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Streszczenie 

Materiały luminescencyjne, zwłaszcza luminofory domieszkowane jonami ziem 

rzadkich RE3+, przyciągają znaczną uwagę w ostatnich latach ze względu na swój szeroki 

zakres zastosowań. Mogą być one wykorzystane w urządzeniach optoelektronicznych, 

takich jak wyświetlacze, lasery, wzmacniacze światłowodowe czy luminofory do diod 

elektroluminescencyjnych (LED). W szczególności badania nad diodami 

elektroluminescencyjnymi emitującymi światło białe (WLED) cieszą się dużym 

zainteresowaniem, ponieważ stają się one nową generacją źródeł światła. Charakteryzują 

się wysoką wydajnością, długą żywotnością oraz niskim napięciem zasilania. Są również 

przyjazne dla środowiska i kompaktowe. Powszechnie stosowane, komercyjne diody 

elektroluminescencyjne emitujące światło białe (WLEDs) składają się z żółtego fosforu 

Y3Al5O12:Ce3+ (YAG: Ce3+) i emitującej w zakresie UV diody z azotku indu i galu 

(InGaN) umieszczonych w żywicy epoksydowej. Charakteryzują się one jednak niskim 

współczynnikiem oddawania barw (CRI) i wysokimi wartościami temperatur barwowych 

(CCT), słabą stabilnością materiału epoksydowego oraz brakiem komponentu 

czerwonego, co skutkuje emisją światła o nienaturalnym, niebieskawo-zimnym odcieniu. 

Rozwiązaniem może być dodanie składowej koloru czerwonego, co skutkowałoby emisją 

światła zbliżoną do barwy światła dziennego, co jest bardziej preferowane. Aby sprostać 

tym wymaganiom, badania nad nowymi, trwałymi luminoforami są niezwykle pożądane. 

Dużą uwagą cieszy się koncepcja uzyskania światła białego za pomocą jonów RE3+ 

osadzonych w szklanym luminoforze, oparta na mieszaniu się kolorów zgodnie z 

modelem RGB (czerwony, zielony, niebieski). Kluczowym dla tego podejścia jest 

staranny dobór odpowiedniej matrycy do ich wprowadzenia. Powinna ona zapewniać 

zarówno stabilność mechaniczną, jak i chemiczną, oraz optymalne parametry 

emitowanego światła. Wśród wielu rodzajów szkieł, szkła boranowo-bizmutowe wydają 

się być obiecującymi kandydatami. Wykazują one szereg pożądanych właściwości, 

takich jak: stabilność mechaniczna i chemiczna, wysoki współczynnik załamania światła, 

niska energia fononów oraz szeroki zakres transmisji zarówno w widzialnej, jak i 

podczerwonej części widma. Te cechy czynią je wartymi zbadania jako potencjalne 

matryce dla  jonów RE3+. Właściwości szklanej matrycy można poprawić poprzez 

dodatek fluorków, takich jak AlF3 i SrF2. Modyfikacja szkła fluorkami może prowadzić 

do polepszenia ich właściwości jako matryc dla optycznie aktywnych jonów RE3+. 
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W niniejszej rozprawie doktorskiej przedstawiono wyniki badań nad nowymi 

szkłami i szkło-ceramikami zawierającymi odpowiednio AlF3 i SrF2. Przeprowadzono 

szereg eksperymentów w celu określenia odpowiednich warunków syntezy 

przezroczystych szkieł i szkło-ceramik. Zwrócono uwagę na analizę struktury i 

właściwości luminescencji w obu układach. Wprowadzenie AlF3 do matrycy boranowo-

bizmutowej spowodowało wzrost intensywności luminescencji jonów RE3+ w szkłach 

zawierających 10% mol AlF3. Wykazano, że barwę emitowanego koloru można 

regulować poprzez zmianę proporcji jonów RE3+. Lokalna symetria jonów Eu3+ mogła 

zostać zmniejszona ze względu na obecność jonów Al3+, natomiast spadek intensywności 

Eu3+ przy wyższym stężeniu Al3+ może wskazywać na większą symetrię wokół jonów 

RE3+. W układzie domieszkowanych szkło-ceramik, uzyskano pomyślną krystalizację 

nanokryształów SrF2. Udowodniono, że modyfikacje strukturalne wyjściowego szkła, 

prowadzące do krystalizacji nanostruktur SrF2, zależą silnie od ilości fluorku strontu. 

Wzrost intensywności luminescencji zaobserwowano po wygrzewaniu w próbkach 

zawierających 20% mol SrF2.  Czasy życia luminescencji uzyskany dla tej ceramiki 

szklanej wskazują, że część jonów Eu3+ była zlokalizowana w nanokryształach SrF2. 

Potwierdza to także analiza parametrów Judda–Ofelta (Ω2 i Ω4) oraz współczynnika 

intensywności luminescencji (R).  Uzyskane wyniki, zgodnie z tezą przyjętą w niniejszej 

rozprawie doktorskiej, wskazują, że proponowane szkła i szkło-ceramiki boranowo-

bizmutowe mogą być odpowiednimi matrycami dla optycznie aktywnych jonów RE3+ i 

potencjalnymi kandydatami na luminofory. 
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Abstract 

Luminescent materials, particularly phosphors doped with RE3+ ions, have 

attracted considerable attention in recent years owing to their wide range of applications. 

In particular, they can be used in optoelectronic devices, such as displays, lasers, fiber 

amplifiers or phosphors for light-emitting diodes (LEDs). Especially, research on white 

light emitting diodes (WLEDs) is of great interest, as they become the new generation of 

light sources. They are characterized by high efficiency, long lifetime, low applied 

voltage, environmental friendliness and compactness. Typical, commercial WLEDs are 

combine of Y3Al5O12:Ce3+ (YAG: Ce3+) yellow phosphor and blue-emitting indium 

gallium nitride (InGaN) chip in an epoxy resin. However, they are characterized by a low 

color rendering index (CRI) and high correlated color temperatures (CCT), poor stability 

of an epoxy material, and lack of red color component, resulting in unnatural, bluish-cold 

light. The solution can be the addition of red color component, resulting in light emission 

close to daylight, which is more preferable. To meet these requirements, research on new, 

durable phosphors are highly desirable. The concept of obtaining white light emission by 

using RE3+ ions embedded in glass phosphor based on the concept of mixing colors 

according to the RGB model (Red, Green, Blue) gained much attention. Crucial to this 

approach is the careful selection of the host matrix for embedded RE3+ ions.  Such a 

matrix should offer both mechanical and chemical stability, along with optimal 

parameters for light emission. Among various glasses, borate-bismuth glasses appear to 

be a promising candidates, exhibiting a number of desirable properties including 

mechanical and chemical stability, high refractive index, low phonon energy,  and, wide 

transmission in both the visible and infrared regions of the spectrum. These properties 

make them worthy of examination as potential hosts for RE3+ ions. The properties of glass 

matrix can be improved by the addition of fluorides, such as AlF3 and SrF2. The 

incorporation of fluorides into the glass matrix can lead to increase they properties as a 

matrices for optically active RE3+.  

In this doctoral dissertation, the results of studies on new borate-bismuth glasses 

and glass-ceramics containing AlF3 and SrF2 respectively, have been examined and 

presented as potential hosts for RE3+ ions.  A series of experiments were conducted to 

determine appropriate conditions for the synthesis of transparent glasses and glass-

ceramics. Attention was focused on the analysis of the structure and luminescence 

properties in both systems. The introduction of AlF3 into the borate-bismuth matrix 
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resulted in an increase in the luminescence intensity of RE3+ ions in glasses containing 

10 mol% AlF3. It was demonstrated that the emitted color can be tuned by varying the 

RE3+ ions ratios. The local symmetry of Eu3+ ions could be reduced due to the presence 

of Al3+ ions, while the decrease in Eu3+ intensity at higher Al3+ concentration could 

indicate higher symmetry around RE3+ ions. In studies glass ceramics system doped with, 

successful crystallization of SrF2 nanocrystals has been obtained. It has been proven that 

the structural modifications of parental glass, leading to SrF2 nanostructure 

crystallization, depend strongly on the initial amount of strontium fluoride. The increase 

in luminescence intensity was observed after annealing in samples containing 20 mol% 

SrF2. The luminescence lifetimes obtained for these glass-ceramics indicate that some of 

the Eu3+ ions were located in SrF2 nanocrystals. This was also confirmed by the analysis 

of the Judd–Ofelt parameters Ω2 and Ω4, and luminescence intensity ratio R. The obtained 

results, in accordance with the thesis assumed in this doctoral dissertation, indicate that 

the proposed borate-bismuth glasses and glass-ceramics could be suitable matrices for 

optically active RE3+ ions and potential candidates for phosphors. 
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Scientific achievements 

The list of publications constituting a scientific achievements referred to in Art. 186, 

section 1 p. 3 of the Act, of this doctoral dissertation entitled "Synthesis, structure and 

luminescent properties of borate-bismuth glasses and glass-ceramics doped with rare 

earth metal ions": 

1. Karolina Milewska, Michał Maciejewski, Marcin Łapiński, Anna Synak, 

Mirosław Behrendt, Wojciech Sadowski, Barbara Kościelska, Structural and 

luminescence properties of B2O3-Bi2O3-AlF3 glass doped with Eu3+, Tb3+ and 

Tm3+ ions, Journal of Non Crystalline Solids, Vol. 605, (2023), 122169. 

(IF = 4,458) 

My contribution to this publication involved the synthesizing glasses with various molar 

ratios of the chemical compositions. To obtain the final sample compositions, I conducted 

a series of experiments. These experiments involved synthesizing glasses with different 

molar ratios of components and varying synthesis parameters to achieve the desired 

optical properties of the glasses. While the method of melting two-component borate-

bismuth glasses is known from the literature, however, the addition of AlF3 and RE3+ ions 

required experimental determination of new synthesis conditions and sample 

compositions. After determining the glass compositions and melting conditions, I 

synthesized samples with appropriate optical properties for further testing, involving 

structure, thermal, and luminescence analyses. I analyzed the obtained results and was 

involved in interpreting the data generated from the experiments. I actively participated 

in the discussion of the obtained results. I was responsible for communication with 

reviewers and preparation of the final version of the manuscript. 

My percentage contribution is 55% 

The percentage contribution of others co-authors: Michał Maciejewski (10%), Marcin 

Łapiński (10%), Anna Synak (10%), Mirosław Behrendt (5%), Wojciech Sadowski (5%), 

Barbara Kościelska (5%). 

2. Karolina Milewska, Michał Maciejewski, Michal Žitňan, José J. Velázquez, 

Dušan Galusek, Wojciech Sadowski, Barbara Kościelska, Tunable emission and 

energy transfer of B2O3–Bi2O3–AlF3 glass system doped with Eu3+/Dy3+, Journal 

of Luminescence, Vol. 269, (2024) 120440. (IF = 3,6) 

My contribution to the publication involved synthesizing B2O3–Bi2O3–AlF3 glasses, 

whose composition and synthesis conditions were determined by me in the previous 
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publication (I). Subsequently, I focused on selecting appropriate concentration ratios of 

RE3+ ions addition: Eu3+ and Dy3+,  to achieve white light emission. I prepared samples 

for structure, thermal, and luminescence analyses, conducting XRD, FTIR, Raman, 

luminescence, and luminescence decay times measurements (TRES). Additionally, I 

analyzed the obtained results, interpreted the data generated from the experiments, 

actively participating in the discussion of the obtained results. Moreover, I calculated the 

luminescence decay times based on conducted TRES measurements, prepared CIE 

diagrams, and determined color purity of emitted light. Furthermore, I was responsible 

for communication with reviewers and preparation of the final version of the manuscript. 

My percentage contribution is 60% 

The percentage contribution of others co-authors: Michał Maciejewski (10%), Michal 

Žitňan (10%), José J. Velázquez (5%), Dušan Galusek (5%), Wojciech Sadowski (5%), 

Barbara Kościelska (5%). 

3. Karolina Milewska, Michał Maciejewski, Anna  Synak, Marcin Łapiński, 

Aleksandra Mielewczyk-Gryń, Wojciech Sadowski, Barbara Kościelska, From 
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1. Introduction  
 

Luminescent materials have attracted considerable attention in recent years owing to 

their diverse range of applications. Among them, phosphors doped with rare-earth (RE) 

ions are a very interesting group. In particular, they can be used in optoelectronic devices, 

such as displays, lasers, fiber amplifiers or phosphors for light-emitting diodes (LEDs) 

[1]. Especially, research on white light emitting diodes (WLEDs) is of great interest, as 

they become the new generation of light sources, which gradually replace the traditional 

fluorescent lamps and bulbs [2]. This is primarily because they are characterized by high 

efficiency, long lifetime and low applied voltage [3]. Moreover, they are environmental 

friendly and compactness. With these advantages, they find applications not only as a 

point light sources, but also automotive headlights or back-lighting of TV sets. 

