be small; 3) the oxygen polyhedra share 

corners with each other, not edges or faces; 4) at least three corners in each oxygen polyhedron 

must be shared – forming a three-dimensional network. The proposed model, although 

groundbreaking in the concept of the structure of an amorphous covalent solid, is only applicable 

to oxide glasses 
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In the above work, a division of cations into glass-forming defined as those capable of 

forming glassy oxides (capable of isomorphic substitution), and thus the skeleton of glasses, and 

network modifiers in the form of large cations with a small charge, which occupy naturally 

occurring random holes for a continuous network, was proposed. Currently, based on the above 

division, glass components are grouped according to the role they play in the structure. Glass-

forming compounds such as SiO2 or B2O3 form the basic structure of the glass, compounds 

classified as intermediates such as Nb2O5, depending on their content, may act as glass-forming 

or be a modifier. The latter form a large group of compounds by means of which the properties 

of the obtained amorphous material are controlled. 

 Further development of theories describing the formation of glasses led to a change of 

approach from empirically selecting favorable compositions and glass-forming features to 

determining the conditions necessary to obtain glass of a given composition. Those that focused 

on determining the critical cooling rate at which the reorganization of the structure to the 

crystalline state is impossible were collectively called kinetic theories of glass formation. In these 

considerations, the mutual interactions between the models of the nucleation rate (I) and 

growth rate (U) as a function of temperature and time are discussed. On their basis, it is possible 

to determine the volume fraction of the crystalline phase in the sample, the value of which in 

isothermal conditions is given by the relationship: 

 

𝑉𝑥

𝑉
= 1 − 𝑒𝑥𝑝 (−

𝜋

3
𝐼𝑣𝑈𝑙

3𝑡4),                                                         (1) 

 

where Vx is the volume of the crystalline phase, V is the sample volume, Iv is the nucleation rate 

per unit volume, Ul is the linear rate of crystal growth, and t is the time during which the sample 

was at a fixed temperature. Knowing the forms of the Iv and Ul functions from the temperature, 

it is possible to plot the dependence in the coordinates of time and temperature. Based on the 

adopted specific value of V/Vx, a function called the time-temperature-transformation (TTT) 

curve is obtained. An example of the shape of the TTT dependence is presented in Figure 3. 
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Fig. 3 Example of TTT curve obtained for Vx/V = 10-6 [5] 

 

The assumed value of the Vx/V = 10-6 parameter is considered [6] as the limiting value of the 

degree of crystallinity that can be detected in the sample, so in this case, it is a well-defined 

condition, the fulfillment of which guarantees to obtain a crystalline structure instead of an 

amorphous one. The characteristic shape of the curve is dictated by the competing processes of 

atomic mobility, which increases with increasing temperature, and the driving force for 

crystallization, which decreases with increasing temperature. The appearing "nose" of the 

function corresponds in this case to the shortest time necessary for a given part of the volume 

to crystallize. The usefulness of the presented concept comes from the possibility of determining 

the critical cooling rate necessary to obtain the glassy state. This is done by drawing a tangent, 

when the initial conditions are assumed to be the melting temperature (Tm) at time t = 0, the 

approximate expression then has the form: 

 

(
𝑑𝑇

𝑑𝑡
)

𝑐
≈

(𝑇𝑚−𝑇𝑛)

𝑡𝑛
,                                                                     (2) 

 

where (dT/dt)c is the critical cooling rate, and Tn and tn are the values (temperature and time, 

respectively) of the coordinates of the TTT inflection point. Studies on the kinetics of the glass 

formation process conducted by Uhlmann [7] allowed him to conclude the material features 

promoting the occurrence of this process. The first observation made was a high viscosity at the 

point (Tn/tn) on the TTT diagram, which could be a sign of high viscosity at the temperature Tm 

and an increased probability of a strongly increasing viscosity dependence with a decrease in 
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temperature below Tm. He also mentioned a high energy barrier for nucleation and the absence 

of potential heterogeneous nuclei. In addition, it is advantageous to use complex, 

multicomponent alloy compositions. 

The narrative so far has focused on the description of glasses and the process of their 

creation as a result of skillful "avoidance" of crystallization. It could have remained in this form 

if in 1953 a small mistake had not been made by the then-employee of Corning Glass Works S.D. 

Stookey, who accidentally heated a sample of glass (lithium disilicate) containing silver 

precipitates to 900 °C instead of 600 °C. To his surprise, instead of a melted glass mass, he found 

in the furnace a cloudy material with a shape not different from the initial one [8]. Unwittingly, 

he thus obtained a material called glass-ceramic, in which the glass is a matrix for the crystalline 

precipitates formed in a controlled process. Referring again to the topic of definitions, in this 

case, it is worth mentioning the work of Deubener et al. [9], which proposes an updated 

definition of glass–ceramics: "Glass-ceramics are inorganic, non-metallic materials prepared by 

controlled crystallization of glasses via different processing methods. They contain at least one 

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

vary from ppm to almost 100%". The standard procedure for the production of glass-ceramics 

consists of at least two stages, the first of which consists of the synthesis and shaping of the 

glass, typical for a given composition (additionally containing a nucleating agent), which is then 

heated in the carefully controlled manner at a temperature above Tg. Among the classical 

methods of preparation, a single-stage and two-stage process are distinguished [10]. In the case 

of the first of the mentioned, one annealing temperature is used, at which nucleation and crystal 

growth occur simultaneously. Due to the simple form, there is limited control over the form of 

the precipitated phase, and it is also necessary for the processed material to show a strong 

overlap of the nucleation and growth rate curves as a function of temperature. The two-step 

process separates the nucleation and growth factors, thus providing greater control over the 

density and size of the crystals. It begins with annealing at a temperature corresponding to the 

highest nucleation rate (slightly higher than Tg), followed by a second annealing at a higher 

temperature determined for the maximum growth rate of the crystalline phase. A critical factor 

determining the controlled crystallization is the internal, homogeneous nucleation of the 

introduced agent, which then constitutes the heterogeneous center for the other crystalline 

phase, thus ensuring its simultaneous growth in the entire volume of the material [11]. The 

properties of glass-ceramics can be considered as directly dependent on the constituent factors, 

which are the glass matrix and the crystalline phase, but also on the composition and 

microstructure, the type of which can significantly affect the properties of individual phases [12]. 
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With technological progress, a branch of materials emerged naturally, named for the size 

of precipitated crystallites <100 nm nano-glass-ceramics. Apart from the unique thermo-

mechanical properties and durability one of the most often emphasized features of these 

materials, especially in the field of optical applications, is their transparency. It is obtained by 

controlling the growth of nanocrystals so that their size does not surpass 30 nm, which, in 

accordance with Hopper's turbidity model [13], ensures good transparency of glass-ceramics 

while taking phase differences of up to 0.3 refractive index into account [14].   
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1.2. Phosphate glasses 

Of the five major glass families, one of the (seemingly) non-obvious compounds for the 

manufacture of optical glasses is the P2O5. In this field, phosphate glasses offer unique properties, 

such as low phonon energy, high transparency to UV light, and high solubility of rare earth ions 

[15] but their choice is not obvious due to poor chemical durability. Due to their above-average 

characteristics, phosphate glasses could be a direct technological competitor to silicate glasses, 

if not for the water corrosion occurring in them. Understanding and counteracting the processes 

taking place is therefore crucial for the realization of practical applications of this material. 

Considering the loss of weight over time for metaphosphate composition, dissolution which 

proceeds uniformly can be described in two stages, the initial stage where water diffuses through 

the glass surface causing hydration of polyphosphate chains, and the subsequent constant loss 

of mass characterized by the linear relationship as reported by Bunker et. al [16]. Therefore, the 

reaction mechanism attributed to the above process, such as the congruent dissolution of the 

glass network or disparate leaching of alkali ions from the glass as a result of ion exchange 

reactions with hydrogen-containing species (H+, OH-) [17] must be limited to allow the 

widespread use of phosphate glass. 

Improvement of chemical durability can be achieved by nitridation [18] where 

substitution of oxygen by di- and tri-coordinated nitrogen causes the increase of crosslinking 

between mixed P(O, N)4 tetrahedra [19]. A different approach is to modify the composition to 

incorporate cations exhibiting strong covalent bonding character or characterized by high valence 

into the glass structure. This convention was followed by the work of Reis et al. [20], which 

demonstrated a significant improvement in chemical resistance of (40 – x)ZnO - xFe2O3 – 60P2O5 

glasses with increasing Fe2O3 content – Fe3+ cations replace phosphorus in P-O-P bonds, creating 

more stable Fe-O-P bonds. Another example is ZnO – P2O5 double glasses containing 50 – 70 

mol% ZnO proposed by Takebe et al. [21]. Based on solubility measurements, an increased 

resistance of glass samples containing more than 65 mol% ZnO was noted. The effect of 

enhancing chemical resistance in phosphate glasses may also be obtained due to the addition of 

Nb2O5. The inhibition of the P-O-P bond hydrolysis is caused by the presence of oxygen octahedra 

associated with the Nb5+ cation, which attach to the phosphate skeleton, creating stronger Nb-

O-P bonds, as suggested by Teixeira et al. [22]. As a result, they observed a significant increase in 

the resistance of glasses to water corrosion with the increasing share of niobium oxide in the 

studied glasses. The presented solutions provide amorphous materials based on P2O5 with 

sufficient strength, and what is worth emphasizing, they do not constitute difficult compromises 

and in many cases also have a positive effect on other properties. 
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The description of the internal structure of phosphate glasses can begin with the case of 

the glassy P2O5. The basic unit of the amorphous oxide structure is PO4 tetrahedra spatially 

coordinated with each other through P-O-P bonds. Due to the pentavalent nature of the 

phosphorus ion, the presence of a double bond with one of the oxygen atoms (terminal oxygen 

OT) is required to ensure the neutrality of the individual. The figure below (Figure 4) shows a 

diagram of the probable connection of four PO4 units in the glass structure. 

 

 

Fig. 4 Schematic representation of a fragment of glassy P2O5, where OT denotes the double-bonded 
terminal oxygen atom, while OB denotes the bridging oxygen atom [23] 

 

The bond lengths in the PO4 tetrahedron forming the amorphous solid were determined based 

on neutron diffraction [23] and X-ray [24]. As a result, it was found that the P–OB bond has a 

length (bridging atom) of ~1.58 Å, P-OT ~1.43 Å and the average distance between P atoms in the 

tetrahedra connected by vertices is ~2.94 Å. The P-OT double bond is much shorter due to its π-

bonding character, which was proved by Uchino and Ogata [25] based on ab initio calculations. 

Due to the presence of terminal oxygen in glassy P2O5, the structural units only connect to 3 

vertices, which leads to lower rigidity than for example silicate glass structure (4 vertices 

connected) as a result of which these materials are characterized by a very low glass transition 

temperature. It is presumed that P2O5 layers of oxygen polyhedra between which the Van der 

Waals interaction is present [17]. 

 When interpreting the structure of phosphate glasses, the Qn nomenclature, originally 

developed for the description of silicate glasses by Lippmaa et al. [26], is often used. It takes into 

account the number of bridging oxygen n in the PO4 tetrahedron, which is schematically shown 

in Figure 5. 
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Fig. 5 Schematic representation of the basic structural units of phosphate glasses in the Qn notation 

[15] 

 

In simple binary phosphate glasses, the evolution of the groups presented above takes place as 

follows - modifying oxide is introduced into the P2O5 glass network, which results in breaking the 

P-O-P bonds, resulting in the formation of non-bridging oxygen connected with the modifier 

cation. Increasing the modifier content leads to a gradual depolymerization of the structure of 

the glass network. Achieving the metaphosphate composition is equated with the moment when 

only Q2 units in the form of chains and rings remain in the glass. Then, with a still-growing share 

of the modifier, the units depolymerize to Q1 until the appearance of orthophosphate groups Q0. 

The latter ones show a high tendency to crystallize, thus defining the limit of glass formation in 

the presented system. Following the work of Van Wazer [27, 28], it can be stated that depending 

on the composition and thus the O/P ratio, the internal structure of simple phosphate glasses 

can be defined by a whole range of structures: starting from a three-dimensional network of Q3 

tetrahedra in glassy P2O5 (O/ P = 2.5) and a mixture of tetrahedra and linear structures formed 

by depolymerization in the ultraphosphate glasses (2.5 < O/P < 3), through the aforementioned 

long quasi-polymer structures in metaphosphate glasses (O/P = 3). Subsequently, in the 

compositions, in which ratio 3 < O/P < 3.5 the structure of short Q2 chains was observed, which 

are terminated with Q1 units, for O/P = 3.5 mainly dimers of two connected Q1 units are present, 

which constitute pyrophosphate glass, finally the occurrence of orthophosphate Q0 units is 

described for glasses with an O/P ratio of > 3.5. 

The above criteria, despite the obvious presence of the modifier, do not specify what 

mutual structural role its cations have in the glass network, because apart from causing network 

depolymerization, these ions also become its integral part. It was therefore extremely important 

to develop a theory unifying previous studies and observations. In 1995, Hoppe proposed a 

structural model of phosphate glasses that was extremely important for understanding the 

essence of amorphous solids based on P2O5 [29]. Considering the scope of ultraphosphate 

glasses, he proposed that all non-bonding oxygens (along with double-bonded oxygen) tend to 

coordinate modifier cations (M). The proposed coordination leads to the stabilization of the glass 

network through re-polymerization occurring independently of the mechanism of P-O-P bond 

breaking. This phenomenon takes place through the formation of M-O-P bonds that guarantee 
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that PO4 units are connected with phosphorus or modifier atoms. The evolution of the glass 

structure was described in the model as dependent on the available amount of OT per number 

of modifier cations, which will be characterized by a certain coordination number NM. Depending 

on the majority ratio between terminal oxygen per modifier ion (MT) and the coordination 

number, Hoppe distinguished two regions: MT > NM – there is a sufficient amount of OT per each 

modifier cation, they form isolated coordination polyhedra; MT < NM – due to the insufficient 

number of OT, the cations must share available oxygen atoms, the resulting coordination 

polyhedra have common edges and bridge neighboring Q2 units. Based on the above model, it 

was possible to explain the behavior of the packing density and coordination numbers describing 

M-O. In the case of metaphosphate and polyphosphate glasses, a detailed description of the 

structure and properties is presented in the work by Brow [30]. 
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1.3. Luminescent glasses and glass–ceramics doped with rare earth ions 

It is difficult to imagine the current world without electricity, but one of the most severe 

consequences would certainly be the lack of artificial lighting, with which we are surrounded by 

various lamps and screens - this vision, although bordering on sci-fi, allows us to realize the 

constantly growing demand for solid-state lighting (SSL). The observed increase in the average 

maximum efficacy of commercial LEDs (currently approx. 120 lm/W, target forecast approx. 255 

lm/W) and their decreasing cost of an LED to the displacement of conventional light sources from 

the market, which may lead up to a 4% decrease in lighting electricity consumption by 2030 

[31,32]. Taking into account the emerging economic and ecological issues, the improvement of 

the existing and the creation of new SSLs is a promising direction of research, which gives a real 

possibility of introducing solutions to an actively developing market. 

SSLs in the form of white LEDs are most often implemented by integrating 

monochromatic diodes containing primary colors or by using a phosphor which, when 

illuminated with an appropriate wavelength in the UV range, converts the absorbed radiation 

and emits white light [33]. Despite the constant development, and thus the increasing efficiency 

and lifetime of the systems obtained, the above technological solutions face some limitations. 

Namely, the former is characterized by a troublesome structure that requires different driving 

currents for individual component diodes, which, as a result of the degradation and instability of 

driving currents, may lead to an unstable color temperature [34-36]. The latter are marked by 

lower efficiency which is an inevitable consequence of energy losses in the down-conversion 

process [34]. Moreover, in these devices, material limitations are leading to the necessity to 

choose between the efficiency and the high color rendering [37], and multifaceted degradation 

is observed [38-40]. In particular, phosphor failures consequent on high-temperature stress 

exposure and related thermal quenching effects are extremely important to overcome to further 

improve LED reliability, whereby thermal stability enhancement of phosphors has gained a lot of 

attention in recent years [41-44]. 

Using the unique properties of glasses, such as chemical resistance unattainable for 

other materials combined with special optical and thermal characteristics, it was possible to 

create an alternative to standard LEDs by synthesizing a bulk phosphor through doping the glass 

matrix with rare earth ions (RE). These elements, due to the screening of the incompletely filled 

4f shell from the environment by the externally filled 5s2 and 5p6 orbitals, are characterized by a 

small influence of the host material on optical transitions occurring inside the 4fn configuration. 

At the same time, the observed sharp spectral lines of rare earth ions associated with electric 

dipole transitions in the 4f shell contradict the Laporte’s selection rule, according to which they 
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are forbidden for an isolated atom. The explanation of the intensity of the mentioned electronic 

transitions was independently proposed by G. Ofelt [45] and B. Judd [46] in 1962. For an atom 

in a non-centrosymmetric ligand perturbation field, it is possible to mix wave functions of 

opposite parity from higher shells into 4f wave functions – in this way the selection rule is relaxed 

and the probability of the transition is increased. Apart from the RE ion constituting the active 

center, the ion environment is therefore extremely important, and one should consider what can 

be expected from such a system if the environment is an amorphous solid. Understanding the 

relationships between the characteristics of luminescent glasses doped with RE ions and their 

structure is certainly necessary for the optimal synthesis of luminophores in this technology. 

Attempts to describe the above issue were undertaken by Wang et al. [47] who proposed the 

application of crystal chemistry principles to formulate a model of the local structure of rare 

earth ions in glasses. The starting point of the work was the adoption of the modified random 

network (MRN) model developed by Greaves [48], which is a modernized version of continuous 

random network CRN. The CRN model from the 1930s was confronted with the results of 

research on spectroscopic techniques (especially EXAFS) and diffraction techniques that were 

not available at that time. In the face of inaccuracies, it was "replaced" with the MRN model, in 

which the following observations were postulated: a) the immediate surroundings of the 

modifier cations are better defined, and their coordination number and bond lengths remain 

little variable with concentration; b) the glass network consists of interlacing sub-networks that 

create regions rich in matrix or modifier atoms (percolation channels appear), the occurrence of 

which is not homogeneous. This short digression allowed us to present the initial system used 

to determine the local surroundings of RE ions, where Wang et al., due to the fact that modifier 

cations in oxide glasses are most often ionically bonded, applied the rules of crystal chemistry 

for ionic structures. As a result, the following model guidelines were proposed: a) the 

coordination number of the rare earth cation depends on the mutual ratio of the ionic radii of 

the RE cation and ligands (most often the oxygen anion), where for the coefficient value of 0.732 

a transition from six-coordinated to states described by higher coordination numbers is 

observed; b) the scatter of the distances of ligands to the central ion decreases with the 

progressive depolymerization of the glass network and the decreasing radius of the RE ion; c) 

the presence of additional modifier ions improves the dispersion of RE cations, preventing the 

formation of active ion clusters, in which the chance for luminescence quenching would be 

increased. The presented model allows for the explanation and prediction of the spectral 

properties of rare earth ions in oxide and fluoride glasses, starting from the local structure 

through the fluorescence decay characteristics to concentration quenching. 
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Recently, Herrmann et al. [49] investigated the relationship between molecular structure 

and optical properties of aluminosilicate glasses containing variable addition of MgO/BaO 

modifiers, doped with Er3+, combining spectroscopic results with analysis in the Judd–Ofelt 

theory and molecular dynamics simulations. It was observed that with the increasing content of 

BaO, which guarantees lower field strength, the overall coordination number of the RE cation 

associated with oxygen decreases, but the probability of higher coordination of these ions by 

non-bridging oxygens increases, which results in the observed splitting of absorption peaks. In 

the above work, it was suggested that modifier ions with high field strength compete with RE 

ions for positions in the structure that guarantee high coordination of non-bridging oxygens. 

Additionally, the authors observed that lattice modifiers with a large ionic radius and low field 

strength reduce the symmetry of the position occupied by Er3+ ions, which may affect the 

intensity of hypersensitive transitions. The conducted studies emphasize the complexity of the 

problem of the influence of the glass network on the optical properties of doped RE ions, in 

particular, the number of factors influencing the immediate surroundings of the active center 

may be a challenge and at the same time, it shows how many changes in the luminescence 

characteristics can be introduced by appropriate selection of the glass composition. 

Moving from the subject of theory and observed optical relationships to their practical 

implementations, it is worth mentioning at the outset the concept of obtaining white light in the 

case of glasses doped with rare earth ions. The first glass capable of "generating" white light was 

presented by Zhang et al. [50]. In the conducted experiment, they used a borate matrix 

containing mainly additives of alkali metal and alkaline earth metal oxide modifiers, to which 

Ce3+, Tb3+, and Mn2+ ions were implemented. The mentioned glasses were produced by mixing 

the appropriate amounts of substrates and melting at a controlled cooling rate, which is a simple 

and therefore cheap synthesis method that guarantees to obtain a complete luminescent 

material with all the advantages of the glassy matrix used - this is the first of the main advantages 

of using this technology. To obtain white light, the selection of active centers was carried out in 

such a way that, apart from compatibility with the matrix, their emission wavelengths covered 

the region of blue light – Ce3+, green light – Tb3+, and red – Mn2+, respectively, thus constituting 

a complete set of primary colors. In the case of this system, Ce3+ cations, apart from emitting 

blue light, act as a sensitizer for the remaining two active centers. Moreover, due to the 

dependence of its emission band position on the content of modifiers, it is possible to adjust the 

optimal overlap with the excitation bands of Tb3+ and Mn2+. As a result, the authors of the work, 

by simultaneously exciting three active centers embedded in the borate matrix with UV light with 

a wavelength of λex = 365 nm, obtained white light emission. Another feature of the presented 
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solution is included in Figure 6, which presents the dependence of the obtained emission color 

on the composition of the glasses on the CIE chromaticity diagram. 

 

 

Fig. 6 The simultaneous emission shown in the CIE chromacity diagram for the excitation wavelength λex 

= 254 nm [50]. The diagram shows the dependence of chromacity on the composition of the glasses 

using points. The composition closest to the center of the white range marked (6) was as follows: 60B2O3 

– 21.5Li2O – 10BaO – 2Al2O3 – 0.5 As2O3 – 3La2O3 – 1Ce2O3 – 1Tb2O3 – 1MnO 

 
This example highlights another advantage of luminescent glasses, which is the direct control of 

luminescent properties by modifying their composition. Another unique feature is a certain 

freedom in the selection of specific ions due to the existence of many combinations of active 

centers (mainly double and triple dopant systems), which, as a result of simultaneous emission, 

produce white light [51]. It is worth mentioning that the activator contents used are usually 

small, in the order of several percent (in the above example 1% of each compound), which allows 

for reducing the cost and environmental impact of this solution. 

The issue of emission tunability was raised in the work of Liu et al. [52], where a 

multicomponent luminescent glass based on a borosilicate matrix doped with a system of three 

rare earth ions: Eu3+ (red), Eu2+ (blue) and Tb3+ (green) was studied. The control of the final 

emission of the material was carried out at the synthesis stage by changing the composition of 

the atmosphere used during the melting process. Due to the need to obtain Eu2+ cations, a 

reducing H2/N2 mixture with a variable ratio of component gases was used. The authors 

suggested that under strongly reducing conditions, the larger amount of Eu2+ formed (at the 
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expense of Eu3+) provides a larger share of blue light and at the same time allows for a more 

efficient energy transfer to Tb3+ ions, thus enabling the control of the simultaneous emission of 

the luminescent glass. Another approach to the mentioned issue was described by Gou et al. 

[53], who used a strontium-borate matrix to implement active centers in the form of Tb3+ and 

Eu3+ ions (the content of Eu3+ ions was a variable of 0–10%). With the increase of the Eu2O3 

content in the glass, an intensification of the energy transfer from Tb3+ ions to Eu3+ was observed, 

the noticeable effect of which was a gradual change of emission from yellowish green to 

yellowish white at excitation λex = 365 nm. It is worth noting that the type of environment 

provided by the matrix for the active centers is also extremely important. In the cited examples, 

despite the presence of one different dopant, similar white light emissions were obtained, the 

slight difference being its obtained color temperature. The use of a different pair of rare earths, 

namely Pr3+ and Dy3+ in the conducted experiment was decided in [54]. For the studied series of 

borate-tellurium glasses at a constant Dy2O3 content (0.5 mol%), the Pr6O11 content was changed 

in the range of 0 – 1 mol%. Depending on the excitation wavelength used, two cases were found: 

a) when λex = 388 nm, energy transfer from Dy3+ ions to Pr3+ occurs, the efficiency of which 

increases with the increasing Pr6O11 content, as a result of which white light emission is 

observed; b) when λex = 437 nm, energy transfer from Pr3+ to Dy3+ is taking place, as a result of 

which for the same samples it is possible to obtain orange light emission, which changes into 

white with the increasing Pr3+ ion content. 

In the case of optical phosphate glasses, their usefulness as luminescent matrices can be 

indirectly evidenced by the words of Doris Ehrt contained in the article [55] summarizing her 

over 30 years of work with these materials: "Phosphate and fluoride phosphate glasses have 

been doped with nearly all rare earth ions, and the static and time-resolved photoluminescence 

have been investigated as a function of glass composition and doping concentration." This quote 

expresses in a non-literal way that phosphate glasses easily combine with rare earth ions, and 

the materials obtained in this way exhibit observable luminescence. The above statement is 

confirmed by numerous works published in recent years. Linganna et al. [56] proposed a lead 

phosphate glass singly doped with Dy3+ ions. They used a characteristic feature of the rare earth 

cation, which exhibits two intense emission lines - blue (486 nm) and yellow (576 nm), of which 

the latter transition is hypersensitive, and therefore strongly depends on the host glass 

environment. By selecting the matrix composition, it is possible to control the blue-to-yellow 

intensity ratio (Y/B), which for pure phosphate is about 2 [55]. With the increase in the Dy2O3 

content (added at the expense of PbO), the Y/B gradually increased to a maximum of 4.5 for 1 

mol% of the dopant, and then drastically decreased to 3.3 for the sample containing 2 mol%, as 

a result of which the achieved color change was negligible. At the same time, for concentrations 
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greater than 0.5 mol%, luminescence lifetime quenching caused by dipole-dipole interaction 

between Dy3+ ions or cross-relaxation was observed. A similar concept using only the Dy3+ ion 

dopant was implemented by Vidhi et al. [57] in the form of a multicomponent aluminophosphate 

glass containing a variable share of ZnO/Dy2O3. Based on the photoluminescence results (λex = 

350 nm), it was suggested that due to the significantly higher intensity of the 4F9/2 → 6H13/2 

transition corresponding to the yellow emission (electric-dipole) compared to the intensity of 

the 4F9/2 → 6H15/2 transition characterized by blue emission (magnetic-dipole), the dopant ions 

occupy sites of lower symmetry having an inversion center. The determined Y/B coefficient 

decreased with the increasing Dy2O3 share to the level of 1.94 at 1.5 mol%, which in the case of 

this glass guaranteed coordinates on the chromaticity diagram corresponding to cold white light. 

The extension of the system containing the Dy3+ dopant with Tm3+ ions was considered in the 

work of Chen et al. [58], where a phosphate glass containing SrO, ZnO, and TiO2 additives was 

selected as the matrix. The authors observed that both the excitation wavelength (352 – 360 nm) 

and the change of the dopant content, in particular Dy2O3 at a fixed Tm2O3 content (0.6 mol%), 

provide significant tuning of the optical properties in the white light range. The observed changes 

were attributed to the energy transfer via resonant transfer modes between Tm3+ and Dy3+ ions, 

the efficiency of which, calculated based on lifetimes, increases with the increasing Dy2O3 

content. At the same time, for samples in which the Tm2O3 content was variable (Dy2O3 constant 

– 0.8 mol%), it was concluded that energy transfer occurred between Dy3+ and Tm3+. Due to the 

mutual energy transfer occurring in both cases, the increase in the intensity of transitions 

characteristic for the acceptor will increase at the expense of the intensity of donor transitions, 

enabling multi-plane control of luminescence.  

An equally widely used rare earth element in phosphate luminescent glasses is Eu, 

which, depending on the oxidation state, can be characterized by different luminescent 

properties. In the case of Eu2+, this ion shows 5d → 4f emission that can change in the UV to 

yellow range depending on the covalency and crystal field strength of the matrix, while Eu3+ is 

characterized by a well-defined emission in the red range and a 5D0 → 7F2 transition, which is a 

hypersensitive forced electric-dipole transition that can serve as a probe of the ion's immediate 

surroundings [59]. In the work of Jha et al. [60] the emission properties of zinc-phosphate glasses 

doped with Eu3+ ions were investigated, changing the type of modifying oxide RO (where R = Mg, 

Ca, Sr, and Ba) in the composition. As a result of the conducted measurements, it was found that 

the highest quantum efficiency was achieved for compositions containing BaO, for which the 

Eu2O3 content (3 – 9 mol%) was subsequently optimized. With the increasing dopant content, an 

increase in the emission intensity was observed, especially for samples containing 7 and 9 mol% 

Eu2O3. For the two glasses mentioned, the ratio of the intensity of the 5D0 → 7F2 do 5D0 → 7F1 
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transitions also changed drastically, the low value of which was identified with the incorporation 

of ions into an environment with higher symmetry. The clear change was caused by partial 

precipitation of the crystalline phase at the synthesis stage, as a result of which the emission 

color shifted from red to orange for samples containing 7 and 9 mol% Eu2O3. The described 

glasses turned out to be an optimal environment for active centers and can therefore be a 

starting point for further modification in terms of white light emission. One of the available 

possibilities is the one presented by Francisco-Rodrigez et al. [61] concept, in which lithium-

aluminum-zinc phosphate glasses were activated with Tb3+ and Eu3+. Due to the simultaneous 

doping with both rare earth ions (1 mol% each), light emission was obtained, which can be tuned 

from reddish-orange through warm white to neutral white, using different excitation 

wavelengths, respectively 318, 359, and 340 nm. It is important that due to the arrangement of 

energy levels in the Eu3+ ion, direct excitation using λex = 340 nm is not possible. Based on the 

measurements made, it was observed that energy transfer occurs between Tb3+ and Eu3+ ions, 

the most probable mechanism of which is electric dipole-dipole interaction. A comparison of 

two binary dopant systems similar to those described above was made by Górny et al. [62] who 

synthesized lead-phosphate glasses containing Tb3+/Eu3+ and Tb3+/Sm3+ ions. While maintaining 

a constant Tb2O3 content of 0.5 mol%, the share of other dopants was changed in the range of 

0.5 – 1.5 mol%. In the case of luminescence (λex = 377 nm) of glasses containing Eu2O3, the 

increased dopant content led to an increase in the energy transfer efficiency (Tb3+ → Eu3+) from 

52% to 71%. At the same time, in the case of the applied matrix, the exceptionally efficient 

energy transfer caused the CIE chromatic coordinates to be strongly red-shifted already at the 

lowest acceptor content. The same effect was observed for doubly doped samples containing 

samarium. Additionally, based on luminescence measurements, the authors observed that the 

increased dopant content caused a decrease in the intensity of all observed transitions at the 

excitation wavelength λex = 378 nm. 

The idea of luminescent glasses doped with RE ions seems to be without flaws at first 

glance. Due to its simplicity and the number of modification possibilities, this concept can 

seemingly be compared to an imaginary kitchen, in which, regardless of the ingredients used, 

you always get a perfect dish that oddly does not taste good but shines. Unfortunately, in reality, 

these materials, despite their promising properties, are characterized by insufficient efficiency 

to replace other SSL synthesis technologies. The method that allows one to maintain all the 

advantages of luminescent glasses and at the same time exceed their emission limits is the 

controlled production of a crystalline phase in the glass volume. As a result, one get luminescent 

glass-ceramics (GC), which exhibit improved active optical and mechanical properties and, with 

appropriate control of crystallite growth - high transparency. The reason for the occurrence of 
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the first of the mentioned features can be described in two ways, where the first contribution is 

the occurrence of self-segregation of dopant atoms in the formed crystallites [63,64], and the 

second one, directly dependent on the first one, is the environment of RE ions with higher 

symmetry and lower phonon energy provided by crystalline precipitates [65]. The above-

described phenomenon of selective incorporation of dopants into crystallites is particularly 

pronounced in the case of fluoride crystals and is explained by the strong affinity of fluoride 

anions to lanthanides [66]. This conclusion designates the set of fluorine compounds as one of 

the most frequently used crystallization agents in RE-doped glasses. One of the first successful 

realizations of an emitting material for infrared up-conversion based on the concept of glass 

crystallization was presented by Auzel et al. in 1975 [64]. In this work, many compositions melted 

based on the scheme: glass-forming oxide + PbF2 + RE oxides were investigated. Two 

compositions of GeO2 – PbF2 – Yb2O3 – Er2O3/ Tm2O3 were distinguished, which were optimized 

for up-conversion efficiency. Due to the presence of microcrystalline precipitates rich in rare 

earth ions, these materials were characterized by an efficiency almost twice as high as the 

commercial crystalline luminophore LaF3:Yb:Er. However, due to the uncontrolled crystallization 

process, the above-described glass–ceramics were not transparent. A certain breakthrough in 

the field of materials with similar purposes was the transparent oxyfluoride glass–ceramics 

presented by Wang and Ohwaki, obtained in a simple annealing process at 470 °C. The size of 

the obtained PbxCd1-xF2: (Er3+, Yb3+) precipitates was determined based on X-ray diffraction 

measurements and was ~20 nm. As a result, for the studied glass–ceramics, the observed 

emission intensity increased almost 100 times compared to the unannealed sample. 

