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Streszczenie

Materiaty luminescencyjne, zwtaszcza luminofory domieszkowane jonami ziem
rzadkich RE®*, przyciagaja znaczna uwage w ostatnich latach ze wzgledu na swoéj szeroki
zakres zastosowan. Moga by¢ one wykorzystane w urzadzeniach optoelektronicznych,
takich jak wys$wietlacze, lasery, wzmacniacze §wiattowodowe czy luminofory do diod
elektroluminescencyjnych  (LED). W  szczegoélnosci badania nad  diodami
elektroluminescencyjnymi emitujgcymi $wiattlo biatle (WLED) cieszg si¢ duzym
zainteresowaniem, poniewaz stajg si¢ one nowg generacjg zrodet swiatta. Charakteryzuja
si¢ wysokg wydajnoscia, dlugg zywotnoS$cig oraz niskim napigciem zasilania. Sg rowniez
przyjazne dla srodowiska i kompaktowe. Powszechnie stosowane, komercyjne diody
elektroluminescencyjne emitujace $wiatto biate (WLEDS) sktadaja si¢ z zottego fosforu
Y3Als012:Ce®" (YAG: Ce®') i emitujacej w zakresie UV diody z azotku indu i galu
(InGaN) umieszczonych w zywicy epoksydowej. Charakteryzujg si¢ one jednak niskim
wspotczynnikiem oddawania barw (CRI) i wysokimi warto$ciami temperatur barwowych
(CCT), stabg stabilnoscia materiatu epoksydowego oraz brakiem komponentu
czerwonego, co skutkuje emisja $wiatta o nienaturalnym, niebieskawo-zimnym odcieniu.
Rozwigzaniem moze by¢ dodanie sktadowej koloru czerwonego, co skutkowatoby emisja
$wiatla zblizong do barwy $wiatta dziennego, co jest bardziej preferowane. Aby sprostaé
tym wymaganiom, badania nad nowymi, trwatymi luminoforami sg niezwykle pozadane.
Duza uwagg cieszy si¢ koncepcja uzyskania $wiatta biatego za pomoca jonow RE®*
osadzonych w szklanym luminoforze, oparta na mieszaniu si¢ koloréw zgodnie z
modelem RGB (czerwony, zielony, niebieski). Kluczowym dla tego podejscia jest
staranny dobor odpowiedniej matrycy do ich wprowadzenia. Powinna ona zapewniac
zarowno stabilno§¢ mechaniczng, jak 1 chemiczng, oraz optymalne parametry
emitowanego $swiatta. Wérod wielu rodzajow szkiet, szkta boranowo-bizmutowe wydaja
si¢ by¢ obiecujacymi kandydatami. Wykazuja one szereg pozadanych wilasciwosci,
takich jak: stabilno$¢ mechaniczna i chemiczna, wysoki wspotczynnik zatamania $wiatla,
niska energia fononow oraz szeroki zakres transmisji zarowno w widzialnej, jak i
podczerwonej czesci widma. Te cechy czynig je wartymi zbadania jako potencjalne
matryce dla jonow RE®'. Wiasciwosci szklanej matrycy mozna poprawié¢ poprzez
dodatek fluorkow, takich jak AlFs i SrF.. Modyfikacja szkta fluorkami moze prowadzi¢

do polepszenia ich wtasciwosci jako matryc dla optycznie aktywnych jonéw RE®",
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W niniejszej rozprawie doktorskiej przedstawiono wyniki badan nad nowymi
szktami i szklo-ceramikami zawierajacymi odpowiednio AlFz i SrF2. Przeprowadzono
szereg eksperymentow w celu okreslenia odpowiednich warunkow syntezy
przezroczystych szkiet i szklo-ceramik. Zwrdécono uwage na analize struktury i
wlasciwosci luminescencji w obu uktadach. Wprowadzenie AlF3 do matrycy boranowo-
bizmutowej spowodowato wzrost intensywnosci luminescencji jondow RE** w szktach
zawierajacych 10% mol AlFs. Wykazano, ze barwe emitowanego koloru mozna
regulowaé poprzez zmiane proporcji jonéw RE®". Lokalna symetria jonow Eu®" mogla
zosta¢ zmniejszona ze wzgledu na obecnos$é jondéw Al1%*, natomiast spadek intensywnosci
Eud* przy wyzszym stezeniu AI** moze wskazywaé na wieksza symetric wokot jonow
RE®*. W ukladzie domieszkowanych szkto-ceramik, uzyskano pomyslna krystalizacje
nanokrysztatéw SrF2. Udowodniono, ze modyfikacje strukturalne wyjsciowego szkta,
prowadzace do krystalizacji nanostruktur SrF,, zaleza silnie od ilosci fluorku strontu.
Wzrost intensywno$ci luminescencji zaobserwowano po wygrzewaniu w probkach
zawierajacych 20% mol SrF2. Czasy zycia luminescencji uzyskany dla tej ceramiki
szklanej wskazuja, ze cze$é¢ jonow Eu®* byla zlokalizowana w nanokrysztatach SrFa.
Potwierdza to takze analiza parametrow Judda—Ofelta (Q2 i Qg4) oraz wspotczynnika
intensywnosci luminescencji (R). Uzyskane wyniki, zgodnie z teza przyje¢ta w niniejszej
rozprawie doktorskiej, wskazuja, ze proponowane szkta i szklo-ceramiki boranowo-
bizmutowe mogg by¢ odpowiednimi matrycami dla optycznie aktywnych jonéw RE" i

potencjalnymi kandydatami na luminofory.
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Abstract

Luminescent materials, particularly phosphors doped with RE®* 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 Y3Als012:Ce®* (YAG: Ce*") 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 RE®* 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 RE®" 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 RE®** ions. The properties of glass
matrix can be improved by the addition of fluorides, such as AlFs and SrF.. The
incorporation of fluorides into the glass matrix can lead to increase they properties as a
matrices for optically active RE®".

In this doctoral dissertation, the results of studies on new borate-bismuth glasses
and glass-ceramics containing AlFz and SrF2 respectively, have been examined and
presented as potential hosts for RE3* jons. 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 AlFs into the borate-bismuth matrix
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resulted in an increase in the luminescence intensity of RE®* ions in glasses containing
10 mol% AlFs. It was demonstrated that the emitted color can be tuned by varying the
RE®* ions ratios. The local symmetry of Eu®* ions could be reduced due to the presence
of AI** ions, while the decrease in Eu®" intensity at higher AI®* 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 SrF> 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 Eu®* ions were located in SrF, nanocrystals. This was also confirmed by the analysis
of the Judd—Ofelt parameters Q> and Q4, 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* jons and potential candidates for phosphors.
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in the discussion of the obtained results. |1 was responsible for communication with
reviewers and preparation of the final version of the manuscript.
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whose composition and synthesis conditions were determined by me in the previous
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The percentage contribution of others co-authors: Michal Maciejewski (10%), Michal
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My role in preparing this publication involved determining the appropriate parameters
for the synthesizing borate-bismuth glass ceramics doped with SrF, nanocrystals. Since
there were no reports in the literature on attempts to obtain SrF, nanocrystals in these
matrices, | conducted experimental investigations to establish the synthesis conditions.
After synthesizing the samples, I conducted a series of measurements to investigate their
structure, thermal, and luminescence properties. This included XRD, DSC, FTIR, and
luminescence measurements. Additionally, I analyzed the obtained results and interpreted
the data generated from the experiments. | actively participated in the discussion of the
obtained results. Moreover, | calculated the luminescence decay times based on
conducted TRES measurements, and Judd-Ofelt parameters. | also handled
communication with reviewers and prepared the final version of the manuscript.

My percentage contribution is 55%

The percentage contribution of others co-authors: Michat Maciejewski (20%), Anna
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In addition, 1 am a co-author of one publication listed in JCR List. The results of

my scientific and research work were presented at 7 national and international

conferences.
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a) Publications included in the presented cycle: 19
b) Total publications: 20
Hirsch Index (according to the Scopus database as of 08.04.2024): 2
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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 WLEDSs are combine of Y3Als012:Ce®* (YAG: Ce*") 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 RE®*" 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 Eu®*, Tm®", and Th®" 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 RE®* 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 % Bi»Os and a relatively low melting point. Diboron
trioxide (B20g) 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 [BOz] and [BOs] structural units. The addition of
Bi»Os as a modifier to boron oxide enhances its optical properties. Glasses containing
Bi>Oz 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 RE®" ions [12][13]. Lead borate glasses doubly doped with Dy3*-Tb%" and Tb3*-Eu3"
were investigated using optical spectroscopy [14]. Additionally, glasses in a Bi-O3-B>03
system doped with Eu.O3 were successfully obtained [15]. However, there is a research
gap regarding two-component B203-Bi.Os 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 PbF», SrF,, CaF», BaFs, and AlF3[16] [17] [18] [19]. However, PbF; and CdF; 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 AIP* ions reduces nonradiative decay rates and increases radiative transition
probabilities [20]. It was found that AI** ions addition increased the luminescence
intensity of RE3* ions in tellurite-based glasses doped with Eu®*, Tb3*, and Tm3* [21]. In

the BaO-B20s—P20s: EuO3 glass system, the highest intensity of luminescence
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transitions was observed for glasses mixed with 3.0 mol% of Al>Os [22]. Early studies on
the influence of AI** ions on luminescence properties indicated that, AI** ions improves
the solubility of RE®* ions in glass matrix, thereby preventing dopants from clustering
and reducing ion-ion energy migration and cross-relaxation. Another explanation for the
influence of AIPP* ions on the luminescence properties is presented in [23] [24]
publications. According to these studies, a low concentration of AI** lowers the RE site
symmetry and increases radiative transitions. With higher AI** concentrations, RE
dopants preferentially occupy positions near AI**, where the phonon energy is lower than
in the glass matrix. This, leads to a decrease in the probability of nonradiative transitions
of RE®*,

Fluorides can also be introduced into glass matrices as nanocrystals to form glass
ceramics materials [25]. Nanocrystals such as CaF2 [26], BaF2 [27], and LaFs [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, RE®* 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 RE** 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 SrF to the glass matrix
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can have a noticeably impact the emission properties of RE** 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 SrF> due to charge compensation when divalent strontium is substituted by trivalent
RE®*" ions [37]. Research on materials containing RE** ions and doped with SrF;
nanocrystals has garnered considerable attention [38] [39]. For instance, the synthesis of
tellurite glass ceramics with SrF2 and Eu®* ions has been successfully achieved [36]. In a
study by Luo et al., the luminescence of Eu®* ions was investigated in 50Si02-22Al,0s-
20SrF>-6NaF-2EuFz glass ceramics [40]. Transparent glass ceramics with SrF
nanocrystals were synthesized with a composition of 50SiO>—10Al,03—-20ZnF>—20SrF>,
and it was found that the SrF> nanocrystals were homogeneously precipitated within the
glass matrix, with an average size of approximately 20 nm. After crystallization, a
significant enhancement in Eu* ions luminescence was observed [41].

Nevertheless, there is a notable absence of research concerning the modification
of two-component B>Os-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 (RE**). 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 RE®* 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 RE®* 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: AlFz and
SrF», to obtain new glass and glass-ceramics matrices:

a. Synthesis transparent borate-bismuth glasses doped with AlFs and
studied the influence of AlF3z on glass structure.

b. Synthesis transparent borate-bismuth glass and glass-ceramics with
SrF, and studied influence of SrF, on glass matrix.

3. Doping the proposed borate-bismuth glass and glass ceramics matrices with
selected RE®" rare-earth ions: Eu®*, Tm®, Tb®, and Dy* - introduced
individually, in double, and triple combinations, to analyze the luminescence
properties and obtain white light as a result of changing the ratio of RE®** ions and
excitation wavelength.

4. Investigation and discussing the influence of the environment on the luminescent
properties of RE3* ions in the presence AlF; and SrF, 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 RE®* ions. Specifically, the effects related to the
introduction of AlFs into borate-bismuth glasses and the crystallization of SrF» 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 B,O3-Bi,O3-AlF3 glass
doped with Eu®*, Th®* and Tm** ions”’

The first publication in the series constituting this doctoral dissertation, titled
"Structural and luminescence properties of B20s-Bi>Os-AlF; glass doped with Eu®*,
Tb®* and Tm** ions ” [1], describes the synthesis and research results on the structure and
luminescence of glasses based on borate and bismuth oxides doped with RE®* 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 RE®* 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 RE®* 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 AlFs. 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%): 50B.03-50Bi03 (BBO), 45B.03:-45Bi,03:-10AIF; (BBO+10AIFs3), and
40B,03-40 Bi203—20AlF3 (BBO+20AIFs3) were synthesized using the conventional melt-
quenching technique in an air atmosphere. Subsequently, to study the influence of AlFs
addition on luminescent properties, samples singly doped with Ln** ions (BBO+Eu,
BBO+10AIlFs+Eu, BBO+10AIF:+Th, BBO+10AIFs+Tm) were prepared. Based on the
obtained results, the BBO+10AIlF: was chosen, to be modified by the addition of
Ln%* ions, where Ln3*=0.5Eu®"+0.5Th* +1Tm?" (BBO+10AIF5:Ln1),
Ln%=0.7Eu®*+0.5Th3%*+0.8Tm3* (BBO+10AIFs:Ln2),
Ln3*=0.05Eu®*+0.95Thb**+1Tm*" (BBO+10AIFs:Ln3). Moreover, to investigate the
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possibility of energy transfer between Tb** and Eu®* ions, BBO+10AIFs+1Eu+1Tb glass
was prepared. The compositions of the samples are presented in Table 1. Mixed raw
materials (HsBOs, BisOH(OH)9(NOs3)4, AlFs3, Eu203, Tm203, Th(NOs3)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)
B,Os3 BizOg A|F3 EU203 Tb203 Tmy03

BBO 50 50 - - -
BBO+Eu 49 49 2
BBO+10AIFs 45 45 10 -
BBO+20AIFs 40 40 20 -
BBO+20AlFs+Eu 39 39 10 2
BBO+10AIFs+Eu 44 44 10 2 -
BBO+10AIFs+Th 44 44 10 - 2 -
BBO+10AIF3+Tm 44 44 10 - - 2
BBO+10AIF3+EU/Tb 44 44 10 1 1 -
BBO+10AIF3+Lnl 44 44 10 05 0.5 1
BBO+10AIF3+Ln2 44 44 10 05 0.7 0.8
BBO+10AIF3+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 (T¢) temperatures of the as-prepared glasses (Fig.
1). The DTA curves show changes in Tq and T due to presence of AlFs. The Ty of the
samples doped with AlFs were found to be higher than T4 of the undoped one. This can
be explained by the correlation between the T4 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 T was also found
to have higher value after introduction of AlFs. 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 (AT) and

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

AT = Tx'Tg (l)

18


http://mostwiedzy.pl

A\ MOST

— (Tc_ Tx) (Tc_Tg)

- v
With the addition of aluminum fluoride, both AT and S parameters decrease. The addition

of AlFs3 to the basic glass matrix (BBO) results in the lower stability of the borate-bismuth
glass matrix and a higher tendency to crystallize.

S

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

Sample T, (C) T« (C) T.(C) __ATC(O) 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
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Figure 1. DTA curves of BBO, BBO+10AIF; and BBO+20AIF3[1].
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 AlFz can be

observed. Only two board humps in the range of 20-40 (20) and 40-65 (20) 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+20AIF; [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™ and 1182-1356 cm™ can be assigned to the deformation vibration of [BOs] groups.
Additionally, also band around 1356-1478 cm™ is associated with the stretching
vibrations of [BOs] units. The tetrahedral units [BOa] are visible in the spectrum at 790
1110 cm. Despite changes in DTA result related to the addition of AlFs, the stretching
vibrations of Al-F bonds, which typically appear at 642 and 646 cm™, as well as the
vibrations of AI-O bonds in AlO; units at around 1124 cm™, are not visible [44] [45].
These regions are dominated by broad bands from [BOs3] and [BO4] units. Due to this
fact, the presence of AlFs may be overlapped by them, resulting in no significant changes

in spectra of glass samples doped with 10 and 20 mol% of AlFa.
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Figure 3 FTIR spectra of as-prepared BBO, BBO+10AIF;, and BBO+20AIF; glasses [1].

To confirm the presence of AIFs; 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+10AIF; glass. Two signals connected with the presence of AI** 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 AlFs. Second, at 74,5 may be associated with
the AI-O bonds in Al,O3. The contribution of Al-F and Al-O bonds was established at
15% and 85%, respectively. The XPS analysis confirms the presence of AlFz 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 72 and Bi 4f s peaks of Bi®*, whereas two
peaks at 157 and 163 eV can be described to Bi f 72 and Bi f 52 of Bi°, respectively.
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Figure 4 XPS spectra of BBO+10AIlF3 sample [1].

As a part of the research procedure for the proposed glasses, it was essential to evaluate
their suitability as matrices for optically active RE®* ions. The primary criterion for
selecting a glass was the highest light emission. Firstly, the goal was to investigate
whether AIF3 doping has an effect on the emission of RE3* ions. To achieve this, 2 mol%
of Eu* ions were added to the as-prepared glasses: BBO, BBO+10ALFs, and
BBO+20AIlFs. The luminescence spectra of glasses were observed at Aem = 615 nm,
corresponding to the °Do — ’F transition of Eu®* 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 "Fo — °Da4, °Gy, °Ls, °D3, °D3, °D; transitions,
respectively. The band at Aex= 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 (°Do—Fo),
591 nm (°Do—'F1), 615 nm (°Do—'F2), 652 nm (°Do—'F3) and 700 nm (°Do—F4). 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 AlFz addition. In contrast,

for glass with 20 mol% AlF3, the intensity is even lower than for the undoped matrix.
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Figure 5 Excitation (a) and emission (b) spectra of samples doped with Eu®*ions [I].

Due to the fact that the Eu* luminescence spectra are suitable probes for the study of
local symmetry in glass matrices, studying their intensity can provide insight into how
modification with AlFs 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 °Do—'F1 and *Do—'F> transitions. It was
observed that the electric dipole transition intensity (°Do—"F>) is higher than the magnetic
dipole transition in all glass samples. This suggests that Eu®* ions are placed in the site
without an inversion center. The ratio between the luminescence intensities of electric
dipole and magnetic dipole transitions (*Do—'F2/°Do—'F1) 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+10AIlF3;+2Eu
and BBO+20AIFs+2Eu, respectively. The variation in this parameter confirms that the
surrounding of RE®" ions is affected by the addition of AlFs. 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,
Eu®* 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 Eu®* ions. The emission intensity varies with the concentration of AlFs,
reaching a maximum at 10 mol% of AlFs addition and then decreasing with a higher AlFs
content. The local symmetry of Eu* ions could be reduced due to the presence of Al
ions, while the decrease in Eu®* intensity at higher AI** concentration could indicate
higher symmetry around RE3* ions. Due to the highest intensity in the excitation spectra,
the BBO+10AIF; composition was selected for further single and triple doping with Eu®",
Tb®*", and Tm®* 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 Th%® and Tm®* ions in BBO+10AIFs was
examined separately. Under 544 nm observation, the excitation spectrum consists of three
peaks at 354, 378, and 486 nm corresponding to ‘Fe—°D2, °D3, °Da, of Th®" respectively
(Fig. 6). The emission spectrum for the 378 nm excitation shows peaks at 496 nm
(°Ds—Fe), 549 (°Ds—'Fs), 594 nm (°Ds—F4) and 628 nm (°Ds— 'F3), which can be
assigned to the 4f-4f transitions of Th** ions. The excitation and emission spectra of the
BBO+10AIFs+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 He—1D;
transition of Tm*" (Fig. 7a). Under 358 nm excitation, the emission spectrum shows peak

at 455 nm, corresponding to the 'D,—3F4 transition of Tm®* ions (Fig. 7b).
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Figure 6 The excitation spectra monitored at 544 nm (a) and emission spectra monitored at 378 nm (b) of
the BBO+10AIF;+Th?" 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+10AIF3+Tm?3* sample.