Typical, commercial WLEDs are combine of Y3Al5O12:Ce3+ (YAG: Ce3+) yellow 

phosphor and blue-emitting indium gallium nitride (InGaN) chip in an epoxy resin [4] 

[5]. However, light emitted in this way is characterized by a low color rendering index 

(CRI) and high correlated color temperatures (CCT). These are mainly the results of lack 

of red color component, resulting in unnatural, bluish-cold light, which is not desirable 

for applications as light sources in homes or workplaces [6]. The solution can be the 

addition of red color component, resulting in light emission close to daylight, which is 

more preferable. Another disadvantage is the poor thermal stability of epoxy material. To 

meet these requirements, research on new, durable phosphors are highly desirable. 

The concept of obtaining white light emission by using RE3+ ions is based on the 

excitation of optically active centers with the appropriate wavelength, which are 

embedded in phosphor. This is primarily based on the concept of mixing colors according 

to the RGB model ( Red, Green, Blue) [7] [8]. An example can be the simultaneous 

emission of Eu3+, Tm3+, and Tb3+ ions excited by single wavelength, emitting in red, blue 

and green color. Crucial to this approach is the careful selection of the host matrix for 

embedded RE3+ ions.  Such a matrix should offer both mechanical and chemical stability, 

along with optimal parameters for light emission. Currently, glasses is being considered 

as a suitable material for host matrix. This research primarily focuses on selecting the 

appropriate glass composition to achieve the desired light parameters. 

Among various glasses, borate-bismuth glasses appear to be a promising 

candidates, exhibiting a number of desirable properties including mechanical and 

chemical stability [9] [10]. Notably, they are characterized by a high refractive index and 
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low phonon energy and, importantly, they offer wide transmission in both the visible and 

infrared regions of the spectrum. The possibility of formation of borate-bismuth glass 

system is confirmed by the equilibrium phase diagram created by A. V. Egorysheva et al. 

[11] This proves that two-component glass can be obtained in a stable form.  The notable 

advantage of this two-component glass system is its ease of synthesis using conventional 

melt-quenching technique. Borate-bismuth glasses are characterized by a wide glass 

formation region from 20 to 80 mol % Bi2O3 and a relatively low melting point. Diboron 

trioxide (B2O3) is a basic glass-forming compound and flux material. It is responsible for 

the decrease of melt viscosity in high temperatures, increase of glass resistance, and 

improved its thermal and chemical properties. The boron atom typically coordinate with 

three or four oxygen atoms to form [BO3] and [BO4] structural units. The addition of 

Bi2O3 as a modifier to boron oxide enhances its optical properties. Glasses containing 

Bi2O3 are characterized by high density, transparency in wide a range of frequencies, and 

high refractive index. Combining boron oxide with bismuth oxide enables the tuning of 

the optical properties depending on the composition. These properties make them worthy 

of examination as potential hosts for RE3+ ions. Borate glasses were often used as matrices 

for RE3+ ions [12][13]. Lead borate glasses doubly doped with Dy3+-Tb3+ and Tb3+-Eu3+ 

were investigated using optical spectroscopy [14]. Additionally, glasses in a Bi2O3-B2O3 

system doped with Eu2O3 were successfully obtained [15]. However, there is a research 

gap regarding two-component B2O3-Bi2O3 glasses aimed at achieving white light 

emission and exploring the impact of this matrix on the luminescence properties of RE 

ions. 

Furthermore, it is possible to adjust the luminescence properties of ions by 

changing the local environment around them. Studies have revealed that modifying the 

local surroundings of optically active centers embedded in a glassy environment can 

influence the luminescence properties of emitted light. 

The properties of glass matrix can be improved by the addition of fluorides, such 

as PbF2, SrF2, CaF2, BaF3, and AlF3 [16] [17] [18] [19]. However, PbF2 and CdF2 are not 

preferred due to their toxicity. The incorporation of fluorides into the glass matrix can 

lead to changes in the optical and thermal properties of the glass. For example, the 

presence of Al3+ ions reduces nonradiative decay rates and increases radiative transition 

probabilities [20]. It was found that Al3+ ions addition increased the luminescence 

intensity of RE3+ ions in tellurite-based glasses doped with Eu3+, Tb3+, and Tm3+ [21]. In 

the BaO–B2O3–P2O5: Eu2O3 glass system, the highest intensity of luminescence 
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transitions was observed for glasses mixed with 3.0 mol% of Al2O3 [22]. Early studies on 

the influence of Al3+ ions on luminescence properties indicated that, Al3+ ions improves 

the solubility of RE3+ ions in glass matrix, thereby preventing dopants from clustering 

and reducing ion-ion energy migration and cross-relaxation. Another explanation for the 

influence of Al3+ ions on the luminescence properties is presented in [23] [24] 

publications. According to these studies, a low concentration of Al3+ lowers the RE site 

symmetry and increases radiative transitions. With higher Al3+ concentrations, RE 

dopants preferentially occupy positions near Al3+, where the phonon energy is lower than 

in the glass matrix. This, leads to a decrease in the probability of nonradiative transitions 

of RE3+. 

Fluorides can also be introduced into glass matrices as nanocrystals to form glass 

ceramics materials [25]. Nanocrystals such as CaF2 [26], BaF2 [27], and LaF3 [28] have 

been widely studied and have shown high potential for photonic applications. Glass 

ceramics are an interesting alternative to glasses because they combine the properties of 

both glass and crystals. It is well-known that the luminescence properties of RE doped 

glass and glass ceramics depend on the local environment of RE ions. The crystalline 

phases embedded in the glass matrix can significantly affect the luminescent properties 

of the material. Numerous experiments have confirmed that, during controlled 

crystallization, RE3+ ions can be embedded into the fluoride nanocrystals distributed in 

the glass matrix [29] [30]. The presence of the crystalline phase in the glassy matrix 

prevents luminescence concentration quenching and enhances the luminescence 

properties of the matrix, which is attributed to the formation of clusters of RE3+ ions [31]. 

Fluoride nanocrystals can reduce the phonon energy of glass, resulting in enhanced 

fluorescence emission. Additionally, combining the glass host and crystal phases can lead 

to improved optical, mechanical, thermal, and electrical properties [32]. It should be 

mentioned, that the transparency of the achieved glass ceramics is crucial, for 

luminescence materials. Optical transparency can be achieved if the diameter of the 

crystallites does not exceed 30 nm [33]. The size of the crystalline phase can be controlled 

by selecting appropriate crystallization conditions, such as time and temperature. Among 

the various fluoride nanocrystals, much attention has been focused on glass ceramics 

containing SrF2 nanocrystals [34]. Strontium fluoride is an attractive material due to its 

optical properties, such as wide bandgap and low phonon energy, as well as favorable 

physical properties including a low refraction index, high radiation resistance, mechanical 

resistivity, and low hygroscopic properties [35]. The addition of SrF2 to the glass matrix 
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can have a noticeably impact the emission properties of RE3+ ions due to the presence of 

Sr-F bonds. These bonds influence the radiative transitions and reduce the probability of 

phonon relaxation [36]. Additionally, it is known that lanthanide ions can form clusters 

in SrF2 due to charge compensation when divalent strontium is substituted by trivalent 

RE3+ ions [37]. Research on materials containing RE3+ ions and doped with SrF2 

nanocrystals has garnered considerable attention [38] [39]. For instance, the synthesis of 

tellurite glass ceramics with SrF2 and Eu3+ ions has been successfully achieved [36]. In a 

study by Luo et al., the luminescence of Eu3+ ions was investigated in 50SiO2-22Al2O3-

20SrF2-6NaF-2EuF3 glass ceramics [40]. Transparent glass ceramics with SrF2 

nanocrystals were synthesized with a composition of 50SiO2–10Al2O3–20ZnF2–20SrF2, 

and it was found that the SrF2 nanocrystals were homogeneously precipitated within the 

glass matrix, with an average size of approximately 20 nm. After crystallization, a 

significant enhancement in Eu3+ ions luminescence was observed  [41]. 

 Nevertheless, there is a notable absence of research concerning the modification 

of two-component B2O3-Bi2O3 glass and glass ceramics for optical applications. This 

suggest the need for further research to deepen the current state of knowledge, as they 

seem to be good candidate for RE3+ ions matrices.  
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2. Research goals and study objectives  
 

The aim of the scientific research conducted in this doctoral dissertation was to design 

novel borate-bismuth glass and glass-ceramics doped with fluorides to be used as matrices 

for optically active rare-earth ions (RE3+). Attention was focused on the analysis of the 

structure and luminescence properties for their potential use as phosphors. According to 

the thesis, using  borate-bismuth glass as a precursor material should provide good 

mechanical and chemical stability. Further modification of this matrix by adding the 

fluorides, should provide enhancement in luminescence of RE3+ ions, while maintaining 

the stability and transparency of the precursor matrix. The next goal is to achieve white 

light generation from borate-bismuth glass and glass ceramics doped with RE3+ ions.  

The scope of research carried out in this doctoral dissertation included the following 

aspects:  

1. Synthesis of borate-bismuth glass matrix with appropriate properties for optical 

purposes. 

2. Modification of borate-bismuth glass matrix by addition of fluorides: AlF3 and 

SrF2, to obtain new glass and glass-ceramics matrices: 

a. Synthesis transparent borate-bismuth glasses doped with AlF3 and 

studied the influence of AlF3 on glass structure. 

b. Synthesis transparent borate-bismuth glass and glass-ceramics with 

SrF2 and studied influence of SrF2 on glass matrix. 

3. Doping the proposed borate-bismuth glass and glass ceramics matrices with 

selected RE3+ rare-earth ions: Eu3+, Tm3+, Tb3+, and  Dy3+ -  introduced 

individually, in double,  and triple combinations, to analyze the luminescence 

properties and obtain white light as a result of changing the ratio of  RE3+ ions and 

excitation wavelength.  

4. Investigation and discussing the influence of the environment on the luminescent 

properties of RE3+ ions in the presence AlF3 and SrF2 nanocrystals in synthesized 

glass and glass ceramics.  

To conduct the aforementioned research, a variety of research techniques were 

used. The X-ray Diffraction (XRD) technique was employed to determine the presence 

or absence of crystalline phases in the samples. Thermal properties were investigated 

using differential thermal analysis (DTA) and differential scanning calorimetry (DSC). 
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Fourier transform infrared spectroscopy (FTIR)  and Raman spectroscopy were utilized 

to identify the structural units present in the glass matrices. X-ray photoelectron 

spectroscopy (XPS) analysis was conducted to determine the valence states of ions 

present in the samples. Photoluminescence (PL) and Time-resolved emission spectra 

(TRES) were used to characterize the luminescent properties of prepared samples. Using 

these research techniques, it was possible to comprehensively characterize the structure 

and properties of borate-bismuth glasses and glass ceramics. 

The results of the scientific research were collected in the form of three 

publications in journals from the JCR list. These publications provide the detailed 

descriptions of the synthesis and research on the structure, optical, and luminescent 

properties of materials. Based on the presented results, an assessment of borate-bismuth 

glasses and glass ceramics was conducted concerning the influence of the environment 

on the luminescent properties of RE3+ ions. Specifically, the effects related to the 

introduction of AlF3 into borate-bismuth glasses and the crystallization of SrF2 in glass 

ceramics were examined. These publications also represent the first reports on the 

production of borate-bismuth glasses and glass ceramics containing metal fluorides as 

new and  interesting matrices for optically active rare-earth ions. 
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3.Guide to publications comprising a doctoral dissertation 
 

1.1 . “Structural and luminescence properties of B2O3-Bi2O3-AlF3 glass 

doped with Eu3+, Tb3+ and Tm3+ ions” 

The first publication in the series constituting this doctoral dissertation, titled 

"Structural and luminescence properties of B2O3-Bi2O3-AlF3 glass doped with Eu3+, 

Tb3+ and Tm3+ ions” [I], describes the synthesis and research results on the structure and 

luminescence of glasses based on borate and bismuth oxides doped with RE3+ ions. The 

publication presents an analysis of the influence of adding of aluminum fluoride (AlF3) 

on the structure of the glassy matrix and the luminescent properties of RE3+ ions. The 

research related to the publication’s topic included the designing a borate-bismuth glassy 

matrix suitable for optical applications. A two-component matrix composed of boron 

oxide and bismuth oxide was proposed, considering literature reports that suggested such 

a system could be prepared by conventional melt quenching technique. However, the 

potential of use these oxides-based glasses as matrices for optically active RE3+ ions, 

along with their further modifications thorough the addition of other compounds (e.g. 

fluorides), remained unexplored. Therefore, in the initial phase, research work was 

focused on selecting the appropriate glass composition and synthesis parameters. While 

the conditions for the synthesizing borate-bismuth glasses are known from the literature, 

there are no reports about these glasses doped with AlF3. Therefore, a series of synthesis 

attempts were conducted in order to determine the appropriate doping ratios and synthesis 

parameters, such time and temperature, while ensuring that the glass remains transparent.  