The harmfulness of lead compounds and the rationalization of solutions by reducing 

costs have directed the attention of the scientific community towards low-toxic alkaline earth 

fluorides. The work of Wang et al. [67] is in line with this trend and describes the characterization 

of silicate glass-ceramics (heat treatment 2h, 660 °C) with the initial composition of 50SiO2 – 

10Al2O3 – 20ZnF2 – 20SrF2: Eu3+. Based on the measurements carried out, homogeneous 

precipitation of SrF2 crystallites with an average size of 20 nm was found in the matrix volume. 

The results of energy dispersive spectroscopy confirmed the predominant incorporation of Eu3+ 

ions into nanocrystals, the effect of which was observed in the form of almost 9-fold 

luminescence enhancement compared to as-prepared glass. BaF2 was used in the synthesis of 

fluorosilicate glass-ceramics doped with 3 mol% ErF3 by Qiao et al. [68]. Based on the results of 

differential thermal analysis, characteristic temperatures of the glasses were determined, which 

provided a reference point for the selection of the annealing temperature THT = 650 °C. This 

process was carried out four times in the range of 1 – 64 h in order to determine the effect of 

annealing time on the intensity of the up-conversion luminescence of Er3+ ions for the excitation 
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wavelength λex = 980 nm. It was suggested that with increasing annealing time, the amount of 

BaF2 nanocrystallites increases, which in turn causes an increase in the measured luminescence 

intensity. It is worth emphasizing that due to the high energy of the matrix phonons and the high 

sensitivity of the up-conversion luminescence of Er3+ ion in unannealed glass, practically no 

emission was observed.  

An interesting example of the production of glass–ceramics based on 49SiO2 – 20Al2O3 – 

30CaF2 – 1EuF2 glass was described by Secu et al. [69]. In order to obtain the crystalline phase, 

unusual annealing parameters were used, THT = 760 °C and exceptionally short times: 2, 8, 15 

and 25 minutes. As a result, a milky color sample was obtained for the 15-minute process (cloudy 

in the case of 25 minutes), in which a cubic nanocrystalline phase of CaF2 was identified based 

on X-ray diffraction and transmission electron microscope images. Additional two reflections at 

2θ = 31.82° and 26.6° were identified as the effect of substitution of Ca2+ ions in the crystal lattice 

by Eu3+ ions formed during synthesis in an oxidizing atmosphere and Eu2+ ions, respectively. The 

emission spectra measured at the excitation wavelength λex = 315 nm showed a broad emission 

of Eu2+ ions centered at 425 nm and a weak emission in the red region characteristic of the Eu3+ 

dopant. With the formation of the crystalline phase in the glass, an increase in the intensity of 

blue light emission and an increasing Stark splitting of the 5D0 → 7F2 transition of the Eu3+ ion 

were observed, interpreted by the authors as the effect of changing its environment to non-

centrosymmetric CaF2 nanocrystals. In the matter of using RE-doped phosphate glasses as a base 

for glass-ceramics, one of the concepts studied involves obtaining phosphate precipitates from 

controlled crystallization of the matrix itself, such as NaZnPO4 [70], LiPO3/ TiP2O7 [71] and BiPO4 

[72] nanocrystals. At the same time, there are few works that would address the topic of 

luminescent phosphate glass-ceramics containing fluoride precipitates, in particular from the 

aforementioned group of alkaline earth fluorides. Considering the unique characteristics of 

phosphate glasses, the lack of sufficient information on the properties of such materials provides 

an undoubted motivation for research in this area. 
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1.4. Glass modifications leading to enhanced luminescence 

1.4.1. SrF2 

The strontium fluoride mentioned in the previous chapter, in reference to the role played 

in luminescent glasses, can be classified as a crystallizing fluoride. The distinction introduced 

divides this group of compounds into the aforementioned crystallizing ones, which are 

introduced into the glassy matrix in order to obtain their nanometric precipitations in the process 

of controlled annealing, and non-crystallizing fluorides, which are only to modify the structure 

and properties of glasses. SrF2 crystallizes in a cubic system (a = 5.784 Å) with the Fm-3m 

symmetry group [73]. Its crystals doped with RE ions are characterized by a low refractive index, 

good mechanical strength, and low hygroscopicity [74]. In addition, they show high-temperature 

emission stability in the range of up to 200 °C [75]. The above-mentioned advantages, together 

with the benefits provided by glassy matrices, already at the outset explain the motivation for 

research on the implementation of this crystalline phase in luminescent materials. The 

comparison of the influence of SrF2 and BaF2 (20 mol%) crystallites on the properties of silicate 

glass-ceramic doped with Gd3+ was made by Antuzevics et al. [76]. Measurements made using a 

transmission electron microscope showed that in the case of glass-ceramics containing SrF2 

crystallites, they are evenly dispersed in the sample volume and are characterized by a small size 

scatter compared to the BaF2 phase. Additionally, based on electron paramagnetic resonance 

spectroscopy measurements using Gd3+ ions as a probe, it was found that they occupy centers 

of regular symmetry in SrF2 crystallites when annealing takes place at 600 °C and additionally 

trigonal and tetragonal centers at higher process temperatures – accessible due to differences 

in charge compensation mechanisms. These findings may be crucial in systems of two dopants, 

in which gadolinium would act as a donor.  

A different binary system of Ce3+/Tb3+ dopants in a similar silicate matrix was proposed 

by Luo et al. [77]. The addition of 20 mol% SrF2 was used as a crystallization agent, from which, 

as a result of a series of two-hour annealings at temperatures in the range of 570 – 590 °C, 

nanocrystalline precipitates were obtained with an average size increasing with temperature 

from 11 to 16 nm. The confirmed incorporation of RE3+ ions into nanocrystallites resulted in a 

clearly higher intensity of Tb3+ emission (λex = 310 nm) than in the unannealed glass. An increase 

in the efficiency of energy transfer between Ce3+ and Tb3+ was proposed as an explanation for 

this observation, which could occur due to the shortening of the distance between ions in the 

very low phonon energy (~290 cm-1) environment of the SrF2 crystal lattice. Consistent 

conclusions were reached by Qiao et al. [78] by studying the spectroscopic properties of glasses 

of the composition 50SiO2 – 10Al2O3 – 20ZnF2 – 20SrF2 doped with Er3+/Yb3+. The selected rare 
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earth element system in the parent glass showed up-conversion luminescence at the excitation 

wavelength λex = 980 nm, characterized by two main bands described as transitions 4S3/2 → 4I15/2 

(541 nm) and 4F9/2 → 4I15/2 (654 nm). Despite the different excitation mechanisms, a significant 

increase in the emission intensity was observed for the glass–ceramic, the cause of which was 

found in the improved efficiency of energy transfer between dopant ions incorporated into SrF2 

nanocrystals - analogously to the previously described case. Moreover, the authors 

demonstrated the existence of a correlation between the annealing temperature (570 – 660 °C), 

average crystallite size and the emission intensity, which (taking into account the ends of the 

ranges) increased almost 20 times with temperature. The proposed explanation is based on the 

thesis that a larger crystallite size allows for the “accommodation” of a larger number of ions 

and thus ensures optimal emission conditions. 

 The justification for using SrF2 additive (10 and 20 mol%) in Eu3+-doped bismuth borate 

glasses was verified by Milewska et al. [79]. The annealing carried out in a wide temperature 

range from 450 °C to 590 °C (1 or 24 h) was correlated with X-ray diffraction measurements and 

on their basis, THT = 560 °C was distinguished as the optimal temperature - due to the 

compromise between the growth of the SrF2 phase and the crystallization of the matrix causing 

the loss of transparency. The analysis of luminescence decay times and Judd–Ofelt parameters 

allowed the authors to conclude that some of the Eu3+ ions were incorporated into SrF2 

nanocrystals, which resulted in the enhancement of the observed luminescence for the sample 

containing 20 mol% fluoride additive. As can be seen, the versatility of SrF2, especially in the form 

of nanocrystals, is expressed by its effectiveness in enhancing luminescence, which was 

confirmed in several different systems – differing both in the doping method and the type of 

matrix. 

1.4.2. AlF3 and KF 

Due to the fact that the title compounds belong to the previously defined group of non-

crystallizing fluorides, they will be described together in this paragraph. However, this does not 

mean that the effect they cause in glasses is also completely convergent, and the final result can 

often be strongly dependent on the content and interaction with the matrix and other 

components of the glasses. For this reason, the described pair of fluorides can be called “silent" 

modifiers, which are usually used to tune the properties of glasses. This fact causes that there 

are not many works, especially in the field of phosphate glasses, which would systematically 

describe their action. In general, the addition of AlF3 can increase the luminescence intensity of 

RE ions and improve the cohesion of the glass network by creating Al-O-NFC bonds (network-

forming cation) and less probable Al-F-Al cross-links, thus increasing the stability of the glasses. 
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On the other hand, KF can have a beneficial effect on the luminescence of rare earth dopants, 

providing both lower phonon energy and increased glass compactness. An unambiguous 

statement of the effects obtained with the addition of the above fluorides requires direct 

measurements in specific amorphous systems 

The description of the effect of AlF3 addition on the luminescence properties of 

Eu3+/Tb3+/Tm3+ doped tellurium glasses was developed by Walas et al. [80]. The compositions 

without AlF3 and containing 18 mol% fluoride were compared in two configurations of dopant 

molar ratios. The differential scanning calorimetry measurements showed that the glass 

containing the AlF3 additive is characterized by a glass transition temperature 60 °C higher than 

the parent glass and the lack of an exothermic crystallization maximum. Based on the results of 

infrared spectroscopy, it was suggested that this is the effect of the formation of stronger Te-O-

Al bonds, the presence of which, by reducing the mobility of atoms, leads to greater stability of 

the glasses containing the AlF3 additive. The common emission of dopants was obtained using 

two excitation wavelengths λex = 395 nm and 410 nm, and in both cases, a clear enhancement of 

luminescence was observed for the samples with AlF3. The same dopant system was used in a 

series of bismuth borate glasses studied by Milewska et al. [81], in which the content of AlF3 was 

varied (0–20 mol%). Despite the high content of fluoride, contrary to the previous example, no 

significant changes in the thermal characteristics and structure of the glasses related to its 

introduction were observed. However, its presence was confirmed by X-ray photoelectron 

spectroscopy and indirectly by photoluminescence measurements. Luminescence 

measurements of glasses doped singly with Eu3+ (as a probe due to the hypersensitive 5D0 → 7F2 

transition) containing 0, 10, and 20 mol% AlF3 showed a significant increase in the band intensity 

for the sample containing 10 mol% of the modifier. Interestingly, the sample containing the 

largest share of fluoride was characterized by lower emissions than the parent glass. The 

proposed explanation referred to the increase in symmetry in the immediate vicinity of RE ions 

in the presence of a sufficiently high content of AlF3. Finally, a tunable luminophore capable of 

emitting white light at excitation λex = 355 nm was achieved, in which energy transfer between 

Tb3+ and Eu3+ was found (it cannot be ruled out that its efficiency increased due to the addition 

of fluoride). When introducing fluorides into the composition of glasses, one should be aware of 

the partial evaporation of fluorine, which results, among others, from the conditions of 

synthesis. Partially related to the issue of the role of fluorine anions in glasses, Liang et al. [82] 

studied the effect of the F/O ratio on the properties of silicate glasses by controlling the share of 

Al2O3 and AlF3 in the composition. Interestingly, the luminescence measurements performed 

showed that the highest emission intensity was characteristic of the sample for which the F/O 

ratio value was in the middle of the tested range. Samples containing a higher content of AlF3, in 
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a manner similar to the sample containing 20 mol% AlF3 in the work of Milewska et al. [81], were 

characterized by deterioration of properties. This indirectly confirms the important role of 

fluorine anions in luminescent glasses and the necessity of maintaining the balance between 

oxygen and fluorine. 

In the case of KF, one of the few works describing its effect on luminescence in glasses 

was published by Sarumaha et al. [83]. They compared two Eu2O3-doped fluorophosphate 

glasses, one of which contained an addition of 10 mol% KF introduced at the expense of P2O5. 

Based on the measurements carried out in glasses with KF, an enhancement of the luminescence 

of Eu3+ ions was found, which, according to the authors, was caused by providing active ions with 

greater asymmetry in their coordinating environment. This thesis was also confirmed by 

measurements of the luminescence decay time, which was longer in the case of the mentioned 

sample - the calculated quantum efficiency increased by almost 6%. From a different perspective, 

the effect of KF was presented by Takahashi et al. [84] who studied the up-conversion 

luminescence of Er3+ ions and the luminescence of Eu3+ in fluoride glasses based on ZrF4. The 

measurements showed that among the alkali metal fluorides used (Li, Na, K, Rb, Cs), the 

composition containing KF was characterized by the most intense emission of Er3+ ions (λex = 800 

nm). The explanation proposed by the authors takes into account the measurements of the 

multiphonon decay rate, the value of which was the lowest for glasses with the addition of KF. 

The examples presented clearly show that the concept of a simple additive to glasses that does 

not require additional thermal treatment may be a promising (also more ecological) concept of 

enhancing the luminescence of glasses doped with RE ions. 

1.4.3. Ag 

The first mention of the use of, as stated in the title, “small silver particles” in Eu3+-doped 

glasses comes from the work of Malta et al. from 1985 [85]. As a result of AgNO3 reduction 

occurring during melting, metallic Ag particles were obtained and dispersed in the B2O3 – CaF2 

glass matrix, which showed strong absorption with a maximum located at ~314 nm. 

Luminescence (λex = 314 nm) measured for these materials was characterized by an 

enhancement of 560% compared to glasses without silver addition. The increase in intensity was 

associated with the occurrence of surface plasmon resonance (SPR), which by inducing a 

localized electromagnetic field near the metallic particles affects the electron transition 

properties in RE ions. Currently, this phenomenon is extensively studied in various luminescent 

glass systems in terms of optimizing the conditions leading to luminescence enhancement – 

mainly by controlling the process of obtaining particles of the desired size. 
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 Amjad et al. [86] studied the effect of silver nanoparticles on the luminescence of Eu3+ 

ions embedded in the zinc tellurium glass matrix. Due to the probability of luminescence 

quenching caused by energy transfer from RE ions to Ag nanoparticles in the case of 

concentration of metallic particles exceeding the concentration of the active dopant, it was 

decided to use constant contents of AgCl – 0.3 mol% and Er2O3 – 0.5 mol%. Using three different 

times (4, 12, and 24 h) of annealing the samples at 350 °C, metallic silver nanoparticles were 

obtained with average sizes increasing with increasing process time. The results of 

photoluminescence at excitation with a wavelength of 395 nm showed a gradual increase in 

emission intensity for glasses annealed for 4 and 12 h. The sample subjected to 24h of annealing 

was characterized by lower intensity than the glass without AgCl additive, the proposed reason 

was related to the quenching of luminescence caused by the transfer of energy from Eu3+ ions to 

nanoparticles, the excessive growth and agglomeration of which led to a decrease in their mutual 

distances. The demonstrated luminescence enhancement, according to the authors, apart from 

the increased local field caused by SPR, has its genesis in the reduction of phonon sidebands 

caused by the presence of Ag nanoparticles.  

The analysis of the influence of metallic silver precipitates also in tellurite glasses 

containing in this case the PbO additive was undertaken by Dousti et al. [87]. The presence of Ag 

nanoparticles formed as a result of annealing the glasses for 9h at 340 °C (25 °C above Tg) was 

confirmed based on transmission electron microscope measurements – the average size was ~10 

nm. The measurements of the emission of Eu3+ ions performed for this sample allowed to 

observe the enhancement of luminescence by a factor of close to 2, resulting from the presence 

of metallic particles dispersed in the glass. As can be seen from the two examples above, the 

type of additives used has little effect on the formation and properties of Ag nanoparticles, which 

are clearly more dependent on the type of glassy matrix. Remaining with the same RE dopant, it 

is worth taking a closer look at a different matrix proposed in the work of Saad et al. [88]. They 

used sodium phosphate glass doped with 1 mol% Eu2O3 and 0.5 mol% AgNO3, respectively, which 

was subjected to annealing at 305 °C, varying its duration from 10 to 30 h. Similarly to the 

previously described cases, the maximum of luminescent properties was observed for the 

sample annealed for 20 h. This sample was characterized by the average size of Ag nanoparticles 

equal to 10 - 30 nm, the presence of which allowed the enhancement of the luminescence of 

Eu3+ ions by a factor of 2.3 (compared to the unannealed glass). As the reason for this 

observation, the authors proposed that, apart from the local field effect stimulated by SPR, the 

occurrence of energy transfer between Ag nanoparticles and Eu3+ ions. This modification 

presents an elegant form of minimally invasive increase of the capabilities of luminescent 

glasses, which can be used together with other modifications to some extent. At the same time, 
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due to the characteristics of this solution, it is not as universal as the concepts described in the 

remaining points, because not in all glasses it is possible to obtain well-defined metallic 

nanoparticles without unwanted crystallization or loss of transparency of the material.  

Pursuing delicate balance in multicomponent amorphous materials containing Ag can 

also draw attention to the relationships between individual components. It is worth emphasizing, 

among other things, the occurrence of eutectic in the Bi2O3 – Ag phase system, the diagram of 

which is presented in Figure 7 [89]. 

 

 

Fig. 7 Phase diagram of Ag – Bi2O3 [89]. The eutectic point is marked with arrow – (~12.5 mol% Ag/87.5 

mol% Bi2O3, 710.9 °C) 

 

The presence of this unique property of the Bi2O3 - Ag system can be directly used to facilitate 

synthesis of Ag nanoparticles in a bulk material, which was presented in the work published by 

Sadecka et al. [90]. Based on the composition corresponding to the eutectic point, a composite 

material containing nanometric Ag precipitates embedded in a crystalline Bi2O3 matrix was 

obtained. The annealing of the synthesized material at 600 °C carried out in the next stage, 

resulted in obtaining Ag nanoparticles, enabling observation of LSPR band. Strictly controlled 

process conditions in the above-described experiment led to obtaining a well-defined 
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nanometric Ag phase. However, transferring this issue to the example of optical glasses, also the 

presence of the Bi2O3 crystalline phase becomes crucial, as well as, as reported by Sadecka et al. 

[90], the possibility of the appearance of metallic Bi nanoparticles. The moment at which the 

phase transition would occur in the case of amorphous materials is the melting process, where 

during rapid cooling of the melt there is a chance for crystallization of the aforementioned 

phases. Therefore, due to the dynamic characteristics of the glass synthesis, it is not possible to 

strictly control its conditions. High process temperature and unique features of amorphous solids 

can lead to the occurrence of local conditions in which microscopically the Ag - Bi2O3 ratios will 

correspond to eutectic. High temperature (>1000 °C) can also result in the occurrence of Bi2O3 

thermoreduction [91]. The metallic bismuth formed in this way creates a phase system with 

silver presented in Figure 8 [92], in which eutectic is also present, giving the possibility (assuming 

dynamic melting conditions) of obtaining the Ag crystalline phase at a much lower temperature. 

 

 

Fig. 8 Phase diagram of Ag – Bi [92]. The eutectic point is marked with arrow – (4.73 mol% Ag/95.27 

mol% Bi, 265.5 °C) 

 

In the case of glasses containing an Ag dopant, the presence of Bi2O3 in the composition has a 

dual nature. On the one hand, due to the eutectics present, it increases the probability of 
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obtaining Ag nanoparticles. Additionally, the specificity of the glass-forming melt allows for the 

occurrence of local conditions that facilitate the fulfillment of these dependencies to a greater 

extent. On the other hand, this system is burdened with randomness and it is much more difficult 

to control the effects obtained in a melt that, apart from Ag and Bi2O3, has additional 

components. The greatest challenge still remains, even in the case of successful obtaining of Ag 

precipitations, the simultaneous crystallization of Bi compounds, the extensiveness of which may 

prevent the use of optical glass, and thus negate the assumptions and sense of producing 

optically active Ag particles. 
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1.5. Motivation and objectives 

The motivation for conducting research on phosphate luminescent glasses has been initially 

outlined in the presented literature review, and its essence is formulated as follows: In response 

to the growing needs and requirements for solid-state lighting, it is necessary to provide a 

technological solution characterized by advantages in the fields of efficiency, resistance, 

versatility, and price. The concept that can meet the above requirements is the synthesis of 

luminescent glasses and glass-ceramics containing rare earth ion dopants. A suitable 

implementation of this idea due to the set of features consistent with the assumptions is a glass 

with the symbolic composition P2O5 – K2O – Bi2O3 – Nb2O5, which, due to the used components, 

not only allows for the full use of the advantages of glassy P2O5 but also provides an ideal 

environment for rare earth ions. In addition, as a starting matrix, it offers a wide range of 

modification possibilities allowing for the adjustment of properties and an uncomplicated change 

of the material's character through the annealing process. The implementation of the presented 

concept is a promising candidate for a luminophore that can be used in modern LEDs and directly 

determines the direction of ongoing research. 

The aim of this work was therefore to develop and characterize a new stable phosphate glass 

matrix, modify its composition and properties, and optimize it for luminescent applications, in 

particular visible light emission using rare earth elements doping. The aforementioned 

modification of the obtained amorphous materials focused on two aspects: changes in the 

relative shares of individual matrix components, including the introduction of additives in the 

form of fluorine and silver compounds, and conducting an extensive series of annealing in order 

to obtain a glass-ceramic with improved optical properties. Due to the undertaking of producing 

a material not previously described in the literature, the above main goal was realized within the 

ongoing research process through emerging component goals: 

 

● development of the synthesis parameters and compositions of homogeneous, durable 

optical glasses based on phosphorus oxide, 

● conducting the doping process with Eu2O3 at the synthesis stage in order to introduce 

active centers capable of emitting visible light when excited with UV light into the amorphous 

matrix, 

● development of a method and optimal parameters of the heat treatment process of glass 

containing a crystallizing agent in the form of SrF2, enabling the production of glass-ceramics 
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with improved properties, ensuring the enhancement of the luminescence of rare earth ions 

embedded in the material 

● introduction of KF and AlF3 modifying compounds and determination of their influence 

on the properties and structure of the obtained amorphous materials, especially enhancement 

of light emission 

● conducting composition modification by minimizing the Bi2O3 content and performing 

controlled annealing of derivative glasses containing AgNO3 to obtain metallic particles in the 

glass volume and determine their effect on the luminescence of Eu3+ ions. 

 The scope and means of implementation of the above issues are included in Chapter 2, 

which describes the research methods, and Chapter 3, which covers the results. 
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1.6. Research hypotheses 

In present doctoral dissertation the following research theses were defined: 

 

1) For phosphate glasses of P2O5 – K2O – Bi2O3 – Nb2O5 – SrF2: Eu2O3 composition it is 

possible to obtain a nanocrystalline phase of SrF2 dispersed in the glass matrix, 

thanks to which the luminescence of Eu3+ ions is enhanced; the glass-ceramics 

obtained in this way remain transparent.  

2) The introduction of various KF and AlF3 contents into the composition of P2O5 – K2O 

– Bi2O3 – Nb2O5: Eu2O3 glasses allows for the modification of its properties and 

structure and, with the appropriate content, leads to the enhancement of the 

luminescence of Eu3+ ions.  

3) It is possible to reduce the Bi2O3 content in P2O5 – K2O – Bi2O3 – Nb2O5: Eu2O3 glasses 

without losing transparency and chemical durability; introducing an AgNO3 dopant 

into compositions with a reduced Bi2O3 content allows obtaining Ag nanoparticles 

during the heat treatment process, the presence of which has a positive effect on 

the emission of Eu3+ ions.  
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2. Materials and methods 

2.1. Synthesis 

 The synthesis of phosphate glasses with the nominal composition P2O5 – K2O – Bi2O3 – 

Nb2O5 (PKBN) was carried out using the melt-quenching technique. Due to the modifications to 

which the PKBN parent glass was subjected, four series were distinguished containing the 

following additives: SrF2 (PKF), AlF3 (PKA), KF (PFF and PF), and AgNO3 (PB). In the series 

containing KF, two additional sub-series were distinguished, of which PFF, similarly to the 

methodology used for the other fluorides (SrF2 and AlF3), was characterized by a proportional 

addition of the modifier in the range of 5 – 15 mol% while maintaining constant ratios between 

the basic components of the glass. This allowed for the separation of effects related to the 

incorporation of variable fluoride contents into the matrix structure. The addition of the modifier 

in the PF series was determined to be disproportionate due to the different method of using KF, 

in which it was introduced in a 1:1 ratio at the expense of K2O, while the contents of the 

remaining glass components were close to those of the PKBN matrix. The PB series glasses are 

the implementation of the concept of reducing the Bi2O3 content from the initial 20 mol% to 0 

mol%, which was carried out to increase the probability of reducing the AgNO3 introduced into 

the glass to the form of metallic Ag. However, due to the insufficient chemical resistance 

demonstrated by the compositions containing less than 10 mol% Bi2O3, they were not subjected 

to doping and further studies. The listed series of materials, regardless of the content of the 

modifiers used, were doped with 0.5 mol% Eu2O3. The compositions of the studied glasses 

divided into series are included in Tables 1 a-d (Table 1a additionally contains the composition 

of the PKBN matrix). 

 

Sample  P2O5  Bi2O3  Nb2O5  K2O  SrF2  Eu2O3 

              

PKBN  50  20  10  20  -  - 

PKBN 05Eu  49.75  19.9  9.95  19.9  -  0.5 
             

PKF5  47.5  19  9.5  19  5  - 

PKF10  45  18  9  18  10  - 

PKF15  42.5  17  8.5  17  15  - 
             

PKF5 05Eu  47.25  18.9  9.45  18.9  5  0.5 

PKF10 05Eu  44.75  17.9  8.95  17.9  10  0.5 

PKF15 05Eu  42.25  16.9  8.45  16.9  15  0.5 

                          

Table 1a. Compositions of PKBN glasses and those containing SrF2 additives (mol%), along with their 
designations, which will be used in this work 



 

44 
 

 

 

Sample   P2O5   Bi2O3    Nb2O5   K2O   AlF3   Eu2O3 

              

PKA5  47.5  19  9.5  19  5  - 

PKA10  45  18  9  18  10  - 

PKA15  42.5  17  8.5  17  15  - 
             

PKA5 05Eu  47.25  18.9  9.45  18.9  5  0.5 

PKA10 05Eu  44.75  17.9  8.95  17.9  10  0.5 

PKA15 05Eu  42.25  16.9  8.45  16.9  15  0.5 

                          

Table 1b. Compositions of glasses containing AlF3 additive (mol%) along with their designations that will 
be used in this work 

 

 

Sample   P2O5   Bi2O3    Nb2O5   K2O   KF   Eu2O3 

              

PF5  50  20  10  15  5  - 

PF10  50  20  10  10  10  - 

PF15  50  20  10  5  15  - 
             

PFF5  47.5  19  9.5  19  5  - 

PFF10  45  18  9  18  10  - 

PFF15  42.5  17  8.5  17  15  - 
             

PF5 05Eu  49.75  19.9  9.95  14.925  4.975  0.5 

PF10 05Eu  49.75  19.9  9.95  9.95  9.95  0.5 

PF15 05Eu  49.75  19.9  9.95  4.975  14.925  0.5 
             

PFF5 05Eu  47.25  18.9  9.45  18.9  5  0.5 

PFF10 05Eu  44.75  17.9  8.95  17.9  10  0.5 

PFF15 05Eu  42.25  16.9  8.45  16.9  15  0.5 

                          

Table 1c. Compositions of glasses containing KF additives (mol%), along with their designations, which 
will be used in this work. PF denotes the series with disproportionately introduced KF, and PFF denotes 

proportional addition 
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Sample   P2O5   Bi2O3    Nb2O5   K2O   Ag   Eu2O3 

              

PB0   62.5   0   12.5   25   -   - 

PB1   61.875   1   12.375   24.75   -   - 

PB5   59.375   5   11.875   23.75   -   - 

PB10  56.25  10  11.25  22.5  -  - 

PB15  53.125  15  10.625  21.25  -  - 
             

PB10 05Eu  55.97  9.95  11.19  22.39  -  0.5 

PB15 05Eu  52.86  14.93  10.57  21.14  -  0.5 
             

PKA10 05Eu 05Ag  55.69  9.9  11.14  22.28  0.5  0.5 

PKA10 05Eu 1Ag  55.41  9.85  11.08  22.16  1  0.5 

PKA15 05Eu 1Ag  52.33  14.78  10.47  20.93  1  0.5 

                          

Table 1d. Glass compositions for which an attempt was made to reduce the Bi2O3 content and containing 
an Ag dopant (mol%), along with their designations, which will be used in this work. Compositions 

marked in gray were characterized by too low resistance to water corrosion 

 

 The raw reagents ((NH4)2HPO4, Bi5O(OH)9(NO3)4, KNO3, Nb2O5, SrF2, KF, AlF3, AgNO3 and 

EuCl3 ⋅ 6H2O) were weighted taking into account the contents listed in tables 1 a-d, ground finely 

in a mortar to obtain a homogeneous powder and placed in a porcelain crucible. In the case of 

glasses containing fluoride modifiers, to remove gaseous by-products that could lead to 

inhomogeneities in the glass, decomposition was carried out at 450 °C for 2 hours. The PB series, 

due to the differences in compositions, required extending the decomposition process to three 

stages, in which the sample was successively heated at 200, 300, and 400 °C for 1.5 h each. Then, 

the decomposed, preheated batches were directly transferred to a chamber furnace, where they 

were subjected to target melting and homogenization in air at temperatures ranging from 1000 

to 1150 °C. The melting process time was optimized to ensure a sufficient degree of alloy 

uniformity while minimizing spontaneous evaporation of components and, as a result, was in the 

range of 10 - 40 min depending on the composition. Then, the contents of the crucible were 

poured onto a steel plate preheated to ~200 °C and immediately pressed with a second steel 

plate to ensure an appropriate cooling rate. As a result, transparent glass samples of 

approximately 1 mm thick were obtained, which were left to cool down.  

Glass-ceramics were produced in a controlled crystallization process by heating in an air 

atmosphere the glasses whose compositions are given in Table 1a (the target PKF series 

containing SrF2 as a crystallization agent and the reference PKBN matrices). Glass samples were 

subjected to two distinct annealing processes. In the first process, for Eu - undoped glasses, a 

series of 10-hour annealings every 10°C was carried out, starting from 485 °C and ending at 605 

°C, which gave a total of 13 annealing. The aim of the above experiment was to determine the 
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effect of heat treatment on the structure of glasses and the characteristics of crystallization, 

including the analysis of precipitating crystalline phases. The second annealing process consisted 

of three stages and involved Eu-doped glasses. In the first stage, the PKBN 05Eu - PKF15 05Eu 

samples were heated at 525 °C, 545 °C and 585°C for 10h. Part of the materials obtained in 

annealing at 525 °C was reheated at 545 °C or 585 °C for 10h, which was the second stage of 

annealing. In the last stage, part of the glass-ceramics obtained in the second stage was used 

and heated again at the same temperatures for 12 hours. As a result, for each composition (0 - 

15 mol% SrF2), 3 as-prepared samples were heated single, two samples were heated doubly for 

10 hours (higher temperature annealing time) at 525/545 °C and 525/585 °C, and two samples 

were heated triply, for a total of 22 hours at 525/545 °C and 525/585 °C. Such a complex process 

of thermal treatment was aimed at examining the influence of the glass crystallization process 

on the luminescent properties of the Eu3+ ions embedded in them. 

For selected Eu2O3-doped glasses from the PFF and PKA series, separate annealing tests 

were carried out to check the susceptibility of atypical compositions to controlled thermal 

treatment. The annealing process included two series carried out at 585 °C for 8h or 10h. 

Glasses with reduced Bi2O3 content - PB10 and PB15 containing an Ag dopant were 

subjected to a series of annealings, the aim of which was to determine the possibility of 

obtaining metallic Ag nanoparticles dispersed in the glass matrix. To determine the effect of silver 

content on the properties, PB10 05Eu 1Ag and PB10 05Eu 05Ag glasses (1 and 0.5 mol% Ag, 

respectively - Table 1d) were selected, which were annealed at 500 °C for 3, 6, and 22 h, 

respectively. Meanwhile, in the case of PB15 05Eu 1Ag glass, a different approach was chosen, 

in which the samples were annealed at two temperatures at 500 and 550 °C for 3, 6, 12, 24, and 

48 h. 

In the case of heat treatment carried out for glass series, a tube furnace was used. To 

ensure proper temperature control, glass samples were introduced into the furnace and heated 

to the set temperature in a simple cell made of Al2O3, which ensured repeatable process 

conditions. In particular, it was possible to precisely position the samples in the center of the 

heated furnace in the appropriate heating zone and additionally measure the temperature close 

to the sample. The scheme of the system used is shown in Figure 9. 
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Fig. 9 Schematic diagram of the system used for glass annealing (cross-section). 1 – tube constituting the 
furnace chamber, 2 – sample cell, 3 – sample, 4 – external thermocouple 

2.2. X-ray Powder Diffraction (XRD) 

X-ray diffraction is a non-destructive method of characterizing the structure of materials, 

which uses the interaction of electromagnetic radiation with matter. In structural analysis, 

radiation with energy in the range of 5 – 60 keV [93] is most often used, which is equivalent to 

the wavelength range of 2.5 – 0.2 Å. These values are comparable to the interatomic distances 

in the crystal lattice, so they satisfy the relationship λ ≤ 2d (λ – incident wavelength; d – distance 

between atomic planes) and allow Bragg reflection to take place. As a result, X-ray diffraction 

occurs, the constructive interference of which is described by Bragg's law: 2dsinθ = nλ, where n 

is a natural number called the order of reflection, and θ is the angle between the lattice plane 

and the incident ray.  