Additionally, time-resolved emission spectra (TRES) were measured to obtain
information on luminescence decay times for Eu®*, Tb%" and Tm** ions. The luminescence
decays exhibit a one-exponential character, with lifetimes of about 1 ms for Eu* and Th**

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

1
BBO+10AIF,+Fu, %395 nm
BBO+10AIF+Tb, 7. ~378 nm
S 014 BBO+10AIF+Eu, 2., 465 nm
=
7 -
3 o
g 0014 ba o .
= ] o “.‘-.' ..
= P
3 R &
£ TR s e
5, 0001 5 e
.- w A
1E—4 T T T T
0 2 | 6 10

Time (ms)

Figure 8 Luminescence decay curves of BBO+10AIFs+2Eu obtained for Aex=395 nm, Aex=465 nm
(observation at around Aem=620 nm) and BBO+10AIF;+2Tb at Aex=378 nm (observation at around A=544
nm), respectively.
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Next, The key objective was to investigate the possibility of sample excitation with one
wavelength characteristic for Eu**, Th%", and Tm** 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
Eu®*, Th*" 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 Eu®*, Th%, and Tm®*.
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Figure 9 Excitation spectra of BBO+10AlFs+Re® (Re=Eu®*, Tm3*, Th%*) 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 Ln®" 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 Eu®* and Th®" 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 Tb*" ions corresponding to the
’D4—'Fg and °Ds—Fs, °Ds—"Fa4, and °Ds— 'F5 transitions, respectively. The presence of
Eu®* ions is represented by several peaks: 584 nm (°Do—'Fo), 597 nm (°Do—'F1), 619
nm (°Do—'F2), 658 nm (°*Do—'F3), and 710 nm (°Do—'F4). The emission spectra under
395 nm excitation (Fig. 11), consist of several bands at 584 nm (°Do—'Fo), 597 nm
(*Do—'F1), 619 nm (°*Do—'F2), 658 nm (°Do—'F3), and 706 (°Do—'F4), which can be
assigned to Eu®" ions. In the emission spectra of the samples excited with Aex=355 nm

also lines corresponding to Eu®* and Tb®" 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 *D>—3F4 blue transition of Tm** ions.
Peaks at 494 nm, 551 nm, 584 nm and 622 nm may be described to the Th3* ions,
corresponding to the °Ds—s7Fs, *Da—'Fs, °Da—F4, °Ds—'F3 transitions, respectively.
The presence of Eu®* ions is represented by several peaks: 584 nm (°Do—'Fo), 597 nm
(*Do—F1), 619 nm (°Do—'F2), 658 nm (°Do—F3), and 710 nm (°Do—F4). The obtained
results indicate the possibility of emission in the red, green, and blue spectral range. In
particular, the sample BBO+10AIFs: Ln3 shows simultaneous emission from all added

rare-earth ions at Aex = 355 nm.

hex =3780M  BRO-+10AIF,:Ln3

BBO+10AIF:L.n2

Intenisty (a. 1.)

BBO+10AIF:Lnl

T T T T T
450 500 550 600 650 700
Wavelength (nm)

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

hex = 355 1m

BBO+10AIF5:Ln3

BRO+10AIF 3 :Ln2

Intensity (a. u.)

BBO-+10AIF3:Lnl

T T T T T T T T T T
450 500 550 600 650 700

Wavelength (nm)
Figure 11 The emission spectra of BBO+10AIFs:Lnl, Ln2, and Ln3 samples under 395 nm excitation.
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Figure 12 The emission spectra of BBO+10AIF3:Lnl, 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 Th®" and Eu®* ions. According to the Forster-
Dexter theory, it can occur when the emission band of Th** partially overlaps with the
absorption band of the Eu®* ions. Therefore the spectra of singly doped glasses with Th**
and Eu® ions were compared. When compare the excitation spectrum of the
BBO+10AIFs+Eu sample observed at Aem = 615 nm wavelength, which corresponds to
the °Do—'F, transition of europium ions, and the emission spectrum of the
BBO+10AIF3+Tb glass at Aex = 378 nm assigned to the 'Fe—°Ds transition of Th** 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+10AIFz+1Eu+1 Th sample
under Aem = 615 nm and Aem = 544 nm are shown in Fig. 14a. At 544 nm (°Ds—'Fs: Th3*),
only transitions of Th®* ions are present, but under 615 nm (°Do—"F2: Eu®*) characteristic
bands for both Eu®"and Th*" ions are observed. This confirms that there is a possibility
of obtaining the emission lines from europium using wavelength characteristics for both,
Eu®* (395 nm) and Th3* (378 nm) ions. Moreover, after excitation at ex = 395 nm (Eu®*),
the emission spectrum consists of four bands assigned to the °Do—'F1 4 transitions of
Eu®* ions, but bands corresponding to Th®" ions were not detected. However, when the
glass is excited at dex = 378 nm, connected to the 'Fe—°Ds transition of Tb%*, both

emission lines corresponding to Th®" and Eu* ions are present in the emission spectrum.
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This behavior confirms that the energy transfer process from Th** ions to Eu** 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:

Dy (Tb*") + "Fo (Eu®")—'Fs (Tb*") + °D1 (Eu®Y)

Upon kex = 378 nm, T3 ions are excited from “Fs ground state to the °Ds excited state
(Fig. 15). Then, a non-radiative relaxation process to the Dy state occurs. From 5Dy state,
the radiative transitions directly to the ground states at 496 nm (°Ds—'Fg), 549
(°*Ds—"Fs), 594 nm (°Ds—"F4) and 628 nm (°Ds— Fs) take place. Part of the energy from
5D, energy level of Th®" can be transferred to the °D; level of Eu** due to the existing
overlap of the °Ds—’Fs emission band of Th®" and "Fo —°D1 excitation band of Eu®* ions.
Then, relaxed non-radiatively to the 5D0 and, subsequently, by radiative transitions to the
"Fo (578 nm), “F1 (591 nm), ’F» (615 nm), 'F3 (652 nm) and "F4 (700 nm) levels.

BBO + 10AIF; + Tb (i, = 378 nm)
=615 nm)

—— BBO + 10AIF, + Eu (4

em

Normalized intensity (a. u.)
"Fg°Dy B

450 500 550

Wavelength (nm)

Figure 13 The excitation spectrum of BBO+10AIFz+Eu glass at Aem = 615 nm (Eu®*), and the emission
spectrum of the BBO+10AIF3+Tb glass under Aexc =378 nm (Th%").
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BBO+10AIF3+Eu+Tb (L, = 544 nm)
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—— BBO+10AIF3+Eu+Tb (Ag, = 615 nm) -
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Figure 14 a) excitation spectra for BBO+10AIlFs;+1Eu+1Tb sample under 544 nm, and 615 nm; b)
emission spectra for BBO+10AIFs+1Eu+1Tb at ex= 395 nm and Aex= 387 nm.

30


http://mostwiedzy.pl

30+
] ' 5D3 5
25 : 56
] : 5D3
- L D
~ 204 - SD4 ] 5 :
|E ] | Y Dl
3] | ET SD
L 154 0
— 1 E |
— =
Z 1 @ £ g8 E
o {1 = é S R=1=
i e . =
s 104 9 12Ig|zls E|E[E| § E
ma] J g TR o 7F 0 [—] e uNa% 7
) < | '() || o o = F6
5] : :
] [
0 7 7

Figure 15 Partial energy level diagrams of Th%* and Eu®*.

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 Eu®*/ Tb**/Tm3*ions were excited
at Aexc = 355 nm, a wavelength selected based on the luminescence spectra. The CIE
chromatic coordinates for BBO+10AIF; glasses singly doped with Eu®*, Tb%", Tm®*, and
triply doped with Eu®/Tb*/Tm% ions (BBO+10AIF3:Lnl, BBO+10AIF3:Ln2,
BBO+10AIF3:Ln3) upon different excitations wavelengths are shown in Fig. 16. The
emission of orange-yellowish light was achieved for BBO+10AIF3:Lnl (a) and
BBO+10AIF3:Ln2 (b). The color closest to white light was obtained at 355 nm excitation
of the BBO+10AIF3: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 Eu®*, Tb%", and Tm** 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 = -449n° + 3525n? - 6823n + 5520.33  (3)

Where n = (X-Xe)/(y-Ye) With xe=0.332 and y. = 0.186.

520

Figure 16 CIE chromaticity diagram of BBO+10AIF; glasses singly doped with Eu®* at Aex.= 395 nm (white
triangle), Th%* at dexe= 378 nm (white square), Tm®* at dexe= 355 nm (white circle) and triply doped with
Eu*/Th*/Tm3 samples at hexe= 355 nm: BBO+10AIF;:Ln1 (a), BBO+10AIFs:Ln2 (b), BBO+10AIF;:Ln3

(©).

Table 3. Calculated x, y and CCT parameters.

Sample ex[nM] X y CCT(K)
BBO+10AIF;:Lnl 355 0.47 0.40 2475
BBO+10AIF;:Ln2 355 0.48 0.45 2727
BBO+10AIF;:Ln3 355 0.36 0.44 4804
Standard white [46] - 0.33 0.33 5455
YAG+blue chips (IN[47] - 0.29 0.30 5610
CdO-GeO,-TeOz: Dy3*/Eu®* glass [48] 382 0.41 0.40 3435
B,03-Te0,-Pb0O-Zn0-Li,0-Na,O-Er¥*/Dy*" 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 AlFs could be
suitable matrices for optically active RE3* ions. The prepared samples were amorphous

and consisted of [BOz3] triangular and [BOs] tetrahedral structural units. The XPS studies
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confirmed the presence of AI** ions in the form of AIF; and Al,Os in the glass matrix.
The introduction of AlF3 into the borate-bismuth matrix resulted in an increase in the
luminescence intensity of RE®* ions in glasses containing 10 mol% AIFs compared to
glasses without the addition of AlFz and those with the addition of 20 mol% AlFs. It was
demonstrated that the emitted color can be tuned by changing the proportions of RE®*
ions. The local symmetry of Eu* ions could be reduced due to the presence of AI** ions,
while the decrease in Eu®" intensity at higher AI** concentration could indicate higher

symmetry around RE®* jons.

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 AlFsas new matrices for optically active RE®* 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 RE®** ions
were successfully dissolve in the obtained glasses. Their luminescent properties were
analyzed. Subsequently, the matrices were successfully modified by adding AlFs, and its

effect on the properties of glasses was examined.

The presented glassy matrix with composition (in mol%) 45B>,03-45Bi>03-10AlF;
was used in further research on luminescent materials, particularly to obtain white light
from RE®" 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 B,O3—Bi,O3-AlF;
glass system doped with Eu3*/Dy3*

Publication titled ,,Tunable emission and energy transfer of B>O3—Bi2Os—AlF3
glass system doped with Eu®*/Dy** ” [I1] is the continuation of research work on borate-
bismuth glasses doped with AlF; to be use as matrices for RE®* ions. It describes the
results of research on the structure of glasses with AI** ions and RE* 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
Eu**/Dy®* ions on the emitted color was investigated. The borate-bismuth glasses
described in the previous publication [I] with the composition (in mol%) 45B,03—
45Bi,03-10AIF; were used as matrices for selected RE®* : Eu** and Dy**. The choice of
Eu* and Dy** 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 Eu* to Dy**, 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 B203 Bi203 AlFs Eu203 Dy,0s3
BBO 50 50 - - -
BBO+2Eu 49 49 - 2 -
BBO+2Dy 49 49 - 2
BBO+10AIF; 45 45 10 - -
BBO+10AIFs:+2EuU 44 44 10 2 -
BBO+10AIF;+2Dy 44 44 10 - 2
BBO+10AIFs+Lnl 44 44 10 0.5 15
BBO+10AIFs+Ln2 44 44 10 1 1
BBO+10AIlFs+Ln3 44 44 10 15 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 AlFz 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 AlFs, 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 AlFs. 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 AlFs can be observed in the spectrum. Only slight changes in the peak
positions due to addition of AlFs, as seen in FTIR spectra, are noticeable. The detailed

assignments of FTIR and Raman peaks are summarized in Table 7.
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Figure 17 Deconvoluted FTIR spectra of BBO (a) and BBO+10AIlF3+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 x; (cm™), amplitude A (a. u.) and full width at half maximum WFHM (cm™?) of
deconvoluted BBO and BBO+10AIlFs+ 2Dy FTIR spectra.

BBO BBO+10AIFs + 2Dy
X A FWHM X 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+10AlF;+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 x; (cm ), amplitude A (a. u.) and full width at half maximum WFHM (cm ) of
deconvolution BBO and BBO+10AIF;+2Dy Raman spectra.

BBO BBO+10AIlFs + 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 Raman FTIR FTIR
peak assignments peak assignments
position position
(cm-%) (cm™)
225,201 Vibrations of Bi-O bonds in [BiOs] | 490, 517 Bi-O bending vibrations in [BiOg]
and [BiOs] octahedral units

396, 410 Bi—O-Bi stretching vibrations in 586, 614 Bi — O and Bi-O-Bi stretching

[BiOg] octahedral units vibrations of [BiOs] octahedral
units
569 Bi—O stretching vibrations in 688, 698 Bending vibrations of B-O-B in
[BiOg¢] units [BOgs] triangles
629,623 Bending vibrations of B-O-B 900,897 B-O stretching in BO4units from
bridges in metaborate groups of diborate groups
[BOs] triangular units Stretching B-O vibrations in [BO4]

units from diborate groups

957 Vibrational modes occurring in 1065, Stretching of B-O in [BO4] units
bonds like B-O-B and B—O in 1061 from tri, tetra and pentaborate
pyroborate groups of [BO3] units groups

1088, 1095 | existence of diborate groups 1189, B-O stretching vibrations of trigonal

1195 BO3units inboroxol rings

1253, 1288 | stretching vibrations of B-O bands | 1303, B-O stretching vibrations of trigonal

of/in non-bridging oxygens (NBO) | 1301 [BOs] units in the boroxol ring

in borate groups

1395, B-O stretching vibrations of [BOs]

1398 units in metaborate, pyroborate, and
orthoborate groups

1448, Antisymmetric stretching vibrations

1454 with non-bridging oxygens (NBQOs)

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 RE®* ions. Initially, optical characterization was performed
using steady-state luminescence measurements to obtain detailed information about the
luminescence properties of Eu**/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 Dy®*, detecting at Aem = 574
nm show peaks assigned to the transitions of Dy®* ions from the ground energy level,
8H 152, t0 *Far2, *l1s2, *G1u *lz, ®Psi, ®P72, can be seen at 472, 453, 425, 388, 365, 351
nm (Fig. 19a). After excitation at Aex = 388 nm, emission spectra shows three bands
corresponding to the transitions from the "Fo/> excited state to the ®Hisj2, ®Hiar, and ®Hiy

37


http://mostwiedzy.pl

ground states at 481, 574, and 661 nm. When glasses are doped with 2 mol % of Eu®*
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 "Fo 1 state to the °Ds,
5Ga, °Ls, °Ds, °Dy, and °Ds at 360, 374, 382, 394, 414, 465, 524, 529 nm, respectively
(Fig.19b). After excitation at Aex = 394 nm, emission spectra shows five bands
corresponding to the transitions from the 5Dy excited state to the “Fo, "F1, ‘F2, "Fs, and 'F4
at 578 nm, 591 nm, 615 nm, 652 nm, and 700 nm.

A\ MOST

Figure 19 Excitation and emission spectra of BBO and BBO+10AIF; glasses doped with Dy®*(a) and Eu®*

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

samples doped with 10 mol% of aluminum fluoride. To investigate the simultaneous
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excitation of Eu*/Dy®*, the four wavelengths were used: 365, 380, 388, and 394 nm
(Fig.20 (a-d)), along with different molar ratios of Eu®**/Dy*". In all samples, two
characteristic peaks for Dy®* ions can be observed at 483 nm (blue) and 574 nm (yellow),
corresponding to the *Fe/>—°His/2 and *Fe>—°Hi3p2 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 Dy®*, the *Fex—°®H132 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 *Fo—°®Hia2 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, Dy®* ions are located at the low symmetry crystallographic
sites, without an inversion center. Furthermore, the intensity of the ED and MD bands of

Dy?3* ions varies with the concentration of Dy>* ions and with the excitation wavelength.

39


http://mostwiedzy.pl

A\ MOST

Intensity (a. u.)

Intensity (a.u.)

BBO+10AIF3+1.5Dy+0.5Eu ;”cx:%s"m g BBO+10AIF;+1.5Dy+0.5Eu )\EX =380 nm
——BBO+10AIF3+1Dy+1Eu ‘= —— BBO110AIF 11Dyt 1Eu
)— BBO+10AIT3+0.5Dy+1.5Tiu e —— BBO+10AIN4+0.5Dy+1.5ku i
a S8
T~ [an]
1 b) 2
. Do =
7 : S
ol [aa] . o] ) =3 ?
aQ e — ~ « 3| o
o s ~ = ™ n o bl
5 \c¢ 1 e & 1 e~
1 o = 2 3 g 1
Q & DO = @: 2 =
= <+ vy 0 <~ o)
<r o b
=
[
~r
450 500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
BBO+10AIF3+1.5Dy+0.5Eu  hex =388 nm BBO+10AIF3+1.5Dy+0.5Eu hoy 394 m
—— BBO+10AIF3+1Dy+1Eu —BBO+10AIF3+lDy+1Eu ;‘,}A
— i =
¢) a d) o
P e~
—_ -~ T
e 5 = R
o 0 oA ~ =
=3 e — o 2 B
o & i z o -
b 1 T 7, o
- o — = -(-\j = =
\°¢ u..a s = e @E T—L
'_1? \OT o u')D
=r e~ LL?\
(=5
+
' T T T T | T T T T T T T T
450 500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 20 Excitation spectra of glass samples doubly doped with Eu®*/Dy3* under a) Aex = 365 nm, b) Aex
=380 nm, ¢) hex = 388 Nm, d) hex = 394 nm.
After excitation at 394 nm, corresponding to the ‘Fo—°Ls transition of Eu®* ions, the
emission of Dy®" ions is very weak, and the luminescence of Eu®* ions dominates the
spectrum. This changes when the glasses are excited with one of the wavelengths
associated with the Dy®* ions transitions (365 nm, 388 nm). In these cases, the emission
peaks associated with the Dy®* 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 Eu* ions suggests that they occupy

low-symmetry sites. Similar to Dy** ions, Eu®* 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
®Dy,1 excited levels to the 'F1 ground state, while the band at 612 nm is an electric dipole
(ED) transition. As in the case of Dy®* 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 Aex = 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.
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Figure 21 The 1931 CIE chromaticity diagram of single and triply doped with Eu®*/Dy3* glass samples.