As a result of a series of experiments, the following compositions and synthesis 

conditions were established. Borate-bismuth glasses with the nominal composition (in 

mol%): 50B2O3–50Bi2O3 (BBO), 45B2O3–45Bi2O3–10AlF3 (BBO+10AlF3), and 

40B2O3–40 Bi2O3–20AlF3 (BBO+20AlF3) were synthesized using the conventional melt-

quenching technique in an air atmosphere. Subsequently, to study the influence of AlF3 

addition on luminescent properties, samples singly doped with Ln3+ ions (BBO+Eu, 

BBO+10AlF3+Eu, BBO+10AlF3+Tb, BBO+10AlF3+Tm) were prepared. Based on the 

obtained results, the BBO+10AlF3 was chosen, to be modified by the addition of 

Ln3+ ions, where Ln3+=0.5Eu3++0.5Tb3++1Tm3+ (BBO+10AlF3:Ln1), 

Ln3+=0.7Eu3++0.5Tb33++0.8Tm3+ (BBO+10AlF3:Ln2), 

Ln3+=0.05Eu3++0.95Tb3++1Tm3+ (BBO+10AlF3:Ln3). Moreover, to investigate the 
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possibility of energy transfer between Tb3+ and Eu3+ ions, BBO+10AlF3+1Eu+1Tb glass 

was prepared. The compositions of the samples are presented in Table 1. Mixed raw 

materials (H3BO3, Bi5OH(OH)9(NO3)4, AlF3, Eu2O3, Tm2O3, Tb(NO3)3 were melted in 

porcelain crucibles at 950 ˚C for 20 min. Next, the melts were poured onto a hot steel 

plate at a temperature of 250 ˚C, pressed by another plate immediately, and then cooled 

down to room temperature. According to the research stated in this thesis, by selecting 

appropriate parameters of the synthesis process, homogeneous, transparent glasses with 

a slightly yellow color were obtained. 

Table 1. Compositions of synthesized samples. 

Name Sample composition ( molar ratios) 

B2O3 Bi2O3 AlF3 Eu2O3 Tb2O3 Tm2O3 

BBO 50 50  - - - 

BBO+Eu 49 49  2 - - 

BBO+10AlF3 45 45 10 - - - 

BBO+20AlF3 40 40 20 - - - 

BBO+20AlF3+Eu 39 39 10 2 - - 

BBO+10AlF3+Eu 44 44 10 2 - - 

BBO+10AlF3+Tb 44 44 10 - 2 - 

BBO+10AlF3+Tm 44 44 10 - - 2 

BBO+10AlF3+Eu/Tb 44 44 10 1 1 - 

BBO+10AlF3+Ln1 44 44 10 0.5 0.5 1 

BBO+10AlF3+Ln2 44 44 10 0.5 0.7 0.8 

BBO+10AlF3+Ln3 44 44 10 0.05 0.95 1 

 

The Differential Thermal Analysis (DTA) technique was used to determine the glass 

transition (Tg) and glass crystallization (Tc) temperatures of the as-prepared glasses (Fig. 

1). The DTA curves show changes in Tg and Tc due to presence of AlF3. The Tg of the 

samples doped with AlF3 were found to be higher than Tg of the undoped one. This can 

be explained by the correlation between the Tg and the enthalpy of bonds in the glass 

matrix [42]. The addition of aluminum fluoride may lead to the formation of new linkages 

between glass components, resulting in a higher energy barrier for molecule motion to 

overcome and increasing the thermal stability of the glass matrix. The Tc was also found 

to have higher value after introduction of AlF3. The presence of strong bonds could lead 

to an increase in the stability of glass matrix, resulting in a higher value of crystallization 

temperatures. However, the stability of the glasses decreases after the introduction of 

AlF3. This conclusion is based on the calculated parameters of glass stability (ΔT) and 

resistance against devitrification (S) (Table 2), according to the following equations [43]: 

 

     ΔT = Tx-Tg                                                   (1) 
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                                                      S =
(𝑇𝑐− 𝑇𝑥)(𝑇𝑐−𝑇𝑔)

𝑇𝑔
                                               (2) 

With the addition of aluminum fluoride, both ΔT and  S parameters decrease. The addition 

of AlF3 to the basic glass matrix (BBO) results in the lower stability of the borate-bismuth 

glass matrix and a higher tendency to crystallize. 

 

Table 2. Thermal parameters of BBO, BBO+10AlF3, and BBO+20AlF3 glasses. 

Sample Tg (˚C) Tx (˚C) Tc (˚C) Δ T (˚C) S (˚C) 

BBO 425.9 428 503.5 56.1 3.62 

BBO+10AlF3 433.6 487.1 507.4 53.5 3.45 

BBO+20AlF3 428.7 484.5 503.2 55.8 3.14 

 

Figure 1. DTA curves of BBO, BBO+10AlF3 and BBO+20AlF3 [I]. 

 

The amorphous character of the prepared samples was confirmed by the X-Ray 

Diffraction (XRD) method (Fig. 2). No differences due to the addition of AlF3 can be 

observed. Only two board humps in the range of 20-40 (2θ) and 40-65 (2θ) indicate the 

lack of long-range order in the glass matrices are present. 
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Figure 2. XRD patterns of as-prepared BBO, BBO+10AlF3, and BBO+20AlF3 [I]. 

 

Infrared spectroscopy (FTIR) measurements provide insight into the structural 

unit present in glass samples (Fig. 3). The broad absorption bands in the range 645–760 

cm-1 and 1182–1356 cm-1 can be assigned to the deformation vibration of [BO3] groups. 

Additionally, also band around 1356–1478 cm-1 is associated with the stretching 

vibrations of [BO3] units. The tetrahedral units [BO4] are visible in the spectrum at 790–

1110 cm-1. Despite changes in DTA result related to the addition of AlF3, the stretching 

vibrations of Al-F bonds, which typically appear at 642 and 646 cm-1, as well as the 

vibrations of Al-O bonds in AlO4 units at around 1124 cm-1, are not visible [44] [45]. 

These regions are dominated by broad bands from [BO3] and [BO4] units. Due to this 

fact, the presence of AlF3 may be overlapped by them, resulting in no significant changes 

in spectra of glass samples doped with 10 and 20 mol% of AlF3.  
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Figure 3 FTIR spectra of as-prepared BBO, BBO+10AlF3, and BBO+20AlF3 glasses [I]. 

To confirm the presence of AlF3 and determine the valence states of ions, X-ray 

photoelectron spectroscopy (XPS) analysis was used (Fig. 4). The bands associated with 

the presence of aluminum fluoride and bismuth atoms were subjected to detailed analysis 

in the BBO+10AlF3 glass. Two signals connected with the presence of Al3+ ions can be 

distinguished in the band observed in the 72–77 eV range. First, at 75,5 eV, it can be 

assigned to the presence of Al-F bonds in AlF3. Second, at 74,5 may be associated with 

the Al-O bonds in Al2O3. The contribution of Al-F and Al-O bonds was established at 

15% and 85%, respectively. The XPS analysis confirms the presence of AlF3 in prepared 

glass samples. To gain a better insight into the structure of glass matrix, the investigation 

of Bi ions was performed. Measurements shows the presence Bi 4f spin-orbit doublet in 

the region 155–167 eV. After deconvolution four separate bands can be seen. Peaks at 

159.0 and 165.0 eV can be attributed to Bi 4f 7/2 and Bi 4f 5/2 peaks of Bi3+, whereas two 

peaks at 157 and 163 eV can be described to Bi f 7/2 and Bi f 5/2 of Bi0, respectively.  
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Figure 4 XPS spectra of BBO+10AlF3 sample [I]. 

As a part of the research procedure for the proposed glasses, it was essential to evaluate 

their suitability as matrices for optically active RE3+ ions. The primary criterion for 

selecting a glass was the highest light emission. Firstly, the goal was to investigate 

whether AlF3 doping has an effect on the emission of RE3+ ions. To achieve this, 2 mol% 

of Eu3+ ions were added to the as-prepared glasses: BBO, BBO+10ALF3, and 

BBO+20AlF3. The luminescence spectra of glasses were observed at λem = 615 nm, 

corresponding to the 5D0 → 7F2 transition of Eu3+ ions (Fig. 5a). Several characteristic 

peaks for 4f-4f transitions can be seen in the spectrum, with excitation bands at: 363, 382, 

395, 416, 465 and 533 nm, assigned to the 7F0 → 5D4, 
5G2, 

5L6, 
5D3, 

5D2, 
5D1 transitions, 

respectively. The band at λex= 465 nm, characterized by the highest intensity in the 

excitation spectrum, was selected as suitable for observing the emission spectra of the 

glasses (Fig. 5b). The emission spectra consisting of several bands at 578 nm (5D0→
7F0), 

591 nm (5D0→
7F1), 615 nm (5D0→

7F2), 652 nm (5D0→
7F3) and 700 nm (5D0→

7F4). The 

intensities of the excitation spectra change with the composition of the samples. The 

highest intensity is observed for glass doped with 10 mol% of AlF3 addition. In contrast, 

for glass with 20 mol%  AlF3, the intensity is even lower than for the undoped matrix.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

23 
 

 

Figure 5 Excitation (a) and emission (b) spectra of samples doped with Eu3+ ions [I]. 

Due to the fact that the Eu3+ luminescence spectra are suitable probes for the study of 

local symmetry in glass matrices, studying their intensity can provide insight into how 

modification with AlF3 affects their structure. Changes in the glass composition can 

influence their emission spectrum. Europium ions exhibit two characteristic bands in the 

emission spectrum corresponding to the 5D0→
7F1 and 5D0→

7F2 transitions. It was 

observed that the electric dipole transition intensity (5D0→
7F2) is higher than the magnetic 

dipole transition in all glass samples. This suggests that Eu3+ ions are placed in the site 

without an inversion center. The ratio between the luminescence intensities of electric 

dipole and magnetic dipole transitions (5D0→
7F2/

5D0→
7F1) is called the red to orange 

(R/O) ratio. In the studied glasses, the R/O ratios are 3.26 and 3.17 for BBO+10AlF3+2Eu 

and BBO+20AlF3+2Eu, respectively. The variation in this parameter confirms that the 

surrounding of RE3+ ions is affected by the addition of AlF3. The dominance of the electric 

dipole transition in all samples results in the dominance of red color emission. When the 

intensity of the electric dipole is higher than the intensity of the magnetic dipole transition, 

Eu3+ ions occupy sites without inversion symmetry. It is evident that the addition of AlF3 
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has a strong effect on the luminescence properties of studied borate-bismuth glasses 

doped with Eu3+ ions. The emission intensity varies with the  concentration of AlF3, 

reaching a maximum at 10 mol% of AlF3 addition and then decreasing with a higher AlF3 

content. The local symmetry of Eu3+ ions could be reduced due to the presence of Al3+ 

ions, while the decrease in Eu3+ intensity at higher Al3+ concentration could indicate 

higher symmetry around RE3+ ions. Due to the highest intensity in the excitation spectra, 

the BBO+10AlF3 composition was selected for further single and triple doping with Eu3+, 

Tb3+, and Tm3+ ions. They were introduced into the glass matrix in different proportions 

(Table 1) to investigate the possibility of achieving white light by simultaneously exciting 

their emission. First, the luminescence of Tb3+ and Tm3+ ions in BBO+10AlF3 was 

examined separately. Under 544 nm observation, the excitation spectrum consists of three 

peaks at 354, 378, and 486 nm corresponding to 7F6→
5D2,

 5D3,
 5D4, of Tb3+ respectively 

(Fig. 6). The emission spectrum for the 378 nm excitation shows peaks at 496 nm 

(5D4→
7F6), 549 (5D4→

7F5), 594 nm (5D4→
7F4) and 628 nm (5D4→ 7F3), which can be 

assigned to the 4f-4f transitions of Tb3+ ions. The excitation and emission spectra of the 

BBO+10AlF3+Tm glass sample are presented in Fig. 7a and b respectively. The excitation 

spectra monitored at 455 nm wavelength consist of one peak at 358 nm due to 3H6→
1D2 

transition of Tm3+ (Fig. 7a). Under 358 nm excitation, the emission spectrum shows peak 

at 455 nm, corresponding to the 1D2→
3F4 transition of Tm3+ ions (Fig. 7b). 

