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The principal aim of this thesis was to create novel persistent luminescent composites that
display green persistent luminescence (PeL) when charged not only with UV light but also
with infrared radiation. The fundamental formula of the oxyfluorophosphate glasses was
developed based on previous research undertaken at Tampere University's Photonics Glasses
Group. The study's novelty was the use of a new host crystal from the tungstate calcium
family (CaWOQa4) codoped with Ytterbium and Thulium, able to absorb infrared radiation as
well as emit visible light. The project was divided into three different phases. The first
phase was dedicated to the investigation and improvement of blue upconversion (UC) in
crystals after 980 nm irradiation. Using solid-state reaction, crystals with various Yb**/Tm3*
ratios were produced and analyzed using SEM/EDS and XRD analyses. In addition, the blue
upconversion following infrared stimulation was studied using different codoping ratios.
The second step was intended to create composites by adding the most promising
upconverter crystal and phosphors with green persistent luminescence in the glass. After
infrared charging, green afterglow was seen, demonstrating the transfer of energy
between Yb*" ion and Tm3* ions and then to persistent luminescence particles, implying that
newly formed composites might be utilized to construct an optical battery. The third phase
included adding silver to the most promising upconverter composite in order to gain superior
blue emission.

The originality of this thesis has been checked using the Turnitin Originality Check service



ACKNOWLEDGEMENTS

Before delving into the thesis, I'd want to express my appreciation to everyone who contrib-
uted to the project's completion.

This thesis was carried out during spring 2022 in the Photonic Glasses group in the Photonics
laboratory department of the faculty of engineering and natural science of Tampere Univer-
sity, Finland, led and supervised by Professor Laeticia Petit.

First of all, I'd like to express my gratitude to Professor Erkki Lahderanta for providing me
with the fantastic chance to study at Lappeenranta University of Technology. He was there
for all of us along the learning process and assisted us when we ran into difficulties, Professor
Bernardo Barbiellini thank you for your support and the amazing lectures, | appreciated your
caring disposition and teaching style, as well as all Professors in LUT.

I want to express my special thanks to Professor Laeticia Petit, for her sympathy, excellent
guidance, and encouragement, and the Photonic glasses group (Julia, Bartosz, Arnaud,
Mikko,Vilma, Evellyn) and Dr. Turkka Salminen for his help in SEM/EDS measurements.
It was great to work with you, and | thank everyone in the group and the students | came
across for their tremendous help and support both in and off the lab.

I must admit that | was pretty fortunate to participate in a unique study program that enabled
me to study and work at three different universities at the same time. Although it may seem
corny, meeting individuals from all over the globe has been an amazing experience, and I've
gotten a lot of delight out of learning about other cultures in different nations.

I would like to thank my friends (Lyna, Yassin, Melha, Andrey, Julia, Anna, Sara, Suvi,
Daria, Alaa and Moulod). Thank you for being there, keeping me sane and amusing, sup-
porting me on my path, and showing me a wonderful and memorable time throughout my
years of studies.

Last, but by no means least, I'd want to express my gratitude to my family for their continu-
ous support and encouragement through thick and thin. My grandmothers offered me their
encouragement through the years and valued education and science above all. | must express
my very profound gratitude to my older sister Hayet for her support and help over the last
years, as well as Manel and Amina. I'd want to honour my parents, Lounes Sedda and
N.F.Sebai, in particular, their support is invaluable and means the world to me.

To close out a special shout out to all my teachers in Algeria (USTHB), Russia (GRIAT,
LETI) and Finland (LUT, TAU), I'd want to highlight that my success is ultimately your
success.

Tampere, 2022
Ahmed Sedda



SYMBOLS AND ABBREVIATIONS

> AN o 2

Q

°C
wgt%
mol%
cm
um
nm

min

r g >»

AT
AU
DSC
DTA
GCs
HT
ET

Absorption coefficient

Peak width of the diffraction peak profile at half maximum height
Constant related to crystallite shape

Wavelength

Absorption cross-section

Diffraction angle

Degrees Celsius

Weight percent

Molar percent

Centimetre (1cm =102 m)
Micrometre (1 um =10°m)
Nanometre (1nm =10°m)
Minute (1 min =60 5s)
Hour (1 h =60 min)
Temperature [°C, K]
Absorbance

Size of the crystallites

Glass thickness

Intensity

Temperature difference

Arbitrary Unit

Differential Scanning Calorimetry
Differential Thermal Analysis
Glass-ceramics

Heat treatment

Energy transfer

Glass transition temperature



Tx
Tm

XRD
SPR
NIR
PeLs
PA

RE
SEM
SE
BSE
MPs
EDS
ucC

CR
GSA
PAET
NPs
CaF:
NaPOs
CaWO4
Na.CO3
Tm203
Y0203
Ag.0
Ag2SO4
CaCOs
WO3

Pt

Glass crystallization temperature
Glass melting temperature

Glass crystallization peak temperature
X-Ray Diffraction

Surface plasmon resonance

Near infrared radiation
Persistent luminescence particles
Photon avalanche

Rare earth

Scanning Electron Microscopy
Secondary electrons
Backscattered electrons
Micro-particles