For glass doped only with Eu®* ions (black circle) excited at Aex = 394 nm, the emitted
color is red. With the addition of Dy®* ions, the emission shifts from reddish-orange to
yellowish-orange for the BBO+10AIlFs+2Dy glass sample (black triangle). The
corresponding color temperature varies from 1932K (BBO+10AIF3+2Eu) to 3352 K and
4032 K for BBO+10AIF:+1.5Dy+0.5Eu and BBO+10AIF3+2Dy, respectively. For
BBO+10AIFs+2Dy and BBO+10AIFs+1.5Dy+0.5Eu samples, emission close to daylight
was obtained. The emission color can be tuned by varying the molar ratios of the Eu®*/

Dy%*ions and by changing the excitation wavelength. The tendency to shift toward

41


http://mostwiedzy.pl

A\ MOST

yellowish—orange emission of samples doped with high values of Dy®* ions is consistent
with the luminescence analysis and can be explained by the fact that the Dy** 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, Eu* 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 (x; = 0.3101, y; = 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

(X4, ya) relative to (X, Yyi) coordinates, according to the equation (13):

— —Aq —Ji
Cp = MEXHOTYD" o 1009, (13)

T J@a—x)?+a-y0)?

with the dominant wavelength (Ag) 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+10AIF3+2Dy sample with the dominant wavelength at 573 nm and
color purity of 50.25 %, BBO+10AIFs:Ln1 glass exhibited a significant yellowish-orange
emission with a color purity of 58.17 % at 580 nm. Next, in BBO+10AIlF3z:Ln2 glass,
considering a dominant emission wavelength of 585 nm close to orange light, the color
purity was 62.25 %. In the BBO+10AIFs:Ln3 glass sample, orange light was observed
due to the 591 nm emission, with color purity of 71.05 %. The BBO+10AIlF3+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 (Aq),
dominant wavelength coordinates (X4, yda) and color purity (CP) for dex = 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 hex = 365nm
X y CCT(K) CP (%)

BBO+10AIF;+2Dy 0.391  0.424 4050 50.25 %
BBO+10AlFsz:Lnl 0.426  0.417 3294 58.17 %
BBO+10AIF;:Ln2 0.449  0.404 2806 60.25 %
BBO+10AIF;:Ln3 0502 0.389 2015 71.05%
BBO+10AIF;+2Eu 0591 0.356 1875 85.77 %
Standard white 0.33 0.33 5455 [46]
CdO-GeO,-TeO,: Dy3*/Eu* glass 0.382  0.407 4153 [48]
Y203-Al;03-Bi;03-B,03-SiO: Dy3+/Eu3+ glass 0.332 0.342 5520 [50]

Additionally, the possibility of energy transfer between Eu**/Dy** doped glasses were
investigated. The main condition under which this phenomenon can be present is the
overlap of the absorption spectra of Eu®* acting as acceptor and donor fluorescence
(Dy*"). 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 "Fo—°D; absorption band of Eu®* ions at 464 nm
overlaps with the *Fo;2—°H1s/2 (484 nm) of Dy3* ions. This suggests that energy transfer
may occur from Dy3* jons to Eu®* ions in borate-bismuth glasses. Fig. 23 a shows the
emission spectra of Eu®*/Dy** codoped glass upon 351 nm and 388 nm excitation,
corresponding to Dy®* ions, where the Eu®* ions should not be excited. However, the
emission spectra, apart from the bands characteristic for Dy®*" ions, also reveal the
europium °Do—'F2 and °Do—'F4 transitions. This indicates that Eu®* ions are sensitized
by Dy** ions. In Fig. 23 b, the excitation spectrum of the glass doped with Dy*" ions,
monitored at the *Fo — ®Hiap2 transition (Dy>"), shows bands that can be assigned only
to the transitions of Dy®* ions. Similarly, the spectrum of the sample singly doped with
Eu®" ions monitored at 612 nm (°Do—’F,), contains only peaks originating from
transitions of Eu®* ions. However, the spectrum of the Eu®* and Dy** codoped glass
(BBO+10AIFs+1Dy+1Eu), monitored at the °Do—'F» Eu®* transition, reveals additional
bands observed in the Dy®* single doped glass monitored at 574 nm. Therefore, the
excitation upon 351 nm through Dy®* ions (Fig. 23a) and the presence of Dy3* bands in
Dy3*/Eu®* excitation spectrum at 612 nm suggest that the energy transfer from Dy** to
Eu®*ions occurs. This can be supported by the spectral overlap of the Eu®* absorption

band and Dy*" emission band seen in Fig.22.
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Figure 23. (a) Emission spectra of Eu**/Dy3* codoped glass upon 351 nm and 388 nm excitation, (b)
excitation spectra of BBO+10AlFz+2Eu and BBO+10AIFs+1Dy+1Eu glasses at Aem = 612 nm and

BBO+10AIF3+2Dy at Aem = 574 nm.
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This behavior suggested that the energy transfer from Dy** to Eu®* ions occurs, and the
excitation of Dy>" ions can contribute to the emission spectrum of the codoped glasses.
Fig. 24 presents an energy level diagram of Eu* and Dy®* 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+) N 5D2 (Eu3+) + 6H15/2 (Dy3+)

Concretely, after excitation at 388 nm Dy3* ions are excited from the °F1s/2 ground state
to the *l132 excited state and then relaxed non-radiatively to the *Fo2 level. From this level,
the glass shows radiative emissions to the ®His> (480 nm), ®Hiz, (574 nm), and ®Hi1
(662 nm). Additionally, part of the energy can be transferred non-radiatively from the
“Farz energy level of Dy** to the °D; excited level of Eu®*. Then the excited Eu®" ions

relaxed non-radiatively to the °Do and next by radiative transitions to the °DO0, F1, 'F,

3, and "F4 occur.
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Figure 24 Energy levels of Eu®** and Dy®* ions.

To gain better insight into the luminescence properties of Eu®* and Dy** 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) = A, exp (:—lt) + A,exp (:—;) (14)

Where A1 and A; are the amplitudes of the two decay components, 11, and 12 are the short
and long luminescence lifetimes, respectively. The t1 is attributed to the rare-earth ions
placed in a low symmetry environment, while the 12 is a component related to the RE®*
in a higher symmetry crystal field. Both, 11 and 1> are components of the average lifetime
<tavg™>, Which was calculated using equation 15 [24]. The calculated values can be seen
in Table 7.

_ (A1t + A T9)
T<avg> — —(A1 T+ Ay To) (15)
Table 9. Calculated parameters of luminescence decays of glasses doped with Eu3*/Dy®* at Aex=388 nm
and observation at Aem=574 nm.

Sample T1(us) T2 (ns) <Tavg> (us)
BBO+10AIlF;+1.5Eu+0.5 Dy 130 470 420
BBO+10AIlFs+1Eu+1Dy 180 450 350
BBO+10AIF;+0.5Eu+1.5 Dy 150 410 320
BBO+10AIlF;+2Dy 60 330 300

The average lifetimes of the Dy*": “Fo,—%Hi3,2 transition were found to be strongly
related to the concentration of Eu®* and Dy®* ions. The lifetimes of dysprosium increase
with decreasing Dy** content from 420 ps for BBO+10AIFs+1.5Eu+0.5Dy sample to 320
us for BBO+10A1F3+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 Dy®* increase with increasing europium content, which may be evidence of Eu®*
—Dy*" energy transfer occurring in the borate-bismuth glass system.
Additionally, to determine the influence of AlFz addition, lifetime measurements of single
doped glasses were conducted. The BBO+2Eu and BBO+10AIFs+2Eu glasses were
excited at Aexc=394 nm and observed around 612 nm (Fig. 23 b). The sample BBO+2Dy
and BBO+10AIFs+2Dy were monitored at 388 m excitation wavelength and observed at
around 574 nm (Fig.23 b). A single exponential decay was observed in Eu®* doped

glasses, while a two exponential decay was observed in glasses doped with Dy** 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 Dy®" ions in glass matrix are strongly related to
the Dy>" ions concentration. It was found that in glasses with higher Dy®* concentration,
the double-exponential decay was observed. The calculated parameters are presented in
Table 10. In the case of glasses doped with Eu", the decay times did not differ much from
each other. However, in Dy** doped samples, and increase of the 40 ps can be observed
due to the addition of AlFs.
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Figure 25 The luminescence decay times for (a) double and single (b) BBO glasses doped with Eu®*/Dy**
ions.
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Table 10. Calculated parameters of luminescence decays of glasses doped with Eu*/Dy?*.

71 (ps) T2 (ps) Tavg (1S)
A ex=394 nm,
A obs = 612 Nm,
BBO+2Eu 1120
BBO+10AIF;+2Eu 1110
A ex =388 nm,
A obs= 574 nm,
BBO+2Dy 80 290 260
BBO+10AIF;+2Dy 60 330 300

Presented in this publication, the B203-Bi»O3 glass system doped with AlFs and
Eu*/Dy?* ions in various molar ratios was successfully synthesized using a conventional
melt quenching technique. RE®* 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 Eu®*/Dy>* addition. Glasses singly doped with
Eu* 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 AlIF; significantly influenced the luminescence properties of Eu**/Dy**
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 AlF; and Eu**/Dy®* 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 AIFs 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 RE®" ions,
achieving the color close to warm white light in the proposed glasses doubly doped with
Eu* and Dy*" ions.
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3.3. “From Structure to Luminescent Properties of B,O3-Bi,O3-SrF, Glass
and Glass-Ceramics Doped with Eu®* lons

In the publication entitled “ From Structure to Luminescent Properties of B2Os-
Bi,03-SrF, Glass and Glass-Ceramics Doped with Eu* lons ” (lII) results on new
borate-bismuth glass ceramics doped with SrF, and Eu* 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
Eu®* ions. The matrix for glass ceramics was borate-bismuth glasses with a composition
(in mol %) of 50B,03-50Bi203, 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 Eu®* 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 SrF, crystals of nanometer
size, dispersed in a borate-bismuth glassy matrix. In the case of borate-bismuth glasses,
the issue of obtaining SrF> nanocrystals is more complicated because it is possible to
obtain at least five crystalline phases of B20s-Bi.O3z [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 SrF> addition. Therefore, the optimal parameters were
obtained experimentally in order to obtain glass-ceramics with SrF> nanocrystals while

maintaining the transparency of the materials.

Table 11. Compositions of the glass samples.

Name B203 Bi2O3 SrF> Eu.03
BBO 50 50 - -
BBO+2Eu 49 49 - 2
BBO+10SrF2 45 45 10 -
BBO+20SrF: 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
(AT) and thermal stability (S) parameter, which describes the glass resistance against
devitrification, calculated according to the equation (15).

_ (Tc - Tx) (Tc _Tg)
= —Tg

S (15)

For BBO glass, AT is 110 °C, and S is 8.72. In other borate glasses S could be even about
1. The addition of SrF, 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 SrF; phase in the BBO

matrix was observed in these glasses.
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Figure 26 DSC curves of BBO, BBO+10SrF,, and BBO+20SrF; 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 SrF> 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 SrF, 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 (26), where major reflections
from crystalline phases may exist. After annealing at 570 °C, differences between the
BBO+10SrF, and BBO+20SrF> samples became evident. XRD patterns of the
BBO+10SrF, sample revealed crystallization mainly in the BiBO3 phase (Ref.Code 96-
720-9482), with visible low-intensity reflections corresponding to the SrF> 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+20SrF, samples
exhibited only the characteristic peaks of the SrF, 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+10SrF. samples decreased, whereas a weak reflection of the
SrF, phase was already present in the sample annealed at 580 °C. In the case of the
annealed BBO+20SrF. glass, the SrF> 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+10SrF,, and BBO+20SrF; glasses.
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Figure 28 XRD patterns of BBO+10SrF; (black) and BBO+20SrF, (red) glasses after annealing in the
temperature range of 560-590 °C for 1 h.
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Figure 29 XRD patterns of BBO+10SrF; (black) and BBO+20SrF, (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.
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Figure 30 FTIR spectra of BBO+10SrF; (a) and BBO+20SrF (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+10SrF, and BBO+20SrF> 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 3ds2 and Sr 3ds; in Sr-O, whereas peaks with energies equal to/of
134.0 and 136.0 eV could be attributed to Sr 3ds/2 and Sr 3ds/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+20SrF>), respectively. The contribution of Sr-O and Sr-F doublets after
annealing was, respectively, 80% and 20% (BBO+10SrF;) and 52% and 48%
(BBO+20SrF»). 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 SrF crystal phase in the
matrix, only took place in samples containing 20 mol % SrF,. However, as the analysis
of the X-ray diffractograms showed, SrF as the only crystalline phase was also present
only in the samples containing 20 mol % SrF.. Therefore, it can be concluded from both
of these methods that the formation of SrF, nanocrystals hindered the crystallization of

the matrix.
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Figure 31 Sr 3d region of XPS spectra of BBO+10SrF; and BBO+20SrF; 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 Eu®* ions (Fig. 32). The
BBO+10SrF>+Eu and BBO+20SrF2+Eu glasses monitored at the wavelength of Aem = 615
nm, corresponding to the °Do—’F, transition of Eu®* ions, revealing several
characteristics for 4f-4f transition peaks. Excitation bands at 382 and 465 nm may have
been assigned to 'Fo—°G4 and °D; transitions, whereas bands at 396, 415, and 533 nm
originated from "Fo —°Ls, °D3, and °D; 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+10SrF»+Eu glass and
glass-ceramics crystallized at 560 °C (Figure 32b) consisted of several bands
corresponding to Eu®* radiative transitions at 581 nm (°*Do —'Fo), 594 nm (°Do — "F4),
615 nm (°Do —'F2), 655 nm (°Do —'F3), and 703 nm (°Do—'F4). 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 SrF.. In addition, annealing of the
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BBO+10SrF>+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 SrF, 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+20SrF.+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 Eu®* ions emission. It is worth noticing that the SrF crystalline phase was
characterized by considerably lower phonon energy compared to the oxide materials.
Therefore, if Eu®" ions are located in the SrF, nanocrystals, this leads to a decrease in
multi-phonon relaxation probability, and consequently to an increase in emission

efficiency.
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Figure 32 The excitation spectrum of BBO+10SrF,+Eu glass (2), and the emission spectra of BBO+Eu
glass, and BBO+10SrF,+Eu glass and glass ceramics after annealing at 560 °C for 1 h and 24 h (b).

56


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

——BBO+20SrF,+Eu

——BBO+Eu
——BBO+20SrF5+Eu

a) Aepm=615nm

Intensity (a.u.)

——BBO+20SrF, 1h 560 °C
——BBO+20SrF, 24h 560 °C

b)

Xex =465 nm

¥ 1
350 450

550 65
Wavelength (nm)

0 750

Figure 33 The excitation spectrum of BBO+20SrF,+Eu glass (a), and the emission spectra of BBO+Eu
glass, and BBO+20SrF; + Eu glass and glass ceramics after annealing at 560 °C for 1 h and 24 h (b).
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Figure 34 Luminescence decay curves of Eu-doped BBO and BBO+10SrF, samples (a), Eu-doped BBO

and BBO+20SrF, samples (b).
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Further studies on the influence of the environment on the luminescence of Eu®* in the
borate-bismuth glass and glass ceramics were conducted using time-resolved emission
spectroscopy (TRES). Luminescence decay analysis was performed on as-prepared Eu®*
doped BBO, BBO+10SrF, and BBO+20SrF. samples. The decay curves were obtained
by monitoring ®Do —'F> emission line (Aem = 615 Nm) upon excitation at Aexc = 465 nm
("Fo —°D2 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) = A; exp (;—lt) + A,exp (;—zt) (16)

where 7; and 7, are long and short luminescence lifetime components contributing to
the average lifetime < 7ayg >, and Ar and A, are amplitudes of respective decay
components. The lifetimes 7; and t,, 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 BBO+10SrF2 BBO+20SrF, BBO+10SrF2 BBO+10SrF2 BBO+20SrF2 BBO+20SrF2

+Eu +Eu +Eu +Eu +Eu +Eu +Eu
1h 560°C 24h 560°C 1h 560°C 24h 560°C

AL 3913 4148 4267 3297 3431 3440 3338
Az 3237 3115 2951 3893 3387 3046 2692
T 1.2 1.18 1.28 1.24 1.22 1.45 1.48
T2 0.56 0.5 0.52 0.58 0.56 0.66 0.65
< Tavg > 1 1 1.1 1 1 1.2 1.2

Q; 5.64 5.15 5.54 6.06 5.86 4.48 5.11
Q4 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

A\ MOST

This double-exponential nature of the decay curves indicates the presence of two different
surroundings of Eu®" ions. Long lifetime (z;) is correlated with higher symmetry of the
crystal field, whereas short lifetime (r,) is associated with lower symmetry of the Eu*
surroundings. Thus, in glasses containing SrF2 or PbF. nanocrystals, a long lifetime is
attributed to Eu®* 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 11 represents the lifetime of Eu®* ions incorporated
into the SrF> nanocrystals, whereas 1> 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+10SrF, 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 1> lifetime was observed for the BBO+20SrF;
samples, especially those annealed for 24 h at 560 °C. It seems that in these samples the
amount of Eu®* ions incorporated into SrF, nanocrystals increased. This result is in line
with the results obtained with the XRD. They show that SrF: as the only crystalline phase
in the glass was present at 20 mol% of SrF», 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 Q. and Qs 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 Qe parameter was not determined in this study due to the unregistered
emission band, located in the NIR range of wavelength, that corresponds to the *Dg —
"Fe transition band. The Q, parameter is known to be structure sensitive and also depends
on the covalence of Eu®* bonds with the ligand. It is determined from Dy — "F2
hypersensitive transition. The high value of the Q, parameter (Q. > Q) suggests that Eu®*
ions occupied mostly low-symmetry sites. This corresponds to the situation where Eu®*
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 Q. coefficients. In turn,
the Q4 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 SrF
nanocrystals. The parameters Q, and Qs calculated for the BBO+10SrF. and
BBO+20SrF, glasses before and after annealing were different, but the change due to
crystallization depended on the initial amount of SrF». In the BBO+10SrF2 sample, both
Q> and Q4 were higher in the annealed samples.