 

Figure 6 The excitation spectra monitored at 544 nm (a) and emission spectra monitored at 378 nm  (b) of 

the BBO+10AlF3+Tb3+ glass. 
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Figure 7 The excitation spectra monitored at 455 nm (a) and emission spectra monitored at 358 nm 

excitation (b) of the BBO+10AlF3+Tm3+ sample. 

Additionally, time-resolved emission spectra (TRES) were measured to obtain 

information on luminescence decay times for Eu3+, Tb3+ and Tm3+ ions. The luminescence 

decays exhibit a one-exponential character, with lifetimes of about 1 ms for Eu3+ and Tb3+ 

ions (Fig. 8). However, the decay time for Tm3+ ions was on the order of microseconds. 

 

Figure 8 Luminescence decay curves of BBO+10AlF3+2Eu obtained for λex=395 nm, λex=465 nm 

(observation at around λem=620 nm) and BBO+10AlF3+2Tb at λex=378 nm (observation at around λ=544 

nm), respectively. 
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Next, The key objective was to investigate the possibility of sample excitation with one 

wavelength characteristic for Eu3+, Tb3+, and Tm3+ ions to achieve simultaneous emission 

from all added RE ions. They were introduced into the glass matrix in different 

proportions (Table 1) Based on the excitation spectra of glass samples singly doped with 

Eu3+, Tb3+ and Tm3+ ions, measured at 454,544 and 615 nm, respectively (Fig. 9), three 

excitation wavelengths (355 nm, 378 nm, and 395 nm) have been chosen as adequate for 

exciting Eu3+, Tb3+, and Tm3+. 

 

Figure 9 Excitation spectra of BBO+10AlF3+Re3+ (Re=Eu3+, Tm3+, Tb3+) glass samples monitored at 455, 

545, and 615 nm wavelengths. 

They were used to excite the triply doped samples to investigate whether it is possible to 

use these lines to also excite other Ln3+ ions, for which the excitation line is not 

characteristic (Figs. 10–12). When the samples were excited at a wavelength of 378 nm 

(Fig. 10), only bands originating from Eu3+ and Tb3+ ions can be seen in the emission 

spectrum. No peaks assigned to the Tm3+ ions were recognized. The bands at 494 nm, 

551 nm, 584 nm and 620 nm may be attributed to the Tb3+ ions corresponding to the 

5D4→
7F6 and 5D4→

7F5, 
5D4→

7F4, and 5D4→
7F3 transitions, respectively. The presence of 

Eu3+ ions is represented by several peaks: 584 nm (5D0→
7F0), 597 nm (5D0→

7F1), 619 

nm (5D0→
7F2), 658 nm (5D0→

7F3), and 710 nm (5D0→
7F4). The emission spectra under 

395 nm excitation (Fig. 11), consist of several bands at 584 nm (5D0→
7F0), 597 nm 

(5D0→
7F1), 619 nm (5D0→

7F2), 658 nm (5D0→
7F3), and 706 (5D0→

7F4), which can be 

assigned to Eu3+ ions. In the emission spectra of the samples excited with λex=355 nm 

also lines corresponding to Eu3+ and Tb3+ ions (apart of the lines characteristic for Tm3+) 
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can also be seen (Fig. 12). Under 355 nm excitation, the emission spectrum (Fig. 12) 

shows bands at 459 nm, that can be assigned to the 1D2→
3F4 blue transition of Tm3+ ions. 

Peaks at 494 nm, 551 nm, 584 nm and 622 nm may be described to the Tb3+ ions, 

corresponding to the 5D4→7F6, 
5D4→

7F5, 
5D4→

7F4, 
5D4→

7F3 transitions, respectively. 

The presence of Eu3+ ions is represented by several peaks: 584 nm (5D0→
7F0), 597 nm 

(5D0→
7F1), 619 nm (5D0→

7F2), 658 nm (5D0→
7F3), and 710 nm (5D0→

7F4). The obtained 

results indicate the possibility of emission in the red, green, and blue spectral range. In 

particular, the sample BBO+10AlF3: Ln3 shows simultaneous emission from all added 

rare-earth ions at λex = 355 nm.  

 

Figure 10 The emission spectra of BBO+10AlF3:Ln1, Ln2, and Ln3 samples under 378 nm excitation. 

Figure 11 The emission spectra of BBO+10AlF3:Ln1, Ln2, and Ln3 samples under 395 nm excitation. 
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Figure 12 The emission spectra of BBO+10AlF3:Ln1, Ln2, and Ln3 samples under 355 nm excitation. 

In the case of glasses doped with RE ions, an additional aspect to investigate is the 

possibility of energy transfer between Tb3+ and Eu3+ ions.  According to the Forster-

Dexter theory, it can occur when the emission band of Tb3+ partially overlaps with the 

absorption band of the Eu3+ ions. Therefore the spectra of singly doped glasses with Tb3+ 

and Eu3+ ions were compared. When compare the excitation spectrum of the 

BBO+10AlF3+Eu sample observed at λem = 615 nm wavelength, which corresponds to 

the 5D0→
7F2 transition of europium ions, and the emission spectrum of the 

BBO+10AlF3+Tb glass at λex = 378 nm assigned to the 7F6→
5D3 transition of Tb3+ ions 

(Fig. 13), in the 500–550 nm region, the partially overlapping of both spectra can be seen. 

Next, to study the energy transfer process, the luminescence spectra of double co-doped 

glasses were examined. The excitation spectra of the BBO+10AlF3+1Eu+1 Tb sample 

under λem = 615 nm and λem = 544 nm  are shown in Fig. 14a. At 544 nm (5D4→
7F5: Tb3+), 

only transitions of Tb3+ ions are present, but under 615 nm (5D0→
7F2: Eu3+) characteristic 

bands for both Eu3+ and Tb3+ ions are observed. This confirms that there is a possibility 

of obtaining the emission lines from europium using wavelength characteristics for both, 

Eu3+ (395 nm) and Tb3+ (378 nm) ions. Moreover, after excitation at λex = 395 nm (Eu3+), 

the emission spectrum consists of four bands assigned to the 5D0→
7F1–4 transitions of 

Eu3+ ions, but bands corresponding to Tb3+ ions were not detected. However, when the 

glass is excited at λex = 378 nm, connected to the 7F6→
5D3 transition of Tb3+, both 

emission lines corresponding to Tb3+ and Eu3+ ions are present in the emission spectrum. 
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This behavior confirms that the energy transfer process from Tb3+ ions to Eu3+ ions occurs 

in the borate-bismuth glass system [71,72, 73]. Based on the obtained results, the energy 

transfer (ET) mechanism in double doped glasses was proposed: 

5D4 (Tb3+) + 7F0 (Eu3+)→7F5 (Tb3+) + 5D1 (Eu3+) 

Upon λex = 378 nm, Tb3+ ions are excited from 7F6 ground state to the 5D3 excited state 

(Fig. 15). Then, a non-radiative relaxation process to the 5D4 state occurs. From 5D4 state, 

the radiative transitions directly to the ground states at 496 nm (5D4→
7F6), 549 

(5D4→
7F5), 594 nm (5D4→

7F4) and 628 nm (5D4→ 7F3) take place. Part of the energy from 

5D4 energy level of Tb3+ can be transferred to the 5D1 level of Eu3+ due to the existing 

overlap of the 5D4→
7F5 emission band of Tb3+ and 7F0 →

5D1 excitation band of Eu3+ ions. 

Then, relaxed non-radiatively to the 5D0 and, subsequently, by radiative transitions to the 

7F0 (578 nm), 7F1 (591 nm), 7F2 (615 nm), 7F3 (652 nm) and 7F4 (700 nm) levels.  

 

Figure 13 The excitation spectrum of BBO+10AlF3+Eu glass at λem = 615 nm (Eu3+), and the emission 

spectrum of the BBO+10AlF3+Tb glass under λexc =378 nm (Tb3+).
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Figure 14  a) excitation spectra for BBO+10AlF3+1Eu+1Tb sample under 544 nm, and 615 nm; b) 

emission spectra for BBO+10AlF3+1Eu+1Tb at λex= 395 nm and λex= 387 nm. 
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Figure 15 Partial energy level diagrams of Tb3+ and Eu3+. 

The colors of the emitted light were determined on the basis of CIE chromatic coordinates 

diagrams (Fig. 16). The proportions of RE ions and used excitation wavelengths influence 

the emitted colors. The samples triply co-doped with Eu3+/ Tb3+/Tm3+ ions  were excited 

at λexc = 355 nm, a  wavelength selected based on the luminescence spectra. The CIE 

chromatic coordinates for BBO+10AlF3 glasses singly doped with Eu3+, Tb3+, Tm3+, and 

triply doped with Eu3+/Tb3+/Tm3+ ions (BBO+10AlF3:Ln1, BBO+10AlF3:Ln2, 

BBO+10AlF3:Ln3) upon different excitations wavelengths are shown in Fig. 16. The 

emission of orange-yellowish light was achieved for BBO+10AlF3:Ln1 (a) and 

BBO+10AlF3:Ln2 (b). The color closest to white light was obtained at 355 nm excitation 

of the BBO+10AlF3:Ln3 (c) glass sample, where the addition of europium ions 

responsible for the reddish-orange color component was the lowest. Additionally, the 

singly doped samples with Eu3+, Tb3+, and Tm3+ ions were depicted, with emission in red, 

green, and blue color, respectively. The reason for such a difference in color change can 

be attributed to the presence of a new band in the emission spectrum. This sample reveals 

the peaks of all three added rare earth ions. It can be seen, that emitted color can be tuned 

by varying the rare-earth ions ratios. However, in order to achieve the generation of white 

light in the proposed bismuth-borate glass system, further studies are required, to consider 

an appropriate ratio of rare-earth ions and excitation wavelength. The detailed 
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corresponding chromaticity parameters (x, y) and correlated color temperature CCT 

values calculated according to Eq. (3) are shown in Table 3 [74].  

CCT =  - 449n3 + 3525n2 – 6823n + 5520.33     (3) 

Where n = (x-xe)/(y-ye) with xe = 0.332 and ye = 0.186. 

 

Figure 16 CIE chromaticity diagram of BBO+10AlF3 glasses singly doped with Eu3+ at λexc= 395 nm (white 

triangle), Tb3+ at λexc= 378 nm (white square), Tm3+ at λexc= 355 nm (white circle) and triply doped with 

Eu3+/Tb3+/Tm3+ samples at λexc= 355 nm: BBO+10AlF3:Ln1 (a), BBO+10AlF3:Ln2 (b), BBO+10AlF3:Ln3 

(c). 

 

Table 3. Calculated x, y and CCT parameters. 

Sample λex [nm] x y CCT (K) 

BBO+10AlF3:Ln1 355 0.47 0.40 2475 

BBO+10AlF3:Ln2 355 0.48 0.45 2727 

BBO+10AlF3:Ln3 355 0.36 0.44 4804 

Standard white [46] - 0.33 0.33 5455 

YAG+blue chips (II)[47] - 0.29 0.30 5610 

CdO-GeO2-TeO2: Dy3+/Eu3+ glass [48] 382 0.41 0.40 3435 

B2O3-TeO2-PbO-ZnO-Li2O-Na2O-Er3+/Dy3+ glass [49] - 0.36 0.43 4753 

 

The obtained results, in accordance with the thesis assumed in this doctoral 

dissertation, indicate that the proposed borate-bismuth glasses doped with AlF3 could be 

suitable matrices for optically active RE3+ ions. The prepared samples were amorphous 

and consisted of [BO3] triangular and [BO4] tetrahedral structural units. The XPS studies 
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confirmed the presence of Al3+ ions in the form of AlF3 and Al2O3 in the glass matrix. 