 Therefore, this technique is a basic tool for identifying unknown crystalline phases and 

characterizing their structure. It also allows for determining the presence of nanocrystallites in 

the material and determining their size based on the broadening of diffraction reflections. The 

relationship describing the average crystallite size D is known as the Scherrer equation: 

 

𝐷 =
𝐾𝜆

𝛽𝑐 cos 𝜃
                                                                               (3) 

 

where K is the Scherrer constant and βc is the corrected half-width taking into account, among 

other things, apparatus factors. 

In the case of amorphous solids, the lack of periodicity means that it is not possible to 

distinguish directions in the structure for which constructive or destructive interference would 

occur unambiguously. As a result of the measurement, a curve in the form of a broad maximum 

is observed, which only indicates the occurrence of a statistical preference for a specific 

interatomic distance and means that the atoms forming this material are quite tightly packed 
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[94]. At the same time, due to its characteristic form, this result can be a confirmation of the 

amorphous nature of the synthesized material. However, this study is crucial in the case of glass-

ceramics, as it allows for the confirmation of the presence of the desired crystalline phases and 

the determination of the average crystallite size.  

The obtained glasses and glass-ceramics were thoroughly ground and characterized by 

powder X-ray diffraction (XRD) on a Philips X'PERT PLUS diffractometer equipped with a Malvern 

PANalytical PIXcel1D detector, using Cu-Kɑ radiation. Measurements were performed at room 

temperature in the 2θ range of 10° - 90° with a 0.0131° step. 

2.3. Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy is related to the oscillations of atoms that form 

molecules or sets of atoms that form functional groups in the studied material. The absorption 

of a quantum of infrared radiation is possible only when the electric dipole moment of the 

molecule changes during the oscillation - this defines the general selection rule for infrared 

spectroscopy. On the basis of this technique, it is possible to determine the lengths of bonds, 

their force constants, and the general evolution of the material structure.   

The use of the Michelson interferometer in infrared spectroscopy allows for the 

measurement to be carried out using a wide-band of infrared radiation and thus recording the 

modulation of the beam intensity in time-space, and not in the frequency characteristic of the 

continuous wave method. The interferogram obtained in this way can be transformed using the 

Fourier transform into a target spectrum presenting the intensity dependence as a function of 

frequency. This solution is characterized by a high signal-to-noise ratio, the possibility of using a 

single detector without a slit, and precise calibration of the wavelength [15]. 

In the case of glasses, the manifestation of structure are separate molecular clusters, 

which are building units that maintain the short-range order. At this scale, this structure can be 

roughly regarded as close to a randomly distorted crystal lattice and as it turns out this distortion 

(compared to an ideal crystal) manifests itself in small changes in the vibrational force constant, 

which only leads to a moderate widening of the absorption bands in the vibrational spectrum, 

despite the complexity of the system [95]. Thus, infrared spectroscopy is a very useful technique 

in the analysis of the internal structure of glasses, including the determination of the presence 

and evolution of structural units characteristic of glass-forming compounds. Stoch and Środa [96] 

studying the structure of various oxide glasses emphasized the importance of the Mid-infrared 

(MIR – from ~500 to 4000 cm-1) range, in which bands originate from network former atoms 

bound to oxygen. It was established that based on MIR spectra it is possible to track changes in 

structure caused by the introduction of a new component or changes in proportions in the 
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composition. In the case of alkaline and alkaline earth modifiers, it was also concluded that the 

observed band shifts indicate changes in the structure caused by depolymerization; moreover, it 

is possible to track changes in the nature of the bonds and the coordination number of cations. 

FT-IR measurements were obtained on a Perkin-Elmer MIR/FIR spectrometer with a TGS 

detector using KBr/glass pellets mixed in a weight ratio of 50:1. The spectra were collected at 

room temperature in the range of 4000 – 400 cm-1 with a resolution of 2 cm-1 as the average of 

32 scans. The infrared spectra of the glasses containing SrF2, KF and AlF3 addition were modeled 

by adjusting the minimum number of Gausians (corresponding to single absorption bands) 

allowing for an acceptable representation of the shape of the envelope. Considering the 

spectrum's complexity, the yielded sets of functions represent one of the probable combinations 

that meet the requirement of physically possible vibrations in the materials under investigation. 

The relative area of the band Ra = Ab/As was calculated to assess changes in the share of individual 

bands in the spectrum (for the purposes of this work also called intensity), where Ab stands for 

band area, and As for the total area enclosed by the modeled spectrum envelope. 

2.4. Thermal analysis 

 Thermal analysis is defined as the analysis of a change in a property of a sample, which 

is related to an imposed temperature alteration [97]. Although very concise, this definition 

captures the idea of observing thermal events occurring in a material along with the 

implementation of a given temperature program. In the case of glasses, the most important 

effect is the transition to the glass phase, which is most often observed using Differential 

Scanning Calorimetry (DSC) and Differential Thermal Analysis (DTA). The characteristic 

temperatures determined from the measurements allow to estimate the stability of the tested 

amorphous solids, an example may be the Saad-Poulain parameter [98], which, based on the 

glass transition, crystallization, and onset of the exothermic peak temperature values from the 

measurements, gives approximate information about the stability against crystallization of a 

given composition. Additionally, using the mentioned values of characteristic temperatures, it is 

possible to estimate the optimal temperatures of the thermal treatment in which the phase, for 

example nanocrystalline, of the nucleating agent introduced into the glass is obtained, and at 

the same time, it is possible to avoid the bulk crystallization of the glass matrix. This optimization 

assumes obtaining a nucleation rate much higher than the growth rate of the crystalline phase, 

so temperatures in the range from Tg to Tg +50°C are usually used [99]. However, due to the risk 

of strong matrix crystallization effects in the case of a narrower range between Tg and Tc, it is 

more advantageous (in terms of process control) to use temperatures slightly higher than the 

glass transition temperature. 
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2.4.1. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry measurement involves recording the change in the 

difference in the heat flow rate to a test sample and a reference sample when they are subjected 

to a controlled temperature program [100]. This concept is implemented in two ways in the form 

of heat-flux and power compensation DSC calorimeters. The heat-flux DSC calorimeter uses a 

precisely defined heat conduction path with a well-known thermal resistance to measure heat 

exchange with the environment. The directly measured value is the temperature difference, 

which determines the heat exchange intensity - the heat flow rate is proportional to it. The 

principle of operation of power compensation DSC is based on maintaining both the sample and 

the reference sample at the same temperature during the temperature program. The signal in 

this system is the difference in power supplied to the sample to achieve the above goal.  

This technique provides information on the thermal characteristics of the material, most 

often these will be the temperature values of exothermic or endothermic events, to which the 

reactions or transitions taking place can be attributed. Therefore, it is a key tool in the 

characterization of amorphous solids, allowing not only to track changes occurring in the internal 

structure of glasses along with the introduced modifications but also providing information 

necessary for the precise execution of controlled annealing processes. 

2.4.2. Differential Thermal Analysis (DTA) 

This measurement technique is closely related to DSC but allows only the determination 

of characteristic temperatures, while the DSC measurement also gives information on thermal 

parameters such as heat of crystallization or heat of fusion. In this case, the temperature 

difference between the sample and the reference is measured as they are subjected to a 

temperature program. This idea is implemented in a similar way as in the previously described 

measuring system, two samples are placed in the furnace chamber, one of which is the tested 

material and the other is the reference - Al2O3 is often used due to its well-known stability in a 

wide temperature range. For each sample, the temperature is measured with thermocouples 

spaced at a minimum distance from the samples (crucibles with a convex bottom are often used, 

which are placed directly on the thermocouple, so the distance is equal to the thickness of the 

crucible material), then the difference of these two values is plotted against the 

temperature/time during temperature program with a certain heating rate. Due to the significant 

similarity of techniques, the thermal events present for DSC occur as well in DTA measurements. 

In DTA, unlike DSC, it is not possible to measure heat capacities due to the constant heat flow 

during the measurement. Moreover, the practically identical analysis process in both 
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measurement techniques causes DTA as a less universal technique to be gradually replaced by 

DSC. At the same time, DTA is a much cheaper option for measurements at high temperatures 

due to the materials used in it and allows the use of larger sample weights. Therefore, it is still a 

choice for the thermal characterization of glasses. 

The thermal properties of the glasses were investigated using differential thermal 

analysis techniques performed on a Netzsch Simultaneous Thermal Analyzer STA 449 F1 Jupiter® 

in a covered alumina crucible (sample mass ~ 50 mg) and differential scanning calorimetry 

performed on a Netzsch Thermal Analyzer DSC 204 F1 Phoenix® in a covered aluminum crucible 

(sample mass ~ 5 mg). Measurements were performed using a heating rate of 10 K/min in a 

synthetic air atmosphere. The use of two measurement techniques was due to the impossibility 

of unequivocally determining the glass transition based only on the DTA curve. As a result, it was 

decided to carry out an additional measurement using the DSC technique in the range from 45 

to 550 °C. The glass transition temperature (Tg) and crystallization temperature (Tc) of the 

materials under study were clearly determined thanks to the combined results of the 

aforementioned techniques. 

2.5. Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is a measurement technique that utilizes the 

interaction of photons with matter, as a result of which the absorbed quantum of 

electromagnetic radiation (most often in the UV range) leads to electronic excitation in the 

examined material - energy is exchanged and electron occupies higher energy state. Due to the 

high energy of the excited electronic state, at room temperature, a non-radiative mechanism is 

less likely, so after some time at the excited state (lifetime) the system can return to the ground 

state spontaneously under emission of a photon [101]. The light emitted in the above process is 

characterized by a frequency lower (less often equal) than the frequency of the excitation wave, 

this is the so-called Stokes's rule - observed as a shift of the frequency of the emitted wave 

towards lower frequencies (in relation to the excitation wave) caused by the loss of excess 

vibration energy of the active unit to the surroundings. 

The basic equipment used in the measurements consists of a light source, a detector 

coupled to an analyzing unit, a sample chamber, and two monochromators. The light source is 

usually a xenon lamp which emits polychromatic radiation with a wavelength in the range 200 - 

1400 nm. The sample excited with the appropriate wavelength emits light which is analyzed by 

the emission monochromator directing only light of a fixed wavelength to the photomultiplier. 

As a result, the fluorescence intensity is measured as a function of the wavelength. The 

measurement can take place as described above when for a constant excitation wavelength, the 
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emission intensity is monitored in a certain wavelength range - an emission spectrum is obtained. 

The excitation spectrum is obtained by observing the intensity of radiation with a selected 

emission wavelength as a function of the excitation wavelength. By analyzing the measured 

spectra, information is obtained about the luminescent properties of the studied material, the 

types of active centers, and their surroundings. In particular, this technique enables one to study 

the influence of the glass matrix in which they are located on rare earth ions and, conversely, the 

influence of the RE dopant content and its type on the luminescent properties of the material. 

As a result, knowing the excitation and emission spectra of active centers in a given material, it 

is possible to select them in such a way that a favorable (from the experimental point of view) 

energy transfer occurs between them, numerous examples of which are presented in the first 

chapter of this work. Finally, in the case of luminescent glasses, this technique enables direct 

observation of the emission effect, which is the target application of these materials. 

Photoluminescence emission and excitation spectra were collected using the SCINCO 

FluoroMate FS-2 fluorescence spectrometer using the following measurement parameters: 

integration time – 40 ms, response time – 0.02 s, and 0.25 nm measurement interval. The 

samples were prepared in uniform pellets by mixing glass with KBr in a weight ratio of 1:1. 

2.6. Time-resolved Emission Spectroscopy 

Valuable information about the microscopic nature of the active center, its environment 

and the recombination process can be inferred from the luminescence decay curves and the 

resulting lifetime of the excited state obtained with time-resolved emission spectroscopy [101]. 

The idea of the technique is to measure the rate of population change in the excited state. This 

concept, in simple terms, is implemented by illuminating the sample with a short excitation pulse 

of a specific frequency and the following measurement of the intensity of the emission obtained 

as a function of time t. Due to the proportionality of the luminescence intensity I(t) to the 

population in excited state, there is a dependence on the exponential decay: 

𝐼(𝑡) =  𝐴 𝑒𝑥𝑝 (
−𝑡

𝜏
),                                                                     (4) 

 

where τ is the radiative decay time (its reciprocal is the transition probability) and A is an 

amplitude. In addition, the analysis of lifetimes distinguishes between the average lifetime 

considering amplitudes <τ>Amp and the average lifetime considering intensities <τ>Int, these 

parameters are defined as follows: 
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< 𝜏 >𝐴𝑚𝑝=
∑ 𝐴𝑖𝜏𝑖

∑ 𝐴𝑖
,                                                                       (5) 

 

< 𝜏 >𝐼𝑛𝑡=
∑ 𝐴𝑖𝜏𝑖

2

∑ 𝐴𝑖𝜏𝑖
.                                                                        (6)             

 

The obtained decay curves do not always have to correspond to the above equation and be 

single-exponential functions, this deviation may be a valuable source of information, inter alia, 

about the change in the active ion's environment and the resulting energy transfer, which is an 

additional method of decay for the excited ion, thus shortening the lifetime. In glass-ceramics 

doped with rare earth ions, the presence of two-exponential luminescence decay can be 

interpreted as information about two different environments in which the ion is located: the long 

lifetime is determined by the environment with high symmetry, and the short life time by the low 

symmetry environment of the dopant ion [102]. 

Time-resolved emission spectra were collected using pulsed spectrofluorometer system 

[103] based on laser system PL2251-20 with Nd:YAG laser and PG 401/SH parametric optical 

generator from EKSPLA with signal analyzed by Bruker Optics 2501S spectrograph and the 

Hamamatsu streak camera C433-01 model. All apparatus and measurements are controlled by 

the original Hamamatsu HPDTA software, allowing for real-time data analysis. Decay times were 

obtained by slicing the streak camera image at a certain time interval. 

2.7. UV–Visible Absorption Spectroscopy (UV-Vis) 

Absorption spectroscopy in the ultraviolet and visible radiation range, as the name 

suggests, examines the interaction of matter with radiation in the wavelength range of ~10 – 800 

nm. The condition for absorption of a photon, followed by the transfer of an electron from a 

lower to a higher energy level, is the matching of the photon energy to the difference between 

energy levels. The relationship connecting the above-described discrete atomic or molecular 

electronic states with the frequency of electromagnetic radiation is the Bohr–Einstein relation in 

the form: 

 

Δ𝐸 =  𝐸2 − 𝐸1 = ℎ𝜈,                                                                   (7) 

 

where Ei is the energies of the levels between which the electron transition occurs, h is Planck's 

constant, and ν corresponds to the frequency of radiation. The above expression is the first 

selection rule of electron absorption spectroscopy. The second selection rule refers to the 

transition probability W between the initial state Ψi and the final state Ψf, which must be 
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nonzero, expressed by the relation W = Bif ρ ≠ 0, in which the letter ρ denotes the radiation 

density and Bif denotes the Einstein coefficient proportional to the transition dipole moment. 

The third of the approximate selection rules is the condition of maintaining the same multiplicity 

of states between which the transition occurs. The relatively high energy of photons in the UV–

Vis range causes the observed spectra to be electronic-oscillatory-rotational, but according to 

the Franck–Condon rule, during electron transitions energy cannot be allocated to vibrational or 

rotational transitions, which causes electronic transitions to be much faster and, as a result, are 

characterized by a high-resolution spectrum [104]. 

In a UV-Vis spectrophotometer, the irradiated beam is split by an optical chopper into a 

reference beam providing the intensity I0 and a beam incident on the sample, which is 

characterized by the intensity I as a consequence of the absorption taking place. As a result, it is 

possible to calculate the transmittance (T = I/I0) of the sample as a function of the incident 

wavelength. This approach allows one to get rid of the influence of instrument factors and obtain 

only the sample response. In the case of luminescent glasses, UV-Vis spectroscopy allows one to 

determine the width of the optical window, in particular high transparency for UV radiation 

(absorption edge), which is necessary due to the need to excite RE ions located inside the 

amorphous matrix. The presence of these ions can be confirmed on the basis of narrow 

absorption bands corresponding to characteristic electronic transitions. In addition, for glasses 

containing an AgNO3 additive, it is possible to determine the formation of metallic precipitates 

in the material by observing the surface plasmon resonance band. 

Absorption spectra of the glasses were obtained using a UV-Vis Perkin-Elmer Lambda 35 

spectrophotometer. The studies were carried out in the transmission mode range from 190 to 

1100 nm with a resolution of 2 nm. 
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3. Results and discussion 

3.1. Materials containing addition of SrF2 

DTA and DSC  

The obtained PKF glass series, together with the parent glass PKBN, were thermally 

characterized using DSC and DTA techniques. The results of these measurements are presented 

in Figure 10, where the measurement curves from the mentioned methods were scaled and 

compared to each other in order to provide a comprehensive picture of the thermal properties 

in the range from 40 to 800 °C. Based on the DSC results (left), it was possible to observe glass 

transitions, which were characterized by glass transition temperatures Tg (in this work the 

concept of determining Tg for the transition center was adopted). The influence of the SrF2 

addition on the transition position is particularly pronounced, after its introduction the glass 

transition temperature increases significantly reaching a maximum of Tg = 522 °C for PKF10, 

which is equivalent to an increase of 34 °C compared to the PKBN parent glass. Interestingly, 

further addition leads to a decrease in Tg in the case of the PKF15 sample. 

 

 

Fig. 10 Results of DSC (continuous line) and DTA (dashed line) measurements of PKF and PKBN parent 
glass series. The curves corresponding to the two techniques were rescaled and compared to each other 
to present the overall characteristics of the measured glasses. Characteristic temperatures are marked 

with arrows: Tg – glass transition temperature, Tx – onset temperature related to Tc, which is the 
crystallization temperature (exothermic maximum) 
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Other parameters such as the temperature of the onset of exothermic maximum (Tx) and the 

value of its center known as the crystallization temperature (Tc) were read from the results of 

the DTA analysis. In this case, the addition of SrF2 caused smaller differences in the values, for 

PKBN and PKF5 the Tc value was similar and equal to ~650 °C. Moreover, the PKBN glass was the 

only one characterized by the second exothermic maximum Tc2 = 698 °C, the occurrence of which 

can be identified with the crystallization of the second, high-temperature crystalline phase. The 

growth of this phase is probably inhibited by the addition of SrF2, which would explain the lack 

of its signs in the PKF series. Glasses with a higher fluoride content showed different trends - 

compared to the PKBN matrix, the crystallization temperature increased by 5 °C for PKF10 and 

decreased by 5 °C for PKF15. A summary of the characteristic temperatures of the measured 

glasses is included in Table 2. 

 

    DSC                 DTA     S 

    Tg   Tx Tc   

PKBN  488  621 651 (698)* 
 

10.02 

PKF5  496  614 649 
 

10.80 

PKF10  522  631 655 
 

6.11 

PKF15   516   619 645   6.5 

Table 2.  Characteristic temperatures (°C) determined on the basis of DTA/DSC measurements. The 
symbols used are analogous to those introduced in Fig. 8. The table also includes the calculated values of 

the Saad–Poulain (S) parameter. The value marked by an asterisk indicates the position of the second 
exothermic maximum 

 
 

 The values of the obtained temperatures were used to calculate the parameter proposed 

by Saad – Poulain [98] in the form: 

 

𝑆 =
(𝑇𝑐−𝑇𝑥)(𝑇𝑐−𝑇𝑔)

𝑇𝑔
.                                                                       (8) 

 

It allows for a relative assessment of the stability against crystallization of selected compositions 

and for tracking changes in this property along with their modifications; the values calculated for 

the PKBN glass and the PKF series are included in Table 2. It should be noted that the use of the 

S parameter in this work involved the use of two measurement techniques, in which, although 

the same heating rate of 10 K/min was set, the tested samples were not characterized by 

identical geometry, therefore, the S values are only used for comparative analysis within this 

work. Moving on to this analysis, it can be seen that the obtained values divided the tested 
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glasses into two groups - PKBN and PKF5 with the value of S ≈ 10, while for PKF10 and PKF15, S 

≈ 6. This is an indication of the influence of SrF₂ on the stability of the glasses, which is reduced 

for the share close to 10 mol% and higher (based on the parameter values). In this approach, 

PKF5 glass can be considered as a transitional material between the PKBN matrix and other 

compositions, in which the influence of SrF2 on its properties is clearly stronger. This is supported 

by the dual nature of this material, which is characterized by the value of the S parameter almost 

identical to PKBN glass and, at the same time, does not show the presence of a second 

exothermic maximum, which is similar to glasses with higher fluoride content. 

A particularly interesting comparison of DTA results is presented in Figure 11. It contains 

fragments of identically conducted measurements of the PKF15 sample (same as in Figure 10) 

and its version doped with only 0.5 mol% Eu – PKF15 05Eu. With the introduction of the dopant, 

the recorded temperatures characterizing the exothermic maximum increased collectively by 

~13 °C, which resulted in a shift of the thermal effect towards higher temperatures without 

changing its form – compared to PKF15. The above observations may mean that Eu3+ ions in the 

case of the described glasses are more likely to behave as lattice modifiers, building themselves 

into the glass lattice, thus increasing the resistance to crystallization. Similar conclusions were 

reported in [105], where the increasing share of the Eu2O3 dopant positively influenced the 

stability of bismuth-alumino-borate glasses and decreased the degree of crystallinity of the 

samples subjected to annealing. 
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Fig. 11 Comparison of fragments of the DTA measurement curve obtained for the PKF15 matrix and its 
Eu2O3-doped version PKF15 05Eu. The presented exothermic maximum illustrates the influence of a 

relatively small dopant (0.5 mol%) on the characteristic temperatures of the derived materials 

 
The thermal analysis performed was crucial in determining the range of annealing 

parameters that would allow for controlled growth of the SrF2 crystalline phase in the glass 

matrix. However, the observed differences in values of characteristic temperatures (Table 2) 

between the studied glasses made it difficult to select one general annealing temperature 

directly. The uniqueness of this temperature is emphasized by the fact that it should provide 

optimal annealing effects for each of the compositions, which in this approach is equivalent to 

maintaining control over the growth of the desired crystalline phase (SrF2) and hindering the 

bulk crystallization of the matrix so that it is possible to conclude about the influence of the 

modifier content on the properties of the obtained materials. As a result, it was decided to "scan" 

the range of available temperatures from 485 to 605 °C (determined based on DSC/DTA) and 

experimentally select the optimal temperature through a series of 10 h of annealing with an 

interval of 10 °C. 
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XRD 

The results of X-ray diffraction measurements allowed us to confirm the amorphous 

nature of the PKBN matrix and the PKF glass series - the corresponding diffraction patterns are 

included at the bottom of Figures 13 - 16. Analogous conclusions about the shapes of the glasses 

additionally doped with 0.5 mol% Eu could be reached based on the shape of their diffraction 

patterns presented in Figure 16 a). Photos of samples of as-prepared glasses are presented in 

Figure 12 (first row). As can be seen, the obtained materials were homogeneous and 

characterized by high transparency with a slightly yellow tint.  

 

 

Fig. 12 Comparison of photos of as-prepared glasses (top row) and their doped counterparts after double 
annealing initially at 525 °C and then at 585 °C (bottom row). The second row clearly shows the loss of 

transparency of the PKBN glass and the gradual improvement with increasing SrF2 content 

 
Undoped glasses, which were subjected to a series of 10 h of annealing in the range of 

485 –605 °C (the summary of the parameters of individual processes is included in Table 3), were 

subjected to XRD characterization in order to optimize the annealing temperature and to obtain 

a systematic description of the crystallization process, the measurement results are summarized 

in Figures 13 – 16. Due to the demonstration of the purely amorphous nature of the samples 

annealed in the range of 485 to 555 °C, these results were not included in the work. This 

procedure provided greater transparency of the compared data.  

  

 

 

 

 



 

60 
 

 

Series Glasses 
Annealing 

parameters 

1 undoped 

every 10°C 

from 485°C -605°C range 

 for 10h 

2 with 0,5 mol% Eu 
525°C, 545°C, 585°C 

for 10h 

3 

with 0,5 mol% Eu; 

annealed at  

525°C for 10h 

 545°C, 585°C 

for 10h 

Table 3. Summary of the parameters of the annealing process performed for the PKF series 

 

Regardless of the series of glasses subjected to the annealing process, the last temperature, 

which, according to the observations made, guaranteed a completely amorphous material 

devoid of crystalline phase reflections that stood out beyond the wide maximum was 565 °C. On 

this basis, it was possible to conclude that the limiting parameters of the annealing process, after 

which the first signs of the appearance of crystalline precipitates in the glass matrices of PKBN - 

PKF are noticeable are 575 °C and 10 h. Materials obtained using these conditions are 

characterized by reflections of very low intensity, which may be equivalent to information about 

a small share of the newly formed crystalline phase. As a result, the above-mentioned annealing 

parameters can be considered as limiting, which ensures the presence of detectable crystallite 

content, taking into account a specific detection threshold resulting from the applied XRD 

measurement technique. The hardware limitations and the conclusions about the temperature 

characteristics based on the thermal analysis led to the conclusion that in the case of lower 

temperatures, the presence of nanocrystalline precipitates formed as a result of annealing, 

which remains outside the detection threshold, cannot be completely excluded. Unfortunately, 

in most cases, the reflections originating from crystallites dispersed in the matrix overlap with 

the strong halo of the amorphous matrix. As a result, it is difficult to recognize or characterize 

poorly defined reflections associated with nanometric precipitates. 
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Fig. 13 Comparison of diffractograms obtained as a result of measurements of PKBN glass samples 

subjected to annealing in the range of 565 - 605 °C for 10 h. Additionally, the diffractogram of the 

unannealed sample is included at the bottom. The identified crystalline phases formed as a result of 

annealing the amorphous material are marked with symbols, these are respectively: * - high temperature 

monoclinic BiPO4; ● - monoclinic BiPO4; X - KNbO(P2O7), standard XRD patterns of these phases were 

shown in the lower part of the figure 
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 Well-defined reflections in the diffractograms of PKBN samples appear in the case of 

annealing at 585 °C, which is presented in the comparison in Figure 13. In the next step, a higher 

process temperature (595 °C) led only to a slight increase in the peak intensity. Only in the case 

of the last annealing at 605 °C a sudden increase in intensity was observed, which could be 

correlated with the increase in the sample crystallinity. It was certainly influenced by the growth 

of three crystalline phases, which were identified based on the recorded reflections (Figure 13) 

as monoclinic monazite-type BiPO4 (M-BiP) phase (ICDD no. 080–0209), its high-temperature 

equivalent (H-BiP) (ICDD no. 074–1635) and KNbO(P2O7) (ICDD no. 049–0984), occurring only in 

glasses annealed at 605 °C.  

In the case of the described PKBN series, the evolution of the crystalline phases indicates 

that the second exothermic maximum observed for this glass (Figure 10; Tc2 = 698 °C) can 

probably be attributed to the crystallization of the H-BiP phase. Similar observations were made 

by Mooney-Slater in her work [106], where she studied polymorphic forms of bismuth 

phosphates. The transformation M-BiP → H-BiP was defined by her as occurring rather in a 

gradual manner, where one phase is replaced by the other by reconfiguration, than destructively 

with the participation of numerous bond breaks. However, it is worth emphasizing that both the 

work of Mooney-Slater and the studies presented by Romero et al. [107] mentioned that the 

above transformation occurs above 600 °C, but in order to produce the high-temperature BiPO4 

variant, they use annealing in the range of 750 - 800 °C - the process is also described as slow 

(lasting several days). The fact that the presence of the H-BiP phase was demonstrated in the 

tested glasses already in samples annealed at 585 °C can be explained in two ways, but in each 

of them it is important to take into account the influence of the glass structure on the 

crystallization process. The first of the probable mechanisms assumes, analogously to the 

examples described above, the growth of the M-BiP phase as the first, which at a certain stage 

of the process would gradually transform into the high-temperature version of BiPO4. The second 

option is the simultaneous growth of the M-BiP and H-BiP phases, supported by the 

environmental conditions of the glass matrix. The argument in favor of the second thesis is the 

occurrence of both phases in samples obtained in the process characterized by a relatively low 

temperature and short duration - H-BiP reflections were recognized already for 585 °C. 

Moreover, the crystal structure of both phases in the short-range order does not differ 

significantly from the units constituting the parent glass network, which would allow for easier 

reorganization of the atoms. On the other hand, following the conclusion presented by Romero 

et al. [107], which defines the structural changes occurring during the M-BiP → H-BiP 

transformation as very small, related mainly to the slight rotation of the PO4 tetrahedra, the 

mechanism presented first can be considered probable. The outlined situation suggests that a 
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common compromise with a clear threshold near 600 °C is more probable than the isolated 

action of individual mechanisms when describing the observed changes. In this proposed 

explanation, below 600 °C, mainly spontaneous crystallization of both phases occurs, M-BiP 

dominates, and a small part of it is simultaneously transformed into the high-temperature phase. 

Exceeding the mentioned annealing temperature threshold makes the transformation into H-BiP 

more probable and dynamically occurs at the expense of the second phase. This concept would 

explain the trend in the intensity of diffraction reflections present in Figure 13. 

The addition of SrF2 was introduced to the PKF glass series in order to obtain a 

nanocrystalline SrF2 cubic phase by controlled annealing. The glass-ceramics obtained in this way 

turned out to contain more than one crystalline phase, which was confirmed by the XRD results 

presented in Figures 14 - 16. 

 

 

Fig. 14 Comparison of diffraction patterns obtained from measurements of PKF5 glass samples heated in 
the range of 565 - 605 °C for 10 h. Additionally, the diffraction pattern of the unheated sample is included 
at the bottom. The identified crystalline phases formed as a result of heating the amorphous material are 

marked with symbols, these are respectively: ● - monoclinic BiPO4; □ - SrF2; ▽ - unknown phase 

 

As can be seen, the complexity of the initial amorphous system resulted in its susceptibility to 

modifications, which is particularly evident in the XRD analysis of the annealed samples. It 

showed that the introduction of as little as 5 mol% SrF2 significantly affects the structure of the 

glasses and, indirectly, the resulting crystallization properties. It was observed that even the 

smallest SrF2 content used completely inhibits the possibility of growth of the H-BiP phase (which 
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is confirmed by the corresponding DTA curves lacking the second exothermic maximum). As a 

result, in the PKF 5-15 glass-ceramics, the following was identified: the M-BiP phase, with high 

probability some of the reflections were assigned to the cubic phase of SrF2 (ICDD no. 086–2418) 

and the presence of an unknown phase (UnP) was detected, which could not be identified. 

Analysis of this issue, apart from the complications resulting from the amorphous nature of the 

material, is even more convoluted due to its multicomponent nature, which results in broad and 

complex XRD peaks. The width of the reflection, most often described by full width at half 

maximum (FWHM), can be changed by two factors, the overlap of closely located peaks 

originating from different crystalline phases and the sizes of individual crystallites. Precipitates 

whose diameters do not exceed the order of tens of nanometers will be characterized by 

reflections with FWHM so large that in the case of a multicomponent sample, it is impossible to 

unambiguously characterize and identify the crystalline phases. 

 

 

Fig. 15 Comparison of diffraction patterns obtained from measurements of PKF10 glass samples heated 
in the range of 565 - 605 °C for 10 h. Additionally, the diffraction pattern of the unheated sample is 

included at the bottom. The identified crystalline phases formed as a result of heating the amorphous 
material are marked with symbols, these are respectively: ● - monoclinic BiPO4; □ - SrF2; ▽ - unknown 

phase 

 

The analogous dependence of the differences in the intensity of reflections on the 

annealing temperature described earlier for the PKBN glass-ceramic was also observed for other 

compositions. However, with the increasing share of SrF2, the nature of this trend changed, in 
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which the relative differences in intensity (especially visible between samples annealed at 595 

and 605 °C) significantly decreased. These changes may be related to the crystallization of the 

UnP phase, the appearance of which probably significantly limits the growth of the M-BiP phase 

- this relationship is particularly visible in the case of PKF10 and PKF15 glass-ceramics obtained 

at 605 °C. However, this division is not unambiguous for the PKF5 glass-ceramics, their 

transitional nature is again revealed, and both the main M-BiP phase dominant in the PKBN glass-

ceramics is present in them and SrF2 crystallites and the UnP phases appear (Figure 14). 

Moreover, the distinct properties of this composition are expressed by very low intensity, poorly 

defined reflections isolated for samples annealed at both 585 and 595 °C. The reason for the 

above observation is not clear, as neither the results of thermal analysis nor the type of 

crystalline phases formed differ significantly from the other PKF compositions. 

 

 

Fig. 16 Comparison of diffraction patterns obtained from measurements of PKF15 glass samples heated 
in the range of 565 - 605 °C for 10 h. Additionally, the diffraction pattern of the unheated sample is 

included at the bottom. The identified crystalline phases formed as a result of heating the amorphous 
material are marked with symbols, these are respectively: ● - monoclinic BiPO4; □ - SrF2; ▽ - unknown 

phase 

 

The PKF5 glass-ceramic case has already initially suggested that samples with a higher 

modifier content exhibit mutual similarity in crystallization characteristics. In particular, they are 

distinguished by well-defined peaks of the SrF2 and UnP phases, with negligible intensity of 

reflections corresponding to M-BiP. This disappearance is probably closely related to the 
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appearance of UnP crystallites, which are formed at the expense of M-BiP. The occurrence of this 

correlation may indicate that the UnP phase is a phosphate, which includes, among others, 

strontium atoms, unfortunately, the complexity of the studied system did not allow its 

unambiguous identification.  