Nevertheless, it is a sample where it was difficult to say that SrF> 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 SrF> nanocrystals on luminescence. On the other hand, in the case of the
BBO+20SrF, sample, after crystallization the parameter Q> was lower and Q4 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 Q. and Q4 parameters, as well as the
increase in t1 time, are because Eu* ions were located in SrF, nanocrystals. These results
follow the luminescence intensity ratio R (asymmetry ratio), which in the case of Eu®*

ions can be calculated from the expression (17):

R =I (*Do—'F2)/1(*Do—"F1) 17)

The transition °Do—'F1 occurs via magnetic dipole and is independent of the host matrix,
whereas °Do—'F, has a pure electric dipole moment origin and is hypersensitive to
changes in the crystal field around Eu®* ions. In other words, a more intense °Do — 'F»
transition indicates that the Eu* ions mainly occupy positions without an inversion
center, whereas a more intense °Do—F1 transition shows that the Eu®* ions are located at
sites with higher symmetry. Therefore, with the change in site symmetry of Eu®* ions,
when they take positions with higher symmetry, the asymmetry ratio coefficient should
decrease. The intensity ratios calculated for the as-prepared BBO+20SrF, 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 Eu* ions were
located in the structure of nanocrystals. Unfortunately, as shown earlier, BBO glass
initially containing 10 mol % of SrF> 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 Eu®* ions for luminescent applications.
It has been proven that the structural modifications of parental glass, leading to SrF»
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% SrF.. The luminescence lifetimes obtained for these glass-ceramics
indicate that some of the Eu®* ions were located in SrF2 nanocrystals. This was also
confirmed by the analysis of the Judd—Ofelt parameters Q. and Q4, 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 SrF, and Eu®* ions
were synthesized. The influence of SrF> 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 RE** ions. Two-
component borate-bismuth glasses were proposed as matrices in the B203-Bi>O3 system,
modified by the addition of AIF; and SrF, and doped with rare earth ions: Eu®*, Dy®",
Th® and Tm*'. 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 B2Os-
Bi>O3 system containing AlFs and SrF., which serve as suitable matrices for optically
active RE®* 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 SrF; are good matrices for doping with optically active RE®** 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 RE®* 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 RE®* ions and fluorides (AlFs and
SrF2) were successfully synthesized. Investigation and discussion regarding the influence
of the environment surrounding RE®* 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 RE®*
ions within them, and by changing their surroundings, their luminescent properties can
be enhanced.
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The B,05-Bi»03-AlF; glass system doped with Eu**, Tb**, Tm®* and triply doped with Eu®*/Tm**/Tb* ions in
different molar ratios were successfully synthesized. Glass transition and crystallization temperatures were
examined by Differential Scanning Calorimetry (DSC) measurements. X-ray Diffraction (XRD) confirmed the
amorphous character of the samples. Fourier Transform Infrared Spectroscopy (FTIR) revealed that the glass
matrix consists of [BO3] and [BO4] structural units, while X-ray Photoelectron Spectroscopy (XPS) confirmed the

presence of AlF3. An increase in luminescence spectra intensity was detected by Photoluminescence Spectroscopy
(PD), due to the presence of 10 mol% of AlFs. The RE* jons embedded in the glass matrix can be simultancously
excited by a single UV light. According to the CIE results the emitted color can be tunable by varying the
excitation wavelength and sample composition. The presented results confirm that the proposed glass system
could be a candidate for color-tunable phosphors in LEDs.

1. Introduction

In recent years a lot of research has been focused on new materials
for optoelectronic applications [1,2]. Especially, there is a great demand
for efficient, durable, and environmentally friendly white light sources
[3]. This trend is mainly related to the fact that traditional incandescent
and fluorescent lamps are gradually being replaced by light-emitting
diodes (LEDs) [4,5].

The common white LED consists of a UV- emitting chip and a YAG:
Ce®* phosphor encapsulated in epoxy resin [6,7]. Such a solution is
nowadays commercially used with success. Unfortunately, there are still
some disadvantages that need to be overcome [8]. The main problems
are the lack of a red color emitter, leading to the emission of cold white
light, the poor thermal stability of the epoxy material, and the occur-
rence of the “halo effect” [4,6,9,10].

An alternative way to generate white light is the simultaneous
emission of rare-earth ions embedded in a single host material in the
blue, red, and green spectral regions under UV excitation [11,12].
Therefore, the research on new matrices for rare-earth ions are highly
needed.

* Corresponding author.
E-mail address: karolina.milewska@pg.edu.pl (K. Milewska).

https://doi.org/10.1016/j.jnoncrysol.2023.122169

For optically active dopants, a suitable host material is crucial
because the local environment around the RE®* ions can significantly
affect their emission spectra [13]. Numerous studies have shown that
glass materials seem to be a good choice for such a matrix [11,14-16].
Over the years, many different glass compositions have been investi-
gated as potential candidates for such an application [17]. For example,
white light was generated from a single host, by combining the red, blue,
and green emission from aluminoborate glass triply co-doped with Eu®*,
Tba", and Tm®" under UV excitation [18]. Also, Mungra et al. synthe-
sized glass containing Eu®', Tb®", and Tm®'that emits in the white
range of spectrum upon 358 nm excitation [19]. Tunable emission and
white light were obtained in phosphate glass co-doped with Eu®" and
Dy*>" by changing the concentrations of rare earth ions in the glass
matrix [20]. The photoluminescence spectra of Dya*, Tb3*, and Eu®™
doped Mgy;Cay(POy4)15 glass showed emission in blue, green, yellow,
and orange spectral regions, which together resulted in an overall white
light emission [21].

Borate-bismuth glasses appear to be very attractive candidates as
host matrices for optically active RE®*7ions [22-25]. The By03-BisOs
glass system is widely known [26]. Beginning with the publication of
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Levin and McDaniel, numerous studies have been performed on its op-
tical and structural properties as well as fabrication conditions [27,28,
29].

The combination of boron and bismuth oxides leads to very good
optical properties, which are important when glass is considered to be
used as a matrix in luminescence applications. [30,31]. Borate-bismuth
glasses are characterized by a high refractive index and good trans-
mittance in the wide range of the light spectrum. They have good
chemical and thermal resistance and relatively low phonon energy. They
can be easily fabricated at low temperatures, which makes them
eco-friendly and easy to manufacture [30]. All these properties make
them a suitable host matrix for the addition of RE*" ions.

The emission spectra of optically active ions strongly depend on the
local environment around them [32,33]. Even a small change in the
matrix composition can affect the luminescence properties of the ma-
terial. The method of introducing various dopants to change the RE**
surrounding is well known [34,35]. Aluminum fluoride acts as such a
modifier. It was found that the addition of AlF; increases the emission
intensity in the TeO,-BaO-Bi,O3-AlF; glass system doped with Eu®*,
Tb** and Tm®* [36]. In the presence of AlpOs3 in Na*t doped TeO2Zn0O
and GeO,PbO glasses, the photoluminescence intensity was up to 30%
higher compared to undoped glasses [37]. In Eu®” doped SiOy--
B,03-Gd03—Nay0-Al,03 glasses, the luminescence intensity reached
the maximum value at 3 mol% Al,O; addition [38]. Fanai et al. reported
an increase in luminescence in glasses co-doped with Alx‘ions, which
was attributed to a reduction in cross-relaxation [39].

The mechanism of luminescence enhancement is not entirely clear
and its under debate for a long time [40]. Lochhead et al. proposed the
idea that higher intensity of the emission spectrum of RE*" ions can be
caused by the fact that AI>~ ions prevent rare-earths ions from clustering
in the glass matrix, which results in their more uniform distribution
[41]. This was for a long time generally accepted explanation, supported
by more works [42,41].

After a few years, later studies conducted by Silversmith et al. sug-
gested the theory, that RE*' ions are preferably located in the glass
matrix in positions rich in AI** jons, affecting their local symmetry and
leading to the enh it of | [43]. This was consistent
with molecular dynamics simulations performed on the SiO,-Aly03
system by Monteil et al. [44,45].

The research on new materials that could be applied in modern
lighting technology are still very important. In this work, the structural,
physical, and luminescent properties of ByO3-BizO3-AlF3 and ByO3-
Biz03-AlFs: Ln®" (Ln®* = Tm®*, Tb%*, and Eu®") glasses were investi-
gated. To the best of our knowledge, no similar study has ever been
performed before on such a glass composition. Especially, the attention
was focused on luminescence properties and CIE chromatic coordinates
diagrams. The influence of 10 and 20 mol% of AlF; addition on the in-
tensity of the photoluminescence (Pl) spectra was also investigated.
Additionally, the possibility of energy transfer processes from T to
Eu®' ions was studied.

2. Materials and methods

Borate-bismuth glasses with the nominal composition (in mol%):
50B,05-50Biz03 (BBO), 45B303-45Bis03-10AIF; (BBO-+10AIF3) and
40B,03-40Biy03-20AlF; (BBO+20AIF;) were synthesized using con-
ventional melt quenching technique in air atmosphere. Next, to study
the influence of AlF; addition on luminescent properties, samples singly
doped with Ln** ions (BBO-+Eu, BBO-+10AIF3+Eu, BBO+10AlF3+Tb,
BBO-+10AIF3+Tm) were prepared. Based on the obtained results, the
BBO+10AIF3 sample has been chosen, to be modified by the addition of
Ln*' ions, where Ln*" = 0.5Eu*'+ 0.5Tb*" + 1Tm"" (BBO+10AIFs:
Ln1), Lo*" =0.7Eu®'+ 0.5Tb*" + 0.8Tm*' (BBO+10AIF5:Ln2), Ln*" =
0.05Eu®"+ 0.95Tb** + 1Tm®" (BBO+10AlF3:Ln3). Moreover, to
examine the possibility of energy transfer between Tb®* and Eu®* ions
glass of BBO+10AlF3+1Eu+1 Tb glass was prepared. The compositions
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of the samples are presented in Table 1. Mixed raw materials (H3BO3,
BisOH(OH)o(NO3)4, AlF3 Euy03, TmyOs, Tb(NO3); were melted in
porcelain crucibles at 950 °C for 20 min. Next, 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.

To determine the amorphous character of as-prepared glasses X-ray
diffraction technique (XRD) was used. Measurements were carried out
on a Bruker D2 Phaser diffractometer with Cu Ka radiation (A=1.5406
A) on powder samples. To investigate the thermal properties of glass
samples, differential thermal analysis (DTA) was performed on Netzsch
Simultaneous TGA-DSC, STA 449 F1 using aluminum crucible and air
atmosphere, with a 10 K/min heating rate. DTA results allowed for the
determination of characteristic temperatures of glass samples, such as
glass transition (T,) and crystallization (T.) temperatures. To know the
structural units, present in the glass matrices, Fourier transform infrared
spectroscopy (FTIR) measurements were obtained using a Perkin-Elmer
Frontier MIR/FIR spectrometer with a TGS detector. Data were collected
on pellet samples with potassium bromide (KBr) in a weight ratio
(Sample: KBr) 1:100. X-ray photoelectron spectroscopy (XPS) analysis
was used to determine the valence states of ions present in the samples.
Measurements were carried out using an Omnicron NanoTechnology
spectrometer with a 128-channel collector. XPS measurements were
conducted in ultra-high vacuum conditions, below 1.1 x 10~ mBar. The
Mg-Ka X-ray source with an X-ray anode set to 15 keV and 300 W was
used to excite the photoelectrons. The SCINCO FluoroMate FS-2 fluo-
rescence spectrometer collected the luminescence emission and excita-
tion spectra on pellet samples mixed with KBr in a weight ratio of 1:1.
The results were collected in form of a quasi-three-dimensional, colorful
image, with the wavelength in the horizontal axis, the time in the ver-
tical axis, and the intensity expressed by a range of colors. Time-resolved
emission spectra (TRES) were obtained using a pulsed spectrofluorom-
eter described in detail [46]. The excitation source was the laser system
PL 2143A/SS with Nd: YAG laser and the PG 401/SH optical parametric
generator emitting pulses of FWHMz30 ps from EXSPLA. The Bruker
Optics 2501S spectrometer and the Hammamatsu streak camera
(C4334-01 model) were used to analyze the emission signal. All per-
formed operations were automated and controlled by the Hamamatsu
HPDTA software. Time decays were acquired, by slicing the steak
camera image at a specified time interval.

3. Results and discussion
3.1. DTA analysis

The DTA technique was used to determine the glass transition (Ty)
and glass crystallization (T.) temperatures of the as-prepared glasses.
Fig. 1 presents DTA curves of the BBO, BBO-+10AlF3, and BBO+20AIF3
samples. In all samples both, T, and T, are present.

It is well known that thermal characterization of a material, can

Table 1

Compositions of synthesized samples.
Name Sample composition (molar ratio)

B,0s  Bi,03  Ally  Eu,03  Thy03  TmyO4

BBO 50 50 - = - -
BBO+Eu 19 19 = 2 = -
BBO+10AIF; 45 45 10 = = =
BBO-+20AIF; 40 40 20 - = e
BBO | 20AlF3: Eu 39 39 20 2 - -
BBO+10AIF;: Eu 41 14 10 2
BBO+10AIF;: Th 14 44 10 = 2 =
BBO+10AIF;: Tm M M 10 2
BBO+10AIF3: Eu/Th 44 44 10 1 1 -
BBO+ 10AIF;: Lnl 41 11 10 0.5 0.5 1
BBO+10AIF;: 1.n2 M 11 10 0.5 0.7 0.8
BBO+10AI¥;, Ln3 44 44 10 0.05 0,95 1
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Fig. 1. DTA curves of BBO, BBO-+10AIF; and BBO-20AIF;.

provide important information about the structural changes in the glass
matrix, caused by the addition of a glass modifier [47]. Glass transition
temperatures of the samples doped with AlF3 were found to be higher
than T, of the undoped one. This can be explained by the correlation
between the glass transition temperature and the enthalpy of bonds in
the glass matrix [48]. Due to the addition of aluminum fluoride, new
linkages between glass components could form, resulting in a higher
energy barrier for molecule motion to overcome and increase the ther-
mal stability of the glass matrix [48]. This phenomenon could also be an
explanation for higher crystallization temperatures. 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, in
the case of the studied samples, despite the shift of T, and T, tempera-
tures to higher values, the stability of the glasses decreases after the
introduction of AlFs. It can be concluded based on the calculated A T and
S parameters presented in Table 2.

The AT parameter determines the stability properties of glass, which
is the difference between the onset of the crystallization peak (Tx) and
Ty, specifying the range of glass stability. It can be noticed that with the
addition of aluminum fluoride, the range of glass stability decreases. The
S parameter describing the glass resistance against devitrification was
calculated based on [49]:

(T — Tx)(Tc — Tg)
S —

In the studied glasses, the values of S are 3.62, 3.45, and 3,14 for
BBO, BBO + 10AF3, and BBO + 20AIF3, respectively. These results are
similar to those obtained for other borate glasses [50,51]. The
decreasing trend of the S parameter connected with the amount of AlF3
doping is clearly seen. This indicates that AlF5 addition to the basic glass
matrix (BBO) results in the lower stability of the borate-bismuth glass
matrix and a higher tendency to crystallization.

S 1.1)

3.2. XRD analysis

The XRD results confirm the amorphous nature of the as-prepared
glass samples. Fig. 2 presents the diffraction patterns of BBO,

Table 2

Thermal parameters of BBO, BBO-10AIl'; and BBO+20AIT; glass samples.
Sample Ty (°C) Ty (°C) T (°C) AT(°C) S(°0)
BBO 425,9 182 503,5 56,1 3.62
BBO+10AIF; 4336 187,1 507,4 535 3.45
BBO+20Al; 428,7 484,5 503,2 55,8 3.14
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Fig. 2. XRD patterns of as-prepared BBO, BBO /10AlF; and BBO-
| 20AlF; glasses.

BBO-+10AIF3, and BBO+20AIF; glasses. No difference due to the addi-
tion of AlF3, can be seen. Only two board humps in the range of 20- 40
(20) and 40-65 (20) indicate the lack of long-range order in the glass
matrices are present.

3.3. FTIR analysis

The FTIR spectra of the BBO, BBO-+ 10AlF3, and BBO+ 20AIF; glasses
are presented in Fig. 3. The broad absorption bands in the range
645-760 cm ' and 1182-1356 cm ™" can be assigned to the deformation
vibration of [BOs] groups [26,52,53]. Additionally, also band around
1356-1478 cm ™! is associated with the stretching vibrations of [BO3]
units. The tetrahedral units [BO4] are visible in the spectrum at
790-1110 em ! [53].

The bands that could be assigned to the presence of AlF3 should be
visible at 642 and 646 cm'l, corresponding to the stretching vibrations
of Al-F bonds [54,55]. Also, the presence of aluminum fluoride could be
confirmed by vibrations of Al-O bonds in AlO4 units at around 1124
em ! [54,55]. Unfortunately, these regions are dominated by broad
bands from [BO3] and [BO4] units. Due to this fact, the existence of AlF;
can be overlapped by them, resulting in no significant changes in spectra
of glass samples doped with 10 and 20 mol% of AlF3.

[BO3]

I[B(I“][BO 3

I

e BBO+20AIF;
&

3

=4

g

g |

2 BBO*10AIF;
g

=

BBO

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm")

Fig. 3. FIIR spectra of as-prepared BBO, BBO+10AlFs, and BBO-
+20Al1F5 glasses.
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3.4. XPS analysis

To confirm the presence of AlF3 in the glass matrix, the XPS mea-
surements were performed. Due to the similar compositions of all sam-
ples, the XPS spectrum for one composition: BBO+10AlF; is presented in
Fig. 4. Two signals connected with the presence of Al** ions can be
distinguished in the band observed in the 72-77 eV range. First, at 75,5
eV can be assigned to the presence of Al-F bonds in AlF;3 [56,57]. Second,
at 74,5 may be associated with the Al-O bonds in Al,O3. The contribu-
tion of Al-F and Al-O bonds was established at 15% and 85%, respec-
tively. The XPS analysis confirms the presence of AlF; in prepared glass
samples. To get a better insight into the structure of glass matrix, the
investigation of Bi ions was performed. Fig. 4 (right) shows the Bi 4f
spin-orbit doublet in the region 155-167 eV [58,59]. After deconvolu-
tion four separate bands can be seen. Peaks at 159.0 and 165.0 eV can be
attributed to Bi 4f 7,5 and Bi 4f 5/5 peaks of Bi**, whereas two peaks at
157 and 163 eV can be described to Bi f 7,5 and Bi f 5,5 of Bin,
respectively.

3.5. Luminescence analysis

To study the luminescence properties and determine the influence of
AlF; on luminescence intensity, the samples: BBO, BBO+10ALF3, and
BBO+20AIF; doped with 2 mol% of Eu®" ions were used. It is known
that the luminescence spectra of Eu®' ions are suitable probes for the
study of local symmetry in glass matrices [60]. The intensity of their
4f-4f transitions strongly depends on the local surrounding around the
optically active ions. Therefore, the variation of the glass composition
can affect their emission spectrum [60,61]. Europium ions show two
characteristic bands in the emission spectrum, corresponding to the
5Dn—>7F1 and 5D0—>7F2 transitions [62,63]. The 5D0—>7F1 transition is
called a magnetic dipole transition (~ 590 nm), and its intensity is in-
dependent of the local environment around Eu®" ions. The ‘r‘Dn—'7F2 (-~
612 nm), is a forced electric dipole transition [62]. This transition is
hypersensitive to the surrounding of europium ions, which is why it can
be used to analyze the local symmetry of glass matrices. Fig. 5a shows
the excitation spectra of BBO+Eu, BBO+10AIF3+Eu, and BBO-+20AIF3
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+ Eu glasses observed at %ep = 615 nm, which corresponds to the 5D()
—>7F2 transition of Eu®' ions [19,64]. Several characteristic for 4f-4f
transitions peaks can be seen in the spectrum. Excitation bands at:
363, 382, 395, 416, 465 and 533 nm can be assigned to the "Fy — °Dy,
5Gz, GL(,, 5D3, 5Dz, 5D1 transitions, respectively [19,64]. It can be seen
that 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 AlF; addition. For glass with 20% mol AlF3 the intensity is
even lower than for the undoped matrix. The band at A¢,= 465 nm is
characterized by the highest intensity in the excitation spectrum and
was selected as adequate to observe the emission spectra of the glasses.
Fig. 5b shows the emission spectra of the BBO+Eu, BBO+10AlF2+Eu,
and BBO+20AlF3+Eu glasses, which consist of several bands corre-
sponding to Eu®" radiative transitions at 578 nm (5D0—>7F0), 591 nm
(5D0»7F1), 615 nm (5D047F2), 652 nm (5D047F3) and 700 nm
(°Do—"F4) [19,64]. It was found that the electric dipole transition in-
tensity (*Dg—"F) is higher than the magnetic dipole transition in all
glass samples. This suggests that Eu®" ions are placed in the site without
an inversion center [65].