The introduction of AlF3 into the borate-bismuth matrix resulted in an increase in the 

luminescence intensity of RE3+ ions in glasses containing 10 mol% AlF3 compared to 

glasses without the addition of AlF3 and those with the addition of 20 mol% AlF3. It was 

demonstrated that the emitted color can be tuned by changing the proportions of RE3+ 

ions. The local symmetry of Eu3+ ions could be reduced due to the presence of Al3+ ions, 

while the decrease in Eu3+ intensity at higher Al3+ concentration could indicate higher 

symmetry around RE3+ ions. 

The described results are consistent with the thesis presented in this doctoral 

dissertation and allow for a positive assessment of the proposed borate-bismuth glasses 

containing AlF3 as new matrices for optically active RE3+ ions. The goals of this doctoral 

dissertation have been achieved. Optimal conditions for the synthesis of borate-bismuth 

glass matrices were established, allowing for obtaining transparent glasses. The RE3+ ions 

were successfully dissolve in the obtained glasses. Their luminescent properties were 

analyzed. Subsequently, the matrices were successfully modified by adding AlF3, and its 

effect on the properties of glasses was examined.  

The presented glassy matrix with composition (in mol%) 45B2O3–45Bi2O3–10AlF3 

was used in further research on luminescent materials, particularly to obtain white light 

from RE3+ ions. Results of work carried out in this direction are described in the next part 

of the dissertation. 
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3.2. “Tunable emission and energy transfer of B2O3–Bi2O3–AlF3 

glass system doped with Eu3+/Dy3+ “ 

 

Publication titled „Tunable emission and energy transfer of B2O3–Bi2O3–AlF3 

glass system doped with Eu3+/Dy3+ ” [II] is the continuation of research work on borate-

bismuth glasses doped with AlF3 to be use as matrices for RE3+ ions. It describes the 

results of research on the structure of glasses with Al3+ ions and RE3+ luminescence. This 

study provides a detailed analysis of the structural and luminescent properties of prepared 

glasses. In particular, the influence of the excitation wavelength and the ratio of the 

Eu3+/Dy3+ ions on the emitted color was investigated. The borate-bismuth glasses 

described in the previous publication [I] with the composition (in mol%) 45B2O3–

45Bi2O3–10AlF3 were used as matrices for selected RE3+ : Eu3+ and Dy3+. The choice of 

Eu3+ and Dy3+ for simultaneous doping of materials resulted from the desire to obtain 

emission in a specific range of visible radiation. The RE3+ ions were introduced into the 

glasses in various proportions of Eu3+ to Dy3+, but their total amount remained unchanged 

and was always 2% mol. Samples with the compositions shown in the table (Table 4) 

were selected for further testing. 

Table 4. Detailed composition of prepared samples. 

Name B2O3 Bi2O3 AlF3 Eu2O3 Dy2O3 

BBO 50 50 - - - 

BBO+2Eu 49 49 - 2 - 

BBO+2Dy 49 49 -  2 

BBO+10AlF3 45 45 10 - - 

BBO+10AlF3+2Eu 44 44 10 2 - 

BBO+10AlF3+2Dy 44 44 10 - 2 

BBO+10AlF3+Ln1 44 44 10 0.5 1.5 

BBO+10AlF3+Ln2 44 44 10 1 1 

BBO+10AlF3+Ln3 44 44 10 1.5 0.5 

 

The obtained glasses were, as previously, transparent and slightly yellow. The XRD 

confirmed the amorphous nature of the samples, and DTA didn’t differ from the previous 

results presented in publication (I). In this publication, significant effort has been made 

to carefully analyze the FTIR and Raman spectra to obtain information about the 

structural units of the studied samples. Spectra were deconvoluted, to analyze potential 

differences due to the addition of 10 mol% of AlF3 in the spectra (Fig. 17). The peak 

parameters such as peak position (xc), amplitude (A), and full width at half maximum 

(FWHM), were determined (Table 5). No significant differences can be seen in the spectra 

with and without AlF3, except for a slight shift of peaks. The changes in peak positions 
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and parameters may be attributed to structural modifications that occurring in the glass 

matrix after the addition of AlF3. Similar results were obtained in Raman measurements 

(Fig. 18). The parameters were collected in Table 6. No evidence of new bands connected 

to the presence of AlF3 can be observed in the spectrum. Only slight changes in the peak 

positions due to addition of AlF3, as seen in FTIR spectra, are noticeable. The detailed 

assignments of FTIR  and Raman peaks are summarized in Table 7. 

Figure 17 Deconvoluted FTIR spectra of BBO (a) and BBO+10AlF3+Dy (b) glasses. Experimental data 

and gaussian components are shown by black and colored solid lines, respectively. The simulated 

spectrum is shown by red dots. 

 

Table 5. Peak position xc (cm-1), amplitude A (a. u.) and full width at half maximum WFHM (cm-1) of 

deconvoluted BBO and BBO+10AlF3+ 2Dy FTIR spectra. 

 
BBO 

 
BBO+10AlF3 + 2Dy  

xc A FWHM 
 

xc A FWHM 

1 490 7 128 
 

517 15 212 

2 586 4 150 
 

614 1 50 

3 688 3 64 
 

698 7 83 

4 900 11 334 
 

897 19 251 

5 1065 4 114 
 

1061 11 153 

6 1189 9 120 
 

1195 15 108 

7 1303 11 142 
 

1301 21 152 

8 1395 6 87 
 

1398 12 93 

9 1448 2 49 
 

1454 5 50 
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Figure 18 Raman spectra of BBO (a) and BBO+10AlF3+Dy (b) glasses. Experimental data and gaussian 

components are shown by black and colored solid lines, respectively. The simulated spectrum is shown 

by red dots. 

 

Table 6. Peak position xc (cm -1), amplitude A (a. u.) and full width at half maximum WFHM (cm -1) of 

deconvolution BBO and BBO+10AlF3+2Dy Raman spectra. 

 
BBO 

 
BBO+10AlF3 + 2Dy  

xc A FWHM 
 

xc A FWHM 

1 225 7977 703 
 

201 4207 712 

2 396 3474 185 
 

410 1787 212 

3 569 1204 57 
 

569 431 60 

4 629 1002 78 
 

623 573 124 

5 957 1360 149 
 

957 539 126 

6 1088 1671 101 
 

1095 956 133 

7 1253 1317 218 
 

1288 624 177 
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Table 7. Assignment of Raman and FTIR bands of the BBO and BBO + 10AlF3+2Dy. 

Raman 

peak 

position 

(cm- 1) 

Raman 

assignments 

FTIR 

peak 

position 

(cm -1) 

FTIR 

assignments 

225, 201 Vibrations of Bi-O bonds in [BiO3] 

and [BiO6]   

490, 517 Bi-O bending vibrations in [BiO6] 

octahedral units  

  

  

396, 410 Bi–O–Bi stretching vibrations in 

[BiO6] octahedral units  

586, 614 Bi – O and Bi-O-Bi stretching 

vibrations of [BiO6] octahedral 

units  

 

   

569 Bi–O stretching vibrations in 

[BiO6] units  

688, 698 Bending vibrations of B-O-B in 

[BO3] triangles  

629 ,623 Bending vibrations of B–O–B 

bridges in metaborate groups of 

[BO3] triangular units  

900 ,897 B-O stretching in BO4units from 

diborate groups  

Stretching B-O vibrations in [BO4] 

units from diborate groups   

957 Vibrational modes occurring in 

bonds like B-O-B and B—O in 

pyroborate groups of [BO3] units 

1065, 

1061 

Stretching of B-O in [BO4] units 

from tri, tetra and pentaborate 

groups  

1088, 1095 existence of diborate groups 1189, 

1195 

B-O stretching vibrations of trigonal 

BO3units inboroxol rings  

  
1253, 1288  stretching vibrations of B-O bands 

of/in non-bridging oxygens (NBO) 

in borate groups 

1303, 

1301 

B-O stretching vibrations of trigonal 

[BO3] units in the boroxol ring   

  
1395, 

1398 

B-O stretching vibrations of [BO3] 

units in metaborate, pyroborate, and 

orthoborate groups     
1448, 

1454 

Antisymmetric stretching vibrations 

with non-bridging oxygens (NBOs) 

of B-O-B groups  

 

An important aspect was the analysis of their luminescent properties, particularly the 

potential for generating white light with a specific color temperature through the 

simultaneous emission of RE3+ ions. Initially, optical characterization was performed 

using steady-state luminescence measurements to obtain detailed information about the 

luminescence properties of Eu3+/Dy3+ doped glasses and the possibility of white-light 

generation through simultaneous excitation of rare-earth ions with a single wavelength. 

The excitations spectra for glasses doped with 2 mol% od Dy3+, detecting at λem = 574 

nm show peaks assigned to the transitions of Dy3+ ions from the ground energy level, 

6H15/2, to 4F9/2, 
4I15/2, 

4G11/2 
4I13/2, 

6P5/2, 
6P7/2, can be seen at 472, 453, 425, 388, 365, 351 

nm (Fig. 19a). After excitation at λex = 388 nm, emission spectra shows three bands 

corresponding to the transitions from the 7F9/2 excited state to the 6H15/2, 
6H13/2, and 6H11/2 
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ground states at 481, 574, and 661 nm. When glasses are doped with 2 mol % of Eu3+ 

ions, excitation spectra observed after  detection on the most intense peak at 612 nm 

consist of the several bands associated with the transition from the 7F0,1 state to the 5D4, 

5G4, 
5L6, 

5D3, 
5D2, and 5D1 at 360, 374, 382, 394, 414, 465, 524, 529 nm, respectively 

(Fig.19b). After excitation at λex = 394 nm, emission spectra shows five bands 

corresponding to the transitions from the 5D0 excited state to the 7F0, 
7F1, 

7F2,  
7F3, and 7F4 

at 578 nm, 591 nm, 615 nm, 652 nm, and 700 nm. 

 

 

Figure 19 Excitation and emission spectra of BBO and BBO+10AlF3 glasses doped with Dy3+(a) and Eu3+ 

(b). 

 

As examined in the previous publication (I), the luminescence intensity is higher for 

samples doped with 10 mol% of aluminum fluoride. To investigate the simultaneous 
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excitation of Eu3+/Dy3+, the four wavelengths were used: 365, 380, 388, and 394 nm 

(Fig.20 (a-d)), along with different molar ratios of Eu3+/Dy3+. In all samples, two 

characteristic peaks for Dy3+ ions can be observed at 483 nm (blue) and 574 nm (yellow), 

corresponding to the 4F9/2→
6H15/2 and 4F9/2→

6H13/2 transitions, respectively. The intensity 

ratio of the bands in the blue and yellow spectral regions can provide information about 

the local symmetry around RE3+ ions. In case of Dy3+, the 4F9/2→
6H13/2 transition is a 

magnetic dipole transition (MD) that is less sensitive to the crystal field around the 

optically active ion. The MD transition becomes prominent when the Dy3+ ions are 

surrounded by a highly symmetric environment with the inversion center. Conversely, 

the 4F9/2→
6H13/2 emission represents a hypersensitive forced electric dipole transition 

(ED), which exhibit stronger emission when Dy3+ ions are in a low-symmetry site without 

an inversion center, corresponding to an amorphous glassy environment. In all samples, 

the band located at 574 nm exhibits stronger emission, indicating that in the proposed 

borate-bismuth glass matrix, Dy3+ ions are located at the low symmetry crystallographic 

sites, without an inversion center. Furthermore, the intensity of the ED and MD bands of 

Dy3+ ions varies with the concentration of Dy3+ ions and with the excitation wavelength. 
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Figure 20 Excitation spectra of glass samples doubly doped with Eu3+/Dy3+ under a) λex = 365 nm, b) λex 

= 380 nm, c) λex = 388 nm, d) λex = 394 nm. 

After excitation at 394 nm, corresponding to the 7F0→
5L6 transition of Eu3+ ions, the 

emission of Dy3+ ions is very weak, and the luminescence of Eu3+ ions dominates the 

spectrum. This changes when the glasses are excited with one of the wavelengths 

associated with the Dy3+ ions transitions (365 nm, 388 nm). In these cases, the emission 

peaks associated with the Dy3+ ions dominate the spectrum. Nevertheless, the relation of 

band intensities at 483 nm and 574 nm is remains the same in all cases. A closer 

examination of the transitions associated with the Eu3+ ions suggests that they occupy 

low-symmetry sites. Similar to Dy3+ ions, Eu3+ ions exhibit two emission peaks at 590 
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nm and 612 nm , the ratio of which can provide information about the local symmetry 

around them. The first one, is related to the magnetic dipole (MD) transition from the 

5D0,1 excited levels to the 7F1 ground state, while the band at 612 nm is an electric dipole 

(ED) transition. As in the case of Dy3+ ions, the ED transition has a stronger emission, 

indicating that the optically active ions are located in the non-inversion environment. 