 The intensity of reflections in the presented diffraction patterns, which increased with 

the temperature of the annealing process, also provides information about changes in the 

morphology of the obtained samples. With the increasing annealing temperature, the surface of 

the resulting materials became somewhat cloudy, and a thorough analysis allowed us to notice 

minor streaks in glasses annealed already at 565 °C. To summarize, the degree of transparency 

of the obtained glass-ceramics increased with the increasing share of SrF2 and was inversely 

proportional to the temperature used for their production. Taking into account the above-

mentioned relationships and the measurement results that were their basis, it was decided to 

select TH = 585 °C as the main annealing temperature, which for all compositions could meet the 

compromise of sufficient transparency while ensuring an increase in detectable amounts of the 

crystalline phase. In order to extend the systematics of the study, two additional parameter 

values were distinguished: low annealing temperature TL = 525 °C and medium annealing 

temperature TM = 545 °C. The first of the above was defined as a temperature slightly higher than 

the experimentally determined highest glass transition temperature – Tg = 522 °C for PKF10. The 

TM temperature is expressed as an average of the TH temperature values and the averaged Tg 

values of PKBN – PKF15 glasses. 

 Summarizing the effects of annealing of undoped glasses presented so far, it can be 

stated that based on the XRD results, the crystallization characteristics of these materials were 

initially outlined. They consisted of identifying the occurring crystalline phases, their evolution 

related to the introduction of different SrF2 contents, and optimizing the annealing parameters 

for practical applications. The collected information allowed for the analysis of the properties of 

glass-ceramics doped with 0.5 mol% Eu2O3, the results of which diffraction measurements are 

presented in Figure 17. At first glance, it is clear that the recorded reflections were characterized 

by very low intensity and direct identification would be impossible - this confirms the justification 

for creating a "guide" in the first stage of the experiment describing the behavior of the tested 

glasses subjected to a series of systematic annealings.  

As expected, the diffraction patterns presented in Figure 17, which were obtained for 

glasses heated at b) 525 °C, c) 545 °C and e) 525/545 °C, were devoid of any signs of crystalline 

precipitates (irrespective of composition). The remaining annealings, d) 585 °C and f) 525/585 

°C, resulted in obtaining crystallites dispersed in the glass matrix, which was confirmed by diffuse 

peaks in the diffractograms of PKF5 05Eu and PKF10 05Eu, to which phases analogous to those 
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identified for undoped counterparts were assigned. Among the listed glass-ceramics, there was 

no PKF15 05Eu sample, for which, contrary to expectations (established on the basis of data from 

Figure 16), both in the case of single and double annealing, only an amorphous halo was 

obtained as an XRD result. 

 

 

Fig. 17 Comparison of diffractograms of a series of glasses doped with 0.5 mol% Eu, which were 
subjected to annealing. For all compositions 0 - 15 mol% SrF2, the graphs show the annealing results 

defined by the parameters: a) as-prepared glasses; b) 525 °C/10 h; c) 545 °C /10 h; d) 585 °C /10 h; e) 525 
°C /10 h + 545 °C /10 h; f) 525 °C /10 h + 585 °C /10 h. For the sake of clarity, the shared axes are 

described only for graph a) 
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Due to identical process conditions, the only factor that could cause the observed difference was 

the modification of the composition by introducing the Eu dopant. The effect caused by such a 

small Eu2O3 dopant (0.5 mol%) could seem insignificant in principle, but as revealed in the 

comparison of DTA measurements presented in Figure 11, the dopant used in the case of this 

composition significantly affects the structure of the glasses. As a result, by making the glass 

more resistant to crystallization, it limits the growth of the expected crystalline phases in the 

annealing process characterized by the given parameters (585 °C and 10 h). The results also show 

that this effect is not separated from other parameters and becomes more significant with the 

increasing SrF2 content. The indirect effect of this correlation is visible in Figure 12 (bottom row), 

where the surface appearance of the samples subjected to double annealing at 525/585 °C is 

presented. With the increasing content of the modifier, the surface turbidity acquired during 

thermal treatment decreases. Attention should be paid to the degree of turbidity of the PKBN 

and PKF5 samples, which is much greater than it could be deceptively shown solely based on the 

diffraction measurements performed for them. 

 The process of identifying crystalline phases carried out for the PKBN 05Eu glass-ceramic 

heated singly and doubly in TH showed the presence of M-BiP and H-BiP phases in both samples. 

In the case of extended heating, additional reflections were also observed (2θ ≈ 32.3° and 32.8°), 

which could not be assigned, and may be a sign of the formation of an additional phase 

appearing only in specific conditions guaranteed by the performance of double heating. The 

diffractograms of the remaining glass-ceramic compositions, although in the case of the above 

heating parameters were characterized by visible reflections, due to their low intensity and 

blurred form did not allow for direct identification of the formed phases. To some extent, taking 

into account the Eu effect, it can be assumed that these are crystallites of phases revealed during 

the series of heat treatments of samples without a dopant. 

 The observed effect of the Eu2O3 dopant brings another conclusion about the probable 

mutual influence of Eu3+ ions and the glass network. Due to the scale of the effect caused by a 

very small amount of dopant on the glass-ceramic structure, it is possible that the structural 

units forming this material together with the crystallites can equally strongly modify the 

environment of Eu3+ ions, and thus affect their properties, in particular luminescence. 

 
FT-IR spectroscopy 

 The structural analysis of PKBN – PKF glasses, apart from the extensive XRD 

characterization, was based on infrared spectroscopy measurements, in which spectra in the 

range of 4000 – 400 cm-1 were obtained. The summary of the obtained results is presented in 

Figure 18. 
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Fig. 18 Summary of FT-IR spectra obtained for as-prepared glasses in the range of 4000 – 400 cm-1. The 
vertical dashed lines indicate the areas A and B, which were subjected to detailed analysis due to the 

bands characteristic of the tested glasses 

 

Due to the position of the main bands containing information on the internal structure of the 

materials, the detailed analysis was limited to the range of 1400–400 cm-1. For the convenience 

of description, this range can be divided into two dominant, complex minima, the first of which 

is located around 1400 – 670 cm-1 (marked with the letter A in Figure 18), and the second is 

located at 650 – 410 cm-1 and in this case marked with the letter B. The detailed measurement 

data are presented in Figure 19 using a short-dashed line. Based only on the general comparison 

of the spectral shapes, it can be stated that the change in the SrF2 content in the range of 0 – 15 

mol% does not lead to significant differences, especially in the form of new bands or large shifts. 

However, with the introduction of fluoride, a broadening of the left part of the A minimum can 

be observed, which is accompanied by the appearance of a new inflection of the curve located 

around 1180 cm-1. Moreover, with increasing the SrF2 content, it was observed that the most 

intensive minimum (in the case of PKBN ~1050 cm-1) shifts towards lower wave numbers, up to 

the value of 1015 cm-1 read for PKF15. A common feature of the detected absorption bands is 

their large width. Moustafa and El-Egili [108] in their work on IR spectroscopy measurements of 

sodium-phosphate glasses suggested that the broadening of the bands is the effect of the 
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diversity of ways in which the structural groups can be connected to each other and ultimately 

the increased number of vibration modes resulting from their presence. This observation is also 

indirect information about the structural disorder of the phosphate groups in the material.  

 

 

Fig. 19 Results of deconvolution (modeling) performed for fragments (1400 – 400 cm-1) of IR spectra of 
as-prepared glasses containing from 0 to 15 mol% SrF2. The experimental curves are marked with a 

short-dashed line, the matched components of the bands (Gaussian) are marked with a solid line, and the 
envelope of the simulated spectrum is marked with a red dotted line. The vertical dashed line separating 

the studied fragment into two main maxima is located at ~670 cm-1 

 

Tracing the structural evolution caused by the addition of SrF2 required identification and 

analysis of individual bands. Due to the complex form of the spectra, which made it impossible 

to make the above assignment directly, it was decided to model them (deconvolution) in the A 

and B ranges - in total in the range of 1400 - 400 cm-1. The results of this operation in the form 

of fitted curves are included in Figure 19, the parameters characterizing them are collected in 

Tables 4a and 4b (the assumptions of this process were described earlier in subsection 2.3). 

 

 

 

 

 



 

71 
 

 

PKBN 
Cb 1210 - 1082 961 908 862 829 798 765 735 700 

Ra 16.3 - 35.7 25.5 3.0 5.8 0.3 1.7 0.7 1.7 0.3 
             

PKF5 
Cb - 1163 1068 979 897 - - 823 743* 722 695 

Ra - 39.3 6.6 19.8 7.7 - - 12.2 1.4 0.4 1.4 
             

PKF10 
Cb - 1160 1072 988 894 - - 809 - 725 688 

Ra - 38.6 4.8 21.1 12.8 - - 9.6 - 2.7 0.4 
             

PKF15 Cb - 1158 1070 990 894 - - 808 756 726 693 
 Ra - 36.1 5.4 22.0 15.3 - - 8.4 0.1 1.7 0.7 

Table 4a. Parameters of the curves obtained in the process of modeling the IR spectra of PKBN - PKF 
glasses. The Cb values correspond to the band center positions and are expressed in cm-1, while Ra - 
relative area of the band, was defined as the percentage ratio of the band area to the area of the 

obtained model envelope 

 

PKBN 
Cb 639 629 605 571 - 532 502 480 469 439 - 

Ra 0.1 0.4 1.0 1.7 - 4.5 0.7 0.3 0.3 0.1 - 
             

PKF5 
Cb 633 - 610 570 548 529 506 464 - 440 414 

Ra 0.2 - 1.9 1.9 1.0 1.3 3.8 0.5 - 0.4 0.5 

   
           

PKF10 
Cb 638 - 619 571 - 528 501 475 - 438 429 

Ra 0.2 - 1.0 3.3 - 4.3 0.2 0.8 - 0.0 0.5 

   
           

PKF15 Cb 638 627 608 576 - 534 504 475 - 449 420 
 Ra 0.1 0.4 1.1 1.1 - 6.7 0.2 0.5 - 0.2 0.1 

Table 4b. Parameters of the curves obtained in the process of modeling the IR spectra of PKBN – PKF 
glasses (continued) 

 

 The first of the distinguished bands in the proposed model (starting from higher wave 

numbers) occurs only for the PKBN sample with the center located at about 1210 cm-1. It was 

assigned to the stretching vibrations of the P=O bond [108-110]. This band does not occur for 

samples containing the SrF2 additive. It is also possible that its intensity decreases to such an 

extent that it is no longer distinguishable in the spectrum. Regardless of the method, the 

disappearance of the band may be related to the strong reconfiguration of the glass structure 

under the influence of fluoride. It can be understood as the effect of the "cracking" of the P=O 

bond, which, due to the freedom provided by the depolymerization of the network, starts to 

coordinate intermediate M cations to form P-O-M bonds, where the cation, acting as a network 



 

72 
 

former, increases the cross-linking of the glass structure [110]. This is probably one of the factors 

causing the measured glass transition temperatures for the PKF glass series (Figure 10) to be 

higher compared to the PKBN matrix. With the introduction of 5 mol% SrF2 into the compositions 

in the range corresponding to the above-mentioned absorption, a strong band appears located 

at ~1163 cm-1, to which asymmetric stretching vibrations of P-O- (NBO) bonds in PO2
- groups 

[105] were assigned. Assigning this band to asymmetric vibrations, based on the findings 

presented in Robinson's work [111], may mean that the band of corresponding symmetric 

vibrations may be located at about 1030 cm-1, but in the case of the glasses studied it was not 

directly observed. Increased SrF2 content in PKF10 and PKF15 samples leads to a gradual 

decrease in relative intensity and a slight shift of the band towards lower wave numbers. One of 

the probable reasons for these changes is the probable appearance of phosphate groups PO3
2- 

[110], which is a sign of the presence of pyrophosphate units P2O7
4-.  

 The influence of SrF2 on the glass structure is particularly visible in the case of the band 

evolution, which for the PKBN matrix was distinguished at ~ 1080 cm-1 and was attributed to the 

asymmetric stretching of the P-O- bond in Q1 units (chain terminator) [112, 113]. The initially 

large relative field (Ra for PKBN ≈ 36 %) decreases several times after the introduction of fluoride 

and the band center shifts towards lower wave numbers. The observed changes may be related 

to the transformation of the glass network, as a result of which the weakened and shifted band 

probably corresponds in this case to the symmetric stretching in PO2 units [114]. The key to 

explaining the changes occurring with the introduction of the modifier is to take into account 

the simultaneous disappearance of the band interpreted as the effect of P=O bond vibrations 

and the decreasing intensity of the aforementioned absorption as the effect of the equilibrium 

described as 2Q1 = Q2 + Q0 [115, 116] established under the influence of SrF2 addition, which 

determines the observed changes in the description and characteristics of the band. The 

neighboring band is characterized by the highest Ra value in the case of PKBN glass, for PKF5 the 

minimum value of this parameter was noted, followed by its gradual increase with the increasing 

share of SrF2. The changes in the relative field of the band were accompanied by a significant 

shift of its center, from the position of 960 cm-1 determined for PKBN to 990 cm-1 determined for 

PKF15. It probably corresponds to the asymmetric stretching of the P-O-P bond associated with 

large metaphosphoric rings [105, 112]. The mentioned changes induced by fluoride addition may 

be related to the increasing share of Q0 units, for which the characteristic deformation vibration 

band is located at ~990 cm-1 [114]. One of the results of the proposed evolution describes a band 

located at about 900 cm-1, which can be attributed to the stretching vibrations of P-O-P bonds 

associated with metaphosphate chains [105]. Considering the fact that with increasing SrF2 

content in the samples the relative field systematically increases and the center shifts towards 
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lower wave numbers, it is possible that this is an image of a gradual disintegration of the ring 

units, which take the form of chains. 

 The bands located around 862 cm-1 and 829 cm-1 were distinguished only in the case of 

modeling the spectrum of PKBN glass and were assigned to the vibrations of BiO6 octahedra and 

BiO3 pyramidal units [117]. It is also probable that the vibrations of the Nb-O bond contribute 

partially to these bands. 

 Symmetric stretching vibrations of the P-O-P bond were described as the cause of the 

absorption band located at ~800 cm-1 [108]. Initially, the weak band determined for PKBN was 

significantly enhanced, reaching the highest intensity after the introduction of 5 mol% SrF2. At 

the same time, the aforementioned enhancement was accompanied by a significant shift 

towards higher wave numbers (823 cm-1). In the case of PKF10 and PKF15 glasses, the 

corresponding band was located near 810 cm-1 and was characterized by a decreasing Ra value, 

which may be due to partial replacement of symmetric P-O-P bonds by P-O-M induced by 

structural changes related to the appearance of the modifier. The adjacent weak band, 

depending on the composition, was located in the range of 765 – 740 cm-1 (absent for PKF10) 

and could not be identified. The absorption band characterized by the center located at ~735 

cm-1 has been described as a possible effect of symmetric stretching of P-O-P bonds forming ring 

units [105, 112]. The changes induced by the addition of 5 mol% SrF2 are revealed by a strong 

reduction in intensity and a shift towards lower wave numbers (720 cm-1), which can be 

understood as a consequence of the breaking of bonds forming rings. However, a further 

increase of fluoride content probably leads to an increase in the cross-linking of the structure, 

and a renewed increase of the relative field is observed as well as a small shift of the band 

towards higher wave numbers. 

 The band located at about 700 cm-1 probably corresponds to the deformation vibrations 

of the corner-shared NbO6 octahedra [118], and the absorption located at ~640 cm-1 can be 

attributed to the vibrations of the Bi-O bond [112]. Based on the analysis of the compositions of 

the glasses, it can be concluded that in these materials there are generally structural units based 

on Bi and Nb atoms, most probably in different coordinations 3 and 6-coordinated. The changes 

occurring with the introduction of different SrF2 contents, in the case of Bi and Nb, are 

concentrated around the incorporation of these cations into the glass structure, and thus are the 

effects of the transition from the role of a modifier to a conditional network former. The next 

band occurs only for PKBN and PKF15 glasses and is located at ~627 cm-1 and is related to the 

presence of oxygen polyhedra NbO6 [108, 118], similarly to the ~700 cm-1 band it describes 

deformation vibrations. 
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 The band located at ~605 cm-1 together with the neighboring band at ~570 cm-1 were 

jointly described as the effect of the Bi-O bond vibrations in strongly deformed octahedra [117]. 

The first of the mentioned absorptions reaches the maximum of the relative field for the PKF5 

sample with a simultaneous significant shift towards higher wave numbers, while the second 

one is characterized by the highest Ra value for PKA10 and a slightly shifted band center for 

PKF15. Two bands in the range of 548 – 528 cm-1 were identified as related to the deformation 

vibrations of Q0 units [105, 112, 113]. The first of the bands is characterized by low intensity and 

was observed only for PKF5. The changes in the parameters of the second band, analogously to 

the tendency already observed in these materials, are the strongest when 5 mol% of the modifier 

is introduced. It is worth mentioning that in the work of Glasstwin et al. [114] the band around 

~530 cm-1 was determined to originate from the coupled deformation vibrations of Q0 units with 

the vibrations of the Nb-O bond, which could explain the increase in Ra with the increasing 

fluoride content in the glasses. The band around 500 cm-1 is characterized by a significant relative 

field only in the case of the PKF5 sample and was assigned to the vibrations of the Nb-O bond 

related to the occurrence of edge-shared NbO6 octahedra [118]. In this case, the transient nature 

of Nb is visible, which with the increasing fluoride content is more likely to be randomly 

incorporated into the lattice than to form highly coordinated units. The spectral components 

around 475 cm-1 and 470 cm-1 (occurring only in PKBN) were assigned to the deformation 

vibrations of the O-P-O bond [105] or bonds in the BiO3 unit [112, 119]. The band located at ~440 

cm-1 may be the effect of the Bi-O bond vibration in strongly distorted BiO6 octahedra [117]. The 

last of the bands located at ~420 cm-1 was observed only for the PKF series and was identified as 

the Nb-O bond vibration [114]. 

 
UV-Vis analysis 

 Figures 20 and 21 present the comparisons of absorption spectra obtained in the 

wavelength range of 190 – 1100 nm for the base glasses PKBN - PKF and their counterparts doped 

with 0.5 mol% Eu, respectively. The data in Figure 20 indicate that in the case of as-prepared 

glasses, there are no excess absorption bands originating from the matrix components 

themselves, which could modify or adversely affect the emission properties of the material. The 

recorded level of transmittance of the glasses in the visible light region is in a fairly wide range 

from ~75% for PKBN to ~50% for PKF10, but these results do not show an unambiguous 

dependence of this parameter on the SrF2 content. The same conclusion can be reached by 

analyzing the spectra of samples containing the Eu dopant (Figure 21). The origin of the 

differences is probably mostly related not so much to the material properties themselves 

(transparency, comparison with Figure 12), but to the specificity of the measurement, which was 
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performed on mechanically unprocessed samples. This choice was motivated by the difficulty of 

polishing the samples, which resulted from the small thickness of the melted glasses, and the 

type of information requested because the focus was mainly on the occurrence of absorption 

bands and qualitative delineation of the transparency range of the samples. Apart from the 

exclusion of the occurrence of excess absorptions for glasses containing a share of Eu, two 

characteristic bands were observed, resulting from electronic transitions in Eu3+ ions, regardless 

of the composition of the glasses, these were the transitions 7F0 → 5L6 (395 nm) and 7F0 → 5D2 

(465 nm). In this way, both the usefulness of the synthesized glasses in optical applications and, 

indirectly, the fact of the incorporation of Eu3+ ions into the glass matrix were confirmed. 

 

 

Fig. 20 UV–Vis spectra obtained for undoped PKBN - PKF glasses 
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Fig. 21 Comparison of UV-Vis spectra obtained for Eu doped PKBN - PKF glasses. Enlarged 
spectral range include a description of Eu3+ absorption bands 

 

 

 

Luminescence analysis 

 Luminescence measurements carried out for both as-prepared glasses doped with Eu 

and the series subjected to annealing allowed for the analysis of the effect of SrF2 content and 

thermal treatment process on the emission properties of Eu3+ ions. Figure 22 presents a 

comparison of excitation spectra recorded for unannealed glasses at the observation of the 

wavelength λem = 615 nm (a) and emission spectra obtained using the excitation wavelength of 

λex = 465 nm (b). The following method of data presentation allowed for a more convenient 

highlighting of the effects induced in PKBN – PKF 05Eu glasses by the change in fluoride content.  
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Fig. 22 Summary of a) excitation (λem = 615 nm) and b) emission (λex = 465 nm) spectra recorded for as–
prepared glasses doped with 0.5 mol% Eu 

 
The form of excitation spectra contains distinguishable information in the form of 7 maxima 

representing electronic transitions of Eu3+ ions. These transitions are: 7F0 → 5D4 (362 nm), 7F0 → 

5G4 (383 nm), 7F0 → 5L6 (395 nm), 7F0 → 5D3 (415 nm), 7F0 → 5D2 (465 nm), 7F0 → 5D1 (525 nm) and 

7F1 → 5D1 (533 nm). The highest intensity of the mentioned electronic transitions was observed 

at wavelengths of 395 nm, 465 nm, and 533 nm. Among the listed maxima, it can be seen that 

in the case of the measurement performed for the PKF10 05Eu glass, they are distinguished by 

a significantly higher intensity when compared to the other compositions. However, this 

statement does not include the maxima observed for wavelengths smaller than 425 nm, where, 

disproportionately to the rest of the excitation spectrum (comparing the data recorded for PKBN 

05Eu and PKF5 05Eu, one could expect similar values in the ultraviolet also for PKF15 05Eu), a 

higher intensity was recorded for the PKF15 05Eu glass. Taking into account the dependencies 

observed in the excitation measurements, in the case of emission properties studies, it was 

decided to use the excitation wavelength λex = 465 nm in all experiments concerning these 

materials. The emission spectra recorded for the corresponding parent glasses were also 

summarized in Figure 22 in part b), thus providing a complete picture of the luminescence 

properties of these materials. Despite the differences between the glasses tested, no new bands 

or their significant shift were observed. For each composition, it was possible to distinguish 
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maxima associated with the radiative transitions of Eu3+ ions from the excited 5D0 level to the 7FJ 

states (J = 0, 1, 2, 3, 4). They were located at wavelengths of 579, 590, 611, 652, and 701 nm, 

respectively. Similarly to the results of excitation measurements, based on a simple comparison, 

it can be stated that in the case of PKF10 05Eu glass, almost twice as high emission intensity was 

observed compared to the intensities observed for the other glasses. 

 The influence of the process itself and the annealing parameters on the emission 

properties was determined, among others, on the basis of the emission spectra presented in 

Figure 23. Sections a - d were separated accordingly to the compositions of the compared glasses 

and glass-ceramics. 

 

Fig. 23 Summary of emission spectra (λex = 465 nm) of glasses and glass-ceramics illustrating the effect of 
the performed annealing on the luminescent properties. The results were grouped according to the 

compositions, respectively: a) PKBN 05Eu, b) PKF5 05Eu, c) PKF10 05Eu and d) PKF15 05Eu 

 
Each section contains a summary of emission spectra at excitation λex = 465 nm of as-prepared 

glasses (identical to the curves in Figure 22 b), glasses annealed individually at 525, 545, and 585 

°C for 10 h, and glasses subjected to two-stage annealing, in which the first stage took place at 

525 °C for 10 h and the second at 545 or 585 °C for 10 h. The main of the generally observed 

changes (for all compositions) caused by the annealings performed is the change in the intensity 

of the bands, in particular, it is important to emphasize the effect of the enhancement of the 

luminescence of Eu3+ ions. Apart from that, no new bands were observed, excepting those 

identified for the matrices in Figure 22. 
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 Focusing on the evolution of the obtained spectra within specific compositions, first of 

all, the comparison presented in Figure 23 a) containing the results of materials obtained in the 

process of thermal treatment, for which the initial matrix was PKBN 05Eu glass, should be 

analyzed. As can be seen, for samples heated individually at 545 °C and 585 °C and twice at 545 

°C the intensity recorded was higher than for the glasses not subjected to annealing, at the same 

time the glass-ceramics obtained at the highest of the above-mentioned temperatures was 

characterized by the most intense emission – almost 3 times higher compared to the as-prepared 

glass sample. It is surprising to note the weakening of luminescence in the case of the sample 

heated at 525 °C, for which, taking into account thermal and XRD measurements, no significant 

changes influencing the luminescent properties would be expected. In Figure 23 b) the collected 

spectra show dependencies similar to those observed for the PKBN 05Eu series, in particular, for 

the two materials showing the highest emission intensity (545 and 585 °C 10h). The addition of 

5 mol% SrF2 caused that both the samples subjected to double annealing and those singly 

annealed at 525 °C were characterized by an intensity similar to the as-prepared sample. As 

shown earlier, for the unannealed PKF10 05Eu glass, a distinctively high luminescence intensity 

was recorded, the slight increase of which was noted only for the materials annealed at 585 °C 

(section c of Figure 23). Apart from the sample subjected to thermal treatment at 545 °C, the 

other process variants led to obtaining materials with significantly lower emission intensity. The 

introduction of 15 mol% SrF2, despite the relatively low intensity shown by the as-prepared glass, 

turned out to have a beneficial effect on the properties of the annealed materials. A 

luminescence enhancement was observed, similar in nature to that shown by PKF10 05Eu, but 

taking into account the reference of as-prepared glass, the increase is more than twofold. The 

general conclusion from the data presented in Figure 23 is the highest intensity of Eu3+ ion 

emission in materials subjected to annealing at 585 °C for 10 h, regardless of composition. The 

role of single annealing at 545 °C should also be highlighted, which in the case of PKF10 05Eu 

and PKF15 05Eu glasses guaranteed an intensity slightly lower than that obtained at 585 °C. 

Taking into account the above observations and economic and ecological considerations, 

annealing at 545 °C can be considered a competitive alternative if limited to compositions 

containing 10 and 15 mol%. In this respect, the PKF15 05Eu sample annealed at 545 °C is the 

most promising of all, combining high intensity with optimal annealing process parameters. 

Taking the above point of view, in which the set of parameters is "optimized" in a non-binding 

way for the application, it is worth mentioning the unannealed PKF10 05Eu sample, which in 

economic criteria, in the absence of annealing, is able to guarantee a promising level of emission 

intensity. Although it is inferior in parameters to the annealed equivalent with 15 mol% SrF2, it is 

an interesting case to consider.  
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 In order to emphasize the effect of the variable SrF2 content in the annealed glasses on 

their emission properties, Figure 24 presents a summary of spectra grouped according to the 

annealing parameters used. Due to the low intensities and slight differences between the spectra 

obtained for the samples annealed twice at 585 °C, they are omitted in the following summary 

 

 

Fig. 24 Emission spectra (λex = 465 nm) of PKBN 05Eu – PKF15 05Eu samples subjected to annealing at 
525, 545, 585 °C for 10 h, respectively, and double annealing at 525/545 °C. The dashed line additionally 

shows the spectrum of as-prepared PKBN, which serves as a reference in this case 

 
Starting the analysis from the lowest of the applied temperatures, a clear demarcation is visible, 

which is determined by the spectrum of the unannealed PKBN 05Eu, which is the reference. In 

accordance with the previously outlined dual nature: samples PKBN 05Eu and PKF5 05Eu (similar 

in properties) after heat treatment are jointly characterized by a weakening of the emission, and 

for materials containing 10 and 15 mol% of fluoride, higher intensities were recorded than those 

observed in the reference spectrum. Although this effect is subtle, due to the slight disturbance 

of the glassy system caused by the relatively low annealing temperature, the tendency shown in 

the developed crystallization characteristics and thermal measurements is visible. At the same 

time, it should be emphasized that annealing had the most noticeable effect on the PKF10 05Eu 

sample, whose spectrum before the process, characterized by an intensity much higher than the 

others, significantly lost its intensity after its occurrence. One of the probable explanations 

suggests that this could be due to the occurrence of structural reorganization, which ultimately 
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led to the disappearance of the optimal emission conditions obtained during the melting process 

itself. Glasses subjected to a 10 h process at 545 °C (upper right part of Figure 24), despite a 

relatively slightly higher temperature, present a slightly different situation. With the increasing 

share of fluoride in the compositions, the annealed materials showed a gradual increase in the 

emission intensity with a slightly distinguishable PKF15 05Eu spectrum. 

The image of the SrF2 effect in the case of annealing with, as it was possible to determine, 

the most favorable parameters (585 °C 10 h) was presented in the lower left section of Figure 

24. As can be seen, this way of presenting the data brought an unexpected result, because it 

emphasized that the highest emission intensity was recorded for the PKBN 05Eu glass-ceramic. 

The proposed explanation of this state of affairs can be based on the previously presented 

DTA/DSC results (Figure 10) and XRD of doped glass-ceramics (Figure 17). The glass transition 

temperature determined based on the thermal analysis of the PKBN glass is clearly lower than 

the values determined for the glasses containing a share of SrF2, which may result in greater 

susceptibility to crystallization. Moreover, convergent conclusions about the weaker cross-linked 

structure of this glass were obtained on the basis of the FTIR spectra analysis (Fig. 17). As shown 

by XRD measurements characterizing the crystallization of undoped glass (Fig. 11), the above 

observations indicate that annealing the PKBN matrix, in comparison to the other compositions, 

can lead to the formation of a material containing a larger share of the spontaneous crystalline 

phase. Therefore, it can be expected that the glass-ceramics formed by thermal treatment of 

PKBN 05Eu at 585 °C for 10 h will be characterized by a high degree of crystallization with a 

dominant BiPO4 phase. It cannot be ruled out that the presence of crystallites of the latter 

compound as well as partial segregation of Eu3+ ions ultimately leads to the enhancement of the 

luminescence of active centers. Reports describing the usefulness of BiPO4 as a host for rare 

earth ions described in [120-122] confirm the above-proposed explanation. However, this is not 

the only factor conditioning the luminescence enhancement, which is confirmed by the PKBN 

05Eu sample annealed twice at 585 °C, which showed a surprisingly low emission intensity, 

despite the clear presence of BiPO4 precipitates. The factor behind the observed distinction is 

probably subtle and concerns change in the immediate vicinity of Eu ions, which could have 

occurred due to the extended time of the double thermal treatment experiment. 

 Apart from the case of PKBN 05Eu, it is also worth considering the second of the extreme 

results obtained for glasses heated at 585 °C for 10 h, namely PKF10 05Eu, for which a 

significantly lower emission intensity was noted than for other samples from the PKF series 

subjected to the heating process with the above-mentioned parameters. This result is 

particularly interesting due to the fact, emphasized in the characterization process, of its great 

similarity to PKF15 glass; the proposed explanation for this observation is as follows. Considering 
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compositions containing the SrF2 additive, the emission intensity observed for PKF5 05Eu can be 

explained similarly to PKBN 05Eu by the dominant presence of BiPO4 crystallites (phases 

characteristic of higher fluoride contents are still a minority), in this case the transitional nature 

of this composition is evident. However, when comparing the diffractograms of the annealed 

samples PKF10 05Eu and PKF15 05Eu (Fig. 15 d), a clear difference can be seen – in contrast to 

PKF15 05Eu, in the case of lower SrF2 content, reflections indicating the presence of a crystalline 

phase were observed. Of course, the presence of nanocrystals below the detection threshold in 

the material with 15 mol% cannot be unequivocally ruled out. Taking into account the 

additionally developed crystallization characteristics, in particular the appearing phases, one can 

put forward a hypothesis that excessive growth of crystallites of the phase marked as UnP, 

appearing for these compositions, adversely affects the emission processes of Eu3+ ions 

dispersed in it. 

 The lower right part of Figure 24 presents a comparison of spectra of materials subjected 

to double annealing at 525/545 °C. By assessing based on the highest of the maxima, it can be 

seen that only for the annealed PKBN 05Eu glass the intensity (which is the reference) observed 

for as-prepared PKBN 05Eu was exceeded. In the remaining recorded cases the emission 

intensity is lower - in the case of PKF5 05Eu and PKF10 05Eu it was slightly lower, while in the 

case of the sample containing 15 mol% SrF2, its level was significantly lower. Analyzing the results 

of luminescence measurements of samples subjected to double annealing, one can reach a 

general conclusion that this technique adversely affects the emission properties of the studied 

glasses, especially if they are compared with the spectra constituting their "components". The 

curves obtained in XRD measurements will not be of much use in this case, as can be seen in 

Figure 17 e, no reflections were recorded on them except for the amorphous halo. Individual 

observations suggest that the low spectral intensities observed for the doubly annealed samples 

are not so much related to the applied temperatures, but to the re-annealing threshold 

phenomenon itself, regardless of whether an observable crystalline phase is formed as a result 

or not. It is possible that this is an effect similar to that described for the as-prepared PKF10 05Eu 

sample, whose emission intensity decreases significantly when annealed already at 525 °C. 

Therefore, it is likely that it is the process carried out at 525 °C that affects the glassy system in 

such a way that it creates an unfavorable initial state for the next annealing carried out at a 

higher temperature. 

 The analysis presented above was based on a simple concept of comparisons, but thanks 

to it, it was possible to determine promising directions of glass modification by analyzing the 

conditions of the annealing process allowing to obtain their optimal emission properties. As a 

result, it was possible to determine the mutual influence of annealing conditions and SrF2 
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content on luminescence, including the justification for using this process in a single-stage and 

two-stage version. In the case of the latter, the problem of structural reconfiguration introduced 

with the first annealing at 525 °C was outlined, which ultimately led to completely different 

results than in the case of direct application of the target temperature. One of the possibilities 

is the occurrence of nucleation of a new phase in the material, the premises of which are 

provided by the diffraction pattern of the PKBN 05Eu glass-ceramic obtained in double annealing 

at 585 °C, on which single reflections of an unknown phase not appearing in other samples were 

recorded. 