The local field symmetry around RE®™ ions can be also determined
from the ratio between the luminescence intensities of an electric dipole
and a magnetic dipole transitions (5D0—7F2/5D0—7F1), which is called the
red to orange (R/O) ratio [65]. In the studied glasses, the R/O ratios are
3.26 and 3.17 for BBO+10AIF;+2Eu and BBO-+20AIF;+2Eu, respec-
tively. The variation of this parameter confirms that the surrounding of
RE®* ions is affected, by the addition of AlFs. Moreover, the dominance
of the electric dipole transition in all samples leads to the dominance of
the red color emission. When the intensity of the electric dipole is higher
than the intensity of the magnetic dipole transition, Eu’" ions occupy
sites without inversion symmetry [66].

It can be clearly seen that the addition of AlF3 has a strong effect on
the luminescence properties of bismuth-borate glass doped with Eu®”
ions. The emission intensity varies with AlF3 concentration, reaching a
maximum at 10 mol% of AlF; addition and then decreasing with a
higher AlF3 content.

The reason for the higher intensity of Eu®" ions at lower AlF; con-
centration may be explained by the fact, that the local symmetry of Eu®"

Al2p ALO, 85%

AIE, 15%

Counts (a. u.)

Bidf,,

Bi’ 5%
Bi'' 95%

T T T T

78 76 74 72

} } } il } 1 } il
T T T T T T T T
168 166 164 162 160 158 156 154

Binding energy (eV)

Fig. 4. XPS spectra of BBO+10AIF; sample.
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Fig. 5. Lxcitation (a) and emission (b) spectra of samples doped with Euw

ions could be reduced, due to the presence of AI*” ions. While the
decrease of Eug‘intensity in higher AI*' concentration could indicate
the higher symmetry around Re”" ions. Similar results were obtained in
sol-gel glass doped with AI** [43]. This is consistent with the trend
observed in the excitation spectra. Due to the highest intensity in the
excitation spectra, the BBO-+10AIF; composition was selected for
further singly and triply co-doping with Eu®', Tb*', and Tm®" ions.
Fig. 6. shows the excitation (a) and emission (b) spectra of the
BBO-+10AIF3+Tb*" glass sample. Under 544 nm observation, the
excitation spectrum consists of three peaks at 354, 378 and 486 nm
corresponding to 7Rg—°D,°D3,°Dy, of Tb>* respectively [67]. The

b)

hex =378 nm

Intenisty (a. u.)

T T T T T
350 400 450 500 550 600 650
Wavelength (nm)

Fig. 6. The excitation spectra monitored at 544 nm (a) and emission spectra
monitored al 378 nm excitation (b) of the BBO+10AIF3+TD sample.
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3" jons.

emission spectrum for the 378 nm excitation shows peaks at 496 nm
(°D4—"Fp), 549 (°D4—"Fs), 594 nm (°D4—"F,) and 628 nm (°Ds— "F3),
which can be assigned to the 4f-4f transitions of Tb®" 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 SH(,—»]DZ transition of Tm®' [18,68]. Under 358 nm excitation,
the emission spectrum shows peak at 455 nm, corresponding to the
1D2—>3F4 transition of Tm®* ions. The luminescence decays for Eu3+,
Tb** and Tm®" ions exhibit one-exponential character, with lifetimes of
about 1 ms for Eu®**and Tb** ions (Fig. 8). However, the decay time for

=~ b 4 =
D =455 1m ) by =3580m

=
S,
Bl B o
S &
= 1
153 o
E| & A

. . , .

350 400 450 500 550

Wavelength (nm)

Fig. 7. The excitation spectra monitored at 455 nm (a) and emission spectra
monitored at 358 nm excitation (b) of the BBO+10AIF;+Tm sample.
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Fig. 8. Luminescence decay curves of BBO+10AIF;+2Eu obtained for ke =
395 nm, Ay = 465 nm (observation at around ke, = 620 nm) and
BBO+10AIF3+2 Tb at Ae — 378 nm (observation at around e, = 544 nm),
respectively.

Tm®**ions was on the order of microseconds.

The excitation spectra of glass samples singly doped with Eu®", Tb**
and Tm** ions measured at 454,544 and 615 nm are shown in Fig. 9. The
key objective was to investigate the possibility of sample excitation with
one wavelength characteristic for Eu®*, Tb**, and Tm*" ions in order to
achieve simultaneous emission from all added rare-earth ions.

Based on Fig. 9. Three excitation wavelengths (355 nm, 378 nm, and
395 nm) have been chosen as adequate for excitation Eus*, Tba*’, and
Tm®", respectively. They were used to excite the triply doped samples to
investigate, whether it is possible to use these lines to excite also other
Ln®" 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 Eu®" and Tb®" ions can be seen in the
emission spectrum. No peaks assigned to the Tm®* ions were recognized.
The bands at 494 nm, 551 nm, 584 nm and 620 nm may be described to
the Tb>" ions, °D4—F, and °Dy—"Fs, "Dy—"F,, *D4—"F; transitions,
respectively [18,69]. The presence of Eu® ions is represented by several

—— BBO+10AIF3+Eu

—BBO+I0ATFysTy  »395um
—— BBO+10AIF3+Tm
A =378 nm

Intenisty (a. u.)

T T T T
320 340 360 380 400 420 440
Wavelength (nm)

Fig. 9. Excitation spectra of BBO+10AlF; +Re" (Re=En, I'm, Tb) glass samples
monitored al 455, 545, and 615 nm wavelengths.
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Fig. 10. The emission spectra of BBO-+10AlF;:Ln1, Ln2, and Ln3 samples under
378 nm excitation.
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Fig. 11. The emission spectra of BBO+10AIF;:Lnl, BBO+10AIFyLn2, BBO-
+10AIF:Ln3 samples under 395 nm excitation.

peaks: 584 nm (°Dg—"Fy), 597 nm (°Dy—’F;), 619 nm (°Dg—"F,), 658
nm (°Do—"F3), 710 nm (°Dy—"R4) [18,61].

The emission spectra under 395 nm excitation (Fig. 11), consist of
several bands at 584 nm (5Do—>7Fo), 597 nm (5D0-7F1), 619 nm
(°Do—"F2), 658 nm (°Do—’F3) and 706 (*Do—’F4), which can be
assigned to Eu®" ions [18,70]. In the emission spectra of the samples
excited with Aex—355 nm also lines corresponding to Eu®" and Tb*" ions
(apart of the lines characteristic for Tma‘) can 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
Tm®” ions [18]. Peaks at 494 nm, 551 nm, 584 nm and 622 nm may be
described to the Tb®" ions, °Ds—"F, *Ds—"Fs, “Dy—’Fs, °Dy—"Fy
transitions, respectively [18,70]. The presence of Eu®* ions is repre-
sented by several peaks: 584 nm (5D0—>7Fu), 597 nm (5D0—>7F1), 619 nm
(°Do—"F2), 658 nm (°Dy—"F3), 710 nm (°Do—"F4) [18,64]. Therefore,
this excitation wavelength was chosen to significantly affect the color of
the emission.

The obtained results indicate the possibility of emission in the red,
green, and blue spectral range. In particular, the sample BBO-{-10AlF35:
Ln3 shows simultaneous emission from all added rare-earth ions at A.x =
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Fig. 12. The emission spectra of BBO+10AIFs:Inl, In2, Ln3 samples under
355 nm excitation.

355 nm. However, further studies are needed to determine the appro-
priate Ln®" ratio and excitation wavelength to obtain white light emis-
sion from borate-bismuth glass matrix triply co-doped with Eu®*/Tb%/
Tm®".The luminescence decay times of excited Eu*", Tb**, and Tm®'
ions in triply co-doped glass samples aren’t significantly different from
the results for singly doped glasses.

3.6. Energy transfer between 7% and Eu** in co-doped glasses

In glasses where Tb®* and Eu®~ ions are present, energy transfer can
occur. According to the Forster-Dexter theory, energy transfer from Tb*+
to Eu®" ions can be expected, when the emission band of TH* partially
overlaps with the absorption band of the Eu®' jons [71].

Firstly, the examination of this phenomenon can be done by
comparing the luminescence spectra of glasses singly doped with Eu®*™
and Tb>Fions. Fig. 13 presents the excitation spectrum of the BBO-
+10AIF3+Eu sample observed at A.,, = 615 nm wavelength, which
corresponds to the 5D0—>7F2 transition of europium ions, and the

—— BBO+10AIF5+Tb (i, = 378 nm)
—— BBOF10AIF, +Eu (3, = 615 nm)

Normalized intensity (a. u.)

T
450 500

Wavelength (nm)
Fig. 13. The excitation spectrum of BBO+10AIE;+Eu glass at hey, = 615 nm

(Eu*%), and the emission spectrum of the BBO+10AlE3+1D glass under hey
=378 nm (11%").
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emission spectrum of the BBO+10AIF3+Tb glass at Aex = 378 nm
assigned to the 7F(,—>5D3 transition of Tb®' ions. In the 500-550 nm
region, the partially overlapping of both spectra can be seen, which
suggests that energy transfer between Tb*' and Eu®" in the proposed
glass system is present [72].

Next, to gain insight into the energy transfer process, the lumines-
cence spectra of double co-doped glasses were depicted. Fig. 14a shows
the excitation spectra of the BBO+10AIF3+1Eu+1 Tb sample under Ay,
= 615 nm and %, = 544 nm. When glass is monitored at 544 nm
(°Ds—~"Fs: Tbs'), only transitions of Tb>* jons are present. However,
under 615 nm (°Dy—’F,: Eu®") characteristic bands for both Eu®“and
Tb*" ions are present in the spectrum.

This means, that there is a possibility of obtaining the emission lines
from europium using wavelength characteristics for both, Eu®* (395
nm) and ThAt (378 nm) ions. This can be seen in Fig. 14b, which pre-
sents the double co-doped glass excited at hex = 395 nm (Eu“), the
emission spectrum consists of four bands assigned to the 5Do—"F14
transitions of Eu®" ions. Upon this excitation, bands corresponding to
Tb>" ions were not detected. However, when the glass is excited at Aex =
378 nm, connected to the 7F¢—"D3 transition of Tb3+, both emission
lines corresponding to Tb®* and Eu®* ions are present in the emission
spectrum. This behavior confirms that the energy transfer process from
Tb** jons to Eu®" 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 can be proposed as follows:

Dy (™) + "Fy (Eu’*) »"Fs(Tb*) + °Dy (Eu’') 1.2)

Upon hex = 378 nm, Tb*! ions are excited from 7F6 ground state to
the °Dj excited state. Subsequently, the non-radiative relaxation process
to the 5D4 state occurs. From 5D4 state the radiative transitions directly
to the ground states at 496 nm (°D4—’Fg), 549 (°D4—"Fs), 594 nm
(5D4—>7F4) and 628 nm (5D4—> 7F3) occurs. Part of the energy from SD,;
energy level of Tb*' can be transferred to the °D; level of Eu®" due to the
existing overlap of the 5D4—>7F5 emission band of Tb*' and 7Fo —>5D1
excitation band of Eu®" ions. Then, relaxed non-radiatively to the *Dg
and next by radiative transitions to the 7Fo (578 nm), 7F1 (591 nm), 7Fy
(615 nm), 7F5 (652 nm) and 7F4 (700 nm) levels. Fig. 15 presents the
schematically illustrated energy levels of Eu®’, and Tb*" ions, which are
involved in the energy transfer process and additionally the energy
levels for Tm®" ion. In triply doped samples energy transfer could be also
present [18].

3.7. CIE chromaticity diagrams

The CIE chromatic coordinates for BBO+10AIF; glasses singly doped
with Eu®’, Tb*", Tm®" and triply doped with Eu*'/Tb*' /Tm®" ions
(BBO+10AIF3:Lnl, BBO+10AlF5:Ln2, BBO+10AlF3:Ln3) upon different
excitations wavelengths are shown in Fig. 16. At A, = 395 nm, the
BBO+10AIF3+Eu®" glass sample emits red light (white triangle) while
the BBO+10A]F3+T\)3' sample at L., = 378 nm emits green light (white
square), which is a typical color of terbium ions emission. The
BBO-+10AIF3+Tm®" excited with A = 355 nm, emits in blue spectral
range (white circle). In the case of samples triply co-doped with Eu®*/
sz*'/Tma'ions, hexe = 355 nm wavelength was selected to investigate
the CIE chromatic coordinates. The colors of the obtained light depend
on the composition of the ples. The emi 1 of orange-yellowish
light was achieved for BBO+10AIF3:Lnl (a) and BBO+10AlF3:Ln2 (b).
The color closest to white light was obtained at 355 nm excitation of the
BBO-+10AIFs:Ln3 (c) glass sample, where the addition of europium ions
responsible for the reddish-orange color component was the lowest. 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-
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borate glass system, further studies are required, to consider an appro-
priate ratio of rare-earth ions and excitation wavelength. The detailed
corresponding chromaticity parameters (x, y) and correlated color
temperature CCT values calculated according to Eq. (1.3) are shown in
Table 3 [74].

CCT = —449n® + 3525n° — —6823n + 5520.33 (1.3)
Where n = (x-Xe)/(y-ye) with x. = 0.332 and y. = 0.186.
4. Conclusions

The ByO3-Biz03-10AIF; glass system singly doped with Eu®*, Tb%*,
Tm>*, and triply doped with Eu®*/Tb*"/Tm®* ions in different molar
ratios was successfully synthesized using the conventional melt
quenching technique. The prepared samples were amorphous and con-
sisted of [BOs] triangular and [BOy] tetrahedral structural units. The

XPS studies confirmed the presence of Al**ions in the form of AlF; and
AlyOj3 in the glass matrix. The influence of aluminum fluoride on the
luminescence properties of glasses was examined. It was found that the
addition of 10 mol% of AlF; to the basic borate-bismuth matrix resulted
in the enhancement of excitation and emission spectra. The simulta-
neous emission of Eu®*/Tb%"/Tm®" doped glasses was achieved at
hexe=355 nm. The emitted color can be tuned by modifying the rare-
earth ions ratio and the excitation wavelength. Due to the overlaps of
the emission band of Tb*" and the absorption band of Eu*" ions, energy
transfer mechanism was proposed. To achieve the generation of white
light in the presented glass system, further studies on the composition
and molar ratio of the optically active dopants are required. Based on the
obtained results borate-bismuth glasses seem to be an adequate host
matrix for the addition of rare-earth ions. Moreover, they can be
considered as candidates for luminescence applications, especially for
color-tunable light sources.
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Fig. 16. CIE chromaticity diagram of BBO ' 10AlF; glasses singly doped with
Eu®" at hexe = 395 nm (white triangle), Tb*~ at %, , = 378 nm (white square),
Tm*" at Ax = 355 nm (white circle) and triply doped with Eu**/Tb* /Tm*"
samples at % = 355 nm: BBO+10AlF;:Lnl (a), BBO+10AIF;:Ln2 (b), BBO-
~+10AIF3Ln3 (c).

Table 3
Calenlated x, y and CCT parameters.
Sample hex X y ccr Reference
[nm] (K)
BBO+10AIF:Ln1 355 047 040 2475 Present
work
BBO-+10AIFz:Lu2 355 048 045 2727 Present
work
BBO+10AIFzLn3 355 0.36 0.44 4804 Present
work
Standard white = 033 033 5455 1751
YAG-+blue chips (1) - 029 030 5610 1761
CdO-Ge02-TeO,: Dy** /Eu* 382 041 040 3435 [66]
glass
B,0;-TeO,-PbO-Zn0-Li,0- - 036 043 4753 1771

—Na0-Fr’*/Dy*" glass
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ARTICLE INFO ABSTRACT

Keywords: The structure and luminescent properties of the ByO3-Bi,O-AlF; glass system doped with Eu*t/Dy** ions in
Gl““_ different molar ratios were studied. A series of glasses were hesized by the 1 melt q hing
Luminescenice technique. Glass and crystallizati p were d by Differential Thermal Analysis
Rare-earth ions

(DTA) measurements. The amorphous character of the prepared samples was confirmed by the X-ray diffraction
(XRD) mecthod. Raman and FTIR spectra were collected and deconvoluted to investigate the glass micro-
structure. L escence speetra revealed that the added rare-carth ions can be excited by a single wave-
length. The emitted color can be tuned by changing the r: of the Eu®'/Dy* ions and the excit
length. Furthermore, the influence of the addition of AlF; on the luminescence and decay times was investigated.
In the glasses with 10 mol% AlF; an enhancement of the emission and excitation spectra was detected. The
energy transfer analysis confirms the energy transfer between Tu®' and Dy® ions in the glass matrix. Addi-
tionally, the results of this study indicate that the BoO3-BiO-AlF; glasses doped with Eu’t and I')y3 can be used
as a color tunable phosphor.
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1. Introduction

Rare-earth (RE) doped luminescent materials have enjoyed great
interest for many years due to their wide range of applications [1,2].
Light-emitting materials can be used in optoelectronic devices, bio-
markers, displays, optical fibers, lasers, and so on [3-7]. A significant
part of the research in this field is focused on rare-earth-ion-doped
phosphors for solid-state lighting (SSL) based devices, such as
light-emitting diodes (LEDs) [8,9]. They are characterized by several
advantages over conventional incandescent or fluorescent lamps, such
as high efficiency, brightness, long lifetime, good reliability, and low
energy consumption [10]. This is crucial since the electrical lighting
sector is responsible for almost 19 % of the world's total electricity
consumption [11]. Therefore, development of novel and environmen-
tally safe materials that are efficient and durable are extremely impor-
tant [2,12-14].

In this sense, the use of RE ions plays an important role. These ions
have the unique ability to emit light due to their 4f-4f or 4d-4f

* Corresponding author.
E-mail address: karolina.milewska@ pg.edu.pl (K. Milewska).

https://doi.org/10.1016/j.jlumin.2024.120440

transitions when excited at an appropriate wavelength [15]. Neutral
white-light emission can be achieved by single Dy** doped materials.
Trivalent dysprosium ions emit several characteristic lines in the lumi-
nescence spectrum, with two main bands in the blue (470 nm-500 nm)
and yellow (570 nm-600 nm) regions due to the ‘Fgﬂ—v"Hls/z and
4Fg/2—>(‘H13/2 transitions, respectively [16,17].

Appropriate adjustment of the blue and yellow luminescence in-
tensity ratio can lead to white light [15,18,19]. H , there
is a tendency to achieve warm light instead of cold, unnatural white
color [20]. To obtain that warm light, Eu®' ions can be used as red
emitters because their most intense band corresponding to the *Dy—"F,
transition of Eu>* is at ~615 nm, which is in the red region of the visible
light spectrum [21,22].

Moreover, an appropriate proportion of Eua'/Dya' in the host ma-
trix can lead to color-adjustment resulting in a warm white light emis-
sion. This effect was obtained in several Dy**/Eu*" doped matrices, e.g.
in yttrium alumino bismuth borosilicate and CdO-GeO»-TeO; glasses [4,
23] and oxyfluoride glass-ceramics (GCs) [24]. Also, white color was
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obtained in Dy** and Eu®* co-doped lithium fluoride bismuth borate
glass [25]. Investigation of Zn(PO3), glass doped with Eu®' and Dy"‘I
ions reveal white light emission shifted from neutral white at 348 nm
excitation to warm white upon 445 nm [26].