The color emitted by the glasses was described by the x and y chromaticity coordinates 

and presented in the form of CIE diagrams ( Fig. 21) when excited at λex = 365 nm. The 

detailed corresponding chromaticity parameters (x,y) and color temperature CCT values 

calculated according to equation (12) are shown in Table 6 . 

                                  CCT = - 449n3 + 3525n2 - 6823n + 5520.33                             (12) 

Where n = (x-xe)/(y-ye) with xe = 0.332 and ye = 0.186.  

Figure 21 The 1931 CIE chromaticity diagram of single and triply doped with Eu3+/Dy3+ glass samples. 

For glass doped only with Eu3+ ions (black circle) excited at λex = 394 nm, the emitted 

color is red. With the addition of Dy3+ ions,  the emission shifts from reddish-orange to 

yellowish-orange for the BBO+10AlF3+2Dy glass sample (black triangle). The 

corresponding color temperature varies from 1932K (BBO+10AlF3+2Eu) to 3352 K and 

4032 K for BBO+10AlF3+1.5Dy+0.5Eu and BBO+10AlF3+2Dy, respectively. For 

BBO+10AlF3+2Dy and BBO+10AlF3+1.5Dy+0.5Eu samples, emission close to daylight 

was obtained. The emission color can be tuned by varying the molar ratios of the Eu3 +/ 

Dy3+ions and by changing the excitation wavelength. The tendency to shift toward 
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yellowish–orange emission of samples doped with high values of Dy3+ ions is consistent 

with the luminescence analysis and can be explained by the fact that the Dy3+ ions mainly 

occupy the non-inversion symmetry sites. This promotes stronger emission at the 574 nm 

(yellow) band rather than the 488 (blue) nm band. As mentioned earlier, Eu3+ ions are 

also incorporated into non-inversion symmetry sites, which has a strong influence on the 

overall reddish-orange emission of the samples. Additionally, the color purity (CP) 

compared to the CIE1931 standard source C (xi = 0.3101, yi = 0.3162) coordinates was 

calculated using the weighted average of the sample emission color coordinates (x, y) 

relative to the illuminant coordinates (xi, yi) and the dominant wavelength coordinates 

(xd, yd) relative to (xi, yi) coordinates, according to the equation (13):  

 

                                        CP = 
√(𝑥−𝑥𝑖)2+(𝑦−𝑦𝑖)2

√(𝑥𝑑−𝑥𝑖)2+(𝑦𝑑−𝑦𝑖)2
 ×  100%                                        (13) 

 

with the dominant wavelength (λd) defined as a monochromatic wavelength of the 

spectrum, which coordinates are placed on the straight line connecting the phosphor with 

the C point. For BBO+10AlF3+2Dy sample with the dominant wavelength at 573 nm and 

color purity of 50.25 %, BBO+10AlF3:Ln1 glass exhibited a significant yellowish-orange 

emission with a color purity of 58.17 % at 580 nm. Next, in BBO+10AlF3:Ln2 glass, 

considering a dominant emission wavelength of 585 nm close to orange light, the color 

purity was 62.25 %. In the BBO+10AlF3:Ln3 glass sample, orange light was observed 

due to the 591 nm emission, with color purity of 71.05 %. The BBO+10AlF3+2Eu sample 

exhibited high red light emission at 606 nm with color purity of 85.77 %. The CIE1931 

color coordinates (x, y), correlated color temperature (CCT), dominant wavelength (λd), 

dominant wavelength coordinates (xd, yd) and color purity (CP) for λex = 365 nm 

excitation of prepared samples and examples for other glasses doped with rare earth ions 

are presented in Table 8. 
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Table 8. Calculated x, y, and CCT for different excitation wavelengths of prepared samples and examples 

for other glasses doped with rare earth ions. 

Sample λex = 365nm 

x y CCT(K)  CP (%) 

BBO+10AlF3+2Dy 0.391 0.424 4050  50.25 % 

BBO+10AlF3:Ln1 0.426 0.417 3294  58.17 % 

BBO+10AlF3:Ln2 0.449 0.404 2806  60.25 % 

BBO+10AlF3:Ln3 0.502 0.389 2015  71.05 % 

BBO+10AlF3+2Eu 0.591 0.356 1875  85.77 % 

Standard white  0.33 0.33 5455 [46]   

CdO-GeO2-TeO2: Dy3+/Eu3+ glass 0.382 0.407 4153 [48]   

Y2O3-Al2O3-Bi2O3-B2O3-SiO2: Dy3+/Eu3+ glass 0.332 0.342 5520 [50]   

 

Additionally, the possibility of energy transfer between Eu3+/Dy3+ doped glasses were 

investigated. The main condition under which this phenomenon can be present is the 

overlap of the absorption spectra of Eu3+ acting as acceptor and donor fluorescence 

(Dy3+). In the case of the studied glasses, a partial overlap of the spectra in the range of 

450–470 nm is observed (Fig. 22). The 7F0→
5D2 absorption band of Eu3+ ions at 464 nm 

overlaps with the 4F9/2→
6H15/2 (484 nm) of Dy3+ ions. This suggests that energy transfer 

may occur from Dy3+ ions to Eu3+ ions in borate-bismuth glasses. Fig. 23 a shows the 

emission spectra of Eu3+/Dy3+ codoped glass upon 351 nm and 388 nm excitation, 

corresponding to Dy3+ ions, where the Eu3+ ions should not be excited. However, the 

emission spectra, apart from the bands characteristic for Dy3+ ions, also reveal the 

europium 5D0→
7F2 and 5D0→

7F4 transitions. This indicates that Eu3+ ions are sensitized 

by Dy3+ ions. In Fig. 23 b, the excitation spectrum of the glass doped with Dy3+ ions, 

monitored at the 4F9/2 → 6H13/2 transition (Dy3+), shows bands that can be assigned only 

to the transitions of Dy3+ ions. Similarly, the spectrum of the sample singly doped with 

Eu3+ ions monitored at 612 nm (5D0→
7F2), contains only peaks originating from 

transitions of Eu3+ ions. However, the spectrum of the Eu3+ and Dy3+ codoped glass 

(BBO+10AlF3+1Dy+1Eu), monitored at the 5D0→
7F2 Eu3+ transition, reveals additional 

bands observed in the Dy3+ single doped glass monitored at 574 nm. Therefore, the 

excitation upon 351 nm through Dy3+ ions (Fig. 23a) and the presence of Dy3+ bands in 

Dy3+/Eu3+ excitation spectrum at 612 nm suggest that the energy transfer from Dy3+ to 

Eu3+ ions occurs. This can be supported by the spectral overlap of the Eu3+ absorption 

band and Dy3+ emission band seen in Fig.22. 
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Figure 22. Partially overlap of the emission spectrum of BBO+10AlF3+2Dy3+ at λex = 388 nm and the 

excitation spectrum of BBO+10AlF3+2Eu3+ λem = 612 nm. 

 

Figure 23. (a) Emission spectra of Eu3+/Dy3+ codoped glass upon 351 nm and 388 nm excitation, (b) 

excitation spectra of BBO+10AlF3+2Eu and BBO+10AlF3+1Dy+1Eu glasses at λem = 612 nm and 

BBO+10AlF3+2Dy at λem = 574 nm. 
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This behavior suggested that the energy transfer from Dy3+ to Eu3+ ions occurs, and the 

excitation of Dy3+ ions can contribute to the emission spectrum of the codoped glasses. 

Fig. 24 presents an energy level diagram of Eu3+ and Dy3+ ions and the possible energy 

transfer mechanism between both ions in the codoped glasses. This energy transfer 

mechanism can be described as follows:  

7F0 (Eu3+) + 4F9/2 (Dy3+) → 5D2 (Eu3+) + 6H15/2 (Dy3+) 

Concretely, after excitation at 388 nm Dy3+ ions are excited from the 6F15/2 ground state 

to the 4I13/2 excited state and then relaxed non-radiatively to the 4F9/2 level. From this level, 

the glass shows radiative emissions to the 6H15/2 (480 nm), 6H13/2 (574 nm), and 6H11/2 

(662 nm). Additionally, part of the energy can be transferred non-radiatively from the 

4F9/2 energy level of Dy3+ to the 5D2 excited level of Eu3+. Then the excited Eu3+ ions 

relaxed non-radiatively to the 5D0 and next by radiative transitions to the 5D0, 7F1, 
7F2, 

7F3, and 7F4 occur. 

 

 

Figure 24 Energy levels of Eu3+ and Dy3+ ions. 

 

To gain better insight into the luminescence properties of Eu3+ and Dy3+ doped glasses, 

luminescence decay curves were measured (Fig. 25). The obtained decay curves can be 

described as two-exponential decays by the following equation (14): 
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                         I(t) = 𝐴1 exp (
−𝑡

𝜏1
) + 𝐴2exp (

−𝑡

𝜏2
)                                            (14) 

                             

Where A1 and A2 are the amplitudes of the two decay components, τ1, and τ2 are the short 

and long luminescence lifetimes, respectively. The τ1 is attributed to the rare-earth ions 

placed in a low symmetry environment, while the τ2 is a component related to the RE3+ 

in a higher symmetry crystal field. Both, τ1 and τ2 are components of the average lifetime 

<τavg>, which was calculated using equation 15 [24]. The calculated values can be seen 

in Table 7. 

 

                                         τ<avg> = 
(A1 τ1

2 + A2 τ2
2)

(A1 τ1 + A2 τ2)
                                                            (15) 

Table 9. Calculated parameters of luminescence decays of glasses doped with Eu3+/Dy3+ at λex=388 nm 

and observation at λem=574 nm. 

Sample τ1(µs) τ2 (µs) <τavg> (µs) 

BBO+10AlF3+1.5Eu+0.5 Dy 130 470 420 

BBO+10AlF3+1Eu+1Dy 180 450 350 

BBO+10AlF3+0.5Eu+1.5 Dy 150 410 320 

BBO+10AlF3+2Dy 60 330 300 

 

The average lifetimes of the Dy3+:  4F9/2→
6H13/2 transition were found to be strongly 

related to the concentration of Eu3+ and Dy3+ ions. The lifetimes of dysprosium increase 

with decreasing Dy3+ content from 420 µs for BBO+10AlF3+1.5Eu+0.5Dy sample to 320 

µs for BBO+10AlF3+0.5Eu+1.5 Dy. This agrees with other previous studies. The highest 

value is obtained for glass doped with 1.5 % of europium. This indicates that the lifetimes 

of Dy3+ increase with increasing europium content, which may be evidence of Eu3+ 

→Dy3+ energy transfer occurring in the borate-bismuth glass system.  

Additionally, to determine the influence of AlF3 addition, lifetime measurements of single 

doped glasses were conducted. The BBO+2Eu and BBO+10AlF3+2Eu glasses were 

excited at λexc=394 nm and observed around 612 nm (Fig. 23 b). The sample BBO+2Dy 

and BBO+10AlF3+2Dy were monitored at 388 m excitation wavelength and observed at 

around 574 nm (Fig.23 b). A single exponential decay was observed in Eu3+ doped 

glasses, while a two exponential decay was observed in glasses doped with Dy3+ ions. 
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Similar behavior was observed by T. Lewandowski et al [51]. This behavior can be 

explained by the fact, that decay times of Dy3+ ions in glass matrix are strongly related to 

the Dy3+ ions concentration. It was found that in glasses with higher Dy3+ concentration, 

the double-exponential decay was observed. The calculated parameters are presented in 

Table 10. In the case of glasses doped with Eu3+, the decay times did not differ much from 

each other. However, in Dy3+ doped samples, and increase of the 40 µs can be observed 

due to the addition of AlF3. 

 

Figure 25 The luminescence decay times for (a) double and single (b) BBO glasses doped with Eu3+/Dy3+ 

ions. 
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Table 10. Calculated parameters of luminescence decays of glasses doped with Eu3+/Dy3+. 