 Taking advantage of the fact that in the case of Eu3+ ions the 5D0 → 7F2 transition is 

hypersensitive, i.e. strongly dependent on the symmetry of the ion environment, and the 5D0 → 

7F1 transition is a magnetic dipole transition independent of the ligand field, the ratio of their 

intensities known as the red/orange ratio (R/O) was calculated. This parameter describes the 

strength of ionic or covalent interactions between Eu3+ ions and the surrounding ligands, and its 

decrease after annealing can be interpreted as a confirmation of the partial incorporation of 

active centers into the higher symmetry environment of the precipitated crystallites 

[77,123,124]. The results of the calculations are presented in Figure 25, where the R/O values 

are compared with the annealing conditions in which the corresponding materials were formed. 

As can be seen, regardless of the SrF2 content, the glasses before annealing were characterized 

by a significantly higher value of the parameter, which decreased after the thermal treatment, 

which may indicate the occurrence of Eu3+ ion segregation. Analyzing the trends of R/O changes 

with increasing annealing temperature, two trends can be distinguished: in the case of PKF5 

05Eu, the parameter value decreases almost linearly with increasing single annealing 

temperature, while PKF10 05Eu and PKF15 05Eu samples were characterized by practically 

constant R/O values for both single and double annealing processes. Clearly different behavior 

in the case of double annealing at 525/585 °C was demonstrated by glass-ceramics based on 

PKBN 05Eu and PKF5 05Eu – the R/O parameter values were significantly lower for them. 
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Fig. 25 Graph showing the evolution of the R/O parameter calculated for glasses and glass-ceramics 
subjected to annealing processes, the parameters of which are included on the X-axis. The lines 

connecting the points serve only as a guide for the eye to see the occurring trend 

 

The above analysis provides indirect evidence for the segregation of Eu3+ ions into precipitates 

formed during controlled crystallization. This allows for comprehensive conclusions about the 

effect of annealing on the emission of deposited active centers, which complements the findings 

collected using XRD. Thus, despite the lack of visible reflections of crystalline phases, the above 

comparison directly emphasizes that Eu3+ ions in each of these cases (different annealing 

parameters) experienced a change of environment to one characterized by higher symmetry. It 

should be realized that this is only another aspect of the same phenomenon and only guarantees 

simple qualitative information about the change of environment after any annealing because no 

correlation with the emission intensity shown by these materials was quantitatively observed. 

 

Luminescence decay measurements 

Additional insight into the relationship between the immediate environment and the 

emission properties of Eu3+ ions contained in the tested glasses and glass-ceramics was provided 

by measurements of the luminescence decay by observing the 5D0 → 7F2 (615 nm) transition at 

465 nm excitation (7F0 → 5D2). The results obtained for the PKBN – PKF 05Eu matrices are 

presented in Figure 26. Already at the first stages of the analysis it was observed that regardless 
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of the composition, the recorded decay curves are characterized by a double-exponential 

character [125], which can be written as the relation: 

 

𝐼(𝑡) = 𝐴1𝑒
−𝑡

𝜏1 + 𝐴2𝑒
−𝑡

𝜏2,                                                               (9) 

 

where τ1, τ2 are the lifetime components, A1, A2 are the corresponding amplitudes and the 

variable t corresponds to the time  

 

 

Fig. 26 Comparison of luminescence decay curves obtained for PKBN – PKF15 glasses doped with Eu3+ 

ions 

 
The modeling of the measurement data carried out with the above expression allowed for the 

extraction of key parameters, which are presented in Table 5, additionally, the calculated average 

decay times are included there. The unusual observation of the double-exponential decay for 

both as-prepared matrices and samples subjected to annealing could indicate that Eu3+ ions 

experience two different types of closest environments. In this interpretation, a longer lifetime 

is associated with an environment with higher crystal field symmetry, while a shorter one with 

lower [124,126,127]. The general occurrence of the complex form of the curves suggests a dual 

segregation of dopant ions in theoretically homogeneous materials, which was demonstrated in 

the case of unannealed glasses. The explanation of the above peculiarity can be based on the 
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probability of spontaneous micro-separation occurring at the melting stage, as a result of which 

Eu3+ ions found themselves in slightly different configurations of the amorphous glass network, 

guaranteeing a difference in symmetry. At the same time, it is not possible to clearly determine 

directly from the data contained in Table 5 whether the material described by a given set of 

parameters is glass or glass-ceramics, so there is no simple correlation of decay times with heat 

treatment conditions and emission properties. However, in the case of amplitude average 

lifetimes, a general increase in the value of this parameter was observed for samples that were 

annealed.  

 

    
PKBN 

05Eu 

PKF5 

05Eu 

PKF10 

05Eu 

PKF15 

05Eu 

PKBN 

05Eu 

525°C 

10h 

PKBN 

05Eu 

585°C 

10h 

PKF10 

05Eu 

525°C 

10h 

PKF10 

05Eu 

585°C 

10h 
          

τ1  0.89 2.04 1.51 0.90 0.70 0.44 0.59 0.70 

τ2  1.74 1.09 0.56 1.71 1.68 1.58 1.57 1.68 

˂τ˃Int  1.53 1.57 1.45 1.50 1.56 1.52 1.50 1.56 

˂τ˃Amp  1.37 1.44 1.36 1.40 1.79 1.89 1.78 1.79 

A1  0.39 0.36 0.84 0.41 0.30 0.21 0.22 0.30 

A2  0.59 0.65 0.16 0.60 0.94 1.14 1.05 0.94 

                    

Table 5. Parameters obtained by fitting decay curves measured for doped PKBN–PKF15 matrices and 
selected glasses annealed for 10 h at 525 and 585 °C. Based on the above data, intensity and amplitude 

average lifetimes were calculated. The lifetime values were given in ms 
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3.2. Materials containing addition of AlF3 and KF 

XRD 

 The XRD measurements confirmed the amorphous nature of the synthesized glasses and 

provided insight into the crystallization process occurring during the annealing series. The curves 

presented in parts a) and b) of Figure 27 are devoid of any crystalline phase reflections and in 

the range from 20 to 50 ° the occurrence of an amorphous halo characteristic of glasses was 

observed. 

 

Fig. 27 Comparison of diffraction patterns: three series of as-prepared glasses a) undoped and b) doped 
with 0.5 mol% Eu2O3. Due to their form, these results confirm the amorphous nature of all obtained 
materials. In addition, the lower part of the figure contains diffraction patterns of glasses and glass-

ceramics obtained in the process of annealing selected compositions from the c) PFF and d) PKA series. In 
the case of the first of the above-mentioned, the following crystalline phases were observed: circle - 

monoclinic BiPO4; rectangle – unknown phase; square - KNb3O5; triangle - Bi2O4 

 

The selected compositions were additionally subjected to annealing at 585 °C for 8 or 10 

h in order to extend the analysis, in particular, to find the answer whether, despite other 

purposes, “non-crystallizing” fluorides can affect the luminescence properties of these 

materials. Analysis of the results presented in Figure 27 c indicated that as a result of heat 

treatment of PFF5 05Eu and PFF15 05Eu glasses, multiphase crystalline precipitates were 

obtained in them. Among the reflections observed in the diffractograms of glass-ceramics based 
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on PFF5 05Eu glass, peaks belonging to the crystalline phase of monoclinic BiPO4 and an 

unidentified phase were distinguished, which with high probability may be the UnP phase (or its 

variant) observed in previously described glass-ceramics containing an SrF2 additive. In the case 

of PFF15 05Eu, crystallites identified as KNb3O5 and Bi2O4 were additionally distinguished in the 

better-defined diffractogram. The first conclusion from the comparison presented in Figure 27 c 

is the lack of significant differences between the diffractograms of the samples heated for 8 and 

10 h, in both cases the maxima correspond to each other in terms of intensity and position. The 

second, more important conclusion is the difference in the XRD results obtained for glass-

ceramics containing different KF contents. Clearly, for higher fluoride content, the heated 

samples were characterized by better-defined reflections and the lack of dominant amorphous 

maxima (compared to the PFF5 05Eu glass-ceramics), these features may suggest that the 

discussed glass-ceramics may have a higher degree of crystallinity. Thus, the proportional 

addition of KF reduces the stability of glasses to crystallization, and this effect is proportional to 

the applied share.  

The opposite situation to the one described above was observed for the annealed 

samples from the PKA series, the diffraction patterns of which are shown in Figure 27 d. 

Regardless of the AlF3 content and the annealing time, all the curves had a similar form with 

strongly outlined amorphous halo and few maxima protruding slightly above their envelopes. 

They probably come from the initially forming crystalline phase. Due to the form of the supposed 

reflections being at the border of measurement noise, it was impossible to make an 

identification. As can be seen, in accordance with expectations, the addition of AlF3 influenced 

the cross-linking of the glass structure, thus leading to an increase in their stability against 

crystallization. In the case of the glass-ceramics described above, it is particularly beneficial to 

correlate the obtained XRD results with the photos of the corresponding samples taken after the 

thermal treatment process (10 h at 585 °C). These photos are shown in Figure 28. 

 

 
Fig. 28 A compilation of photos of PFF and PKA series glasses heated at 585 °C for 10 hours. These are 

respectively: A – PFF5 05Eu; B – PFF15 05Eu; C - PKA5 05Eu; D – PKA15 05Eu 
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Undoubtedly, at first glance it is possible to match the photos to the appropriate diffraction 

pattern of the PFF or PKA series from Figure 27. In the case of glass-ceramics from the first of the 

above-mentioned series, as a result of crystallite growth, they lost transparency, became 

uniformly opaque with partially melted edges. The difference in the form of samples A and B, 

i.e. PFF5 05Eu and PFF15 05Eu glass-ceramics, respectively, is significant in this case. The greater 

crystallinity of sample B is manifested by the loss of the characteristic yellowish color in favor of 

white, thus resembling a ceramic material. At the same time, the sample did not lose its surface 

features, which would occur in the case of complete melting. This case is exceptionally 

interesting due to the fact that based on XRD and the photo alone, without knowing the history 

of the material, it would be impossible to unequivocally assign it an amorphous nature. This 

conclusion emphasizes the scale of the effect exerted by KF on the internal structure of the 

glasses and the resulting extreme annealing results. On the other side of this extreme are the 

samples from photos C and D in Figure 28, which only slightly became cloudy after the annealing 

process. Despite almost congruent diffractograms, the samples differing in AlF3 content showed 

a different reaction to heat treatment, which results in the difference in their transparency 

observed in the photos. 

 

DSC and DTA 

 DSC and DTA measurements conducted for glass matrices from three series (PF, PFF, and 

PKA) allowed one to determine the thermal characteristics of these materials, which, apart from 

characteristic temperatures, included conclusions on the influence of the type and content of 

fluorides introduced into the glasses on their thermal properties. The obtained measurement 

curves were compared and presented in Figure 29 in the convention introduced in Figure 10. The 

temperatures read from the graphs together with the temperatures determined for the PKBN 

matrix, which facilitated the comparison of results, were collected in Table 6. Starting the analysis 

from glass transitions, it should be noted that regardless of the type or method of introducing 

fluorides (in the case of PF5/PFF5) into the compositions, their mere appearance in the glass led 

to an increase in the Tg value compared to the initial PKBN glass. This general observation is not 

obvious, especially in the light of the performed annealing, it could be expected that the addition 

of KF in the highest content used would lower the glass transition temperature. This reveals 

another level of complexity of the glasses tested, which will be expressed in the following 

analysis of mutual changes in the characteristic temperature values. 
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Fig. 29 Results of DSC (left part) and DTA (right part) measurements of glasses from the PF, PFF and PKA 
series, for modifier contents of 5–15 mol%. The curves corresponding to the two techniques were 

rescaled and compared to each other to present the overall characteristics of the measured glasses. 
Characteristic temperatures are marked with arrows: Tg – glass transition temperature, Tx – onset 

temperature associated with the first Tc, which is the crystallization temperature (exothermic maximum) 

 

In glasses containing AlF3 additive, already in the composition containing 5 mol% of the modifier, 

the effect of the increase in the Tg value is clearly visible, which can be identified as the effect of 

increase in the cross-linking of the structure. The probable mechanism responsible for the 

occurrence of this process is the formation of Al-O-P bonds instead of P-O-P bonds, characterized 
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by a more covalent character [128,129]. The confirmation of the above thesis can be the gradual 

increase in the glass transition temperature value with the increasing fluoride content, up to Tg 

= 522 °C noted for PKA15. This temperature is also the highest among those determined for all 

compositions from the 3 series of glasses. Considering the glasses from the PF series, practically 

the same glass transition temperature was recorded for both PF5 and PF10 (Tg ≈ 493 °C), only a 

further increase in the KF content leads to a rapid change of almost 22 °C, reaching Tg = 515 °C. 

In the case of the seemingly twin PFF series, the glass transition temperature is practically 

independent of the fluoride content used and similar to that recorded for PF5 and PF10. The 

presented data suggest that in the case of the Tg parameter, a different method of introducing 

KF into the compositions of the PF and PFF series has an observable effect for a threshold value 

greater than 10 mol%. Due to the fact that in the PF series, the addition of KF takes place 

proportionally at the expense of the share of K2O in the composition, the glass is depleted in K+ 

cations modifying its lattice. As a result, the reduced alkali content has a smaller effect on the 

internal structure of the material, fewer NBOs are formed that weaken the glass network, which 

is macroscopically manifested by a higher Tg temperature [30,128]. The above interpretation may 

explain the observation of a higher Tg value for PF15, but at the same time, it emphasizes the 

different behavior of the PF10 sample, for which an intermediate value would be expected. 

 

Sample   Tg Tx Tc1 Tc2 Tc3 

 
      

PKBN  488 621 651 698 - 
       

PF5  493 577 607 661 789 

PF10  492 576 600 646 676 

PF15  515 655 685 - - 
       

PFF5  495 572 598 649 - 

PFF10  493 569 595 651 - 

PFF15  494 566 593 642 - 
       

PKA5  510 583 614 664 - 

PKA10  517 589 617 674 - 

PKA15  522 595 628 675 - 

              

Table 6. Characteristic temperatures (°C) determined from DTA/DSC measurements. The notations used 
are analogous to those introduced in Fig. 29 

 

Moving on to the issue of exothermic maxima observed on the measurement curves 

(Figure 29), it is necessary to emphasize the twofold tendency separating the series studied. The 

first group includes the PFF and PKA series. Two exothermic events were recorded for them, the 
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first of which is not very intense, and the second maximum, which follows it at higher 

temperatures, is characterized by much higher intensity. The second group includes the PF series 

and was distinguished due to completely different features, namely, three exothermic maxima 

were observed for glasses containing 5 and 10 mol% KF, while only a single maximum appears 

for the PF15 measurement curve. In the case of the DTA curve obtained for PF5, attention should 

be paid to the maximum described as Tc3, because its incomplete form and extreme location 

with relatively small interference in the composition (compared to other compositions 

containing 5 mol% fluorides) mean that it cannot be ruled out that it is a measurement artifact. 

The reason for the observed differences and distinctiveness of the PF series is probably the 

disproportionate way in which fluoride was introduced into them, thus disturbing the 

stoichiometry of the components. 

The evolution of exothermic effects occurring under the influence of proportional 

addition of KF (PFF series) was not dictated by drastic changes, similar to the changes in the glass 

transition position. With a gradual increase in fluoride content, the first maximum Tc1 (analyzed 

from left to right of the graph) shifts slightly towards lower temperatures. This change occurs 

while maintaining a constant width of the maximum, which can be defined, among others, by 

the expression Tc1 – Tx ≈ 26 °C. Thus, while maintaining a constant peak width, with increasing 

KF content, the shift leads to a gradual decrease in the thermal stability of the glasses, defined 

as ΔT = Tx – Tg. Using the fact that the heating rate (10 K/min) was maintained during the 

measurements, it is possible to interpret the correlation between the width of the crystallization 

maximum and the time necessary for crystallization to occur, as described in [98]. In this 

approach, it became possible to draw more complete conclusions about the effect exerted by 

the proportional addition of KF on the properties of the glasses. Hence, it should be emphasized 

that despite the moderate effect on the thermal characteristics of PFF series glasses, the 

proportional addition of KF causes that, without a significant change in the crystallization 

kinetics, the resistance of materials to crystallization decreases with its increasing share. An 

excellent experimental example of the above relationships was presented in the performed 

annealings, the results of which are included in part c of Figure 27. It should be emphasized that 

the considerations so far were based on the analysis of the exothermic maximum Tc1, in which 

the beginnings of the crystalline phase are probably formed, and the actual crystallization 

process of glasses is represented by the generalized effects of Tc1 and Tc2. It is the change in the 

position of Tc2 in the case of PFF15 glass (shift towards lower temperatures) that may be the 

reason for the increase in the crystallinity of the obtained glass-ceramics, including the 

appearance of additional crystalline phases. 
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The strong influence exerted by the addition of AlF3 on the position of the glass transition 

of the PKA series samples is also distinguished in the case of exothermic effects observed in DTA 

measurements. With the increase of the modifier content from 5 to 10 mol%, only a slight 

increase in the value of the Tc1 parameter was noted, only in the case of PKA15 the position of 

the maximum shifts by almost 10 °C towards higher temperatures. A better illustration of the 

changes taking place is possible by loosely comparing the values shown with those observed for 

the PFF series. As can be seen in the comparison included in Table 6, regardless of the fluoride 

content, the Tc1 and Tc2 values for PKA glasses are much higher than for their PFF counterparts. 

In both of the above-mentioned series, the width of the second of the maxima decreases with 

the increasing share of modifiers. Moreover, the distance between the Tc1 and Tc2 peaks is 

comparable in both series and is the largest for samples with 10 mol% fluoride (~56 °C) and the 

smallest for 15 mol% (~48 °C). 

Moving from the analysis taking into account the mutual dependencies within specific 

glass series to the approach taking up the subject of changes in thermal characteristics occurring 

due to the content of modifiers used, it is necessary to start from the lower part of Figure 29 

containing a summary of measurements of glasses with the addition of 5 mol% fluorides. Since 

this is the lowest content used, it can be described as the initial stage of the action of the 

introduced additives, in which the observed changes in the glasses are still insignificant, but the 

initial directions of the effects caused are already clear. The disproportion in the compositions, 

and therefore also in the content of K+ ions between PF5 and PFF5 is still small enough that minor 

shifts in characteristic temperatures are observed (excluding the uncertain maximum of Tc3 for 

PF5). Of these 3 compositions, the PKA5 sample stands out due to its clearly higher Tg. It should 

be emphasized that both the introduction of 5 mol% KF and AlF3 lead to the occurrence of a 

thermal effect in the form of a maximum marked as Tc1 (~600 °C), which was not observed in the 

case of the PKBN matrix. The presence of this peak may indicate a potential narrowing of the 

thermal stability range, but it should be taken into account that it is not shifted towards lower 

temperatures. By making an analogous comparison of the measurement curves of glasses 

containing 10 mol% modifiers (middle part of Figure 29), it can be seen that the trends outlined 

for the lower content are maintained, thus increasing the mutual differences. Additionally, for 

the PF10 glass, the appearance of a new exothermic maximum of ~650 °C was noted (assuming 

that the previously shown maxima did not change their positions significantly). The last of the 

comparisons (upper part of Figure 29) shows the differences caused by 15 mol% modifiers. Apart 

from slight shifts of characteristic temperatures in the curves obtained for PKA15 and PFF15, the 

case of PF15 glass is particularly interesting, for which only a single exothermic maximum 

strongly shifted towards higher temperatures (Tc1 = 685 °C) was observed. 
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The analysis of DSC/DTA measurements made it possible to outline the influence of the 

applied fluorides on the thermal characteristics of the glasses. At the same time, taking into 

account that the starting material for the modifications carried out was the PKBN matrix, it was 

possible to state that the thermal effect, which is manifested in this glass by the first exothermic 

maximum (Tc1 = 651 °C) is in a sense "inherited" by all the resulting compositions containing 

fluoride additions. In the case of the PFF and PKA series, the equivalent of the above-mentioned 

phenomenon is the second of the observed maxima designated as Tc2. For the PF glass series, 

due to the evolution of exothermic effects forced by changes in composition, this effect 

maintains its form, but shifts towards higher temperatures with the increase of the KF share in 

the composition and can be attributed to the Tc2 maxima for PF5, Tc3 for PF10 and Tc1 for PF15, 

respectively. The occurrence of what could be called in this context secondary exothermic effects 

is a manifestation of subtle changes in the structure of glasses, which potentially enable the 

formation of different crystalline phases or, on the contrary, rebuild the configuration of the glass 

network, preventing crystallization from occurring. 

 
FT-IR analysis 

 A detailed description of the dependencies occurring in the structure of the studied 

glasses would allow for a comprehensive understanding of their properties and the effects 

exerted by the introduced modifiers. This task is extremely difficult due to the very nature of 

amorphous solids, which is why it was decided to conduct a thorough analysis of the FT-IR 

spectra of the glasses (Figure 30), based on which it was possible to partially explain the role of 

non-crystallizing fluorides in the materials. In addition, the importance of taking into account the 

influence of the Eu dopant on the internal structure of the glass was also considered. The spectra 

of the studied glasses (matrices and Eu doped) obtained in the range of 4000 - 400 cm-1 are 

presented in Figure 30. As can be seen, no significant changes in their shapes were noted in any 

of the spectra. Due to the lack of possibility of direct analysis of the effects related to the 

introduction of additives, it was decided to focus on the region of 1550 – 400 cm-1, where the 

presence of characteristic absorption bands was demonstrated, the spectra of glasses limited to 

this region are presented in Figures 31 - 34. These bands are arranged in two main minima in the 

range of 1550 – 700 cm-1 and 700 – 400 cm-1 and in order to obtain information on the subtle 

evolution of the glass structure under the influence of different types and variable contents of 

modifiers, it was decided to carry out the process of their modeling. The results of this operation 

are presented in the above-mentioned figures and in Tables 7 a-c (placed at the end of the 

chapter). The following part proposes descriptions of the specified components of the spectra, 
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due to the desire to maintain clarity, the description of the band from a given series of glasses 

was each time preceded by its designation placed in brackets. Furthermore, a concept was used 

in which the default reference was the modeled PKBN or PKBN 05Eu spectrum (Figure 31), and 

specific bands were discussed with respect to the increasing fluoride content. 

 

 

Fig. 30 Summary of FTIR spectra obtained for as-prepared glasses in the range of 4000 – 400 cm-1. The 
dashed line indicates the spectra obtained for glasses doped with 0.5 mol% Eu 
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Description of structural changes caused by fluoride addition 

 (PF) Starting the analysis from higher wavenumbers (from the left side of the spectra), a 

band was distinguished for the PF series glasses, the center of which is located at ~1370 cm-1. 

Due to its location, the description of this band is ambiguous. Among the probable matches of it 

are asymmetric stretching vibrations of P-O bonds in PO4 units [130], additionally overlapping 

with harmonics of stretching vibrations of P=O bonds [108]. The increasing addition of KF affects 

the gradual increase of the band intensity, for PF15 the intensity was more than twice as high as 

in the case of the starting matrix. The reason for this observation may be related to the gradually 

decreasing amount of K+ cations resulting from the method of introducing KF at the expense of 

K2O (disproportionately in relation to the other components), and thus to the proportionally 

decreasing probability of "breaking" P=O bonds. (PFF) The opposite situation occurs in the case 

of glasses from the PFF series, where the decreasing band intensity with increasing KF content 

can be identified with the increased number of broken P=O bonds (the total number of modifier 

cations increases with the KF content). (PKA) For the PKA series, this band, depending on the 

composition, is in the range of 1380 - 1386 cm-1 of the spectrum and is characterized by very low 

intensity for glasses containing 5 and 10 mol% AlF3. A further increase in the addition to 15 mol% 

results in a several-fold increase in the observed absorption band intensity. The noted changes 

can be explained by the way in which AlF3 probably interacts with the glass structure, namely it 

modifies P=O bonds and P-O-Al bonds are formed. As a result, one of the band components 

disappears, the effect of which is visible as a decrease in the absorption intensity for PKA5 and 

PKA10 (compared to PKBN). The case of the increase in the band intensity for PKA15 can be 

considered as the effect of the second proposed band component (stretching asymmetric 

vibrations of the P-O bond), which becomes dominant under the influence of the modifier. 

Moreover, it cannot be ruled out that a significant addition of fluoride modifies the vibrations by 

incorporating fluorine anions into the structural units of the glasses, which would be partially 

confirmed by the observed shift of the band center towards higher wave numbers. 

(PF) The next band in the proposed model is located at ~1240 cm-1 and can also be 

attributed to the vibrations of P=O bonds [110,131]. After introducing KF into the glasses, the 

intensity of this band gradually decreases, reaching a minimum for PF10 and is shifted towards 

higher wave numbers. This is additional information about the moderate effect of this modifier 

on P=O bonds and much more complicated dependencies of the internal structure, in which 

depolymerization cooperates with the coordination of modifier ions. (PFF) The band 

distinguished for the PFF series (1177 – 1208 cm-1) is characterized by a significantly higher 

intensity, which gradually increases with the KF share. Additionally, these changes are 

accompanied by a shift of the absorption band centroids towards lower wave numbers. It is 
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possible that this band represents several types of stretching vibrations of modified PO2 units 

[113,132] and a certain variant of the equilibrium described earlier for the PF series is established 

here, assuming a still significant influence of P=O bond vibrations (PKA). In the case of the PKA 

series, the proposed model did not take this band into account; it is possible that this is the effect 

of strong cross-linking of the structure occurring in accordance with the mechanism described 

for the band located at ~1380 cm-1. 

(PF) The neighboring band (1135–1161 cm-1) was not specified in the PKBN spectrum, 

while in the case of the PF series it is particularly intense. The increasing addition of KF causes 

the band center to gradually shift towards higher wave numbers, until reaching the upper limit 

of the above range in the case of the PF15 sample. The description of this band is related to the 

joint effect of asymmetric stretching vibrations of the PO2 bond [108] and vibrations originating 

from the stretching of the P-O-(NBO) bond (non-bridging oxygen) [109]. The ratio of the 

individual components mentioned may change with the K+ content. In addition, the possibility 

of oxygen exchange by fluorine and the formation of fluorophosphate units should be taken into 

account, in which the vibrations of mixed O-P-F bonds overlap with the PO2 vibrations, causing a 

band shift [133]. (PFF) Analogously to the case of the PKBN matrix, this band does not occur in 

the PFF series. It is particularly interesting that due to the proportional introduction of KF, the 

increasing amount of K+ cations, as it might seem, significantly deepens the differences between 

these compositions. The explanation takes into account the numerous O-P-F bonds formed by 

the addition of KF in mixed fluorophosphate units (described for the PF series), the presence of 

which causes the band to be strongly shifted towards higher wave numbers and merges with the 

neighboring band. This would partially explain the strong increase in its (localized band ~1200 

cm-1) intensity and the shift towards lower wave numbers progressing with the increasing KF 

content. (PKA) In the modeled spectra of PKA glasses, the localized bands ~1180 cm-1 are 

characterized by high intensity, which is practically independent of the AlF3 content. Additionally, 

comparing the band positions with those noted for the PF series, it can be observed that they 

are significantly shifted towards higher wave numbers. This suggests that, in addition to the 

previously described shift associated with the incorporation of fluoride ions, an additional shift 

occurs due to the incorporation of Al ions, which stiffen the glass structure [134]. 
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Fig. 31 Deconvolution results performed for fragments (1550 – 400 cm-1) of the IR spectra of the PKBN 
matrix and its Eu-doped version. The experimental curves are marked with a solid blue line, the matched 

components of the bands (Gaussian) are marked with a black solid line, and the envelope of the 
simulated spectrum is marked with a red dotted line 

 
(PF) The next band in the case of PKBN glass is located at ~1087 cm-1 and does not occur 

for PF samples. Its probable description is the effect of symmetric PO2 stretching [114,132] or 

asymmetric P-O bond stretching (chain terminator) [112,113]. The characteristics of the PF series 

show that the decreasing K2O content may be associated with a reduction in the number of Q1 

units, which could be one of the reasons for the absence of this band in the spectrum. (PFF) The 

strong band at about 1050 cm-1 in the PFF series glasses can be interpreted analogously to the 

band at ~1080 cm-1 in the spectrum of PKBN glass. The observed evolution under the influence 

of the increasing KF content in the composition has its genesis in the progressive process of 

depolymerization of the glass network. These changes are already significant in the case of the 

sample containing 5 mol%, in which the equilibrium between increasingly shorter phosphate 

chains and the Q1 units formed as a result of their cracking leads to an initial increase in band 

intensity. The mentioned disproportionation reaction [30] of type 2Q2 --- Q1 + Q3 occurring in 

polyphosphate glasses may, however, be an explanation for the significantly lower intensity of 

the absorption band observed in the PFF15 spectrum. (PKA) The band changes (1042 – 1086 cm-

1) occurring with the addition of AlF3 are twofold; in the case of PKA5 and PKA10, the observed 

intensity is relatively low, while for the sample containing 15 mol% of the modifier it reaches the 

level noted for PKBN glass. An analogy of this intensity evolution can be seen to that described 

for the band located at ~1380 cm-1, but in this case, the absorption specified for PKA15 is strongly 

shifted towards lower wavenumbers (lower limit of the above range). In order to explain these 

changes, the reasoning proposed in this paragraph for PKBN can be applied. Considering the 

slight shifts of the bands for PKA5 and PKA10, the probable reason for their low intensity is the 
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smaller number of P-O units (chain terminator), resulting from the increasing Al/K ratio, which 

results in the incorporation of Al3+ cations. At the same time, the ongoing cross-linking process 

of the structure may result in partial replacement of O-P-O bonds by O-Al-O [134], which, apart 

from the high intensity of the band observed for PF15, would explain its shift towards lower 

wavenumbers. 

(PF) The analysis to date clearly indicates that modifications of the PF glass network 

induced by the addition of KF lead to an increased probability of the occurrence of branched 

structures in the form of "chains" than in the PKBN glass. Taking into account the above findings, 

the band located at 940–990 cm-1 has been described as the effect of asymmetric stretching 

vibrations of the P-O-P bond [108,112,132]. Assuming that some of the introduced fluorine ions 

are incorporated into the glass structure, forming fluorophosphate units, the described band 

may also be the total effect of vibrations of the F-P-F bonds. In such a system, the increasing 

share of P-F bonds, due to the higher binding energy, could contribute to the gradual shift of the 

band towards higher wave numbers. It cannot be ruled out that the described band is partly 

derived from vibrations related to the presence of strongly deformed NbO6 octahedra [135]. 

(PFF) In the case of the PFF series, the increasing addition of KF does not significantly affect the 

position of the band defined as ~970 cm-1, but its intensity changes. The absorption observed for 

PFF5 and PFF10 is characterized by almost 3 times lower intensity than their counterpart 

containing 15 mol% KF. This band can be described analogously to the PF series, but the 

progressive depolymerization leads to a decrease in the number of P-O-P bonds, which would 

explain the decrease in intensity. Another effect of this process may be the appearance of Q0 

units [114] in the PFF15 glass, whose additional deformation vibrations could explain the 

increase in the band intensity. (PKA) The counterparts of the described band in the case of the 

PKA series are located in the range of 974 - 994 cm-1, of which for samples containing 5 and 10 

mol% AlF3 a significant shift of absorption towards higher wavenumbers was noted (compared 

to PKBN). Moreover, the compositions mentioned are characterized by a large relative band area, 

in contrast to the PKA15 sample, for which a decrease in intensity by almost an order of 

magnitude was observed. The glass containing the highest content of AlF3 used seems to be 

susceptible to abrupt changes in parameters, the explanation of which in this case is probably 

the effect of cross-linking of the structure through the formation of P-O-Al bonds. 

 



 

100 
 

 

 

Fig. 32 Deconvolution results performed for fragments (1550 – 400 cm-1) of IR spectra of PF series glasses 
and their Eu-doped versions. The experimental curves are marked with a solid blue line, the matched 

components of the bands (Gaussian) are marked with a black solid line, and the envelope of the 
simulated spectrum is marked with a red dashed line 

 

 (PKBN) The band centered at ~925 cm-1 was distinguished only in the spectrum of PKBN 

glass. It is characterized by low intensity and can probably be attributed to the stretching 

vibrations of the P-O-P bonds associated with the ring units [108]. 

 (PF) The band located at ~900 cm-1 can be classified as the effect of the P-O-P bond 

stretching vibration associated with Q2 units [108,136]. Among the PF series samples, it is worth 

highlighting the glass containing 10 mol% KF, for which the lowest band intensity was recorded 

with a simultaneous shift towards higher wavenumbers. (PFF) Comparison of the bands from the 

PFF series with that obtained for PKBN reveals that they have an order of magnitude lower 
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relative field values. Additionally, with increasing fluoride content, they shift towards lower 

wavenumbers. The use of a different convention of introducing KF into the compositions of PF 

and PFF glasses means that in the case of the latter, a less compact structure can be expected, 

in which the presence of Q2 units is less probable. Referring to the disproportionation principle, 

this band can be described as a P-O-P bond stretching vibration in Q3 units [130,133]. (PKA) The 

description of this band in the case of the PKA series will be analogous to that presented for PF 

glasses. The gradually increasing relative area of the bands with the increasing share of AlF3 

additionally indicates the role of the network strengthening by incorporating Al3+ cations into it. 