The aim of this work was to synthesize B,03-BiyO3-AlF; glasses
doped with Eu**/Dy** ions, that could be used as a phosphor in LEDs.
This study provides a detailed analysis of the structural and luminescent
properties of these prepared glasses, in particular, the influence of the
excitation wavelength and the ratio of the Eu®'/Dy®’ ions on the
resulting emitted color was investigated. Additionally, the influence of
AlF; addition on the luminescence intensity was analyzed. The obtained
results confirm that the ByO3-BiyO3-AlF5 glasses can be used as a suit-
able matrix for optically active RE ions and can be considered as a new

Joumnal of Luminescence 269 (2024) 120440
phosphor material.
2. Materials and methods

The B,03-BiyO; glasses samples with composition (in mol %)
50B203-50Biz03, 45B203-45Bi203-10 AlF3, 44B203-44Biz03-10A1Fs-
xEug'/(2-x) Dyg' (where x = 2.0; 1.5; 1.0; 0.5 or 0.0) were prepared
using the conventional melt quenching technique. Appropriate amounts
of raw materials, (H3BO3 (99.0 %, Chempur), BisO(OH)o(NO3)4 (98.0 %,
Chempur), AlF; (99+%, Alfa Aesar), EuzO3 (99,9 %, Onyxmet), and
Dy705 (99,9 %, Onyxmet), were mixed in an agate mortar. Batches of 10
g were put in porcelain crucibles, placed into a furnace, and heated to
950 °C for 0.5 h in air. The melts were poured on a pre-heated steel plate

Table 1
Sample names, corresponding nominal compositions of the studied glasses in mol% and their photographs.
sample B0, Bi,05 Alky JETHON DY,05
BBO 50 50 = = -
.

’,:>
BBO-+2Eu 49 49 = 2 -

[
BBO-+2Dy 49 49 - 2 = /_/\

ity
BBO-+10AIl 45 45 10 = -
BBO+10ALF;3+2Eu 44 44 10 2 =
|
S
BBO+10AIF;+2Dy 4 41 10 2 (/_\
‘.‘

BBO-+10AIF5:Ln1 44 44 10 0.5 15

@
BBO+10AlF5Ln2 44 44 10 1 1
BBO-+10AIF3:Ln3 44 44 10 1.5 0.5

2
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(250 °C) and pressed with another steel plate. Detailed descriptions of
the compositions and photographs of prepared glasses are presented in
Table 1. All obtained samples were transparent and slightly yellow.

To determine the thermal properties of prepared glass samples, dif-
ferential thermal analysis (DTA) was conducted on Netzsch Simulta-
neous TGA-DSC, STA 449 F1. The measurements were performed in air
atmosphere, using aluminum crucible, with a 10 K/min heating rate.
The obtained results were used for determination the glass transition
(Ty) and crystallization (T,) temperatures. The amorphous structure of
the glasses was confirmed by XRD measurements on powdered samples
using a diffractometer with Cu Ka radiation (& = 1.5406 ;\) (D2 Phaser,
Bruker). Raman spectroscopy was applied on polished samples using a
Renishaw inVia Reflex instrument with a 532 nm excitation wavelength.
FTIR measurements were performed on a spectrometer with a TGS de-
tector (PerkinElmer Frontier MIR/FIR) using pellet samples mixed with
potassium bromide (KBr) in a weight ratio (Sample:KBr) of 2:100. The
emission and excitation spectra were collected on a spectrofluorometer
(Horiba Yvon Fluorolog 3). The emission lifetimes were calculated from
the luminescence decay curves recorded at the same equipment using a
pulsed lamp.

3. Results and discussion
3.1. Structural characterization

The DTA technique was used to determine the glass transition (Tg)
and glass crystallization (T.) temperatures of BBO and BBO-+10AIF3
samples. The obtained DTA curves are shown in Fig. 1. For glass doped
with AlF3 T, and T, were found to be higher in comparison to undoped
one. Such changes in these parameters could result from the fact, that
the addition of a glass modifier, such as AlF3, may affects the structure of
the borate-bismuth glass matrix [27]. New connections are created be-
tween glass components, which may increase the energy barrier for
molecule motion to overcome and increase the thermal stability of the
glass matrix [27]. Additionally, the determination of the T, and T al-
lows to calculate the Saad-Poulain parameter (S) corresponding to the
thermal stability of the glasses [28]:

(T.-T)(T. - T)

i

S— (€5]

Also, the A T parameters, which is the difference between the onset
of the crystallization peak (Ty) and T, were calculated. This parameter
determines the glass stability region. All the thermal parameters of the

T T T T T T T T T T

]cxuup

Heat Flow (a. u.)

—— BBO+10AIK3
—BBO

100 150 200 250 300 350 400 450 500 550 600 6350
Temperature (°C)

Fig. 1. Differential thermal analysis (DTA) curves of the BBO and BBO-+10Al¥;
glass samples.
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examined samples are presented in Table 2.

Based on the calculated S and A T parameters the stability of the glass
decreases after AlF; addition. The values of S are 3.62 and 3.45 for BBO
and BBO-+10AFj3, respectively. The obtained results are similar to results
for other borate glasses [29,30]. It can be concluded that 10 mol % of
AlF3 addition to the basic glass (BBO) results in the lower stability of
glass and its higher tendency of crystallization [31].

The amorphous character of the glass samples was confirmed by the
XRD method. Fig. 2 shows the diffractograms of the BBO glass matrix
and the sample modified by the addition of 10 mol % AlF5. The obtained
results show only the broad amorphous halos, which are due to the
presence of short-range order at 20-35° and 40-70°.

Fig. 3 presents the deconvoluted FTIR spectra of the BBO and
BBO+10AlIF3+2Dy glasses and the peaks parameters such as peak po-
sition (x.), amplitude (A), and full width at half maximum (FWHM) are
listed in Table 3. The peak at around 500 cm ™! can be assigned to the
Bi-O bending vibrations in [BiO4] octahedral units [32,33]. The peak in
the rage 586-614 cm ! may be attributed to the Bi-O and Bi-O-Bi
stretching vibrations of [BiOe] octahedral units [32,33]. The peak in the
range of 688-698 cm ! may be present due to the bending vibrations of
B-O-B in [BO3] triangles [32,33]. The band near 900 em™! can be
ascribed to the B-O stretching in [BO4] units from diborate groups [33].
The peak at around 1060 cm ™' may be assigned to the B-O stretching
vibrations in [BO4] units from tri, tetra, and pentaborate groups [34].
The broad band observed in the 1100-1500 cm ™ region consists of four
peaks at around 1190, 1300,1450 cm !, Peaks at 1190 cm ™! and 1300
cm ™' may be attributed to the B-O stretching vibrations of trigonal
[BO3] units in boroxol rings [34]. At around 1390 cm ! B-O stretching
vibrations of [BO3] units in metaborate, pyroborate, and orthoborate
groups [33,34]. The peak at around 1450 ecm ! can be assigned to the
presence of antisymmetric stretching vibrations with non-bridging ox-
ygens (NBOs) of the B-O-B groups [33,34]. No significant differences
can be seen in the spectra with and without AlF;. Only a slight shift of
peaks can be seen. The change in peaks positions and parameters may be
due to structural modifications that occur in glass matrix after AlFs
addition. Similar behavior was observed in other glasses, due to the
presence of glass modifier [33]. The detailed assignments of FTIR peaks
are summarized in Table 5.

Raman spectra of the BBO and the BBO-+10AIF;+2Dy glasses are
shown in Fig. 4. The obtained spectra consist of broad bands, which
could have hidden peaks. Due to this fact, to conduct detailed analysis,
spectra were deconvoluted. The peak positions (x.), amplitude (A), and
full width at half maximum (FWHM) are presented in Table 4. The peak
observed around 220 cm™! can be assigned to the vibrations of Bi-O
bond in [BiO3] and [BiOg] structural units [32,33]. Bi-O-Bi stretching
vibrations can be seen around 400 cm ! [32,33]. Band at 569 cm ! may
be attributed to the stretching vibrations between Bi-O bonds in [BiOg]
units [35]. The peak near 620 cm™" may be due to the bending vibra-
tions of B-O-B in metaborate groups of [BO3] units [33,36]. The peak at
957 cm ! can be assigned to the vibrational modes in B-O-B and B-O
bonds in pyroborate [BO3] groups [37,38]. At about 1090 cm ! vibra-
tions of diborate groups may be present [39]. The broad band in the
range 1253 em™ corresponds to the stretching vibrations of B-O bands
of non-bridging oxygens (NBOs) in borate groups [14]. The detailed
information’s on bands assignments are listed in Table 5. No evidence of
new bands connected to the presence of AlF; can be seen in the spec-
trum. Only slight changes in the peak’s positions due to addition of AlF;
can be seen, like in FTIR spectra.

Table 2

Thermal parameters of BBO and BBO+10AIF; glass samples.
Sample Ty (0 C) T C) T (° C) AT Q) SCQ
BBO 182 503.5 56.1 3.62
BBO+10AlE; 487.1 507.4 53.5 3.45



http://mostwiedzy.pl

K. Milewska et al. Joumnal of Luminescence 269 (2024) 120440

Table 4
Peak position x, (em '), amplitude A (a. u.) and full width at half maximum
FWHM (¢m 1) of deconvolution BBO and BBO-+10AlIF;+2Dy Raman spectra.
BBO BBO+10AIF;+ 2Dy
Xe A FWHM Xe A FWHM
~ 1 225 7977 703 201 4207 712
:‘f 2 396 3474 185 410 1787 212
& BBO + 10AlF, 3 569 1204 57 569 431 60
= 4 629 1002 78 623 573 124
g 5 957 1360 149 957 539 126
L 6 1088 1671 101 1095 956 133
K| 7 1253 1317 218 1288 624 177
Table 5
Assignment of Raman and FTIR bands of the BBO and BBO+10AlF;+2Dy.
T T T T T T
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20 (%) position (eam Y
(em-)
Fig. 2. X-ray diffraction patterns of the BBO and BBO+10AIF; glass samples. 225, 201 Vibrations of Bi-O 490, 517 Bi-O bending vibrations
bonds in [BiOs] and in [BiOe] octahedral units
[BiOs]
396, 410 Bi-O-Bi stretching 586, 614 Bi-O and Bi-O-Bi
\/ vibrations in [BiO,] stretching vibrations of
: o octahedral units [BiOg] octahedral units
__/\/\’\""’ : i 569 Bi-O stretching 688, 698 Bending vibrations of
; »-'1"‘\\'_«"‘ vibrations in [BiOg] B-O-B in [BO,] triangles
} units
s & 629, 623 Bending vibrations of 900, 897 B-O stretching in
x B-O-B bridges in BOAunits from diborate
: metaborate groups of groups
2 [BOs] triangular units Stretching B-O vibrations
£ in [BO4| wnits from
= diborate groups
2 957 Vibrational modes 1065, 1061  Stretching of B-O in [BO,]
['_E oceurring in bonds like units from tri, tetra and
B-O-B and B-O in pentaborate groups
pyroborate groups of
[BOs] units
) 1088, 1095 existence of diborate 1189, 1195 BeO stretching vibrations
v . U ¥ X groups of trigonal |BO| units in
600 800 1000 1200 1400 boroxol rings
1253, 1288 stretching vibrations of 1303, 1301 B-O stretching vibrations

Wavenumber (cm”™ ! )

Fig. 3. Deconvoluted FTIR spectra of BBO (a) and BBO+10AIl3+2Dy (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 3
Peak position x. (em™), amplitude A (a. u.) and full width at half maximum
FWHM (cm ') of deconvoluted BBO and BBO-+10AIF 2Dy FTIR spectra.

BBO BBO+10AIF;+2Dy

X A FWHM Xe A FWHM
1 490 7 128 517 15 212
2 586 1 150 611 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

3.2. Optical characterization

3.2.1. Steady state luminescence

First, the optical characterization was performed by using steady-
state luminescence measurements that have been carried out to obtain
detailed information about the luminescence properties of Eua'/Dys'

B-O bands of non-
Dridging oxygens
(NBO) in borate groups

of trigonal [BOs| units in

the boroxol ring
1395, 1398  B-O stretching vibrations
of [BO,] units in
metaborate, pyroborate,
and orthoborate groups
Antisymmetric stretching
vibrations with non.
bridging oxygens (NBO)
of B-O-B groups

1448, 1454

doped glasses and the possibility of white-light generation by simulta-
neous excitation of rare-earth ions with one wavelength.

Fig. 5 shows the emission and excitation spectra of the single-doped
samples with Eu>" and Dy>*. Moreover, to determine the influence of
AlF3 on luminescence intensity, Fig. 5 also shows the spectra of glasses
without aluminum fluoride. Particularly, Fig. 5 (a) shows the emission
and excitation spectra for samples doped with 2 mol % of Dyx' ions. By
detecting at ..., = 574 nm the excitation spectra show peaks assigned to
the transitions of Dy3+ ions from the ground energy level,°H;ss, to 4l’-‘q/
2 Myss2, Gr1/2 Miss2, Ps /2, ®Py,, can be seen at 472, 453, 425, 388,
365, 351 nm [14,40]. After excitation at Aex = 388 nm emission spectra
shows three bands corresponding to the transitions from the 7F9/2
excited state to the ®Hys/y, ®Hya/z, and ®Hyy,, ground states at 481, 574,
and 661 nm. On the other hand, Fig. 5 (b) shows the excitation and
emission spectra of glass doped with 2 mol % of Eu®' ions. Excitation
spectra observed after detection on the most intense emission peak at
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Fig. 4. Raman spectra of BBO (a) and BBO + 10AIF; + 2Dy (b) glasses.

[xperimental data and gaussian components arc shown by black and colored
solid lines, respectively. The simulated spectrum is shown by red dots.
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Fig. 5. Excitation and emission spectra of BBO and BBO | 10AlF; glasses doped
with Dy?*(a) and Eu*~ (b).
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612 nm consist of the several bands associated with the transition from
the 7Fy,, state to the "Dy, °Gy, Ly, °Ds, "Dy, and °D; at 360, 374, 382,
394, 414, 465, 524, 529 nm, respectively [41,42]. In all glasses, the
luminescence intensity is higher for samples doped with 10 mol %
aluminum fluoride. These results agree with other studies on AlF; doped
glasses [43-45]. According to them, the enhancement in the lumines-
cence of rare-earth ions present in glass matrix can be provided by
lowering of the non-radiative transitions and promoting the probabili-
ties of radiative transitions [43]. However, it should be remembered that
other explanations can be found in the literature, such as thesis, that
presence of AI** jons in glass matrix provides more uniform distribution
of RE*" ions [44,46]. Additionally, the excitation and emission spectra
of other samples doped with Dy‘q' ions upon ey = 388 nm and Aey =
574 nm, and Eu®* ions at hex = 394 nm and Aey = 612 nm are presented
in Fig. 6 (a) and 6 (b).

Simultaneous excitation of Eu®*/Dy>" ions was performing using
four different wavelengths corresponding to the transitions of Eu®! and
Dy3 " ions, see Fig. 7(a-d). These figures present the emission spectra for
different excitation wavelengths (365, 380, 388, and 394 nm, respec-
tively) of Eu®"/Dy*" codoped samples with different molar ratios. All
these wavelengths are placed in the range that InGaN-based LED chips
can be excited, so they could be used for SSL technology [26]. In all
samples, two characteristic peaks for Dy>* ions can be seen at 483 nm
(blue) and 574 nm (yellow), assigned to the 4FQ/2—»°H15/2 and
4F9/z—>°H13/2 transitions, respectively [47]. It is already known that the
emission properties of RE ions embedded in a glass matrix can be
affected by the structure of the host material [9,48]. In this sense, the
intensity ratio of the bands in the blue and yellow spectral regions can be
used to obtain information about the local symmetry around these RE**
ions. In case of Dyi”, the 4Fg/2—>0H13/2 transition is a magnetic dipole
transition (MD) that is less sensitive to the crystal field around the
optically active ion. The MD transition is prominent when the Dy3+ ions
are surrounded by a highly symmetric environment with the inversion
center. In contrast, the ‘Fy, /2—>6H13 /2 emission is hypersensitive forced
electric dipole transition (ED) [5]. This transition has a stronger emis-
sion when Dy®~ ions are in a low-symmetry site without an inversion
center [18,22], corresponding to an amorphous glassy environment. In
all samples, the band located at 574 nm has stronger emission, indi-
cating that in the proposed borate-bismuth glass matrix, Dy:" ions are
located at the low symmetry crystallographic sites, without an inversion
center. Furthermore, the intensity of the ED and MD bands of Dy®" ions
changes with the concentration of Dy>* ions and with the excitation
wavelength.

After excitation at 394 nm, corresponding to the 7Fg—"Lg transition
of Eu" ions, the emission of Dyg' ions is very weak, and the lumines-
cence of Eu®" jons 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 Dy"l " ions dominate the spectrum. Nevertheless, the
relation of bands intensity at 483 nm and 574 nm is still the same in all
cases. A closer look at the behavior of the transitions connected with the
Eu®" ions suggests that the Eu®" jons are in a low-symmetry sites.
Similarly, to Dy3“ ions, Eu®" ions have two emission peaks at 590 nm
and 612 nm which ratio can bring information about the local symmetry
around them. The first one, is related to the magnetic dipole (MD)
transition from the sDo,l excited levels to the ’F; ground state, while the
band at 612 nm is an electric dipole (ED) transition [49]. As in the case
of Dy>* 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 doped with Eu*’ /Dy3 " fons can be
described by the x and y chromaticity coordinates and presented in the
form of CIE diagrams. The CIE chromaticity coordinates of glasses
excited at Aex = 365 nm is presented in Fig. 8. The detailed corre-
sponding chromaticity parameters (x,y) and color temperature CCT
values calculated according to equation (1) are shown in Table 6 [50].
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Fig. 8. Chromaticity coordinates in CIE1931 diagram of overall emissions from
the BBO-=10AIE;+2Dy (1), BBO-+10AIF3:Ln3 (2), BBO+10AIF5Ln2 (3), BBO-
+10AlFzInl (4), BBO+10AIF3+2Dy (5) glasses excited at ho = 365 nm.

Additionally, straight lines g the phosphor and C ill point(s)
are shown with x4, y4 coordinates for cach sample.
CCT = — 449n° + 3525n% - 6823n + 5520.33 @)

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

For glass doped only with Eu®" ions (black circle) excited at . =
394 nm, the emitted color is red. With the addition of Dy** ions,
emission shifts from reddish-orange to yellowish-orange for the
BBO10AIF3+2Dy glass sample (black triangle). The corresponding
color temperature varies from 1932K (BBO-+ 10AIF;+2Eu) to 3352 and
4032 for BBO-+10AlIF3+1.5Dy+0.5Eu and BBO-+10AIF3+ 2Dy, respec-
tively. For BBO+10AlF3+2Dy and BBO+10AIF3+1.5Dy+0.5Eu samples
emission close to daylight was obtained. It can be clearly seen that the
emission color can be tuned by varying the molar ratios of the Eu’/
Dyﬂ "ions and by changing the excitation wavelength. The tendency to
shift toward yellowish-orange emission of samples doped with high
values of Dy*"ions is with the | analysis and can
be explained by the fact that the Dy>~ ions mainly occupy the non-
inversion symmetry sites. This promotes stronger emission at the 574
nm (yellow) band instead of 488 (blue) nm. As mentioned earlier, Eu®!
ions are also incorporated into non-inversion symmetry sites, which has
astrong influence on the overall reddish-orange emission of the samples
[24].