 τ1 (µs) τ2 (µs) τavg (µs) 

λ ex = 394 nm,  

λ obs = 612 nm, 

   

BBO+2Eu 1120 - - 

BBO+10AlF3+2Eu 1110 - - 

λ ex = 388 nm,  

λ obs = 574 nm, 

   

BBO+2Dy 80 290 260 

BBO+10AlF3+2Dy 60 330 300 

 

Presented in this publication, the B2O3-Bi2O3 glass system doped with AlF3 and 

Eu3+/Dy3+ ions in various molar ratios was successfully synthesized using a conventional 

melt quenching technique. RE3+ ions present in the studied glasses are placed mostly in 

low-symmetry crystallographic sites, without an inversion center. Color-tunable emission 

was achieved due to the different ratios of Eu3+/Dy3+ addition. Glasses singly doped with 

Eu3+ emitted a reddish-orange color, when excited at 394 nm, while the addition of 

dysprosium ions, shifted the emitted color to a warm yellowish-orange close to daylight. 

The addition of AlF3 significantly influenced the luminescence properties of Eu3+/Dy3+ 

doped glasses. Samples doped with 10 mol% of aluminum fluoride exhibited enhanced 

luminescence compared to undoped ones. Additionally, all prepared samples were 

transparent, making them suitable for optical applications. Obtained borate-bismuth 

glasses doped with AlF3 and Eu3+/Dy3+ could thus serve as phosphors for solid-state 

lighting devices. 

The above results confirm that the scientific and research theses presented in this 

doctoral dissertation have been fulfilled. Borate-bismuth glass matrices were synthesized, 

modified with the addition of AlF3 and dopped with RE3+ ions. The obtained results 

indicated that, they are suitable for doping with RE3+ ions. It has been demonstrated that 

it is possible to vary the color of emitted light by changing the ratio of RE3+ ions, 

achieving the color close to warm white light in the proposed glasses doubly doped with 

Eu3+ and Dy3+ ions. 
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3.3. “From Structure to Luminescent Properties of B2O3-Bi2O3-SrF2 Glass 

and Glass-Ceramics Doped with Eu3+ Ions” 

In the publication entitled “ From Structure to Luminescent Properties of B2O3-

Bi2O3-SrF2 Glass and Glass-Ceramics Doped with Eu3+ Ions ” (III) results on new 

borate-bismuth glass ceramics doped with SrF2 and Eu3+ ions were presented. The 

publication discusses the synthesis method of glass ceramics and explores the influence 

of annealing of glasses on the structure and luminescence properties of optically active 

Eu3+ ions. The matrix for glass ceramics was borate-bismuth glasses with a composition 

(in mol %) of 50B2O3–50Bi2O3, as described in subsection 3.1 and marked as BBO. 

Strontium fluoride was introduced into the matrix in amounts of 10 mol% and 20 mol % 

as a precursor of the crystal phase, along with 2% mol Eu3+ ions. The glass ceramic 

synthesis took place in two stages. Firstly, the synthesis involved obtaining glasses using 

the traditional melt quenching method under conditions established in the previous 

scientific and research work. In the second step, the synthesized glasses underwent a 

crystallization process, with  parameters selected to obtain SrF2 crystals of nanometer 

size, dispersed in a borate-bismuth glassy matrix. In the case of borate-bismuth glasses, 

the issue of obtaining SrF2 nanocrystals is more complicated  because it is possible to 

obtain at least five crystalline phases of  B2O3–Bi2O3  [52] and metastable bismuth 

orthoborate phases in this glasses [53]. The crystallization process therefore had to take 

into account many parameters, such as different times and temperatures of heat-treatment 

process, as well as the amount of SrF2 addition. Therefore, the optimal parameters were 

obtained experimentally in order to obtain glass-ceramics with SrF2 nanocrystals while 

maintaining the transparency of the materials. 

 

Table 11. Compositions of the glass samples. 

Name B2O3 Bi2O3 SrF2 Eu2O3 

BBO 50 50 - - 

BBO+2Eu 49 49 - 2 

BBO+10SrF2 45 45 10 - 

BBO+20SrF2 40 40 20 - 

BBO+10SrF2+2Eu 44 44 10 2 

BBO+20SrF2+2Eu 44 44 10 - 

 

Crystallization temperatures were selected based on the DSC measurements. The DSC 

curves make it possible to determine the characteristic temperatures of the glasses: the 

glass transition temperature (Tg), the onset of the crystallization process (Tx), 
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crystallization temperature (Tc), and melting temperature (Tm) (Fig. 26). Their knowledge 

allows to determining thermal parameters of glasses, such as the glass stability region 

(ΔT) and thermal stability (S) parameter, which describes the glass resistance against 

devitrification, calculated according to the equation (15).  

S =
(𝑇𝑐− 𝑇𝑥)(𝑇𝑐−𝑇𝑔)

𝑇𝑔
                                                          (15) 

 

For BBO glass, ΔT is 110 ˚C, and S is 8.72. In other borate glasses S could be even about 

1. The addition of SrF2 to the base BBO composition led to the disappearance of the 

crystallization peak. Therefore, it can be said that it prevented the crystallization of the 

matrix. Unfortunately, no effect related to the crystallization of the SrF2 phase in the BBO 

matrix was observed in these glasses. 

 

 

Figure 26  DSC curves of BBO, BBO+10SrF2, and BBO+20SrF2 glasses. 

Before annealing, the amorphous nature of the as-prepared glasses was confirmed by 

XRD studies (Fig. 27). Since there have been no previous reports on the exact annealing 

parameters of these glasses that could results in SrF2 nanocrystals, a temperature range 

from 560 to 590°C, increasing by 10 degrees, with durations of 1hour and 24 hours, was 

chosen (Fig. 28). The aim of the thermal treatment was the growth of SrF2 nanocrystals 

within the glass matrix. Following each heat treatment, XRD measurements were 

conducted, to assess the presence of nanocrystals (Fig. 28, Fig. 29). The XRD patterns of 
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the samples annealed at 560 °C did not differ from the patterns of the unannealed samples, 

indicating a lack of long-range order. However, it should be noted that in the presented 

XRD results, a small amount of the nano-sized crystalline phase could have gone 

unnoticed. This is especially true since the amorphous phase in which the nanocrystals 

were dispersed gives a broad halo in the range of 25–35 (2θ),  where major reflections 

from  crystalline phases may exist. After annealing at 570 °C, differences between the 

BBO+10SrF2 and BBO+20SrF2 samples became evident. XRD patterns of the 

BBO+10SrF2 sample revealed crystallization mainly in the BiBO3 phase (Ref.Code 96-

720-9482), with visible low-intensity reflections corresponding to the SrF2 phase 

(Ref.Code 96-900-9044). There were also unidentified peaks observed in the 

diffractograms, which may be related to bismuth oxides. However, crystalline borates 

sometimes have highly unusual stoichiometries; therefore, it is difficult to fully 

characterize the presented diffraction pattern. On the other hand, BBO+20SrF2 samples 

exhibited only the characteristic peaks of the SrF2 crystalline phase (Ref.Code 96-900-

9044). As can be seen, with the increase in annealing temperature, the amount of BiBO3 

crystalline phase in the BBO+10SrF2 samples decreased, whereas a weak reflection of the 

SrF2 phase was already present in the sample annealed at 580 °C. In the case of the 

annealed BBO+20SrF2 glass, the SrF2 phase crystallized regardless of the temperature 

increase. The obtained diffractograms confirm the conclusion drawn based on DSC 

studies that the presence of SrF2 in the BBO matrix prevented its crystallization. 

Unfortunately, annealing the samples at temperatures of 570 °C and higher caused them 

to begin losing their transparency. Therefore, a temperature of 560 °C was chosen as a 

compromise between sample transparency and the presence of a crystalline phase within 

it. At this temperature, only samples heated for 24 h became opaque.  
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Figure 27 XRD patterns of BBO, BBO+10SrF2, and BBO+20SrF2 glasses. 

Figure 28  XRD patterns of BBO+10SrF2 (black) and BBO+20SrF2 (red) glasses after annealing in the 

temperature range of 560–590 ˚C for 1 h. 

 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

53 
 

Figure 29 XRD patterns of BBO+10SrF2 (black) and BBO+20SrF2 (red) glasses after annealing in the 

temperature range of 560–590 ˚C for 24 h. 

How annealing affects the structure of studied glasses was determined based on the results 

of FTIR spectroscopy (Fig. 30). Comparing the spectra of glass and glass ceramics, no 

significant differences were found. 

Figure 30 FTIR spectra of BBO+10SrF2 (a) and BBO+20SrF2 (b) as-prepared glasses and glasses after 

annealing at 570 °C and 590 °C. For comparison, the spectrum of as-prepared BBO glass was added to 

each figure. 
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Further information on the chemical states of elements in glasses and glass ceramics was 

provided by the results of XPS spectroscopy measurements. Particular emphasis was 

placed on the study of the valence states of Eu and Bi ions, as well as the chemical states 

of Sr that could indicate Sr chemical bonds with both fluorine and oxygen (Fig. 31). The 

research revealed that both Eu and Bi ions are in the 3+ valence state. Exemplary spectra 

of the Sr region of BBO+10SrF2 and BBO+20SrF2 glasses and glass ceramics after 

annealing at 560 °C for 24 h are shown in Figure 31. All spectra consisted of the Sr 3d 

spin-orbit doublet, but a detailed analysis of these peaks suggests the presence of more 

than one chemical state of Sr in all samples. Peaks at 133.5 and 135.5 eV could be 

assigned to the Sr 3d5/2 and Sr 3d3/2 in Sr-O, whereas peaks with energies equal to/of 

134.0 and 136.0 eV could be attributed to Sr 3d5/2 and Sr 3d3/2 in Sr-F. The contribution 

of Sr-O and Sr-F doublets in the glasses was 59% and 41% (BBO+10SrF2), and 67% and 

33% (BBO+20SrF2), respectively. The contribution of Sr-O and Sr-F doublets after 

annealing was, respectively, 80% and 20% (BBO+10SrF2) and 52% and 48% 

(BBO+20SrF2). Therefore, as can be seen, annealing did not change the ratio of the 

doublets in the same way in both samples. The increase in the contribution of the Sr-F 

doublet, which in turn indicated an increase in the amount of the SrF2 crystal phase in the 

matrix, only took place in samples containing 20 mol % SrF2. However, as the analysis 

of the X-ray diffractograms showed, SrF2 as the only crystalline phase was also present 

only in the samples containing 20 mol % SrF2. Therefore, it can be concluded from both 

of these methods that the formation of SrF2 nanocrystals hindered the crystallization of 

the matrix. 
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Figure 31 Sr 3d region of XPS spectra of BBO+10SrF2 and BBO+20SrF2 as-prepared glasses and glasses 

after annealing at 560 ˚C for 24 h. 

 

One of the key aspects in the research on borate-bismuth glass ceramics was to determine 

the impact of crystallization on the luminescence of Eu3+ ions (Fig. 32). The 

BBO+10SrF2+Eu and BBO+20SrF2+Eu glasses monitored at the wavelength of λem = 615 

nm, corresponding to the 5D0→
7F2 transition of Eu3+ ions, revealing several 

characteristics for 4f-4f transition peaks. Excitation bands at 382 and 465 nm may have 

been assigned to 7F0→
5G4 and 5D2 transitions, whereas bands at 396, 415, and 533 nm 

originated from 7F0 →
5L6, 

5D3, and 5D1 transitions, respectively. A wavelength of 465 nm 

was selected for the observation of the emission spectra. This is the line with the highest 

intensity in the excitation spectrum. Emission spectra of BBO+10SrF2+Eu glass and 

glass-ceramics crystallized at 560 °C (Figure 32b) consisted of several bands 

corresponding to Eu3+ radiative transitions at 581 nm (5D0 →
7F0), 594 nm (5D0 →

 7F1), 

615 nm (5D0 →
7F2), 655 nm (5D0 →

7F3), and 703 nm (5D0→
7F4). As can be seen, there 

were no significant differences in the intensity of the bands between the BBO+Eu glass 

and the glass with the addition of 10 mol % of SrF2. In addition, annealing of the 
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BBO+10SrF2+Eu samples did not change the intensity of the spectral lines. However, if 

we look at the results concerning the structure of the annealed samples, the crystallization 

of the borane-bismuth matrix, apart from the SrF2 crystal phase, cannot be ruled out. 

Assuming that this is the case, the emitted radiation could undergo scattering on defects. 