 (PKBN) The interpretation of the ~860 cm-1 band appearing exclusively for the PKBN 

matrix can be twofold, one of the possibilities are vibrations occurring in NbO6 octahedra units 

connected in chains [118,135], which would also be evidence of their presence in the glass. The 

second description is the stretching vibrations of Bi-O bonds, indicating the presence of BiO3 

units [137]. The conclusion from the above description is the observation that the use of fluoride 

modifiers in PKBN glasses can partially limit the formation of extended units based on Bi and Nb 

cations. 

 (PF) The center of the next band is located at ~830 cm-1 and after the addition of 5 mol% 

KF its relative field increases significantly (relative to the low intensity band in the PKBN 

spectrum) reaching the highest value for PF10 glass. Together with the neighboring band located 

at ~790 cm-1 these bands are probably a representation of symmetric stretching vibrations of P-

O-P bonds [108,112,113]. Interestingly, only in the case of the PF15 sample the second band was 

not isolated, which may be a manifestation of the "closing" of the structure, also visible in the 

results of thermal analysis. (PFF) The increasing addition of KF causes a strong shift towards 

lower wavenumbers to be observed for PFF10 and PFF15 glasses. For none of the samples from 

the PFF series, the complementary band observed in the PF series occurred, but apart from the 

analogous assignment of P-O-P vibrations, it is possible that in the case of 10 and 15 mol% KF, 

the influence of the vibrations of P-O-P bonds forming ring units is additionally revealed [108]. 

(PKA) Also in the case of the PKA series, the bands (for PKA5 and PKA10 there is a complementary 

band at ~780 cm-1) were assigned to P-O-P bond vibrations, just like in the case of PF glasses. For 

the PKA15 sample, an increase in intensity and a shift towards lower wavenumbers were also 

observed, which together may indicate the effect caused by the additional vibration in AlO4 units 

[136]. 
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Fig. 33 Deconvolution results performed for fragments (1550 – 400 cm-1) of IR spectra of PFF glasses and 
their Eu-doped versions. The symbols used are as for figure 32 

 

(PF) In the spectrum of glasses from the PF series, the presence of the band located at 

~764 cm-1 was not noted, which in the case of the PKBN matrix was described as the effect of 

vibrations related to the presence of structural units containing Bi-NBO [130] or Nb [135]. The 

occurrence of the described band together with the band located at ~866 cm-1 (occurs only for 

PKBN) seems to be a characteristic feature of glasses with a composition close to PKBN. (PFF) 

For this series, this band occurs only for the PFF5 sample, which does not differ significantly from 

the composition of the starting matrix and due to the similarity can also be designated as the 

effect of stretching vibrations of the Bi-NBO bond associated with BiO6 units [130]. (PKA) The 

situation is more complicated in the case of the series containing the AlF3 additive, because the 

discussed band also occurs in the spectrum of the PKA15 sample, which would seemingly 
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contradict the statement about the condition of similarity to the PKBN composition. However, 

this may be an effect related to the polyhedron vibrations associated with Al3+ ions. 

 (PF) The next band (733 – 746 cm-1) shows a more than twofold increase in relative field 

after the introduction of 5 mol% fluoride, after which it reaches the maximum value for PF10. At 

the same time, a gradual shift of absorption towards higher wavenumbers is observed with the 

addition (the largest in the case of PF15). One of the probable description options are symmetric 

stretching vibrations of the P-O-P bond forming rings [108], the formation of more complex 

structures would explain the described evolution of the band parameters. (PFF) This band (729–

736 cm-1) has been interpreted as representing one of the stretching vibrations of the P-O-P bond 

[132] and is characterized by the highest intensity for the PFF10 glass. (PKA) Apart from the 

distinctive in terms of position and intensity band distinguished for the PKA10 sample, the 

addition of AlF3 did not introduce a clear trend in the changes of the parameters. The shift 

towards higher wavenumbers and the large relative field may be partly related to the lack of an 

adjacent band (~750 cm-1) for this composition. This could manifest the transitional nature of 

the glass containing 10 mol% AlF3, in which, despite the relatively high content of the modifier, 

the abrupt changes characteristic of PKA15 are not able to occur, so it changes the glass structure 

but in a way that is not a direct consequence of the characteristics of the PKA5 sample. Although 

convoluted, this observation may reflect a delicate balance between the action of fluorine anions 

on the glass network and the Al cations gradually taking over the role of its formation. 

(PF) The absorption centered at ~700 cm-1 can be attributed to deformation vibrations 

in the corner-shared NbO6 octahedra [118,131]. The gradual increase in the band intensity at 5 

and 10 mol% KF is reversed at 15 mol% and reaches the level observed for PKBN. Moreover, in 

the case of PF15, a weak band appears, defined as accompanying (~690 cm-1), the presence of 

which suggests that in the described octahedra some oxygen atoms were replaced by fluorine. 

(PFF) For the series with proportional addition of KF, the situation is different, because for the 

PFF10 glass the accompanying band (~692 cm-1) was observed, and the sample containing 15 

mol% KF is characterized by band parameters similar to PKBN. A possible matching, apart from 

the previously described Nb-O vibrations, are symmetric stretching vibrations of Q1 units [114]. 

(PKA) In this series, the band also corresponds to vibrations associated with NbO6 octahedra, but 

its gradually decreasing intensity with the increasing content of AlF3 may indicate the process of 

replacing Nb-based units by polyhedra containing the Al3+ cation. 

(PF) In the case of the PF series, a weak band located in the range of 677 – 687 cm-1 does 

not occur in the spectrum obtained for PKBN and has not been identified. Moreover, the 

increasing share of KF causes this band to lose intensity and shift towards lower wave numbers. 

(PFF) A band located in a similar range is characterized by the lowest relative field for the PFF10 



 

104 
 

sample. (PKA) The description of absorption is even more complicated because it was not 

distinguished for PKA10, so in each of the studied series a different effect is observed and it is 

not possible to determine the trend of changes. However, what unites the mentioned cases is 

the lack of this band in the spectrum of the matrix from which they all originate, so it is 

reasonable to claim that its presence is related to the presence of fluorine ions in the structure 

of the glasses. 

 (PF) The band, the position of which (~638 cm-1) is practically independent of the 

modifier content, can be attributed to the stretching vibrations of the Nb-O bond in slightly 

deformed NbO6 octahedra [135] or the Bi-O bond in BiO6 units [112]. The introduction of the 

additive causes a small increase in the band intensity, which remains close to constant with the 

increase of the KF content. (PFF) Despite the low-variability of the band position, the 

proportional addition of KF strongly influenced the intensity of the described effect, leading to 

its almost 3-fold increase (compared to PKBN). It was described analogously to the case from the 

PF series. (PKA) A strong influence on the glass structure of the introduced AlF3 appeared in the 

case of this band, which is characterized by the largest relative field for PKA5, and does not occur 

at all for PKA15. The increasing content of the modifier leads to the disappearance of the NbO6 

structural units [135], the vibrations of which are presented in the described band. 

 (PF) Another of the isolated absorptions probably corresponds to deformation vibrations 

of NbO6 units [118,131] and after introducing a modifier into the composition it shifts from 628 

cm-1 to 621 cm-1. Further increase of the KF share in the glasses is manifested by a small increase 

in intensity, which may suggest that the disproportionate addition of KF may have a beneficial 

effect on the formation of structural units based on Nb. (PFF) This band was not observed in the 

case of spectra of glasses from the PFF series, it may be the result of increased depolymerization 

of the glass network caused by the proportional addition of KF. (PKA) The mechanism described 

in the previous paragraph may also take place in the case of this band due to their common 

genesis, which results in the lack of this band for the PKA15 glass and the highest intensity noted 

for PKA5. 

 (PF) The center of the next band is located at ~605 cm-1 and can be described as the 

effect of vibrations of strongly deformed BiO6 octahedra [117]. It was not distinguished in the 

spectra of glasses from the PF series, which may mean that in the case of these glasses, Nb-

based units are more strongly promoted than Bi-based units. The opposite conclusion can be 

reached when analyzing PKBN glasses. (PFF) The same conclusions can be reached when 

analyzing the evolution of the corresponding band (611 – 614 cm-1) in PFF glasses. The slightly 

increasing intensity for the sample containing 5 mol% KF and comparable with the matrix for 

higher shares indicate that the structural role of bismuth is particularly important in this series 
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(compared to Nb). (PKA) The observed gradual shift of the band towards higher wavenumbers 

and its abrupt decrease in relative field after introducing 5 mol% of the modifier indicate that 

the addition of AlF3 limits the structural role of Bi. The absorption observed for PKA10 and PKA15 

may therefore correspond additionally to the effect of O-P-O bond vibrations coupled to Nb-O 

[135], which are partially replaced by Al-F bonds, which is confirmed by the shift of the band 

center. 

 (PF) One of the main bands occurring in the described minimum is located at ~575 cm-1. 

An increase in intensity was shown for the PF5 glass (almost twice the value noted for PKBN), 

after which the intensity dropped to a level close to the initial matrix for the subsequent glasses. 

Due to the unusual evolution and previous observations, the description of the origin of this 

absorption is complicated. In the case of PKBN glass, it can be attributed to the bending 

vibrations of the Bi-O bond in BiO6 units [137], but in the case of samples containing fluoride, 

the presence of these polyhedra cannot be excluded, but the analysis so far has shown that they 

are not preferred in their structure. The increase in the relative field of the discussed band in the 

PF5 spectrum and its form in the case of PF10 and PF15 can therefore be explained by the 

transitional nature of the glass as a sample containing 5 mol% fluoride and the structural role of 

fluorine anions. On the one hand, the PF5 sample containing some of the matrix features (as 

described earlier) may still have an increased predisposition to base structural units on Bi atoms, 

but at the same time, they are modified with fluorine anions creating mixed Bi(O, F) polyhedra. 

Samples containing a larger share of KF show the dominance of the F incorporation effect, which 

results in a strong shift of the band towards higher wavenumbers. (PFF) A partially similar 

description as presented above can be applied to the band in the case of the PFF series, however, 

it is necessary to take into account the different characteristics of the appearing structural units. 

The smaller relative area of the bands observed for PKBN and PFF5 (compared to the 

compositions containing 10 and 15 mol% KF) may indicate a smaller amount of BiO6 units caused 

by the presence of BiO3 units previously demonstrated for these compositions. Analyzing the 

intensities of the remaining compositions in this convention, it can be stated that in the case of 

PFF10, only BiO6 units dominate, while PFF15 containing both types of polyhedra is an 

intermediate system. (PKA) The addition of AlF3, creating an environment not favorable to the 

formation of Bi-based polyhedra, caused the observed band (577 – 580 cm-1) in the case of PKA5 

to be characterized by an order of magnitude lower intensity compared to the PKBN glass. The 

slight increase in intensity shown by PKA10 and PKA15 samples probably has its origin in the 

overlapping stretching vibrations of Al-F bonds in AlF6 or mixed groups [138]. 
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Fig. 34 Deconvolution results performed for fragments (1550 – 400 cm-1) of the IR spectra of PKA series 
glasses and their Eu-doped versions. The symbols used are as for figure 32 

 

 (PFF) Absorption centered at ~545 cm-1 was not distinguished in the spectra of PKBN 

glasses and the PF series. The band present for the PFF10 glass, in contrast to the other samples 

from this series, was characterized by an intensity almost one order lower, which can be 

explained based on the description presented above for the neighboring band at ~570 cm-1. In 

this approach, this band would be the effect of bond vibrations in BiO3 units [117], which would 

explain the clearly lower relative field noted for the sample with 10 mol% KF. At the same time, 

the absence of this band in the spectrum of the PKBN glass and the distinctively high intensity 

of the next absorption suggest that more complex modifications may occur, which could result 

in band shifts. (PKA) In the series containing the AlF3 additive, the band located at ~540 cm-1 is 

characterized by strong absorption for PKA5 and a clear decrease in its intensity for the other 
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samples from the series. This band is probably a manifestation of the Bi-O bond bending 

vibrations [137] and the vibrations of mixed Al(O, F)6 units [139,140]. The occurring change in 

relative fields may result from the weakening of the influence of the first of the mentioned 

vibrations under the influence of the increasing share of AlF3. 

(PF) In the spectrum of glasses containing disproportionate KF addition, this band (~530 

cm-1) is the most intensive component in the low-wavenumber minimum. However, the 

interpretation of its origin is not unambiguous. As already mentioned in the previous paragraph, 

the PKBN sample may indicate that this absorption is attributed to the effects related to the 

bending vibration of the Bi-O bond [130]. Moreover, it should be considered to attribute the 

observations as the effects of coupled Nb-O bond modes with the bending vibrations of the O-

P-O bond in PO4
3- units [113,114]. (PFF) The gradual decrease in the relative field value observed 

for this series with the increasing share of KF in the composition may indicate the increasing role 

of coordinated K+ cations in the glass network. (PKA) Contrary to glasses from the PKA series, 

the described band is very weakly intense, and the addition of 15 mol% AlF3 causes it to 

disappear at all. Apparently, as a result of the introduction of the modifier, the units associated 

with the vibrations described above gradually disappear, which emphasizes the important role 

of Al atoms in the glass network. 

 (PF) The band centered at ~500 cm-1 was assigned to vibrations confirming the presence 

of edge-shared octahedra NbO6 [118]. Increasing the KF content in the composition led to a 

gradual weakening of the band, which may be related to the decreasing O/Nb ratio exerted by 

replacing K2O with KF. It cannot be ruled out that due to this effect the chance of forming isolated 

oxygen-niobium units in the glass network decreases. (PFF) The discussed component of the 

spectrum in the case of the PFF series increases rapidly after introducing 5 mol%, and then 

gradually decreases with increasing KF content in the glass. Due to the proportional way of 

introducing KF into the compositions, the O/Nb ratio remains constant, while the proportion of 

K to Nb atoms increases. The intensity changes are therefore probably a consequence of the 

initial opening of the structure, where, in addition to the previously mentioned ones, there are 

bending vibrations in the O-Nb-O-P bonds, the intensity of which decreases with the progressing 

depolymerization (induced by the increasing share of the modifier). (PKA) In the case of the PKA 

series, the band located at ~502 cm-1 was distinguished only for the PKA15 sample. The 

dominance of the structural role of AlF3 may indicate that this band can be assigned to the 

deformational vibration of the glass skeleton, which is observable due to the increase in the 

stiffness of the network of the composition discussed. 

 (PKBN) The absorption localized at ~480 cm-1 is probably related to the bending vibration 

of the Bi-O bond in triangular units [137] and was not observed for the PF and PFF series. (PKA) 
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Interestingly, in the case of the PKA series, the mentioned band occurs only in the sample 

containing 15 mol% and its origin is ambiguous, although it may be related to the bending 

vibration of the P-O-P or Bi-O bond. 

 (PF) The evolution of the band located at ~475 cm-1 in the case of the PF glass series is 

as follows. For both the PKBN matrix and the PF5 and PF10 samples, the above band shows 

relatively low values of the relative field, only after the introduction of 15 mol% KF there is a 

drastic increase in intensity (by almost an order of magnitude) and a shift towards higher 

wavenumbers is observed. The probable effect behind this absorption is the bending vibrations 

of the P-O-P bond [110], and the difference in intensity may be the effect of a lower level of glass 

depolymerization induced by the addition of the modifier. (PFF) The occurrence of the above 

band in the case of the PFF series is in the range from 475 cm-1 to 483 cm-1. As in the case of the 

PF glasses, these bands represent P-O-P vibrations, but due to the diametrically different nature 

of these series, the observed gradual increase in their relative field must have a different genesis. 

The case of PFF10 and PFF15 shows that the observed shift towards higher wavenumbers may 

be the result of an increased probability of fluorine incorporation into the glass network (among 

others in the form of F-P-O), the final effect of which is increased absorption. (PKA) The bands 

of the PKA series are slightly shifted towards lower wavenumbers (463 – 472 cm-1) compared to 

the previous series, and the PKA15 sample is distinguished by a significantly higher intensity 

compared to the other compositions of the series. Although the main phenomenon behind this 

band will be, analogously to the above cases, the P-O-P deformation vibration, in the case of 

glass containing 15 mol% AlF3, the structural modification of the glass network with Al3+ cations 

and additional vibrations of P-O-Al bonds should also be taken into account. 

(PF) The band localized at ~439 cm-1 was not observed in the spectra of the PF series 

glasses, while for the PKBN matrix it is the effect of the deformation vibrations of the Bi-O bond 

in BiO3 units [117]. (PFF) A band similarly described above, in the case of the PFF series, was 

distinguished only for the sample containing 5 mol% KF is located at ~449 cm-1. (PKA) Unusually, 

also only for the glass containing 5 mol% of the modifier was it possible to distinguish the band 

at ~446 cm-1. It is possible that it corresponds to the deformation vibrations of the Bi-O bond, 

due to the proximity of the composition to the initial matrix 

(PF, PFF) Very weak bands located in the range of 440 – 400 cm-1 are probably the effects 

of deformational vibrations of O=P-O bonds [135] or coupled Nb-O and O-Nb-O-P modes [114]. 

(PKA) Considering the strong influence of AlF3 on the structure and the increasing intensity of 

the band located at 421 – 429 cm-1 with its content, it can be attributed to deformational 

vibrations in AlF6 units [138] (or mixed ones). 
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Summarizing the general features distinguished on the basis of the above analysis of FTIR 

spectra, it can be stated that in the case of the PF glass series, the increasing content of 

disproportionately introduced KF leads, among other things, to the depletion of the glass in K+ 

ions, which results in the formation of a more complex phosphate network of the glass. The 

direct effect is therefore an increased probability of the occurrence of branched structural units 

in the form of linear chains and rings. In addition, the current modifications of the internal 

structure may have a beneficial effect on the formation of oxygen polyhedra around Nb cations, 

in particular octahedra, although the interaction between bismuth and niobium, which perform 

similar structural functions, is not unambiguous. The studies carried out additionally indicate the 

possibility of incorporating fluorine ions into the structural units appearing in the glasses (this is 

a general conclusion for all of the glasses studied, although it manifests itself in different ways in 

them). A different method of introducing KF in the PFF series contributes to the intensification 

of the depolymerization process of the glass network. In contrast, short phosphate chains with 

accompanying Q1 and Q0 units will occur more frequently for these glasses. These glasses show 

an increased preference for the occurrence of systems in which the structural role of Bi is 

distinguished. Analysis of the PKA series glasses shows that the addition of AlF3, already from 

the lowest content used, strongly affects the cross-linking of the glass structure. This effect is 

particularly manifested by the formation of P-O-Al bonds and the formation of mixed oxygen-

fluorine units concentrated around Al3+ ions. The case of these glasses also shows the superiority 

of Al over Bi and Nb in taking over the structural role of the networker. It should be emphasized 

that the composition of PKA15 is different, which showed abrupt changes in parameters, at the 

bottom of which there is probably a process of forming a subtle equilibrium between the 

introduced modifying fluorine ions and the role of the network Al in relation to the content of P 

and O.  

 

Description of structural changes caused by the presence of Eu dopant 

By extending the presented analysis to the spectra of glasses doped with 0.5 mol% Eu2O3, 

an attempt was made to describe the type and scope of structural changes caused by the 

presence of the dopant. The parameters of doped and undoped glasses obtained in the modeling 

process were compared, but the complexity of the obtained data did not allow for a direct 

analysis of the changes taking place. As a compromise, a concept was adopted in which 

"representatives" were selected from among the bands (parameters) based on the criterion 

taking into account the greatest differences in relative fields (in addition, the appearance or 

disappearance of significant bands was taken into account). 
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(PKBN 05Eu) Eu doping in the case of PKBN matrix leads to the following changes in their 

spectra: disappearance of bands localized at ~925, 830 and 764 cm-1 and appearance of bands 

at ~675, 560 and 420 cm-1. The bands listed in the first group correspond to P-O-P bond vibrations 

associated with ring units and Bi-NBO bond vibrations. The complete disappearance of the 

mentioned absorptions in the case of PKBN 05Eu glass is additionally accompanied by a 

coincident decrease in the intensity of the band localized at ~960 cm-1, which was also 

interpreted as the effect of P-O-P bond vibrations. Among the group of bands observed 

exclusively for the doped glass, they were assigned to unidentified structural changes, which, 

based on the findings of the previous section, occurred with the appearance of fluorine, Bi-O 

bond vibrations in BiO3 units, and coupled Nb-O and O-Nb-O-P modes, respectively. The 

evolution of the intensities of the most important bands indicated that, as a result of the 

introduction of Eu dopant, the values of the relative fields of the bands associated with BiO3 units 

(including the appearance of a previously absent band) and the bands described as P-O-P bond 

vibrations in Q2 or Q3 units significantly increased. 

(PF 05Eu) The differences in the spectra of the PF 05Eu series glasses in the case of 

glasses containing 5 and 10 mol% include the disappearance of the ~790 cm-1 band, which was 

considered as a complementary band to the band describing the P-O-P bond vibrations, located 

at ~830 cm-1. At the same time, the appearance of the ~690 cm-1 band was noted, which is the 

effect of modified corner-shared vibrations of NbO6 octahedra, and in the case of PF10 05Eu, the 

~427 cm-1 band, previously not observed for this composition, was observed, related to the 

deformation vibrations of the Nb-O bond. Moving on to the individual glasses, in the case of PF5 

05Eu, it is necessary to mention the increase in the intensity of the bands resulting from the 

vibrations of P=O bonds and the weakening of the bands related to the vibrations of P-O-P, Bi-O 

and Nb-O bonds in NbO6 units. The changes in the spectrum of PF10 05Eu glass, which occurred 

due to doping, are concentrated around the bands corresponding to the stretching vibrations of 

the P=O bond and the P-O-P bond in Q2 units. Moreover, an increase in the intensity of the 

bending vibration bands of the P-O-P bond and the Nb-O vibrations in the edge-shared NbO6 

octahedra was observed. The case of the glass containing 15 mol% KF showed that the 

introduction of Eu resulted in an increase in the intensity of the bands located at ~700 cm-1, 

which were assigned to the deformation vibrations of the NbO6 polyhedra. An increase in the 

relative field was also observed for the absorptions described as the effect of the deformation 

vibrations of the Bi-O bond. 

(PFF 05Eu) With the appearance of 0.5 mol% Eu dopant in the composition of PFF5 05Eu, 

an additional band at ~792 cm-1 was observed, related to the vibrations of P-O-P bonds, and in 

the case of PFF15 05Eu, a new feature was the band with the center at ~691 cm-1, to which the 
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vibrations of Nb-O bonds were assigned. In terms of changes, the composition of PFF10 05Eu 

stood out. In its spectrum, both new bands were noted: localized at ~628 cm-1 corresponding to 

deformation vibrations in the corner-shared NbO6 octahedra and assigned to the coupled 

vibration modes of Nb-O and O-Nb-O-P, the center of which is located at ~413 cm-1; as well as 

the disappearance of the bands: located at ~614 cm-1 and located at about 550 cm-1 resulting 

from the vibrations of BiO3 units. The most significant relative changes in the intensity of bands 

in the PFF5 05Eu spectrum were noted for the bands associated with the P-O-P bond vibrations 

and the edge-shared NbO6 vibrations (intensity decrease), while in the case of the corner-shared 

NbO6 vibrations and the coupled Nb-O and O-Nb-O-P vibrations, an increase in the relative field 

of the corresponding bands is observed. The PFF10 05Eu glass was characterized by an evolution 

of bands associated with NbO6 units similar to the above case, and an additional increase in the 

intensity of the bands located at ~970, 530, 475 cm-1 was observed, which probably correspond 

to the P-O-P bond vibrations. The relationship between the bands describing the vibrations of 

differently connected NbO6 units, described for the two above glasses, is not as clear in the case 

of the PFF15 05Eu sample. It is dominated by octahedra sharing edges. Additionally, an 

enhancement of the bands attributed to vibrations in BiO3 units and vibrations of O-P-O bonds 

is observed. 

(PKA 05Eu) In the case of the PKA series, a slightly more diverse picture of changes 

occurring after the introduction of the Eu dopant is observed. The spectrum of the PKA5 05Eu 

glass is devoid of bands located at ~780 cm-1 (P-O-P bond vibration component), ~751 cm-1 (Bi-

NBO vibrations in BiO6 units) and ~626 cm-1 (Nb-O bond vibrations). On the other hand, for this 

composition, a new band located at ~477 cm-1 was described, the origin of which is associated 

with the vibrations of BiO3 units. The first of the above-mentioned bands also disappears in the 

case of PKA10 05Eu, while the ~686 cm-1 band associated with the appearance of fluorine in the 

glass compositions appears. The sample containing 15 mol% AlF3 is characterized by a richer 

spectrum because three additional bands appear in it (633 cm-1 – Bi-O vibrations in BiO6; 595 cm-

1 – deformation vibrations of NbO6 units; 415 cm-1 – coupled Nb-O and O-Nb-O-P modes) and 

one (~754 cm-1) associated with the vibrations of Bi-NbO bonds occurring in BiO6 units 

disappears. All 6 bands selected as representative for the spectrum of PKA5 05Eu showed an 

increase in intensity after the introduction of Eu dopant, in particular, the changes of the bands 

associated with the stretching vibrations of P-O-P and O-P-O bonds and the vibrations of Al-F 

bonds in AlF6 units were distinct. Similarly to the composition described above, for PKA10 05Eu 

the bands associated with P-O-P vibrations were strengthened, however in this glass an 

additional decrease in the intensity of PO2 and BiO3 vibrations was noted. The composition 

containing the largest AlF3 addition shows an increase in the intensity of the bands associated 
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with P-O-P, Al-F bond vibrations in AlF6 polyhedra, and Nb-O bond vibrations in NbO6 units 

sharing corners. At the same time, a decrease in the relative area of the band described as the 

effect of vibrations occurring in the edge-shared NbO6 octahedra is observed.  

The inference about the influence of the Eu dopant on the structure of the synthesized 

glasses turns out to be an extremely complicated issue, especially if it were necessary to clearly 

determine the type and scope of the induced changes. The reason for this state of affairs is 

mainly the fact that the structural changes induced by the addition of fluorides and those 

induced by the Eu dopant are strongly dependent on each other. Confirmation of this thesis can 

be found in the range of band parameter changes, which are much larger than would result from 

the amount of Eu2O3 used. Apparently, structural effects of different origins do not add up but 

create a combination. Analyzing the seemingly simpler case of the pair of glasses PKBN and PKBN 

05Eu (no fluorides), the most important differences can be reduced to the conclusion that Eu2O3 

acts on the glass network as a modifier. As a result, increased depolymerization of the phosphate 

network and increased presence of less complex structural units of the BiO3 type are observed. 

Despite the impossibility of creating an unambiguous description of the structural evolution in 

the case of doped glasses containing fluoride addition, it is possible to propose general remarks. 

The example of the PF and PFF series shows that in addition to the type and share of fluoride, 

the Eu2O3/P2O5 ratio is also important. Moreover, it can be argued that the addition of Eu 

particularly affects the range of changes caused by fluorides and not their type. 

 



 

 

PKBN CB 1368 1221 - 1087 940 925 899 866 829 799 - 764 733 - 700 - 638 628 605 - 571 - 532 - 502 478 470 439 - 409 

 RA 0.0145 0.1209 - 0.4053 0.3005 0.0063 0.0136 0.0158 0.0040 0.0089 - 0.0063 0.0135 - 0.0040 - 0.0010 0.0030 0.0090 - 0.0166 - 0.0434 - 0.0055 0.0056 0.0017 0.0010 - 0.0002 

PKBN 05 Eu CB 1372 1225 - 1049 967 - 907 856 - 786 - - 739 714 693 676 650 627 606 - 581 559 534 - 509 489 466 443 420 - 

 
  

RA 0.0378 0.1574 - 0.5050 0.0229 - 0.0386 0.0867 - 0.0342 - - 0.0189 0.0070 0.0046 0.0013 0.0003 0.0055 0.0053 - 0.0127 0.0094 0.0305 - 0.0111 0.0107 0.0044 0.0026 0.0018 - 

                               

PF5 CB 1378 1242 1135 - 969 - 897 - 827 - 775 - 737 706 - 687 638 621 - - 574 - 526 - 500 - 475 - 425 - 

 RA 0.0171 0.0786 0.3526 - 0.3375 - 0.0374 - 0.0471 - 0.0130 - 0.0228 0.0046 - 0.0015 0.0016 0.0065 - - 0.0344 - 0.0414 - 0.0026 - 0.0023 - 0.0009 - 

PF5 05Eu CB 1365 1232 1119 - 963 - 897 - 812 - - - 742 714 693 678 636 620 - - 578 - 533 - 502 - 479 - 430 - 

 RA 0.0278 0.1021 0.3694 - 0.3260 - 0.0375 - 0.0502 - - - 0.0181 0.0045 0.0021 0.0005 0.0016 0.0059 - - 0.0195 - 0.0325 - 0.0017 - 0.0023 - 0.0010 - 

PF10 CB 1372 1249 1146 - 972 - 907 - 861 - 790 - 737 705 - 685 637 621 - - 585 - 529 - 499 - 474 - - - 

 RA 0.0265 0.0258 0.4474 - 0.2531 - 0.0122 - 0.0860 - 0.0317 - 0.0268 0.0058 - 0.0020 0.0014 0.0054 - - 0.0149 - 0.0624 - 0.0014 - 0.0013 - - - 

PF10 05Eu CB 1371 1247 1143 - 976 - 895 - 813 - - - 746 718 696 680 636 620 - - 582 - 531 - 500 - 475 - 427 - 

 RA 0.0294 0.0668 0.3752 - 0.3102 - 0.0525 - 0.0608 - - - 0.0218 0.0073 0.0029 0.0007 0.0016 0.0055 - - 0.0191 - 0.0427 - 0.0023 - 0.0020 - 0.0005 - 

PF15 CB 1360 1248 1161 - 999 - 901 - 814 - - - 746 713 693 677 637 620 - - 580 - 532 - 503 - 478 - 426 - 

 RA 0.0346 0.0574 0.2659 - 0.4492 - 0.0469 - 0.0482 - - - 0.0201 0.0043 0.0017 0.0003 0.0014 0.0051 - - 0.0189 - 0.0359 - 0.0008 - 0.0179 - 0.0026 - 

PF15 05Eu CB 1360 1249 1169 - 1011 - 907 - 825 - - - 752 725 696 678 644 621 - - 566 - 527 - 502 - 486 - 434 - 

 RA 0.0319 0.0409 0.2255 - 0.5093 - 0.0356 - 0.0539 - - - 0.0160 0.0072 0.0030 0.0005 0.0005 0.0053 - - 0.0300 - 0.0229 - 0.0010 - 0.0182 - 0.0013 - 

PFF5 CB 1363 1208 - 1053 970 - 900 - 824 - - 766 736 710 - 690 634 - 611 - 578 552 527 - 501 - 475 449 423 - 

 RA 0.0228 0.1671 - 0.4730 0.0421 - 0.1047 - 0.0636 - - 0.0122 0.0138 0.0054 - 0.0027 0.0031 - 0.0107 - 0.0163 0.0196 0.0229 - 0.0120 - 0.0046 0.0032 0.0012 - 

Table 7a. Results of modeling FT-IR spectra, for each glass the obtained band centers (Cb [cm-1]) and their relative fields (Ra [%]) are included 
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Table 7b. Results of modeling FT-IR spectra, cont. 

 

 

 

 

 

PFF5 CB 1363 1208 - 1053 970 - 900 - 824 - - 766 736 710 - 690 634 - 611 - 578 552 527 - 501 - 475 449 423 - 

 RA 0.0228 0.1671 - 0.4730 0.0421 - 0.1047 - 0.0636 - - 0.0122 0.0138 0.0054 - 0.0027 0.0031 - 0.0107 - 0.0163 0.0196 0.0229 - 0.0120 - 0.0046 0.0032 0.0012 - 

PFF5 05Eu CB 1365 1209 - 1050 980 - 896 - 810 - 792 760 732 704 - 674 637 - 611 - 578 545 519 - 506 - 486 453 425 - 

 RA 0.0295 0.1807 - 0.4631 0.0230 - 0.1443 - 0.0397 - 0.0017 0.0131 0.0095 0.0113 - 0.0012 0.0023 - 0.0116 - 0.0105 0.0301 0.0108 - 0.0017 - 0.0123 0.0040 0.0027 - 

PFF10 CB 1376 1209 - 1052 974 - 896 - 809 - - - 729 710 692 673 632 - 614(614) 614 563 551 529 - 504 - 475 - 431 - 

 RA 0.0206 0.2073 - 0.4006 0.0447 - 0.1319 - 0.0766 - - - 0.0234 0.0007 0.0027 0.0005 0.0035 - 0.0078 0.0005 0.0458 0.0008 0.0178 - 0.0095 - 0.0072 - 0.0029 - 

PFF10 05Eu CB 1364 1230 - 1084 940 - 880 - 800 - - - 736 710 691 676 639 628 613 - 574 - 534 - 503 - 479 - 431 413 

 RA 0.0372 0.1239 - 0.4593 0.1554 - 0.0611 - 0.0575 - - - 0.0165 0.0064 0.0031 0.0008 0.0010 0.0028 0.0065 - 0.0266 - 0.0317 - 0.0007 - 0.0150 - 0.0035 0.0004 

PFF15 CB 1378 1177 - 1058 973 - 893 - 810 - - - 730 700 - 683 632 - 614 - 573 - 541 522 503 - 483 - 427 412 

 RA 0.0168 0.3157 - 0.1801 0.1751 - 0.1263 - 0.0733 - - - 0.0183 0.0046 - 0.0012 0.0031 - 0.0083 - 0.0269 - 0.0233 0.0101 0.0031 - 0.0181 - 0.0026 0.0003 

PFF15 05Eu CB 1363 1220 - 1074 944 - 881 - 803 - - - 736 710 691 675 634 - 617 - 577 - 536 527 504 - 479 - 432 416 

 RA 0.0287 0.1333 - 0.4663 0.1322 - 0.0717 - 0.0561 - - - 0.0158 0.0063 0.0035 0.0009 0.0023 - 0.0085 - 0.0254 - 0.0359 0.0003 0.0010 - 0.0120 - 0.0019 0.0002 



 

 

 

 

 

 Table 7c. Results of modeling FT-IR spectra, cont. 