Additionally, the color purity (CP) compared to the CIE1931 stan-
dard source C (x; = 0.3101, y; = 0.3162) coordinates were calculated
from the weighted average of the sample emission color coordinates (x,
y) relative to the illuminant coordinates (x; y;) and the dominant
wavelength coordinates (xa, ya) relative to (x;, yi) coordinates, according

Table 6
(cCr), d

Joumal of Luminescence 269 (2024) 120440

to the equation [52]:

Ve -+

x 100% 3)

with the dominant wavelength (}4) defined as a monochromatic wave-
length of the spectrum, which coordinates are placed on the straight line
connecting the phosphor with the C point. For BBO+10AIF3+2Dy
sample with the dominant wavelength at 573 nm and 50.25 % color
purity, BBO+10AlIF3:Ln1 glass, due to a significant 580 nm yellowish
orange color purity of 58.17 %. Next, close to orange light emission in
BBO-+10AIF3:Ln2 glass considering a 585 nm close to orange light
dominant emission with color purity 62.25 % and orange light in
BBO+10AIF3:Ln3 glass sample, due to the 591 nm color purity of 71.05
%. The BBO+10AlF3+2Eu sample with the high red light emission at
606 nm color purity of 85.77 %.

3.2.2. Energy transfer in doped Eu /Dy" glasses

The possibility of energy transfer between rare-earth ions has been
investigated in the BBO-+10AlF3+Eu, BBO+10AlF3+Dy, and BBO-
+10AIF3+Eu + Dy glass samples. The main condition under which this
phenomenon can be present is the overlap of the absorption spectra of
Eu®' acting as acceptor and donor fluorescence (Dy3 1) [14,53]. In the
case of the studied glasses, a partial overlap of the spectra in the range of
450-470 nm is observed (Fig. 9). The 7F0~5D2 absorption band of Eu®*
ions at 464 nm overlapped with the "F/,—°H;5/ (484 nm) of Dy** ions
Thus, this can indicate that energy transfer may occur from Dy3 "ions to
Eu®" ions in borate bismuth glasses [54].

Fig. 10 a shows the emission spectra of l?.ua"/Dy3+ codoped glass

BBO+10AIF3 28, 4y =612 nm
BBO+I0AIF 342Dy, by = 388 nm
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Fig. 9. Partially overlap of the emission spectrum of BBO+10AIF;+2Dy at Aex
- 388 nm and the excitation spectrum of BBO+-10AII;+2Eu at i, — 612 nm.

CIE1931 color coordinates (x, y), correlated color p

length (kg), domina length coordi (xg, ya) and color purity (CP) for

hex = 365 nm of prepared samples and les for other glasses doped with rare earth jons.
Sample x¥) CCT(K) g (nm) (X4, ya) CP (%)
BBO + 10AIF; | 2Dy (0.391, 0.121) 1050 573 (0.168, 0.533) 50.25 %
BBO-+10AIF3:Lnl (0.426, 0.417) 3291 579 (0.508, 0.491) 58.17 %
BBO+ 10AIF3:Ln2 (0.449, 0.404) 2806 585 (0.538, 0.466) 60.25 %
BBO+10AIF;:Ln3 (0.502, 0.389) 2015 591 (0.58, 0.119) 71.05 %
BBO+10AIF;+2Eu (0.591, 6) 1875 606 (0.639, 0.365) 85.77 %
Standard white (0.31, 0.336) 5455 [51]
CdO-GeO,-TeOy: Dy> /Eu* glass (0.382, 0.407) 14153 [23]
Yo05-ALO5-Bi05-B,05-8i0,: Dy*/Eu’* glass (0.332, 0.342) 5520 [4]
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Fig. 10. (a) Emission spectra of Eu®"/Dy*" codoped glass upon 351 nm and
388 nm excitation, (b) excitation spectra of BBO+10AIF;+2Eu and BBO-
+10AIF3+1Dy-+1Eu glasses monitored at Aep, = 612 nm and BBO+10A1F;+2Dy
monitored at ey = 574 nm.

upon 351 nm and 388 nm excitation, corresponding to Dy3 " ions, where
the Eu®* jons should not be excited [55]. However, the emission spectra,
apart from the bands characteristic for Dy>* ions, also reveal the euro-
pium 5D0~7F2 and 5D0—~)7F4 transitions. Thus means that Eu®" ions are
sensitized by Dys’ ions [55]. In Fig. 10 b, the excitation spectrum of the
glass doped with Dys' ions monitored at the 4Fg/2 - (’Hw/z transition
(Dy®7), shows bands that can be assigned only to the transitions of Dy>*
ions. In the same way, the spectrum of the sample singly doped with
Eu*' ions monitored at 612 nm (*Dy—"F,) contains only peaks origi-
nating from transitions of Eu®" ions. However, the spectrum of Eu®" and
Dy*" codoped glass (BBO-+10AlF;+1Dy+1Eu) monitored at the
5Dn—>7F2 Eu®* transition reveals additional bands that are observed in
the Dy>* single doped glass monitored at 574 nm. Therefore, the exci-
tation upon 351 nm through Dy** ions (Fig. 10a) and the presence of
Dy3+ bands in Dy3"'/13\13+ excitation spectrum at 612 nm suggest that
the energy transfer from Dy3+ to Eu®t ions occurs. This can be sup-
ported by the spectral overlap of the Eu®* absorption band and Dy**
emission band seen in Fig. 9.

This behavior suggested that the energy transfer from Dy'—H to Eu®*

Joumnal of Luminescence 269 (2024) 120440

jons occurs and the excitation of Dy** ions can contribute to the emis-
sion spectrum of the codoped glasses. Fig. 11 presents energy level di-
agram of Eu®’ and qu' ions and possible energy transfer mechanism
between both ions in the codoped glasses. This energy transfer mecha-

nism can be described as follows:
"Fo (Ev’) + *Fyn Oy’ = *D2 (Bu™) + *Hisp 0y (1)

Concretely, after excitation at 388 nm Dys‘ ions are excited from the
[’Flg/z ground state to the 4113/2 excited state and then relaxed non-
radiatively to the *Fo/; level. From this level, the glass shows radia-
tively emissions to the 6H15/2 (480 nm), 6H13/2 (574 nm) and 6Hn /2
(662 nm). Additionally, part of the energy can be transferred non-
radiatively from 4F9/2 energy level of Dy° " to the sDz excited level of
Eu®*. Then the excited Eu®* ions relaxed non-radiatively to the SDo and
next by radiative transitions to the *Dy, "Fy, "Fa, "F3 and "F4 occur.

3.2.3. Time resolved luminescence

To get better insight into the luminescence properties of Eu®’ and
Dy3' doped glasses, luminescence decay curves were measured
(Fig. 12). The obtained decay curves can be described as two-
exponential decays, by the following equation [54]:

I(t) = Ajexp(-/T ) + Ajexp (-t 7) (©)]

Where A; and A; are the amplitudes of the two decay components, Ty,
and T3 are the short and long luminescence lifetimes, respectively. The
Ty is attributed to the rare-earth ions placed in low symmetry environ-
ment, while the 1, is a component related to the RE** in higher sym-
metry crystal field. Both, 7; and t, are components of the average
lifetime <7,y,>, which was calculated using equation (3) [24]. The
calculated values can be seen in Table 7.

t(<avg>)=(A() 177 +A2e3) / (A(1) T-(1)+A(1) T(1)) (5)

The average lifetimes of the Dy*t: "F9,2—>°H,3/2 transition were
found to be strongly related to the concentration of Eu’* and Dyl““r ions.
The lifetimes of dysprosium increase with decreasing Dy3 " content from
420 ps for BBO+10AlF3+1.5Eu+0.5Dy sample to 320 ps for
BBO+10AIF3+0.5Eu+1.5Dy. This agrees with other previous studies
[14,24]. The highest value is obtained for glass doped with 1.5 % of
europium. This indicates that the lifetimes of Dy®! increase with
increasing europium content, which may be evidence of Eu®tSDy*"
energy transfer occurrence in the borate-bismuth glass system [26].
Additionally, to determine the influence of AlIF; addition, lifetime
measurements of single doped glasses were conducted. The BBO+2Eu
and BBO-+10AIF3-+2Eu glasses were excited at Aee = 394 nm and
observed around 612 nm (Fig. 12 b). The sample BBO+2Dy and
BBO+10AlIF3+2Dy were monitored at 388 m excitation wavelength and
observed at around 574 nm (Fig. 12 b). Single exponential decay was
observed in Eu®* doped glasses and two exponential decay was observed
in glasses doped with Dy** ions. Similar behavior was observed by T.
Lewandowski et al. [13]. This behavior can be explained by the fact, that
decay times of Dy ions in glass matrix is strongly related to the Dy*"
ions concentration. It was found that in glasses with higher Dy3' con-
centration the double-exponential decay was observed [4,18,56-58].

The calculated parameters are presented in Table 8. In the case of
glasses doped with Eu®" the decay times did not differ much from each
other. However, in Dy** doped samples the 40 ps increase can be seen,
due to the addition of AlFs;.

4. Conclusions

The B203-Biz03 glass system doped with AlFz and Eug"'/Dy3+ ionsin
different molar ratios was successfully synthesized using a conventional
melt quenching technique. Rare earth 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
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Fig. 12. The luminescence decay times for (a) double and single (b) BBO glasses doped with Eu®' /Dy*" ions.
different ratios of Eu®*/Dy** addition. Glasses singly doped with Eu®"
Table 7. . . B S under excitation at 394 nm emitted a reddish-orange color. The addition
Caleulated parameters of luminescence decays of glasses doped with Eu®' /Dy of dysprosium ions changes the emitted color to a warm yellowish-
at Aex = 388 nm and observation at A.,, = 574 nm. orange color, close to daylight. Lumi esults indi d &
- g o ylight. Lumir results 1 that
Sample @ (1) 2 () Tave> (1) the energy transfer from Dy~ to Eu®* ions occurs in the proposed glass
BBO+10AIF3+1.5Eu+0.5 Dy 130 470 420 system. However, the decay times of the luminescence measurements
BBO-+10AIF3-+1Fi-+1Dy 180 450 350 indicate that the back transfer from Eu”" to Dy*' may also be present in
Em;:igﬂf;:g;“”” Dy ‘lj) 3}52 ;;3 glass samples. Moreover, the addition of AlF; has a strong influence on
4 the lumi ence properties of Eu‘”/Dy"' doped glasses. Samples
doped with 10 mol % of aluminum fluoride are characterized by lumi-
nescence enhancement in comparison to undoped ones. Additionally, all
Table 8 . . 3 . prepared samples were transparent, making them appropriate materials
Calculated parameters of luminescence decays of glasses doped with Eu® /Dy . for optical applications. It can be concluded that synthesized borate-
7 (ps) T2 (4s) Tavg (4S) bismuth glasses doped with AlF; and Eu®*/Dy®" can be used as phos-
hex = 394 nm, phors for solid-state lighting devices.
A obs = 612 nm,
BBO-+2Eu 1120 o—
BBO-10AIF 4+ 2Eu 11106 Author contributions
D ex = 388 nm,
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Abstract: Glass-ceramics with the composition B,O3-Bi,O3-5rF; were synthesized by the conven-
tional melt-quenching technique and subsequent crystallization of the parental glasses. The tempera-
ture at which the ceramization was carried out was selected based on differential scanning calorimetry
(DSC) analysis. The structure of the studied materials and the formation of SrF, nanocrystals were
confirmed by the Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) techniques. It was found that the amount of strontium fluoride
introduced into the parental borate-bismuth glass has a significant impact on the growth of SrF,
nanocrystals. In particular, the influence of the crystalline SrF, phase on luminescence intensity
and kinetics was studied using EuyO3-doped samples. An increase in luminescence intensity was
observed in the samples in which SrF, nanocrystals were formed. This is most likely related to the
fact that some of the Eu®" ions were (after annealing of the glass) located in the crystalline structure
of strontium fluoride. This was confirmed both by the luminescence lifetime obtained based on
the luminescence decay curves and the calculated Judd-Ofelt parameters, (), and Q4. The results
achieved confirm that the glasses and glass-ceramics described in this work could be considered as a
new phosphor for light-emitting diodes (LEDs).

Keywords: glass; glass-ceramics; luminescence; nanocrystals

1. Introduction

Glass as a material for applications in optics and optoelectronics has enjoyed un-
flagging interest for many years. In particular, a lot of research is related to glasses and
glass-ceramics with optically active dopants such as rare-earth ions, which are promis-
ing materials for use in white LEDs [1-3]. This is because of their unique combination
of properties for excellent transmission in the visible and infrared spectral range, high
refractive index, and good chemical and mechanical stability [4,5]. Glasses that are the
matrix for the rare-earth ions should also have low phonon energy, which decreases the risk
of multi-phonon relaxation processes and, consequently, of non-radiative transitions [6].
When we consider glasses for these applications, borate glasses seem to have great po-
tential. Boron oxide as a glass former is characterized by a wide glass formation range,
high transparency, and high thermal stability [7]. Unfortunately, the addition of some net-
work modifiers to boron oxide, usually alkali oxides, can lead to a change of coordination
number of some of the boron atoms from 3 to 4, changing the properties of borate glass.
Interestingly, the property change does not occur linearly with the amount of modifier.
This phenomenon is known as the borate anomaly [8-10]. The modifier that allows very
good optical properties of borate glasses to be obtained is bismuth oxide. Borate-bismuth
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glasses are characterized by high density and high refractive indices and, importantly due
to their preparation, are glasses with a comparatively low melting point in a wide glass
formation range (20-80 mol % BiO3) [11]. The choice of bismuth oxide over lead oxide,
which has often been used in glasses in recent years, seems particularly good, as it breaks
down the toxic material while leaving the glass with the desired properties. However,
the addition of Bi»O3 to borate oxide also changes the coordination number of the boron
atoms [10,12,13], changing the properties of the resulting glass.

Borate glasses were often used as matrices for RE** jons [12,14,15]. However, research
devoted to this subject has shown that an interesting alternative to glasses are glass-
ceramics, especially those containing metal fluoride nanocrystals. Optical transparency of
glass-ceramics can be reached if the crystallite diameter does not exceed 30 nm [16]. Crystal
lattice, especially when the crystalline phase is fluoride, prevents them from luminescence
concentration quenching due to clusters of RE** ions forming [17-19]. Furthermore, if
there are heavy atoms in the structure of the nanocrystals, an additional factor appears in
the amorphous matrix that reduces the phonon energy of the matrix what consequently
promotes RE>* radiative transitions, keeping all the benefits of the glass matrix at the same
time [17,20-23]. Much research has been related to the existence of PbF, nanocrystals in the
borate matrix [14,15]. However, as mentioned earlier, lead is being phased out due to its
toxicity. Among various fluoride nanocrystals, which are more environmentally friendly
than lead compounds, strontium fluoride SrF, seems to be a very good choice in terms of
materials for optical applications. This is because SrF; exhibits a wide bandgap, low phonon
energy, and relatively low hygroscopic properties [24]. On the other hand, to the best of
our knowledge, there is no information in the literature on the possibility of crystallization
of SrF; in a borate-bismuth matrix. SrF, nanocrystals are usually grown in glasses by
annealing them at a suitable temperature above the glass transition temperature (Tg). The
size of nanocrystals can be then controlled by changing heat treatment parameters, but it
also depends on the type of glass structure [23-27]. In the case of borate-bismuth glass, the
problem is more complicated because in this glass it is possible to obtain at least five stable
crystalline phases of Bi;03-B2O3 [11] and metastable bismuth orthoborate phases [28].
They can also crystallize in the matrix during annealing, leading to the crystallization of
the SrF, phase. Nevertheless, due to the optical properties of borane-bismuth glasses and
the known beneficial effect of SrF, nanocrystals on the luminescence of rare-earth ions, it is
worth undertaking such research.

This work is devoted to the synthesis of borate-bismuth glasses and glass-ceramics
containing SrF, nanocrystals. We present here the results of structural studies of the above
materials, as well as the impact of annealing the glasses on the luminescent properties of
Eu?* jons incorporated in them. The research was carried out to assess these materials as
potential candidates for LED phosphors.

2. Materials and Methods

Borate-bismuth glasses with a nominal composition (in mol%) of 50B,03-50Bi;O3 (BBO),
45B,03-45Bi,03-10SrF, (BBO+10StF,), and 40B,03-40Bi,03-20SrF, (BBO+20SrF;) were syn-
thesized using the conventional melt quenching technique. Moreover, glasses doped with
Euy03 (2 mol %) were prepared: BBO+Eu, BBO+10SrF,+Eu, and BBO+20SrF,+Eu. Well-
mixed starting raw materials H3BO3, BisOH(OH)y(NO3)y4, SrF;, and Eu(NO3)3 were melted
in a porcelain crucible at 1100 °C for 15 min. After that, melts were poured onto a steel hot
plate (~250 °C) and immediately pressed by another plate, and then cooled down to room
temperature. To investigate the effect of annealing the glasses on the crystallization of SrF,
nanocrystals, the samples were annealed in the interval of 450-590 °C for 1 h and 24 h in
an air atmosphere.

Thermal properties of as-prepared glasses were studied on a Netzsch Simultaneous
Thermal Analyzer, STA 449 F1, in the platinum-rhodium crucible in an air atmosphere,
with a heating rate of 10 K/min. Before each measurement, a blank calibration run was
conducted to account for the buoyancy effect. Differential scanning calorimetry (DSC)
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allowed the characteristic temperatures to be determined, such as the glass transition
temperature Tg and crystallization temperature Tc.

The amorphous nature of the glasses as well as the presence of crystalline phases
present in them as a result of annealing was confirmed in X-ray diffraction (XRD) stud-
ies. XRD measurements were performed on powder samples on a Philips X'PERT PLUS
diffractometer with Cu-K« radiation.

To determinate the types of structural units present in the samples, Fourier transform
infrared spectroscopy (FTIR) measurements were carried out. The measurements were
performed on a Perkin-Elmer Frontier MIR/FIR spectrometer with a TGS detector on pellet
samples mixed with potassium bromide KBr in a weight ratio (Sample:KBr) of 1:100.

X-ray photoelectron spectroscopy (XPS) analysis confirming the valence states of ions
present in the samples was carried out with an Omnicron NanoTechnology spectrometer
with a 128-channel collector. XPS measurements were performed in ultra-high vacuum
conditions, below 1.1 x 1078 mBar. The photoelectrons were excited by an Mg-Ka X-ray
source with X-ray anode operated at 15 keV and 300 W.

Luminescence emission and excitation spectra of the samples were collected by a
SCINCO FluoroMate FS-2 fluorescence spectrometer using pellet samples mixed with KBr
in a weight ratio of 1:1. The single measurement results were obtained as a quasi-three-
dimensional, colorful flat image, with the wavelength in the horizontal axis, the time in the
vertical axis, and the intensity expressed by a range of colors.

Time-resolved emission spectra (TRES) were acquired using a pulsed spectrofluorom-
eter described in detail [27]. The laser system PL2251-20 with an Nd:YAG laser and a PG
401/SH optical parametric generator emitting pulses of FWHMz30 ps from EXSPLA was
used as the excitation light source. The emission signal was analyzed by a Bruker Optics
2501S spectrograph and the Hammamatsu streak camera C4334-01 model. All operations
were fully automated and controlled by the original Hamamatsu HPDTA software, which
allows for real-time data analysis. By slicing the streak camera image at a certain time
interval, the time decays were obtained.