Looking at the emission spectra corresponding to the BBO+20SrF2+Eu samples (Figure 

33b), it can be noticed that the emission bands were at the same wavelengths as for the 

samples with 10 mol % of SrF2. In addition, it is evident that annealing affected the 

intensity of Eu3+ ions emission. It is worth noticing that the SrF2 crystalline phase was 

characterized by considerably lower phonon energy compared to the oxide materials. 

Therefore, if Eu3+ ions are located in the SrF2 nanocrystals, this leads to a decrease in 

multi-phonon relaxation probability, and consequently to an increase in emission 

efficiency.  

Figure 32 The excitation spectrum of  BBO+10SrF2+Eu glass (a), and the emission spectra of BBO+Eu 

glass, and BBO+10SrF2+Eu glass and glass ceramics after annealing at 560 ˚C for 1 h and 24 h (b). 
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Figure 33 The excitation spectrum of  BBO+20SrF2+Eu glass (a), and the emission spectra of BBO+Eu 

glass, and BBO+20SrF2 + Eu glass and glass ceramics after annealing at 560 ˚C for 1 h and 24 h (b). 

 
Figure 34 Luminescence decay curves of Eu-doped BBO and BBO+10SrF2 samples (a), Eu-doped BBO 

and BBO+20SrF2 samples (b). 
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Further studies on the influence of the environment on the luminescence of Eu3+ in the 

borate-bismuth glass and glass ceramics were conducted using time-resolved emission 

spectroscopy (TRES). Luminescence decay analysis was performed on as-prepared Eu3+ 

doped BBO, BBO+10SrF2 and BBO+20SrF2 samples. The decay curves were obtained 

by monitoring 5D0 →
7F2 emission line (λem = 615 nm) upon excitation at λexc = 465 nm 

(7F0 →
5D2 transition) and are shown in Figure 34a,b. It was found that luminescence 

decays in both cases can be described as two-exponential decays according to the 

following equation (16): 

 

I(t) = 𝐴1 exp (
−𝑡

𝜏1
) + 𝐴2exp (

−𝑡

𝜏2
)                                                  (16) 

 

where 𝜏1 and 𝜏2 are long and short luminescence lifetime components contributing to 

the average lifetime < 𝜏avg >, and A1 and A2 are amplitudes of respective decay 

components. The lifetimes 𝜏1  and 𝜏2, amplitudes, and average lifetime calculated for 

the luminescence decay curves presented in Figure 34 are collected in Table 12. 

 

Table 12. Fitting parameters of the luminescence decays and calculated Judd-Ofelt parameters. 

 
BBO

+Eu  

BBO+10SrF2 

+Eu  

BBO+20SrF2 

+Eu   

BBO+10SrF2 

+Eu 

1h 560˚C 

BBO+10SrF2 

+Eu 

24h 560˚C 

BBO+20SrF2 

+Eu  

 1h 560˚C 

BBO+20SrF2 

+Eu  

24h 560˚C 

A1 3913 4148 4267 3297 3431 3440 3338 

A2 3237 3115 2951 3893 3387 3046 2692 

𝝉𝟏 1.2 1.18 1.28 1.24 1.22 1.45 1.48 

τ 2 0.56 0.5 0.52 0.58 0.56 0.66 0.65 

< 𝝉avg > 1 1 1.1 1 1 1.2 1.2 

Ω2 5.64 5.15 5.54 6.06 5.86 4.48 5.11 

Ω4 3.89 3.74 3.59 3.78 3.85 3.86 4.07 

R/O 3.76 3.45 3.69 4.04 3.90 3.06 2.73 

 

This double-exponential nature of the decay curves indicates the presence of two different 

surroundings of Eu3+ ions. Long lifetime (𝜏1) is correlated with higher symmetry of the 

crystal field, whereas short lifetime (𝜏2) is associated with lower symmetry of the Eu3+ 

surroundings. Thus, in glasses containing SrF2 or PbF2 nanocrystals, a long lifetime is 

attributed to Eu3+ ions, which are located in the nanocrystals, and short lifetimes 

corresponds to the ions incorporated into the amorphous matrix. Concerning the tested 

samples, it can therefore be said that τ1 represents the lifetime of Eu3+ ions incorporated 

into the SrF2 nanocrystals, whereas τ2 corresponded to ions surrounded by the glass 

matrix. However, in the case of the studied samples, the situation seems to be more 
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complicated. Two lifetimes were also observed in BBO+Eu glass, which did not contain 

strontium fluoride, and if to compare the results obtained for this glass with the values 

calculated for the BBO+10SrF2 sample, the lifetimes are not much different. This means 

that the tested glass may have contained nanocrystalline areas that were formed during 

the glass preparation process, which are not visible in diffraction studies. Especially in 

borate glasses with various dopants, single exponential decay curves are usually 

observed. As can be seen, the longest τ2 lifetime was observed for the BBO+20SrF2 

samples, especially those annealed for 24 h at 560 °C. It seems that in these samples the 

amount of Eu3+ ions incorporated into SrF2 nanocrystals increased. This result is in line 

with the results obtained with the XRD. They show that SrF2 as the only crystalline phase 

in the glass was present at 20 mol% of SrF2, whereas at 10 mol% the matrix crystallization 

also took place. Changes in symmetry in the surroundings of the europium ions, as well 

as changes in the degree of covalence of bonds of these ions, can be observed based on 

Judd–Ofelt parameters. The Judd–Ofelt parameters Ω2 and  Ω4 were calculated based on 

luminescence emission spectra using JOES application software and are presented in 

Table 12. Detailed information regarding software and calculations can be found in 

reference . The Ω6 parameter was not determined in this study due to the unregistered 

emission band, located in the NIR range of wavelength, that corresponds to the 5D0 → 

7F6 transition band. The Ω2 parameter is known to be structure sensitive and also depends 

on the covalence of Eu3+ bonds with the ligand. It is determined from 5D0 → 7F2 

hypersensitive transition. The high value of the Ω2 parameter (Ω2 > Ω4) suggests that Eu3+ 

ions occupied mostly low-symmetry sites. This corresponds to the situation where Eu3+ 

ions were mainly located in the glassy matrix. On the other hand, the Eu-O bond in the 

glasses was highly covalent, which was also reflected in the high Ω2 coefficients. In turn, 

the Ω4 parameter is related to the rigidity of glasses and is often attributed to the 

emergence of long-range effects related to crystal lattice. Therefore, the processes of 

crystallization of glasses should consequently lead to an increase in this parameter. This 

behavior was observed, for example, in tellurite glass-ceramics containing SrF2 

nanocrystals. The parameters Ω2 and Ω4 calculated for the BBO+10SrF2 and 

BBO+20SrF2 glasses before and after annealing were different, but the change due to 

crystallization depended on the initial amount of SrF2. In the BBO+10SrF2 sample, both 

Ω2 and Ω4 were higher in the annealed samples. 

Nevertheless, it is a sample where it was difficult to say that SrF2 was the only crystalline 

phase in the glass matrix and it was, therefore, difficult to analyze the influence of the 
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appearance of SrF2 nanocrystals on luminescence. On the other hand, in the case of the 

BBO+20SrF2 sample, after crystallization the parameter Ω2 was lower and Ω4 was higher 

than in as-prepared glass. However, in the BBO glass containing 20 mol% of SrF2, no 

additional crystallization of the matrix was observed after annealing; hence, it can be 

concluded that the observed change in the values of Ω2 and Ω4 parameters, as well as the 

increase in t1 time, are because Eu3+ ions were located in SrF2 nanocrystals. These results 

follow the luminescence intensity ratio R (asymmetry ratio), which in the case of Eu3+ 

ions can be calculated from the expression (17): 

 

                                                 R =I (5D0→
7F2)/I(

5D0→
7F1)                                      (17) 

 

The transition 5D0→
7F1 occurs via magnetic dipole and is independent of the host matrix, 

whereas 5D0→
7F2 has a pure electric dipole moment origin and is hypersensitive to 

changes in the crystal field around Eu3+ ions. In other words, a more intense 5D0 → 7F2 

transition indicates that the Eu3+ ions mainly occupy positions without an inversion 

center, whereas a more intense 5D0→
7F1 transition shows that the Eu3+ ions are located at 

sites with higher symmetry. Therefore, with the change in site symmetry of Eu3+ ions, 

when they take positions with higher symmetry, the asymmetry ratio coefficient should 

decrease. The intensity ratios calculated for the as-prepared BBO+20SrF2 sample and the 

samples after annealing at 560 °C decreased with an increase in the annealing time 

(resulting in the growth of SrF2 nanocrystals). This means that some of the Eu3+ ions were 

located in the structure of nanocrystals. Unfortunately, as shown earlier, BBO glass 

initially containing 10 mol % of SrF2 may behave differently, which is most likely related 

to the not-completely-amorphous (after annealing) borate-bismuth matrix. 

The obtained results presented in the publication are consistent with the theses of 

this doctoral dissertation. They confirm that it is possible to synthesizing borate-bismuth 

glass ceramics doped with SrF2 nanocrystals and Eu3+ ions for luminescent applications. 

It has been proven that the structural modifications of parental glass, leading to SrF2 

nanostructure crystallization, depend strongly on the initial amount of strontium fluoride. 

The increase in luminescence intensity was observed after annealing in samples 

containing 20 mol% SrF2. The luminescence lifetimes obtained for these glass-ceramics 

indicate that some of the Eu3+ ions were located in SrF2 nanocrystals. This was also 

confirmed by the analysis of the Judd–Ofelt parameters Ω2 and Ω4, and luminescence 

intensity ratio R.  
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The above results affirm that the objectives and scope of this doctoral dissertation 

have been fulfilled. Borate-bismuth glasses and glass-ceramics with SrF2 and Eu3+ ions 

were synthesized. The influence of SrF2 on properties of glass matrices were investigated. 

It can therefore be concluded that the glasses and glass-ceramics described in this work 

could be considered as potential candidates for LED phosphors. 
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4.Conclusions 
 

The aim of the scientific research discussed in this doctoral thesis was to synthesize 

and investigate the properties of new borate-bismuth glasses and glass ceramics 

containing metal fluorides for use as matrices for optically active RE3+ ions. Two-

component borate-bismuth glasses were proposed as matrices in the B2O3-Bi2O3 system, 

modified by the addition of AlF3 and SrF2 and doped with rare earth ions: Eu3+, Dy3+, 

Tb3+ and Tm3+. The use of various research techniques including X-ray diffraction, 

infrared spectroscopy, X-ray photoelectron spectroscopy, and thermal analysis enabled a 

comprehensive description of the structure and thermal properties of glasses.  

The characterization of the optical and luminescent properties of the materials was 

based on the results of ultraviolet, visible, and luminescence emission and excitation 

spectra, time-resolved emission spectroscopy, and CIE chromaticity diagrams. The 

description of the luminescent properties of materials was complemented by calculations 

of theoretical Judd-Ofelt parameters and CCT values. The conducted research confirmed 

the possibility of synthesizing borate-bismuth glasses and glass ceramics in the B2O3-

Bi2O3 system containing AlF3 and SrF2, which serve as suitable matrices for optically 

active RE3+ ions, using the traditional melt quenching method.  

The conclusions drawn from the conducted research and their further analysis allow 

to assume that the proposed borate-bismuth glass and glass-ceramic matrices containing 

AlF3 and SrF2 are good matrices for doping with optically active RE3+ ions. According to 

the research thesis, these materials exhibit the desired properties of borate-bismuth 

glasses, such as chemical stability and transparency in the visible and IR range, and the 

addition of metal fluorides has a beneficial effect on the luminescence of RE3+ ions. It 

was also confirmed that it is possible to obtain light sources whose parameters can be 

modified by adjusting the amount of RE3+ ions and the wavelength of the excitation light. 

Based on the research conducted as part of this dissertation, a comprehensive description 

of a new group of glasses and glass-ceramics for applications in optoelectronics was 

developed, which can be considered as an alternative to currently used materials. 

Summarizing, borate-bismuth glasses doped with RE3+ ions and fluorides (AlF3 and 

SrF2) were successfully synthesized. Investigation and discussion regarding the influence 

of the environment surrounding RE3+ ions on the properties of the synthesized materials 

have been conducted. It appears that borate-bismuth glass matrices modified with 
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fluorides exhibit the greatest potential, primarily due to the enhanced luminescence of 

RE3+ ions compared to the basic matrix. This confirms the hypothesis presented in this 

doctoral thesis: borate- bismuth glasses can serve as suitable matrices for dissolving RE3+ 

ions within them, and by changing their surroundings, their luminescent properties can 

be enhanced. 
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