 

 

 

 

PKA5 CB 1380 - 1180 1086 994 - 902 - 820 - 779 751 728 704 - 676 649 626 601 - 577 540 527 - - - 472 446 421 - 

 RA 0.0053 - 0.2837 0.0750 0.4370 - 0.0448 - 0.0464 - 0.0007 0.0075 0.0047 0.0072 - 0.0012 0.0014 0.0073 0.0063 - 0.0017 0.0667 0.0003 - - - 0.0013 0.0066 0.0007 - 

PKA5 05Eu CB 1380 - 1191 1074 966 - 893 - 812 - - - 738 706 - 685 634 - 616 - 588 541 534 - - 477 470 440 423 - 

 RA 0.0263 - 0.3150 0.1718 0.2741 - 0.0548 - 0.0706 - - - 0.0167 0.0056 - 0.0019 0.0019 - 0.0061 - 0.0056 0.0396 0.0011 - - 0.0001 0.0121 0.0002 0.0014 - 

PKA10 CB 1380 - 1173 1082 990 - 900 - 821 - 782 - 742 702 - - 639 627 607 - 580 544 531 - - 463* 489 - 429 - 

 RA 0.0093 - 0.3015 0.0938 0.4107 - 0.0565 - 0.0359 - 0.0004 - 0.0148 0.0047 - - 0.0009 0.0035 0.0064 - 0.0068 0.0361 0.0024 - - 0.0023 0.0150 - 0.0024 - 

PKA10 05Eu CB 1380 - 1170 1081 986 - 900 - 818 - - - 740 708 - 686 643 630 612 - 584 542 534 - - 474 471 - 428 - 

 RA 0.0113 - 0.3443 0.0562 0.4090 - 0.0468 - 0.0451 - - - 0.0144 0.0048 - 0.0017 0.0006 0.0026 0.0073 - 0.0048 0.0405 0.0126 - - 0.0005 0.0126 - 0.0016 - 

PKA15 CB 1386 - 1187 1042 974 - 904 - 816 - - 754 721 694 - 679 - - 617 - 579 538 - - 502 - 471 - 427 - 

 RA 0.0247 - 0.2981 0.3480 0.0497 - 0.1386 - 0.0623 - - 0.0073 0.0094 0.0031 - 0.0008 - - 0.0081 - 0.0075 0.0304 - - 0.0022 - 0.0132 - 0.0035 0.0000 

PKA15 05Eu CB 1370 - 1200 1081 962 - 896 - 812 - - - 735 704 - 683 633 - 615 595 574 536 - - 505 - 476 - 430 415 

 RA 0.0460 - 0.2694 0.2050 0.3057 - 0.0330 - 0.0621 - - - 0.0146 0.0065 - 0.0020 0.0024 - 0.0056 0.0001 0.0168 0.0196 - - 0.0004 - 0.0147 - 0.0017 0.0003 
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UV–Vis analysis 

 Absorption spectra in the range of 320 – 600 nm obtained for three series of glasses 

doped with 0.5 mol% Eu are presented collectively in Figure 35. Starting from the top of the 

figure, it contains the UV-Vis spectra of glasses from the PF 05Eu, PFF 05Eu, and PKA 05Eu series. 

As can be initially noticed, the spectra do not show significant changes related to the presence 

of fluorides in different contents, especially the occurrence of additional, unidentified absorption 

bands (including the measurement range of 1100 nm, which was not presented due to the desire 

to maintain the clarity of the figure). However, for each of the glasses, two absorption bands 

located in the range of 380 – 480 nm were observed (this range was additionally presented on 

the insets), the origin of which is related to the occurrence of 4f-4f electronic transitions of Eu3+ 

ions. The maximum located at a lower wavelength probably corresponds to the transition from 

the 7F0 state to the 5L6 excited state, and the adjacent absorption corresponds to the 7F0 to 5D2 

transition (described in Figure 35). The presence of the above-mentioned effects confirms the 

effective doping of the glasses, as a result of which Eu3+ ions were incorporated into their 

structure. Another conclusion from the measurements was the determination of the 

approximate absorption edge - as can be seen, all of the glasses produced showed high 

transparency in the ultraviolet up to nearly 350 nm. Due to this characteristic, a wide range of 

selection of the appropriate excitation wavelength is possible in the proposed materials, which 

additionally supports their use for optical purposes. A specific example of the use of the 

presented properties is the use of wider doping with RE3+ ion systems, which allows for the 

emission of white light [141,142]. 

The inclusion of the spectrum obtained for the PKBN 05Eu glass in the presented 

comparisons allowed us to conclude on the differences resulting from the type and content of 

the fluoride modifiers used. However, no significant differences were noted between the spectra 

of glasses containing fluorides and the PKBN 05Eu matrix used as a reference. It is visible, 

however, that in the case of both the PF 05Eu and PKA 05Eu series, the increase in fluoride 

content leads to a similar shift of the absorption edge towards the ultraviolet, while the spectra 

of glasses from the PFF series seem not to change regardless of the composition. Additionally, 

taking into account the level of transmission of the glasses, they are characterized, depending 

on the composition, by variable values of transmittance in the visible range from ~50 to 70%. At 

the same time, apart from the statement that in the case of each series, the lowest transmittance 

value among the glasses containing fluorides was characterized by samples with 5 mol% of 

modifiers, there is no clear relationship between the transmission properties and the share of 

fluorides. These discrepancies may have their origin on the surface of the measured samples, 
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which were not mechanically processed due to the small thickness of the synthesized glass 

pellets. 

 

Fig. 35 Comparison of UV-Vis spectra obtained for Eu doped PF, PFF and PKA series of glasses. Enlarged 
spectral range include a description of Eu3+ absorption bands. Additionally, PKBN 05Eu spectra were 

added as a reference 

 



 

118 
 

Luminescence analysis 

 The luminescence measurements were conducted to determine the relationship 

between the emission properties of glasses doped with 0.5 mol% Eu and the introduced fluoride 

modifiers. The described analysis took into account both the effect of the type of fluorides and 

their variable content in the glass compositions, therefore, in order to obtain multi-dimensional 

conclusions taking into account these criteria, it was decided to present the results in two ways. 

Figures 36-38 contain standard sets of excitation spectra (λem = 615 nm corresponds to the 5D0 

→ 7F2 transition in the Eu3+ ion) and emission spectra (λex = 465 nm corresponds to the 7F0 → 5D2 

transition in the Eu3+ ion) taking into account samples within one glass series, in which the effect 

of increasing the fluoride share was distinguished, respectively PF 05Eu – Fig. 34; PFF 05Eu – Fig. 

35 and PKA 05Eu – Fig. 36. Fig. 37 contains another form of data presentation, in which the 

spectra were grouped using the fluoride content criterion, thus emphasizing the effect of their 

type on the obtained luminescence. It was organized into two columns, of which the left column 

contains a comparison of emission spectra obtained using the excitation wavelength λex = 465 

nm, and the right column presents an analogous distribution of spectra but obtained using the 

excitation wavelength of λex = 395 nm (7F0 → 5L6 transition of the Eu3+ ion). In order to provide an 

appropriate reference allowing one to follow the effects of the influence of changes in the glass 

compositions, the spectrum of the PKBN 05Eu matrix was included in each of the comparisons. 

 

Fig. 36 Comparison of a) excitation (λem = 615 nm) and b) emission (λex = 465 nm) spectra recorded for PF 
5 – 15 glasses doped with 0.5 mol% Eu. The spectra of PKBN 05Eu are included for reference 
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Fig. 37 Comparison of a) excitation (λem = 615 nm) and b) emission (λex = 465 nm) spectra recorded for 
PFF 5 – 15 glasses doped with 0.5 mol% Eu. The spectra of PKBN 05Eu are included for reference 

 

 

Fig. 38 Comparison of a) excitation (λem = 615 nm) and b) emission (λex = 465 nm) spectra recorded for 
PKA 5 – 15 glasses doped with 0.5 mol% Eu. The spectra of PKBN 05Eu are included for reference 
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 The recorded excitation spectra (part a of Figures 36-38) for the PFF 05Eu and PKA 05Eu 

series, similarly to the previously described PKBN 05Eu spectrum, were characterized by 7 well-

defined maxima, to which the following electronic transitions in the Eu3+ ion were assigned: 362 

nm (7F0 → 5D4), 383 nm (7F0 → 5G4), 394 nm (7F0 → 5L6), 415 nm (7F0 → 5D3), 465 nm (7F0 → 5D2), 

525 nm (7F0 → 5D1) and 533 nm (7F1 → 5D1). Glasses that were part of the PF 05Eu series were a 

departure from the pattern present in the data presented so far and, in the spectra obtained for 

them it was possible to describe only 5 maxima unambiguously. Two of the above-mentioned 

transitions 362 nm (7F0 → 5D4) and 383 nm (7F0 → 5G4), except for the case of PF15 05Eu, were 

indistinguishable against the background of measurement noise. This does not exclude their 

presence, but only highlights the features of the measurement method. Except for the 

aforementioned anomaly, the obtained excitation and emission spectra do not show significant 

differences in the form of maxima shifts or the appearance of new bands, regardless of the type 

and content of fluorides introduced into the glasses. 

 It is worth emphasizing that in all presented excitation spectra there is a significant 

intensity disproportion between transitions located in the range of 350 – 420 nm (P1) and 

transitions located in the wavelength range of 450 – 550 nm (P2). As a result, the highest 

intensity (for all spectra) was characterized by the transition 7F0 → 5D2 contained in the P2 range, 

while the transition considered typical for the Eu3+ ion, 7F0 → 5L6 (located in P1), was 

characterized by an exceptionally low intensity. This is especially visible when confronting the 

above reports with the literature, in which the last of the mentioned transitions is most often 

recognized and observed in europium compounds as showing the highest intensity [143]. Similar 

conclusions were also reached in studies on glasses enriched with this dopant, in particular those 

based on a phosphate matrix [144–146]. However, there are also works [102,147,148] in which 

higher intensities were observed for the 7F0 → 5D2 transition (465 nm) for materials (including 

glasses), and not for the 7F0 → 5L6 transition (395 nm), even though the compositions and dopant 

contents used did not differ significantly from those proposed in the above counterexample (it 

is not possible to predict the spectrum variant based on the compositions alone). Considering 

the emission properties of the glasses studied, it is natural that in the case of potential optical 

applications the preferred excitation wavelength would be λex = 465 nm. 

 The emission spectra obtained both at 465 nm (part b of Figures 36 - 38) and 395 nm 

(Figure 39) excitation wavelengths contained 5 maxima that were interpreted as electronic 

transitions in the Eu3+ ion: 5D0 → 7F0 (579 nm), 5D0 → 7F1 (591 nm), 5D0 → 7F2 (611 nm), 5D0 → 7F3 

(653 nm) and 5D0 → 7F4 (701 nm). Apart from the intensity differences, no deviations of other 

origin were observed for any of the compositions. 
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Moving on to the analysis of the dependence of luminescent properties on the modifier 

content within a single series, the first case is PF 05Eu glasses, the emission spectra of which are 

summarized in the right part of Figure 36. The presented summary shows the effect of the KF 

content, in the range from 5 to 15 mol%, on the emission intensity. As can be seen, the 

disproportionate addition of as little as 5 mol% fluoride caused significant changes in the PF5 

05Eu glass, which resulted in a large decrease in the emission intensity (in relation to the spectra 

of the initial PKBN 05Eu matrix). A further increase in the modifier share resulted in obtaining 

luminescence enhancement for the PF10 05Eu sample, which in this case was also equivalent to 

achieving the highest intensity among the glasses of the tested series. Increasing the KF content 

to 15 mol% did not allow obtaining an intensity higher than that presented by the PKBN 05Eu 

matrix. This observation allows us to state that the optimal KF content (guaranteeing the highest 

emission) in the used range is less than 15 mol% and is probably close to 10 mol%. Accurate 

determination of the optimal share would require data from additional measurement points 

considering contents from the middle of the ranges. It is probable that the sudden change in 

emission intensity observed in the case of PF5 05Eu glass may be related to an unusual feature 

noticed in the studied PKBN matrix. In the previous chapter it was observed that the composition 

containing the 5 mol% fluoride (SrF2) is characterized by a transitional character, which contains 

both the features typical of PKBN and those detected only in the case of a higher content of the 

modifier. Therefore, it is possible that in the case of PF5 05Eu glasses (due to a different type of 

KF additive introduction, the glass differs in stoichiometry from the equivalents from the PFF and 

PKA series) a similar effect occurs, but in this case the features inherited from PKBN and 

characteristic of PF10 and PF15 give a common effect worsening the emission properties of Eu3+ 

ions. The presented explanation can also be confirmed by the comparison of emission spectra 

obtained for glasses containing 5 mol% fluoride modifiers (Figure 39). As can be seen, the spectra 

are characterized by different intensities, but for all compositions, it is lower than in the case of 

PKBN glass. However, based on the conducted research it is impossible to clearly state how the 

above-mentioned fluorides modify the glass structure by changing the environment of Eu3+ ions. 

 Figure 37 (b) contains an analogous comparison of spectra prepared for the PFF 05Eu 

series. The intensity of the bands observed for the PFF5 05Eu sample, similarly to the 

corresponding sample from the PF series, was lower than for PKBN 05Eu, however, the 

disproportion in this case was not so significant. The other two samples showed luminescence 

enhancement, where the highest emission intensity was obtained for the PFF15 05Eu glass. 

Moreover, considering the differences in the band intensities between the samples containing 

an increasingly larger amount of KF, a trend close to proportionality becomes visible, in which 
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the intensity gradually increases. This emphasizes how different effects were obtained by 

choosing a different method of introducing KF into the composition. 

 As expected, the use of a different modifier in the form of AlF3 resulted in the occurrence 

of other spectral dependencies, which is presented in Figure 38 b. As can be observed, the 

addition of 5 and 10 mol% AlF3 led to the same effect of weakening the luminescence, in relation 

to the reference in the form of the PKBN 05Eu spectrum. However, a further increase in the 

fluoride content in PKA15 05Eu resulted in a slight increase in intensity above the mentioned 

reference level. A possible interpretation of the above dependencies between the compositions 

is the occurrence of a threshold content in the case of the used AlF3, after exceeding which the 

structural configuration of the material becomes possible, promoting radiative transitions of Eu3+ 

ions and the emission enhancement is observed. 
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Fig. 39 Summary of emission spectra at excitation λex = 465 nm (left column) and λex = 395 nm (right 
column) of glasses illustrating the influence of fluoride content on luminescence properties. Results were 

grouped according to the share of modifiers 
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The concept of comparing spectra in the manner shown in Figure 39 allows not only to 

compare the samples from all 3 series corresponding to the content of modifiers but also to 

present how the most promising compositions of the series (PF10 05Eu, PFF15 05Eu, PKA15 

05Eu) compare to other glasses. Additionally, this section has been extended to include emission 

spectra measured using an excitation wavelength of λex = 395 nm, the aim of which was to 

provide a different perspective. Starting with the glasses with the lowest fluoride content, i.e. 

the lower left part of Figure 39 showing a comparison of their corresponding spectra (λex = 465 

nm), it can be stated that although the intensities were far from exceeding the level recorded for 

PKBN 05Eu, they are distributed with the same mutual difference. Although this distribution is 

random, apart from the simplified statement of which composition is the most promising (like 

on the podium steps), it allowed one to observe how big the difference in intensity was between 

the (still slightly different in composition) PF5 05Eu and PFF5 05Eu glasses. This discrepancy, 

although it seems to be disproportionately large, is justified, among others, by the structural 

evolution presented in the FTIR analysis. The graph located on the right side of the above-

described comparison summarizes the emission spectra of the corresponding glasses obtained 

for λex = 395 nm.  

Moving on to the central part of Figure 39 containing spectra of glasses containing 10 

mol% modifiers, and precisely located on the left side of the compilation of spectra obtained at 

excitation λex = 465 nm, it can be noticed that the highest intensity in this range was characterized 

by sample PF10 05Eu. A slightly lower value was shown by the sample from the PFF 05Eu series, 

in which the spectra seem to change gradually with increasing KF content, in contrast to the PF 

series, in which the jump in intensity (between PF5 05Eu and PF10 05Eu) against the background 

of other spectra seems to be much more pronounced. A slightly different situation is present in 

the spectra with λex = 395 nm (right central part), for PF10 05Eu the spectrum is unexpectedly 

characterized not only by the lowest intensity among all compositions, but also lower than that 

obtained for PF5 05Eu. At the same time, in the case of the twin composition PFF10 05Eu, a 

sudden increase in intensity (almost five-fold) was noted. Based on the collected data, it is 

difficult to determine the mechanism causing the sudden increase in intensity for the PFF10 05Eu 

sample excited with λex = 395 nm. It is possible that as a result of the higher degree of 

depolymerization of the network, the glass structure became less compact, as a result of which 

the environment of Eu3+ ions changed to one that guarantees a lower probability of non-radiative 

transitions - the share of fluorine anions. In other words, there is a suspicion that the resulting 

structural changes in the environment may cause a competitive "parasitic" process, which in the 

case of 395 nm excitation leads to non-radiative energy dissipation. However, in the case of the 

PFF 05Eu series, the changes induced by the increasing addition of KF (the threshold value is 
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close to 10 mol%) significantly reduce the probability of this phenomenon, as a result of which 

much higher emission intensity is observed. 

The spectra of glasses containing the highest fluoride content are presented in the upper 

part of the discussed figure. In the case of PFF15 05Eu, the continuing trend observed in samples 

with lower KF content resulted in a further increase in emission intensity, ultimately reaching the 

highest value among all tested compositions. The remaining two samples, as a result of the 

increase (PKA15 05Eu) and decrease (PF15 05Eu) of the transition intensity relative to samples 

containing 10 mol% fluorides, reached a level close to that presented by the spectrum of PKBN 

05Eu. The spectra of these glasses obtained with UV excitation changed in a way similar to those 

obtained for λex = 465 nm: for PFF15 05Eu, a further increase in intensity occurred, and for PKA15 

05Eu, the bands turned out to be more intense than for PKBN 05Eu. Only in the case of PF15 

05Eu the changes showed the opposite character and the lines excited with 395 nm light were 

slightly enhanced. 

As part of an additional experiment on the subject of annealing selected samples, in 

addition to the structural analysis presented in the previous chapters, it was decided to conduct 

a luminescence analysis. Its aim was to decide whether short annealing of glasses containing the 

addition of "non-crystallizing" fluorides can have a beneficial effect on the emission intensity of 

the contained Eu3+ dopant ions. The implementation of the above concept, in the form of 

emission spectra (λex = 465 nm) of annealed glasses, is presented in Figure 40. The layout of 

Figure 40 has been divided into 4 parts, each of which contains emission spectra obtained for 

unannealed glasses (reference), annealed at 585 °C for 8h and annealed at 585 °C for 10h, these 

compositions are: a) PFF5 05Eu, b) PFF15 05Eu, c) PKA5 05Eu and d) PKA15 05Eu. The 

abandonment of samples from the PF series was motivated by the desire to limit the variables 

in the analysis, and it is also probable that samples in which the proportionality of the share of 

components in the presence of fluorides was maintained may at least partially exhibit annealing 

characteristics similar to those described for glasses containing the SrF2 additive. It should be 

mentioned that based on the conducted XRD measurements (Figure 27), it was established that 

regardless of the length of annealing time, glasses from the PFF series subjected to this process 

are well-defined glass-ceramics. At the same time, in the case of glasses from the PKA series, 

only poorly defined signs of the presence of a crystalline phase in the amorphous matrix were 

noted.  
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Fig. 40 Emission spectra (λex = 465 nm) of samples a) PFF5 05Eu, b) PFF15 05Eu, c) PKA5 05Eu and d) 
PKA15 05Eu subjected to annealing at 585 °C for 8 or 10 h. The dashed line additionally shows the 

spectra of as-prepared glasses, which in this case serves as a reference 

 

 Focusing first on the compositions containing the KF additive (Figure 40 a and b), it can 

be observed that the spectra obtained for the PFF5 05Eu glass-ceramics, regardless of the 

applied heating time, are characterized by comparable intensity. It is important that, in 

comparison to as-prepared glass, for these samples, there was an enhancement of luminescence 

caused by the thermal treatment process. A different trend was noted for the glass-ceramics 

containing 15 mol%, depending on the heating time, the measured spectra showed an extremely 

different character despite the similarity of their diffraction patterns. The eight-hour heating 

unexpectedly resulted in a significant relative decrease in intensity, while the second process, 

differing only slightly in time, led to obtaining a spectrum close to the reference sample. A 

detailed explanation of the origin of this discrepancy would require additional studies, but due 

to the secondary nature of the described results, this issue was not developed. At the same time, 

the spectrum of the PFF1505 Eu sample annealed for 10 h contains an interesting feature in the 

form of a visible disproportion in the ratio of the intensity of the bands corresponding to the 5D0 

→ 7F2 to 5D0 → 7F1 transitions, known as the red/orange ratio. At first glance, it can be stated 

that, compared to the unannealed glass, the R/O parameter decreased significantly after 

annealing, which can be interpreted as a confirmation of the incorporation of Eu3+ ions into the 

crystallites formed during heat treatment. 



 

127 
 

Analogous spectra of glasses from the PKA series are included in parts c) and d) of Figure 

40. In all four annealed samples, luminescence enhancement was observed, which, depending 

on the composition, was perversely more significant for the shorter annealing time of the PKA5 

05Eu sample and for the longer annealing time in the case of PKA15 05Eu. The occurrence of a 

specific reversal in the response to heat treatment parameters may be related to the abrupt 

difference in properties observed for the glass containing 15 mol% AlF3. Moreover, the increased 

thermal resistance of these materials could have determined the greater significance of features 

related to the amorphous structure than to the niche crystalline phase in this case. Finally, it can 

be stated that in the case of PKA15 05Eu glass, performing a short thermal treatment significantly 

improved the emission properties of the material while maintaining transparency (Figure 28 D) 

and a character close to amorphous (based on XRD – Figure 27). 

 

Luminescence decay measurements 

 In addition to the comparative analysis of the excitation and emission spectra of the 

studied glasses, it was decided to carry out measurements of the luminescence decay, which 

provided insight into the properties of the dopant ions, especially in terms of their immediate 

surroundings. The measurements consisted of observing the evolution of the intensity of the 

emission band with a wavelength of λobs = 620 nm corresponding to the 5D0 → 7F2 transition after 

pulsed excitation with a wavelength of 395 nm or 465 nm. Figure 41 presents exemplary sets of 

the obtained measurement data, where the right graph compares the results with respect to the 

type of fluorides used, while the left graph illustrates the evolution with increasing fluoride 

share. Due to the nature of the recorded curves, it was decided to model them with the 

expression (6), which is equivalent to their double-exponential form. The results of the fitting 

process are presented in Table 8, which also includes the values of the parameters calculated on 

their basis: the average lifetime taking into account the amplitudes <τ>Amp and the average 

lifetime taking into account the intensities <τ>Int.  

 The interpretation of the obtained results is difficult due to a seemingly occurring 

contradiction: for homogeneous materials with experimentally confirmed amorphousness, the 

characterized decay curves are biexponential, which would suggest the presence of at least two 

different Eu3+ ion environments, a state usually encountered in the case of glass-ceramics. It is 

possible that the segregation of dopant ions, which usually occurs during controlled heating of 

glasses, occurred at the stage of the melting itself, taking into account at least two preferred sites 

with significantly different symmetries. Taking into account the number of components of the 

studied glasses, and thus the possible combinations of the glass network arrangement, it should 

be noted that these do not have to be exactly two environmental systems, but rather two sets 
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(with elements indistinguishable from the point of view of the described experiment), whose 

difference in symmetry is sufficiently large. In this approach, the structural units of the glass 

themselves, into which the Eu3+ ions are incorporated, are responsible for the biexponential 

decay. If we increase the scale of considerations from the atomic level created by the 

surroundings of individual ions to the scale of small regions (domains), the second possibility is 

the occurrence of micro-separation of phases in the glass matrix. From the point of view of the 

conducted experiment, they would be indistinguishable, so together with atomic-scale units, 

they constitute probable interpretations of the observed phenomena. 

 

Fig. 41 Comparison of luminescence decay curves obtained for a) glasses containing 15 mol% of fluorides; 
b) PFF 05Eu series. Additionally decay curve of PKBN 05Eu glass was plotted 

 
 The obtained values of the parameters listed in Table 8 do not change with the sample 

compositions in a way that would suggest a direct relationship between them and the content 

or type of fluorides. No clear correlation was observed between the measured emission 

properties and the aforementioned parameters derived from the luminescence decay 

measurements. These observations suggest that the changes in lifetimes are subtle and it would 

be extremely difficult to draw conclusions on their basis about the properties of all three series 

of the presented glasses. However, it is possible to specify in an approximate way the differences 

that occur, and they are particularly clear in the case of the PF series. The tendency of changes 

in the parameters for glasses from this series stands out from the other two that were subjected 

to measurements, the reason for which can be sought in the different method of introducing 

fluorides. Thus, this example shows that the dependencies of luminescence lifetimes are not so 

much dependent on modifiers, but on subtle changes in the stoichiometry of the matrix, which 

can be confirmed by measurements carried out for glasses from the PKF series. 



 

 

 

      PF5 05Eu PF10 05Eu PF15 05Eu PFF5 05Eu PFF10 05Eu PFF15 05Eu PKA5 05Eu PKA10 05Eu PKA15 05Eu 

            

λ
e
x
 =

 3
9
5
 n

m
 

τ1  1.117 1.046 1.108 0.870 0.561 0.484 0.663 0.414 0.744 

τ2  2.048 1.924 2.040 1.825 1.681 1.638 1.657 1.615 1.702 

<τ>Int  1.684 1.661 1.658 1.636 1.599 1.590 1.580 1.577 1.618 

<τ>Amp  1.535 1.551 1.499 1.471 1.415 1.449 1.457 1.445 1.540 

A1  0.537 0.445 0.554 0.336 0.184 0.123 0.170 0.112 0.183 

A2  0.457 0.564 0.434 0.646 0.780 0.848 0.811 0.866 0.825 

                        
            

λ
e
x
 =

 4
6

5
 n

m
 

τ1  0.370 0.791 0.634 0.821 0.643 0.480 0.789 0.839 0.297 

τ2  1.489 1.678 1.562 1.693 1.631 1.527 1.647 1.676 1.451 

<τ>Int  1.452 1.523 1.467 1.524 1.539 1.477 1.495 1.513 1.430 

<τ>Amp  1.309 1.350 1.327 1.410 1.393 1.332 1.373 1.398 1.354 

A1  0.117 0.299 0.214 0.333 0.202 0.133 0.309 0.325 0.084 

A2  0.850 0.664 0.763 0.671 0.774 0.831 0.686 0.672 0.916 

                        

Table 8. Parameters obtained by fitting the luminescence decay curves of 0.5 mol% Eu doped PF, PFF and PKA glass series. Additionally, intensity and 

amplitude average lifetimes were calculated (lifetimes were expressed in ms) 
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3.3. Materials containing addition of Ag 

XRD 

 A wide range of PB10 glass variants was structurally characterized using the XRD method, 

the results of which are presented in Figure 42. The first four diffraction patterns (counting from 

the bottom of the figure) are devoid of reflections and have only features typical of the 

amorphous structure of materials, thus confirming the successful synthesis process and doping 

of the PB10 glass matrix with both Eu and Ag. A separate case is the two upper curves from 

measurements of glasses heated at 500 °C for 22h, which contained 0.5 and 1 mol% Ag. As can 

be seen, thermal treatment did not result in the growth of any crystalline phase (in quantity/size 

above the detection threshold) in the matrix volumes – in particular the desired nanocrystalline 

Ag precipitations. They also did not occur for the glasses heated for 3 and 6 hours, which showed 

a purely amorphous character, but for the sake of clarity of the figure, the corresponding 

diffraction patterns were not included in Figure 42. 

 

 

Fig. 42 The comparison of diffractograms of PB10 glasses and their Eu and Ag doped versions – the 
amorphous nature of these samples was confirmed. Additionally, at the top of the figure, two 

diffractograms of samples after the final stage of heating at 500 °C for 22h are included 
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Fig. 43 Photos of the PB10 glass series. The effect of heating the PB10 05Eu 05Ag sample (left column) 
and the PB10 05Eu 1Ag sample (right column) at 500 °C for: A – 0h (as prepared), B – 3 h, C – 6 h, and D 

– 22 h is presented 

 
At the same time, as shown in Figure 43, the described samples contained unidentified 

inhomogeneities in the volume regardless of the annealing process. The left column presents 

images obtained for different annealing times of the PF10 05Eu 05Ag glass sample, while the 

right side consists of corresponding pictures obtained for the PB10 05Eu 1Ag glass sample. The 

presence of such large inhomogeneities already in the unannealed glasses, combined with the 

XRD results, excludes their crystalline origin, while at the same time indicating the synthesis 

process, in which they must have precipitated. This directs attention to two probable causes of 

their presence: trapped gas bubbles or local separation of the glass phases. Analyzing the photos 

presented above, it was possible to show that the inhomogeneities are located in relatively large 

intervals throughout the glass volume, but do not occur so numerously near the sample surface 

itself or directly below it. Therefore, one of the probable causes is their formation during the 

melt quenching process itself, in which the edges of the sample being in direct contact with the 

mold cool down much faster, thus closing the hot interior of the sample, in which, depending on 
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the concept, gaseous by-products could be released in the cooling alloy or phase separation 

could have occurred. Additionally, the juxtaposed images show that the inhomogeneities did not 

change their form or size much in response to the annealing performed (ignoring changes 

resulting from contact with the substrate in samples subjected to 22h heating), maintaining 

shapes resembling glued beads, which suggests that despite their small size, they are stable up 

to the temperature used in the heat treatment process. The non-crystalline genesis makes it 

much more difficult to predict what effect the precipitates have on the properties and what 

factor was responsible for their appearance in the matrix. 

 

 

Fig. 44 Comparison of diffraction patterns of PB15 glasses and their Eu- and Ag-doped versions – the 
amorphous nature of these samples was confirmed 

 
Figure 44 shows the diffraction patterns obtained for the second matrix subjected to 

bismuth content minimization, PB15, along with its doped versions. This confirmed the 

amorphous nature of the synthesized materials, especially in the presence of Eu and Ag. 

 
DSC and DTA 
 
 The slightly different roles of the compositions based on the PB10 and PB15 matrices in 

the described experiment resulted in a decision to carry out a different measurement approach, 

which explains the differences between the thermal characteristics performed. In the case of 

PB10 and its doped variants, it was crucial to determine the glass transition temperature, based 

on which the annealing parameters were established. DSC measurements that allowed for 
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determining this value as T = 500 °C are presented in Figure 45. In order to compare the effect 

of reducing the Bi2O3 content on the glasses, the measurement performed for the PKBN matrix 

is additionally included at the bottom of mentioned figure. The Tg temperature values read for 

the glass transition center are collected in Table 9. 

 

 

Fig. 45 Summary of DSC curves obtained for PB10 glasses and their Ag and Eu doped versions. Glass 
transition temperatures are indicated by arrows. The measurement result of PKBN glass is included as a 

reference. The vertical line indicates the temperature selected for the annealing process 

 
As can be seen, reducing the Bi2O3 content in the PB10 glass composition (from 20 to 10 mol%) 

resulted in a large drop in the glass transition temperature, by almost ΔT = 50 °C. This revealed 

the extent of the structural role of Bi, the greater presence of which can be associated with 

greater cross-linking of the glass structure. The second factor that may affect the observed state 

of affairs is the distortion of the mutual proportions between the components - the "gap" created 

in the composition after reducing the Bi content led, among other things, to an increase in the 

share of K2O controlling the degree of network depolymerization. Another observation worth 

emphasizing is the difference in the Tg values caused by the introduction of the Eu dopant. The 

structural role of small Eu2O3 shares, outlined earlier in this work, is in this case extremely clear 

because despite the above-described change caused by the reduction of Bi in the composition, 

and therefore a significantly different system, the introduction of Eu caused an increase in Tg by 

10 °C. The addition of silver caused slight fluctuations in the glass transition position, therefore 



 

134 
 

it was decided to select 500 °C as the annealing temperature, which, being on average 50 °C 

higher than glass transition temperatures, could provide favorable conditions in the glass for the 

formation of the crystalline phase in the form of Ag nanoparticles. 