3. Results and Discussion
3.1. DSC Analysis

To analyze the thermal properties and the thermal stability of the prepared glasses,
DSC measurements were performed. The results are presented in Figure 1. One can observe
that the glass transition temperature depended on the SrF; content. Ty was located around
424 °C, 456 °C, and 459 °C for BBO, BBO+10SrF;, and BBO+20SrF; glasses, respectively.
Interestingly, the exothermic maximum associated with crystallization was only visible
for the BBO sample. The onset of crystallization peak temperature (Tx) was located at
534 °C, which is well below the crystallization temperatures of the possible crystalline
phases [11]. The glass stability region AT, defined as the difference between Tx and Ty, for
BBO glass was equal to 110 °C. This is a wide range, but even a small quantity of B,O3
may have a positive effect on the thermal stability of this glass [29]. Taking into account
the crystallization of the glasses, the thermal stability S parameter describing the glass
resistance against devitrification was also determined [30]:

(Te — Tx) (TC = Tg)

G
Ty

(¢9)

In studied BBO glass, the calculated value of S is 8.72. For comparison, the values of
S found in the literature for other borate glasses was even about 1 (50B,03-50Bi;O3 [31],
50Li;O-50B,0 [32]). Unfortunately, such a significant difference between these values
and the value obtained for our glass was not clear to us. As can be seen, the addition
of SrF; 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 SrF; phase in the BBO matrix was observed in
these glasses.
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Figure 1. DSC curves of BBO, BBO+10SrF;, and BBO+20SrF; glasses.

3.2. XRD Analysis

The amorphous character of as-prepared glasses was confirmed by XRD studies.
Figure 2 shows the diffraction patterns of BBO, BBO+10SrF,, and BBO+20SrF, glass sam-
ples. Only broad halos associated with amorphous materials can be seen.

T T T T T T

BBO+20SrF,

BBO+10StF,

Intensity (a.u.)

BBO

1 1 1 L ! !

10 20 30 40 50 60 70 80
26 (°)

Figure 2. XRD patterns of as-prepared BBO, BBO+10SrF,, and BBO+20SrF, glasses.

The effect of the annealing temperature on the structure of the BBO+10SrF, and
BBO+205rF; glasses is shown in Figures 3 and 4. In Figure 3, X-ray diffractograms for the
BBO+10SrF, and BBO+20SrF; glasses annealed at temperatures ranging from 560 to 590 °C
for 1 h are presented. Figure 4 presents XRD patterns of these glasses after heat treatment
in the same temperature range, but for 24 h. The aim of the thermal treatment was the
growth of SrF, nanocrystals in the glass matrix. XRD patterns of the samples annealed at
560 °C did not differ from the patterns of the unannealed samples and showed a lack of
long-range order. It should be noted, however, that in the presented XRD results a small
amount of the nano-sized crystalline phase could have gone unnoticed, especially since
the amorphous phase in which the nanocrystals were dispersed gives a broad halo in the
range of 25-35 (26), in which there may be major reflections derived from the crystalline
phases. Clear differences between BBO+10SrF; and BBO+20SrF, samples appeared after
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annealing at 570 °C. XRD patterns of the BBO+10SrF, sample showed crystallization
mainly in the BiBO3 phase (Ref.Code 96-720-9482), but there were also visible low-intensity
reflections corresponding to the SrF; phase (Ref.Code 96-900-9044). Unfortunately, there
were also unidentified peaks in the diffractograms that were likely related to bismuth
oxides, but crystalline borates sometimes have highly unusual stoichiometries [8]; therefore,
it is difficult to fully characterize the presented diffraction pattern. On the other hand,
BBO+20SrF, samples showed only the peaks characteristic of the SrF, crystalline phase
(Ref.Code 96-900-9044). As can be seen, with the increase in the annealing temperature,
the amount of BiBO; crystalline phase in the BBO+10SrF, 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+20SrF, glass, the SrF, phase crystallized regardless of the
temperature increase. The obtained diffractograms confirm the conclusion drawn based
on DSC studies that the presence of SrF; in the BBO matrix prevented its crystallization.
Unfortunately, annealing the samples at temperatures of 570 °C and higher caused them
to begin to lose their transparency. Therefore, 560 °C was chosen as the temperature,
providing a compromise between the transparency of the sample and the presence of a
crystalline phase in it. At this temperature, only samples heated for 24 h became opaque.

' : ' ' ' ' A
i o e 590 °C

\.‘Mw 390 °C

w A A 2
. 580°C | =
~ ’ 580°C | ©
=] M A =
S 570°C | €
N2 w - [l)
2 " T 570 °C
7 560 °C
S w
8 ! 560 °C
c 1 ! 1 1 1 1
Ll
StF, ‘ Ref.Code 96-900-9044
| | | | | [
BiBOg Ref.Code 96-720-9482
' 1 ll L1 h u|1|i| Mﬂw—m
10 20 30 40 50 60 70 80

26 (°)
Figure 3. XRD patterns of BBO+10SrF; (black) and BBO+20SrF, (red) glasses after annealing in the
temperature range of 560-590 °C for 1 h.

3.3. FTIR Analysis

Changes in the structure of the studied glasses occurring due to annealing were also
visible in the FTIR spectra. The FTIR spectra obtained for BBO+10SrF; and BBO+20SrF,
glasses and glass-ceramics are shown in Figure 5a,b, respectively. For comparison, the spec-
trum of as-prepared BBO glass was added to each figure. It is well known that the network
of borate glasses is mainly constructed from [BOj3] triangular structural units, which under
the influence of the modifier can transform into [BO4] tetrahedral units. Such a change
can also occur under the influence of Bi;O3 [12]. The broad absorption bands in the region
of 680-720 cm™! and 1100-1250 cm ™! are usually assigned to deformation and stretching
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vibrations of [BO3] groups [10,13,33]. In addition, the band at about 1200-1400 cm ! can
be attributed to the stretching vibration of [BO3]. On the other hand, the presence of [BO4]
groups may be indicated by the band at 900-1100 cm ! [13,33]. However, it should be
noted that these bands may shift under the influence of Bi;O3 and overlap with the Bi;O3
peaks and shoulders [33]. Looking at the spectra presented in Figure 5, it can be concluded
that the annealing did not significantly affect them.

590 °C

M- AmieeA
—— 590 °C

(o]
w ~ - 35
NWJLA-—AA RN 0 oC~ §
- X 580 °C QQ)_
S [ — s70°c| &
z 570 °C
2 e PR »
I3 560 °C
= , : ! : A s 960°C
SF, Ref.Code 96-900-9044
| | | I 1 (1
BiBOg Ref.Code 96-720-9482
1 ‘]llhlll‘ljll.l_ll'_ll_,l_ul_llllm_ﬂ_.-l..
10 20 30 40 50 60 70 80

20 (%)

Figure 4. XRD patterns of BBO+10SrF; (black) and BBO+20SrF; (red) glasses after annealing in the
temperature range of 560-590 °C for 24 h.

a) b)

B350, 03] T (BO3]  [803]

| | | BBO+10SrF7 24h 590 °C l [BO4]
e ] P
= ﬂ\'\,/\"\ = | \ BBO+20SrF5 24h 590 °C
< <
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= E
z BBO+10SrF2 z BBO+20SrF
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Figure 5. 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.

99


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

Materials 2021, 14, 4490 7of 14

3.4. XPS Analysis

XPS analysis was performed to provide additional information about the valence
states of the elements of which the samples consisted. 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 [24,34,35]. As research has
shown, both Eu and Bi ions are in the 3+ valence state. Exemplary spectra of the Sr region
of BBO+10SrF, and BBO+20SrF; glasses and glass ceramics after annealing at 560 °C for
24 h are shown in Figure 6. 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/, and Sr 3d3/; in
Sr-O [34,35], whereas peaks with energies equal to 134.0 and 136.0 eV could be attributed
to Sr 3ds/, and Sr 3d3/; in Sr-F [34,35]. The contribution of Sr-O and Sr-F doublets in the
glasses was 59% and 41% (BBO+10SrF;) and 67% and 33% (BBO+20SrF3), respectively.
The contribution of Sr-O and Sr-F doublets after annealing was, respectively, 80% and 20%
(BBO+10SrF,) and 52% and 48% (BBO+20SrF,). 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 SrF, crystal phase in the matrix, only took place in samples containing 20 mol % SrF,.
However, as the analysis of the X-ray diffractograms showed, SrF; as the only crystalline
phase was also present only in the samples containing 20 mol % SrF. Therefore, it can be
concluded from both of these methods that the formation of SrF; nanocrystals hindered
the crystallization of the matrix.

BBO+20SrF,+Eu 24h 560 °C
. Sr-0

A
N e > 4

Sr-

-

BBO+20SrFy

Counts (a. u.)

BBO+10SrF,

T T T T T T
138 137 136 135 134 133 132 131

Binding energy (eV)

Figure 6. Sr 3D region of XPS spectra of BBO+10SrF, and BBO+20SrF, as-prepared glasses and
glasses after annealing at 560 °C for 24 h.
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3.5. Luminescence Analysis

Luminescence properties of Eu-doped BBO, BBO+10SrF;, and BBO+20SrF, glasses
and glass-ceramics were investigated to determine the influence of SrF; on the lumi-
nescence intensity of Eu>* ions. Figures 7a and 8a show the excitation spectra of as-
prepared BBO+10SrF,+Eu and BBO+20SrF,+Eu glasses monitored at the wavelength of
Aem = 615 nm, which corresponds to 5Do — 7F2 transition of Eu®* ions [3,36]. Several
characteristics for 4f-4f transition peaks were visible in the spectrum. Excitation bands at
382 and 465 nm may have been assigned to 7Fy — 5G4, °D, transitions, whereas bands
at 396, 415, and 533 nm originated from “Fy — °Lg, °D3, and ®D; transitions, respec-
tively [3,36]. 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+10SrF,+Eu glass and glass-ceramics crystallized at 560 °C (Figure 7b)
consisted of several bands corresponding to Eu>* radiative transitions at 581 nm (*Dy —
7Fg), 594 nm (°Dg — 7Fy), 615 nm (°Dy — 7F3), 655 nm (*Dg — 7F3), and 703 nm (°Dy —
7F4) [3,36]. As can be seen, there were no significant differences between the intensity of
the bands corresponding to the BBO+Eu glass and the glass with the addition of 10 mol %
of SrF,. In addition, annealing of the BBO+10SrF,+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 SrF,
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+20SrF;+Eu samples (Figure 8b), it can be noticed that the emission bands were at the
same wavelengths as for the samples with 10 mol % of SrF,. In addition, it is evident that
annealing affected the intensity of Eu®* ions emission. It is worth noticing that the SrF,
crystalline phase was characterized by considerably lower phonon energy compared to
the oxide materials. Therefore, if Eu®* ions are located in the SrF, nanocrystals, this leads
to a decrease in multi-phonon relaxation probability, and consequently to an increase in
emission efficiency. This was also the case with other strontium fluoride-containing glass
ceramics [25,37].

—— BBO+10SrF2+Eu b)
— BBO+Eu ~
= =
—— BBO+10SrF)+Eu A g~ HE
——BBO+10StFy +Eu 1h 560 °C &
—— BBO+10StF) +Eu 24h 560 °C
-~
2 |
N’ —
= Aem = 615 nm
g .
3] ~
E 5
- w;
= D)
ghag g
lr?} .?- In/} 'hco
[(—} =
SN S
T T T
350 450 550 650 750
Wavelength (nm)

Figure 7. The excitation spectrum of BBO+10SrF,+Eu glass (a), and the emission spectra of BBO+Eu
glass, and BBO+10SrF,+Eu glass and glass-ceramics after annealing at 560 °C for 1 h and 24 h (b).
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5 7.
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Figure 8. The excitation spectrum of BBO+20SrF,+Eu glass (a), and the emission spectra of BBO+Eu
glass, and BBO+20SrF,+Eu glass and glass-ceramics after annealing at 560 °C for 1 h and 24 h (b).

3.6. Luminescence Decay and Judd-Ofelt Analysis

Luminescence decay analysis was performed on as-prepared Eu doped BBO, BBO+10SrF>
and BBO+20SrF; glasses and glass-ceramics. The decay curves were obtained by monitor-
ing 5DU —>7F2 emission line (Aem = 615 nm) upon excitation at Aexc = 465 nm (7F0 —>5D2
transition) and are shown in Figure 9a,b.

Tt was found that luminescence decays in both cases can be described as two-exponential
decays according to the following equation [38]:

I(t) = Ay expC—:) +A2exp(;—2t> )

where 11 and T, are long and short luminescence lifetime components contributing to the
average lifetime (Tavg>, and A; and A; are amplitudes of respective decay components.
The lifetimes 11 and T2, amplitudes, and average lifetime calculated for the luminescence
decay curves presented in Figure 9 are collected in Table 1.

Table 1. Fitting parameters of the luminescence decays, calculated Judd-Ofelt parameters, and luminescence intensity ratios.

BBO+Eu BBO+10S1F,+E BBO+20SrF,+Eu BBO+10SrF,+Eu  BBO+10SrF2+Eu BBO+ZOSr152+Eu BBO+20SrF2+Eu

1h560°C 24h 560 °C 1h 560 °C 24h560°C

Ay 3913 4148 4267 3297 3431 3440 3338

Az 3237 3115 2951 3893 3387 3046 2692

Ty (ms) 142 1.18 1.28 1.24 1.22 145 148
T, (ms) 0.56 0.5 0.52 0.58 0.56 0.66 0.65
<Tapg> (mS) 1 1 1.1 1 1 12 12
(971 5.64 5.15 5.54 6.06 5.86 448 511

(o7} 3.89 3.74 3.59 3.78 3.85 3.86 4.07
R/O 3.76 345 3.69 4.04 3.90 3.06 273

This double-exponential nature of the decay curves indicates the presence of two
different surroundings of Eu®* ions. Long lifetime (t;) is correlated with higher symmetry
of the crystal field, whereas short lifetime () is associated with lower symmetry of
the Eu®* surroundings. Thus, in glasses containing SrF» or PbF, nanocrystals, a long
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lifetime is attributed to Eu®* ions, which are located in the nanocrystals, and short lifetimes
correspond to the ions incorporated into the amorphous matrix [24,25,37,39].

a)
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= s '\\ BBO+10SrF2
S 10003 N « BBO+10StF; 1h 560 °C
g H - BBO+10SrF7 24h 560 °C
= % N
«“:j 10040 "V
LR TN
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% 104°® .';6;)..‘)’;:72
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Figure 9. Luminescence decay curves of Eu-doped BBO and BBO+10SrF, samples (a) Eu-doped BBO
and BBO+20SrF, samples (b).

Concerning the tested samples, it can therefore be said that Ty represents the lifetime
of Eu®* ions incorporated into the SrF; nanocrystals, whereas T, corresponded to ions
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surrounded by the glass matrix. However, in the case of the studied samples, the situation
seems to be more 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+10SrF, 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 [40,41]. As can be seen, the longest T, lifetime was observed for the
BBO+20SrF; samples, especially those annealed for 24 h at 560 °C. It seems that in these
samples the amount of Eu®* ions incorporated into SrF; nanocrystals increased. This
result is in line with the results obtained with the XRD. They show that SrF; as the only
crystalline phase in the glass was present at 20 mol% of SrF;, 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 (), and ()4 were calculated based on luminescence
emission spectra using JOES application software and are presented in Table 1. Detailed
information regarding software and calculations can be found in reference [42]. The Q¢
parameter was not determined in this study due to the unregistered emission band, located
in the NIR range of wavelength, that corresponds to the 5Dy — ”Fg transition band. The
), parameter is known to be structure sensitive and also depends on the covalence of
Eu®* bonds with the ligand [43-46]. It is determined from °Dy — 7F, hypersensitive
transition. The high value of the Q), parameter ((); > (y) suggests that Eu®* ions occupied
mostly low-symmetry sites. This corresponds to the situation where Eu** 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 (), coefficients. In turn, the )4 parameter
is related to the rigidity of glasses and is often attributed to the emergence of long-range
effects related to crystal lattice [19]. 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 SrF, nanocrystals [25]. The parameters (),
and Q) calculated for the BBO+10SrF, and BBO+20SrF; glasses before and after annealing
were different, but the change due to crystallization depended on the initial amount of
SrF,. In the BBO+10SrF, sample, both ); and ()4 were higher in the annealed samples.
Nevertheless, it is a sample where it was difficult to say that SrF, was the only crystalline
phase in the glass matrix and it was, therefore, difficult to analyze the influence of the
appearance of SrF, nanocrystals on luminescence. On the other hand, in the case of the
BBO+205rF, sample, after crystallization the parameter (), was lower and ()4 was higher
than in as-prepared glass. However, in the BBO glass containing 20 mol% of SrF;, no
additional crystallization of the matrix was observed after annealing; hence, it can be
concluded that the observed change in the values of (), and ()4 parameters, as well as the
increase in 7; time, are because Eu?* ions were located in SrF, nanocrystals.

These results follow the luminescence intensity ratio R (asymmetry ratio), which in
the case of Eu®* ions can be calculated from the expression [45]:

_ I1(°Dy — 7F,) 5
~ 1(°Dy — 7Fy) @

The transition Dy — 7F; occurs via magnetic dipole and is independent of the host
matrix, whereas °Dy — F, has a pure electric dipole moment origin and is hypersensitive
to changes in the crystal field around Eu®* ions. In other words, a more intense Dy — 7F,
transition indicates that the Eu®* ions mainly occupy positions without an inversion center,
whereas a more intense 5D0 — 7F; transition shows that the Eu* ions are located at
sites with higher symmetry. Therefore, with the change in site symmetry of Eu®* ions,
when they take positions with higher symmetry, the asymmetry ratio coefficient should
decrease. The intensity ratios calculated for the as-prepared BBO+20SrF, sample and
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the samples after annealing at 560 °C decreased with an increase in the annealing time
(resulting in the growth of SrF, nanocrystals). This means that some of the Eu** ions were
located in the structure of nanocrystals. Unfortunately, as shown earlier, BBO glass initially
containing 10 mol % of SrF, may behave differently, which is most likely related to the
not-completely-amorphous (after annealing) borate-bismuth matrix.

4. Conclusions

In summary, borate-bismuth glass-ceramics doped with Eu* ions, with SrF, nanocrys-
tals, were obtained. The structural modifications of parental glass, leading to SrF, nanos-
tructure crystallization, depend strongly on the initial amount of strontium fluoride. In the
case of borate-bismuth glass, it is possible to obtain at least five stable crystalline phases
of Bi;O3-B,0O3 [11], and 10 mol % of SrF; introduced into the glass is insufficient to block
crystallization of the matrix. This has a strong influence on the luminescent properties.
The expected increase in the intensity of emission bands was not observed in such glass
ceramics, which was probably related to the scattering of the emitted radiation on various
types of defects occurring during the annealing of the glasses. The increase in lumines-
cence intensity was observed after annealing in samples containing 20 mol% SrF,. The
luminescence lifetimes obtained for these glass-ceramics indicate that some of the Eu®*
ions were located in SrF, nanocrystals. This was also confirmed by the analysis of the
Judd-Ofelt parameters (), and ()4, and luminescence intensity ratio R. 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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