 

 

Fig. 46 Results of DSC (continuous line) and DTA (dotted line) measurements of PB15 glasses and their 
doped versions. The curves corresponding to the two techniques were rescaled and compared to each 
other to present the overall characteristics of the measured glasses. Characteristic temperatures are 
marked with arrows: Tg – glass transition temperature and Tc being the crystallization temperature 

(exothermic maximum) 

 

 Figure 46 shows the thermal analysis of glasses based on the PB15 matrix. The analysis 

was extended with DTA measurements, which provided additional insight into the high-

temperature characteristics of the glass containing information on the exothermic phenomena 

occurring in them. Similarly to the case of PB10, the comparison of the glass transition 

temperatures enriched with the crystallization temperatures are given in Table 9. 
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Sample   Tg Tc1 Tc2 Tc3 

 
     

PKBN  488 651 698 - 
      

PB10  440 - - - 

PB10 05Eu  450 - - - 

PB10 05Eu 05Ag  446 - - - 

PB10 05Eu 1Ag  453 - - - 
      

PB15  476 594 684 789 

PB15 05Eu  488 600 693 773 

PB15 05Eu 05Ag  482 - - - 

PB15 05Eu 1Ag  476 600 680 751 
      

            

Table 9. Characteristic temperatures (°C) determined from DTA/DSC measurements. The notations used 
are analogous to those introduced in Fig. 46. Gray areas indicate that the corresponding value was not 

measured 
 

Referring to the previously discussed topic of the effect of Bi2O3 reduction on the position of the 

glass transition (glass transition temperature), it can be seen that a smaller "loss" in the case of 

PB15 glass led to a decrease in Tg of only ~10 °C. This shows that the observed change is not 

proportional to the size of the Bi2O3 content loss (ΔT = 25 °C would be expected), and therefore 

it can be concluded that the probable cause is a complex phenomenon and more strongly related 

to the mutual relations between the components than to the reduction of the Bi2O3 share itself. 

The sensitivity of the studied glasses to seemingly minor interferences in their composition is 

particularly interesting. It cannot be ruled out that the nonlinear relationship presented by the 

PB10 and PB15 compositions (being aware that two points are not the best basis) for glasses 

containing a Bi2O3 share in the range between 10 and 15 mol% could not be fulfilled in the 

presence of a local maximum related, for example, to an exceptionally favorable stoichiometry. 

The doubt expressed in this way is intended to indicate that in this system, potentially simple 

control of glass properties in a wide range could be capricious in its nature. However, the case of 

PB15 05Eu shows that the effect of the Eu dopant on the structure of the glasses, and thus the 

position of the glass transition, is similar to the case of PB10 glass and leads to an increase in Tg 

by about 12 °C. Although the presented comparison covers only two cases, it can be suggested 

without obligation that, taking into account the scale of the change in the Tg position caused by 

the reduction in the Bi2O3 share, the influence exerted by Eu3+ ions seems to be independent of 

this reduction and almost the same for PB10 and PB15. This would confirm the strongly 

modifying properties of Eu2O3 in the environment of the PKBN matrix and in its derivative 
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glasses. As a result of introducing 1 mol% silver dopant into PB15 05Eu glass, unexpectedly the 

Tg value (476 °C) equaled that measured for the unmodified PB15 sample. The noted change, 

apart from the relatively large difference ΔT = 12 °C, was a departure from the increase in Tg 

observed for the PB10 05Eu 1Ag sample. If the described case were treated step by step, it could 

be assumed that the changes introduced by the Eu dopant were to some extent leveled by the 

addition of Ag, as a result of which the PB15 05Eu 1Ag glass has thermal characteristics similar 

to the initial matrix. However, if all the changes depended solely on the (indirect) interaction 

between Ag+ and Eu3+ ions, at least the same trend of Tg change should occur for PB10 05Eu 1Ag 

and the opposite is observed. This approximate description is based only on the recorded end 

effects, and the actual structural changes responsible for the mentioned evolution are much 

more complex, which does not change the fact that their large scope in the face of relatively 

small compositional changes constitutes an extremely interesting new research topic.  

 Analyzing the right part of Figure 46 containing the curves obtained in DTA 

measurements in the range of 550 – 800 °C for each of the tested samples, one can see three 

exothermic maxima (the lowest of the temperatures was marked as Tc1, the next ones 

analogously), which are identified with different crystallization processes of glass matrices. At 

first glance, the recorded crystallization temperatures do not show a uniform dependence, which 

would be consistent with the evolution of Tg. The position of the first exothermic maximum 

changes slightly after the introduction of 0.5 mol% Eu (Tc1 = 600 °C), and for the PB15 05Eu 1Ag 

sample it remains the same. The exothermic maxima described by the Tc2 parameters are the 

most intense of all three, and in this case the PB15 and PB15 05Eu 1 Ag glasses share practically 

the same value of Tc2 ≈ 682 °C, while for the PB15 05Eu sample a significantly higher Tc2 

temperature of 693 °C was recorded. The last of the observed temperatures (Tc3) decreases 

gradually with the number of types of introduced dopants. The presented changes show that 

each of the processes associated with specific maxima interacts differently with the introduced 

dopants, therefore probably each of the effects should be treated independently. Using the 

reasoning proposed in the previous paragraph, based on the changes in the characteristic 

temperatures, it can be determined that the dominant influence on the form of the effect 

associated with Tc1 is the Eu dopant, while in the case of Tc2 it is the Ag dopant. The process 

described by Tc3 cannot be assigned to any of the options presented and it is possible that it is 

based on the macroscopic crystallization processes of the matrix, which is directly influenced by 

the state of the glass network (the more compounds disturbing its continuity are present in the 

composition, the lower the Tc3 temperature).  

 Based on the results presented in Figure 46, in addition to the previously determined 

annealing temperature T = 500 °C, it was decided to select a second, higher temperature T = 550 
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°C for the series of glasses based on the PB15 matrix. The PB15 series, due to the higher share 

of Bi2O3, showed higher thermal resistance, but at the same time potentially a greater chance of 

reducing metallic Bi instead of Ag particles. For this reason, the studies carried out on this series 

were of a different nature than for PB10 and focused on checking the widest possible 

temperature ranges and annealing times in terms of the possibility of observing plasmon 

resonance. In the case of the PB10 series, a subtle approach was adopted, in which the priority 

was to obtain Ag nanoparticles without significant deterioration of the sample properties, mainly 

transparency and its form.  

 

UV-Vis analysis 

 Two sets of absorption spectra in the UV–Vis range obtained for the annealed PB10 05Eu 

05Ag and PB10 05Eu 1Ag glasses are presented in Figures 47 and 48, respectively. They show 

comparison of the effect of annealing the glasses at 500 °C for 0, 3, 6 and 22 h on the 

transmission properties, the occurrence and changes of the absorption bands associated with 

the presence of Eu3+ ions, and in particular the presence of the absorption band associated with 

the surface plasmon resonance.  

 

Fig. 47 Summary of UV-Vis spectra obtained for PB10 05Eu 05Ag glasses, which were annealed at 500 °C 
for a total of 3, 6 and 22 h. Additionally, a reference spectrum of PKBN 05Eu is included. Enlarged 

spectral range include a description of Eu3+ absorption bands 
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Fig. 48 Summary of UV-Vis spectra obtained for PB10 05Eu 1Ag glasses, which were annealed at 500 °C 
for a total of 3, 6 and 22 h. Additionally, a reference spectrum of PKBN 05Eu is included. Enlarged 

spectral range include a description of Eu3+ absorption bands 
 

 At first glance, it can be seen that for both glasses containing 0.5 mol% and 1 mol% Ag 

there are only minimal differences between the spectra. For all samples, two absorption bands 

originating from characteristic electronic transitions 7F0 → 5L6 and 7F0 → 5D0 of Eu3+ ions (inset in 

the graphs) were identified, however, with increasing annealing time, no evolution of their form 

was observed. Regardless of the applied thermal treatment parameters, no band corresponding 

to the surface plasmon resonance was observed for any of these samples. In accordance with 

the assumptions, the applied annealing temperature did not adversely affect the sample 

transparency (photos in Figure 43), which is evidenced by slight differences in the transmission 

level, which remains unchanged up to nearly 360 nm. However, it can also be stated that based 

on the above results, no significant differences were observed between the samples containing 

0.5 and 1 mol% Ag. Attempts to apply higher annealing temperatures to PB10 glasses resulted 

in their clouding and crumbling, setting the modification limit for materials of this composition, 

and therefore they were not included in this work. 

 The results of absorption spectroscopy obtained for PB15 05Eu 1Ag glasses heated at 

500 and 550 °C were collected in terms of the applied duration (3 – 48 h) of heat treatment in 

Figures 49 and 48. The spectra included in Figure 49 correspond to the samples obtained in the 
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heating process carried out at 500 °C, and at the outset, it can be stated that they are very similar 

to the measurement curves from Figures 47 and 48. Similarly to the above examples, bands 

related to the presence of Eu dopant appear, the form of which is unchanged with increasing 

annealing time. Based on the analysis of the PB10 05Eu 1Ag samples heated at 500 °C in less 

than 22 h, it was suspected that the process carried out for PB15 05Eu 1Ag at 500 °C in less than 

22 h has a low probability of obtaining effects related to the appearance of Ag precipitations. 

The spectra presented below confirmed the above-mentioned assumptions and, in most cases, 

provided information about the absence of the surface plasmon resonance band also for the 

glasses subjected to annealing for 48 h. The slight change in the transmission level noted for the 

latter is probably related to a small deformation of the sample surface. 

 

 

Fig. 49 Summary of UV-Vis spectra obtained for PB15 05Eu 1Ag glasses, which were subjected to a series 
of annealing at 500 °C in the range of total annealing time of 3–48 h. Additionally, a reference is included 

in the form of a spectrum of an unannealed sample of this glass. Enlarged spectral range include a 
description of Eu3+ absorption bands 

 

 The last of the presented sets of UV-Vis spectroscopy results differ significantly from the 

previously presented ones due to intensive changes in the shape of the curves with increasing 

heating time (however, absorption bands related to Eu3+ were observed for them). The occurring 

changes can be divided into two types, the first group will include spectra recorded for glasses 

heated for 3, 6, and 12 h, while the second group consists of spectra of samples treated for 24 
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and 48 h. In the first of the specified groups, with increasing heating time, an increase in 

absorbance is observed, followed by decreasing wavelength (in the case of 3 and 6 h more 

inclined in the range of 500-700 nm). For the sample heated for 12 h, the curve in the range of 

500 - 700 nm is inflected, resulting in a less variable shape. The spectra classified into the second 

group are characterized by constant, high absorbance in the entire range beyond the absorption 

threshold. The uniqueness of the described results is probably related to the morphological 

changes of the sample surface caused by thermal treatment. It was decided to use the highest 

possible temperature in this case (following the DTA curve from Figure 46, the temperature just 

before the onset of the first exothermic maximum was selected) because it maximized the 

chance of agglomeration of Ag atoms while maintaining the amorphous form of the glass matrix 

itself. Due to the occurring temperature fluctuations and the fact that an imperfect sample was 

tested, and the DTA result comes from its powdered, and therefore averaged form, subsequent 

annealing led to the formation of inhomogeneities and progressive turbidity of the glass. As a 

result, despite the use of extreme conditions, it was not possible to clearly observe the surface 

plasmon resonance band, although the evolution of the shape of the spectra is a separate, 

interesting issue. There is, however, a chance that the band associated with the plasmon 

resonance, due to its low intensity and large width (promoted by the inhomogeneity of the 

environment and thus the probability of a larger dispersion of the Ag particle sizes), has blurred 

against the background of the spectra, changing their form only slightly, as in the case of the 

samples annealed for 12 h and longer presented in Figure 50. In this context, special attention 

should be paid to the fragment of the curves from the range from 400 to 500 nm, where an 

enthusiastic eye could see a faint maximum. Still, these are only loose considerations that would 

require further experimental confirmation. 
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Fig. 50 Summary of UV-Vis spectra obtained for PB15 05Eu 1Ag glasses, which were subjected to a series 
of annealing at 550 °C for a total annealing time of 3–48 h. Additionally, a reference is included in the 

form of the spectrum of an unannealed sample of this glass 

 

Luminescence analysis 

The conducted heat treatment series, despite the lack of direct evidence for the 

presence of nanoparticles in the glasses subjected to the annealing, constituted an additional 

factor that could have a direct effect on the luminescent properties of Eu3+ ions dispersed in 

them. In connection with the manifested issue, the glass matrices and materials created after 

their controlled thermal treatment were subjected to spectrofluorimetric measurements, the 

effect of which is presented, among others, in Figure 51. It contains juxtaposed excitation spectra 

(λem = 615 nm) and emission spectra (λex = 465 nm) measured for unannealed PB10 05Eu glasses 

and its two variants containing 0.5 and 1 mol% of Ag dopant. 
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Fig. 51 Comparison of a) excitation (λem = 615 nm) and b) emission (λex = 465 nm) spectra recorded for as-
prepared PB10 glasses doped with Eu and Ag 

 

In the excitation spectra shown on the left side of the above figure, five maxima were observed, 

which due to their position could be assigned to electronic transitions in the Eu3+ ion; their 

designations are shown in Figure 51. Similarly to the case described for the PF glass series, the 

intensity disproportion between the bands in the ultraviolet and those occurring above 450 nm 

was so large that it was not possible to clearly observe typical transitions 7F0 → 5D4 and 7F0 → 5G4. 

The composition that stood out in the presented comparison turned out to be PB10 05Eu 1Ag, 

while the slightly different composition PB10 05Eu 05Ag, in terms of intensity, turned out to be 

the least promising. A corresponding tendency was observed for the emission spectra presented 

in part b) of Figure 51. Only for the composition containing 1 mol% of Ag dopant, the 

luminescence enhancement was observed (compared to the glass without the addition of a 

noble metal). It should be mentioned that in all of the recorded emission spectra the bands 

occurring were assigned to the 5D0 → 7FJ (J = 0 - 7) transitions characteristic of Eu3+ ions.  
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Fig. 52 Summary of emission spectra recorded for the excitation wavelength of λex = 395 nm (top) and λex 
= 465 nm (bottom) of PB10 05Eu 05Ag and PB10 05Eu 1Ag glasses, illustrating the effect of the annealing 

treatments (500 °C for 22 h) on the luminescent properties 

 

 Therefore, the aforementioned luminescence enhancement is a sign of a beneficial 

effect of the Ag dopant on the emission properties of the active centers dispersed in the glass in 

the form of Eu3+ ions. The absorption spectroscopy measurements conducted excluded the 

possibility of surface plasmon resonance, so the increase in the intensity of the observed 

emission must be related to a different mechanism, in which Ag is one of the key factors. The 

previously described changes in the Tg position (Figure 45) under the influence of the Ag dopant 

may be a clue to understanding this mechanism, in which silver modifies glass network. Treating 

this dopant in this way, as another element of a complex system that must take place in the 

amorphous structure, thereby causing local changes, it can be assumed that in a given matrix 

configuration, these changes had a positive effect on the probability of emission in Eu3+ ions. As 

a result, an increase in the band intensity was observed for a sufficiently high concentration of 

Ag ions in the composition of PB10 05Eu glasses. 
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 Figure 52 shows four sets of emission spectra showing additionally the effect of heating 

the PB10 05Eu 05Ag (left side) and PB10 05Eu 1Ag (right side) glasses at 500 °C for 22 h. In 

addition, the upper part of the figure contains spectra obtained using an excitation wavelength 

of λex = 395 nm, while the lower part contains spectra with λex = 465 nm. Starting the analysis 

with two comparisons located on the left side of the figure, it can be seen that in the case of 

samples containing only 0.5 mol% Ag, heating did not lead to major changes in the spectra, 

regardless of the selected excitation wavelength. A diametrically different effect was obtained in 

the case of glasses containing 1 mol% Ag (right side of Figure 52). Compared to the enhancement 

obtained by the introduction of silver dopant alone, for the sample heated at 500 °C for 22 h, a 

nearly twofold increase in emission intensity was noted for the excitation with light at a 

wavelength of 465 nm and a fourfold increase for the excitation λex = 395 nm (however, this is 

still a very low intensity compared to 465 nm). These observations additionally emphasize that 

there is probably a threshold Ag content above 0.5 mol%, above which it has a beneficial effect 

on the emission properties of the glasses. What is the reason for such a significant increase in 

intensity for the heated PB10 05Eu 1Ag glasses, since the presence of SPR was not directly 

demonstrated for them and the occurrence of crystalline phases was not observed? One of the 

probable options that could explain the recorded results is the summation of the beneficial 

effects of relaxation of the glass network (similarly to the case of heated PKA15 05Eu glasses) 

with local structural changes introduced by Ag ions. In addition, the presence of crystalline 

precipitates below the detection threshold of XRD measurement should be considered, 

especially in the presence of a strong amorphous halo. However, it is important to emphasize 

that due to the disproportion between glasses containing 0.5 mol% and 1 mol% Ag, each of the 

listed components would have to take into account the key presence of this dopant. 

 The last of the comparisons presenting the evolution of the emission spectra of PB15 

05Eu 1Ag glass depending on the applied temperature (500 °C – left side, 550 °C – right side) and 

the times of the performed annealing is presented in Figure 53. The situation shown there is 

ambiguous, starting from the upper left part, the sample subjected to 6h annealing stands out 

in particular, thus achieving an intensity comparable to that recorded for PB10 05Eu 1Ag glass 

annealed for 22h at the same temperature. Longer annealing times were characterized by a 

similar, almost half lower intensity, but it can be seen that for different levels of the band 

intensity corresponding to the 5D0 → 7F2 transition, the intensities of the band related to the 5D0 

→ 7F1 transition are almost the same. This means different values of the R/O parameter, which 

is the highest (among the samples heated for 12, 24, and 48 h) for the sample heated for 48 h. 

The emission spectra (λex = 465 nm) obtained for the corresponding samples were compared in 

the lower left part of the figure 53.  It was observed that they exhibit different intensity 
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dependence on the duration of the thermal treatment process. Invariably, for all the 

combinations included in Figure 53, the spectrum of the sample heated for 3 h is characterized 

by the lowest intensity (also in comparison to the unannealed glass), and the highest 

luminescence enhancement was observed for the sample heated for 48 h. The remaining spectra 

showed a small scatter of intensity with a peculiar result obtained for the sample heated for 6 h. 

 

 

Fig. 53 Summary of emission spectra recorded for the excitation wavelength of λex = 395 nm (top) and λex 
= 465 nm (bottom) of PB15 05Eu 1Ag glasses, illustrating the effect of a series of annealing treatments at 

500 and 550 °C on their luminescent properties 

 

 The right part of the above figure contains spectra of samples obtained in the process 

carried out only for PB15 05Eu 1Ag glasses and can be considered as an image of the effect of 

annealing at the limiting (conceptually the highest temperature that can meet the assumptions 

of the optical material) temperature on the properties of this material. Due to the smaller control 

of the sample form in the process, it is not possible to directly compare the results with those 

obtained for PB10 glasses annealed at 500 °C, but it is an interesting set of relationships that 

facilitates indirect conclusions about the changes taking place based on a comparison with PB15 
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samples annealed at 500 °C. Analyzing them for the spectra measured at excitation with a 

wavelength of λex = 395 nm (top right graph), it can be seen that the intensities and mutual 

dependence of the bands of samples obtained in the heat treatment process lasting 24 and 48 

h are similar to those noted for these samples annealed at 500 °C. However, in this case, the 

glass heated the longest is also the one that shows the most intense emission. Both in the 

described comparison and in the one presenting emission spectra at 465 nm excitation, the 

sample heated for 12 h showed only a slight enhancement of luminescence. In addition, this 

comparison revealed that the most advantageous in terms of emission intensity was the 24-hour 

heat treatment. The above analysis revealed that in general, the most advantageous in terms of 

luminescent properties of PB10 and PB15 materials is the use of a higher share of Ag in the 

composition and long heating times at a temperature not significantly exceeding Tg are 

preferred. An exception was the PB15 05Eu 1Ag sample, which after only 6 h of heating at 500 

°C was characterized by an exceptionally high emission intensity, but the reason for such a 

sudden change in properties between 3 and 6 h is not known. 

 The presented results of Ag doped phosphate glasses, although they are only 

preliminary, revealed a potential direction of development of this material as an optical system, 

in which the Ag addition could be a complementary element, which together with other 

additions mentioned earlier in this work, could contribute to its universality of applications. 

Although no unambiguous confirmation of the presence of Ag nanoparticles and the occurrence 

of the LSPR associated with them (based on the measurements performed) was obtained, there 

were premises justifying further measurements. In this case, the use of the High-Resolution 

Transmission Electron Microscope (HR TEM) could prove particularly fruitful, the measurements 

of which, apart from directly demonstrating the presence of nanoparticles, could become the 

basis for a broader analysis, in which the structure of the materials would be correlated with the 

recorded absorption spectra.  
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4. Conclusions  

 Starting with the part containing the summary of the conducted research, and thus the 

culmination of this text, I would like to refer to one of the terms I have not used directly to 

describe the work so far. As we believe (based on the available literature), the produced 

phosphate glasses are a completely new material aspiring to be an optical matrix with great 

application potential. Still, in my opinion, this is not the only feature that needs to be 

emphasized. Based on the experience gained during both syntheses and characterization, I 

realized that these glasses are beautiful in their secretive universality. The combination of words 

proposed, which constitutes "this" term, almost draws (maybe too much) from poetry, but at 

the same time describes the properties of the materials I have studied so accurately that I will 

try to clarify this idea in the next few sentences. 

 So where does this secrecy come from? The simplest way to say it is that the form of 

these glasses does not in any way reflect their rich interior. As it turns out, an inconspicuous 

appearance, a slightly yellowish fragment of glass is practically indistinguishable regardless of 

whether it contains SrF2, AlF3, and KF additives or perhaps Eu or Ag dopants. The results 

presented in this dissertation have shown that behind this small "paradox" there is an extremely 

complex and delicate arrangement of the amorphous structure of phosphate glasses, in which 

numerous units cooperate in equilibrium to create a uniform material. In this way, a reference 

to the postulated universality emerged naturally, in which the matrix of PKBN glass, due to its 

internal structure, can be a convenient environment for various modifications without losing its 

typical features, including key ones such as homogeneity and transparency. Thinking about an 

apt comparison, at first, I thought that a container whose shape, regardless of the additives 

inside, does not change seemed appropriate. It is unfortunate, however, in that it suggests that 

the amorphous solid before modification is in some sense empty. This brief hesitation has 

allowed us to once again distinguish the unique properties of glasses, whose structure, although 

it may seem empty, is in reality not very different from that of crystalline solids, but in 

comparison to them still conceals within itself a creative space for further discoveries.  

 These observations are the result of my work, in which I conducted studies on the 

structure and properties of synthesized fluoride-modified luminescent phosphate glasses doped 

with Eu and Ag. Based on the originally produced phosphate glass matrix in the form of P2O5 – 

K2O – Bi2O3 – Nb2O5, luminescent materials were designed and produced, which are divided into 

3 main variants: 

• Eu-doped glasses and glass-ceramics containing SrF2 additives; 

• Eu-doped glasses and glass-ceramics containing AlF3 and KF additives; 
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• Eu-doped and Ag-doped glasses with reduced Bi2O3 content. 

The most important conclusions and observations resulting from the measurements of the 

above-mentioned materials and the experience gained from their synthesis process are 

summarized below. Based on thermal analysis measurements, a clear increase in the glass 

transition temperature was observed for glasses containing the SrF2 additive, and a relationship 

was also revealed between its presence in the composition and the disappearance of the high-

temperature exothermic maximum present for the PKBN matrix. There was also a premise about 

the transitional nature of the glass containing 5 mol% SrF2, which has some common features 

with the PKBN matrix and with compositions containing more than 10 mol% fluoride. An 

observation that is particularly important was the collective increase in the characteristic 

temperatures of the glasses under the influence of the 0.5 mol% Eu doping, which would be 

evidence of its modifying function of the glass network. The crystallization characteristics carried 

out in the range of 485 – 605 °C allowed the selection of the temperature of 565 °C as the highest, 

universal temperature guaranteeing the absence of a detectable crystalline phase in 10 h of 

annealing and became the basis for determining the temperature of 585 °C as the optimal 

temperature for conducting controlled crystallization for this series of glasses. Higher annealing 

temperatures provided information about the emerging crystalline phases, for PKBN these were 

the monoclinic monazite-type BiPO4 phase, its high-temperature equivalent, and KNbO(P2O7). In 

the case of glasses containing 10 and 15 mol% SrF2, the recorded reflections corresponded to 

the low-temperature phase of BiPO4, the cubic phase of SrF2, and the presence of an unknown 

phase defined as UnP was detected. The lack of reflections from high-temperature BiPO4 turned 

out to be consistent with the disappearance of the exothermic maximum observed in the 

thermal analysis. We suspect that the limitation of the growth of BiPO4 phases is related to the 

appearance of the UnP phase, hence we conclude that this phase is probably some kind of 

phosphate. As a result of controlled annealing of glasses doped with 0.5 mol% Eu, the 

appearance of faint reflections was noted, indicating their multiphase form, no glass-ceramics 

containing a clearly isolated crystalline phase of SrF2 were obtained. However, the stabilization 

effect of glass against crystallization acquired with the addition of Eu was confirmed, and it was 

also observed that it becomes more significant with the increasing share of SrF2. The changes in 

the structure of glasses under the influence of fluoride, apart from the evolution of the 

phosphate skeleton and the increase in cross-linking, turned out to be concentrated on the 

transition of Nb and Bi from the modifier function to the transition network former. 

Luminescence measurements (λex = 465 nm) allowed us to determine the effect of SrF2 content, 

and single and double annealing processes on the emission properties with the Eu dopant as the 
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active center. The greatest luminescence enhancement was observed for glass-ceramics 

obtained in the annealing process at 585 °C for 10 h, and annealing at 545 °C for 10 h was also 

interesting from the economic point of view, which resulted in materials showing slightly lower 

intensity. Considering the criterion of luminescence enhancement as a function of SrF2 content 

in glass-ceramics, we observed a lack of an unambiguous relationship, but glasses containing 5 

and 15 mol% SrF2 turned out to be promising materials. At the same time, the highest emission 

intensity was observed for the PKBN 05Eu matrix annealed at 585 °C for 10 h, which may indicate 

a beneficial effect of the BiPO4 crystalline phase on the emission of Eu3+ ions. We have also shown 

that the double annealing procedure achieves significantly worse results than in the case of 

direct application of annealing at the target temperature. The proposed explanation may be the 

nucleation of a foreign phase during the annealing stage at 525 °C, which adversely affects the 

environment of Eu ions dispersed in the matrix or indirectly reduces the probability of radiative 

transitions. 

 The 8 and 10 h of annealing of glasses containing KF and AlF3 additives at 585 °C led to 

obtaining glass-ceramics, thus providing a different point of view on the role of non-crystallizing 

fluorides. The obtained diffractograms allowed us to state that the proportional addition of KF 

clearly reduces the resistance of glasses to crystallization, and this effect scales with the 

increasing content of fluoride, while the addition of AlF3 has a strong stabilizing effect, therefore 

the recorded diffractograms contained only diffuse reflections on the amorphous envelope, 

making it impossible to assign crystalline phases. For glass-ceramics based on PFF5 05Eu and 

PFF15 05Eu, the presence of the monoclinic BiPO4 phase and the UnP phase was identified, 

additionally, the material with 15 mol% KF contained KNb3O5 and Bi2O4 crystallites. The tests 

carried out on the annealed glasses from the PFF series could indicate that the observed 

susceptibility to crystallization will be equivalent to a lower glass transition temperature 

compared to PKBN, while its relative increase was noted for both PFF5 and PF5. For the 

aforementioned series, we observed that the different method of introducing KF leads to large 

differences in the Tg value only above 10 mol% share - the one read for PFF15 remains 

unchanged, while for PF15 it increases drastically. We observed that both the addition of 5 mol% 

AlF3 and KF (in two series of glasses) manifests itself on the thermal analysis curve in the form of 

a small exothermic maximum, which did not occur for PKBN, but at the same time, we believe 

that the thermal effect, with which the maximum Tc1 = 651 °C was associated for PKBN, is 

"inherited" by all compositions containing fluoride addition. It is subject to distortions and shifts, 

but it is a reference for other side maxima that are characteristic of a given fluoride. They are 

partly echoes of structural changes occurring in the glass network, the general course of which 

was characterized by infrared spectroscopy measurements. We have observed that for all the 
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glasses studied, there are indications of fluorine ion incorporation into typical structural units of 

glasses, but depending on the composition it is manifested in different ways. The main trend of 

changes in the case of the PF glass series is the formation of a more extensive phosphate network 

with an increasing share of disproportionate KF addition, as a direct consequence there was an 

increased probability of forming structural units in the form of linear chains, rings and oxygen 

polyhedra coordinated by Nb cations. In the case of the PFF series, the proportional addition of 

KF results in the intensification of the depolymerization process of the glass structure, and 

therefore there is an increased chance of the appearance of short phosphate chains together 

with Q1 and Q0 units. Moreover, in the case of these materials, we have noted an increased 

preference for the occurrence of structural units associated with Bi. The addition of AlF3 in the 

PKA series glasses has been shown to have a strong effect on the increase in the cross-linking of 

the structure, especially through the formation of P-O-Al bonds and oxygen-fluorine units with 

a concentric Al atom. We suspect that the presence of Al becomes more important in the 

structural role compared to Nb and Bi. The analysis of the influence of Eu dopant on the structure 

of the glasses has led us to the conclusion that the changes induced by the presence of fluorides 

and Eu are strongly coupled, and the structural effects of different genesis do not create a simple 

sum but create a combination that makes it difficult to distinguish them. However, we believe 

that the Eu dopant affects in particular the extent of the structural changes induced by fluorides, 

not their type. Luminescence measurements (λex = 465 nm) allowed us to notice differences 

between the PF 05Eu and PFF 05Eu series, in the case of the first of the mentioned only the 

addition of 10 mol% KF resulted in obtaining emission intensity above that measured for PKBN 

05Eu, while for PFF 05Eu the luminescence enhancement was observed for 10 and 15 mol% and 

it was proportional to the share. In the case of the PKA series, a step change was noted in the 

case of increasing the share of AlF3 from 10 to 15 mol% and only for the highest content the 

enhancement of Eu emission occurred. 

 As a result of an attempt to reduce the Bi2O3 content in the initial PKBN matrix, we 

obtained two stable, fully amorphous compositions containing 10 and 15 mol% of this substrate. 

Compositions in which the Bi2O3 content was less than 10 mol% could be obtained in an 

amorphous form, but were characterized by drastically lower water resistance, which 

determined the impossibility of their real use as optical materials. As a result of annealing 

samples PB10 05Eu 05Ag and PB10 05Eu 1Ag at 500 °C, materials were obtained for which the 

presence of any crystalline phases was not detected. At the same time, for this series, the 

presence of inhomogeneities was observed, independent of the annealing process parameters, 

the origin of which may be associated with gaseous coproducts trapped during the melting or 

the effects of phase separation of glasses. In the case of the PB10 series, DSC and DTA techniques 
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were used to determine the first annealing temperature, the value of which was T1 = 500 °C and 

as a temperature on average 50 °C higher than the read Tg could potentially guarantee conditions 

favorable for crystallization of Ag nanoparticles. They also allowed us to observe a significant 

decrease in Tg after reducing the Bi2O3 content from 20 to 10 mol%, which suggests the 

importance of the structural role of this element and once again confirms the disproportionately 

large structural role of the Eu dopant. Also, in the case of PB15, Eu doping caused an increase in 

Tg - due to its nature, the structural influence of Eu seems to be independent of the change in Bi 

content. For PB15, 3 exothermic maxima were observed in the range of 550 - 800 °C. On their 

basis, we concluded that the effect behind the Tc1 maximum is most strongly influenced by the 

presence of Eu, while Tc2 is most strongly influenced by Ag. The absorption measurements 

performed included characterization of the effect of annealing on the optical properties of the 

PB10 and PB15 samples. Among the spectra of the annealed PB10 samples, no band associated 

with the surface plasmon resonance was observed, and there were no significant differences 

between the bands obtained for the samples doped with 0.5 mol% and 1 mol% Ag. We found 

that the use of higher annealing temperatures over 500 °C resulted in sample turbidity and 

cracking, setting the modification limit for this material. The spectra of the PB15 05Eu 1Ag glasses 

annealed at 500 °C turned out to be very similar in form and shape to analogous samples based 

on the doped PB10 matrix. Regardless of the glasses used and the annealing parameters, no 

band associated with the presence of plasmon resonance was clearly observed. We suspect that 

in the case of the PB15 05Eu 1Ag sample annealed at 550 °C for 12 h, a broad, diffuse maximum 

in the range of 400–500 nm associated with the plasmon resonance occurred, but it was 

distorted in the background of the spectrum and would require further confirmation. Analysis of 

the luminescence spectra showed that the different emission character of the as-prepared PB10 

05Eu 05Ag and PB10 05Eu 1Ag glasses and their annealed versions suggests that the presence 

of the Ag dopant in an appropriate concentration has a beneficial effect on the emission 

properties of the deposited Eu3+ ions. In the case of PB15 05Eu 1Ag glasses heated at 500 °C, the 

spectra obtained at λex = 465 nm (except for the sample heated for 3 h) showed a similar, large 

luminescence enhancement, of which the highest intensity was read for the sample heated for 

a total of 48 h. 

 Returning to the very beginning of this path, I can refer to the set goals and hypotheses 

that gave shape and meaning to this work. Although most of the goals were fulfilled, the pursuit 

of their fulfillment turned out to be particularly important, during which surprising issues and 

topics emerged, which I could not even consider when creating the original list. The discussed 

issue, or rather its subject itself, turned out to be a versatile material, therefore, even in terms 

of application as a potential luminophore, I can state that the presented work contains a set of 



 

152 
 

preliminary studies. I say this especially in relation to hypotheses because although I was not 

able to directly prove the presence of SrF2 nanocrystals in the glass volume and the precipitation 

of Ag nanoparticles in a matrix with a reduced Bi2O3 content, I deeply believe that it was only a 

matter of limited time because this glass certainly has still much more to offer. 
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