Eneregy despersive spectroscopy
Upconversion

Cross relaxtion

Ground state absorption

Photon avalanche energy transfer
Nano-particles

Calcium fluoride

Sodium(1) metaphosphate
Calcium tungstate

Sodium carbonate

Thulium oxide

Ytterbium oxide

Silver (1) oxide

Silver sulfate

Calcuim carbonate

Tungsten (V1) oxide

Platinum



Table of Contents

Abstract

(Acknowledgements)

(Symbols and abbreviations)

R 1€ oo (1 [od £ o] o PRSP 1
2 Theoretical BaCKgroUNd...........cooouiiiiiiiiiiiie e 3
80 R € F- TS OO PRTP 3
2.1.1  Definition OF glass........cceeiiiiiiiiiie i 3
2.1.2  Theory of formation Of glasses .........cccovueiiiiiiiiiiii e 4
2.1.3  Glass preparation Methods............ooiiiiiiiiiiiiiee e 6
2.1.4  Phosphate glass SYSIEIM ........eieiiiiiiiie et 8
2.1.5  LASEI IASS ..veieieieeeiiie e 8

2.2 Techniques to prepare crystals in glasses.........cooivviiiiiriiiiiiiie e 10
N R €1 - TSl o= - o ok PSPPI 10
2.2.2  Direct doped Method..........ccooiiiiiiiiiii e 13

2.3 SPECLIOSCOPIC PrOPEITIES. . eeiviiieiieeeeiiieeeitie e et e et e et e et e et e e ssbe e et e e anneeeenees 14
2.3.1  UPCONVEISION PrOCESS ...vveeeurrreaireeaisieeessteeesseeesseesasssessassessasneesssseessnseessnes 15
2.3.2  Blue upconversion from Yb%, Tm>* ..o, 16
2.3.3  UC properties enhancement using noble metals.............ccccoeveiiiinininnnnn, 17
2.3.4  Persistent [UMINESCENCE.........oiiiiiieiiie et 19

2.4  Fabrication of an optical battery using luminescence COMpPOSIteS............cceeenneee. 20
2.4.1  The optical battery's operating prinCiple ..........cccoevvieiiiiiiniieiee e 20
2.4.2  Composite OF INVESTIGAtION.......cuviiiiiieiiiee e 21

3 EXPerimental ProCEAUIE ........ooiiiiiiiiee ettt 24
3.1  Preparation of the COMPOSITES........ccciuiiiiiiieiiiee e 24
311 Crystal SYNENESIS .....vveeiiiie e 24
3.1.2  MEIING PrOCESS ...ttt 25

3.2 Thermal PrOPeITIES .....cciiuiie ittt 26
3.3 X-Ray diffraction Study (XRD) ......cccoeiiiiiiiiiiieiiiie e 27
3.4 Scanning electron microscope and energy dispersive SPectroSCopy..........cc....... 30
T O o [oF: 1 o] (0] o [=] £ T O ROTRRTPR 32



3.6 SPECLrOSCOPIC PrOPEITIES ...eeiiveiieiiieeiitieeeitie ettt et e e e 34

3.7  Persistent luminescence COMPOSILES PICTUIES ........eeevuveeriiieeiiiieeiieee e e 35
4 RESUILS AN DISCUSSIONS. .....cciuuiiiiiiieiiiieaitee et ee sttt et ettt et e snbe e e srbeeesnbeeesneeeans 36
4.1  Preparation and characterizations of the CaWQO4 crystals...........ccoccevviieeiiinnnne 36
4.2 Composites fabrication and characterization...........c.ccccevoeeiiiiee e 42
4.3 Silver addition in the COMPOSITE ......ccuvviiiiiiiiiie e 48
I O] 0 Tod 1111 o] o [T 56

R EY (=] (=] 1101 TR 58



List of Figures

Figure 1. Structural representation of crystalline and vitreous silica (Prabha et al., 2020)... 3

Figure 2. Volume of enthalpy versus temperature curve (Faupel et al., 2003). ................... 5
Figure 3. Glass preparation melt-quenching technique (Karmakar, Rademann and
SEEPANOV, 20L6).....ceiiiiieeiiiiie ettt e ettt et e et e e b e be e e e reeeennree s 7
Figure 4. The diagram depicts the energy level states of several lanthanide ions that
potentially undergo f-f transitions (Sun et al., 2015). .......ccccoiiiiiiiiiii e 9
Figure 5. Glass and glass-ceramics preparation temperature schedule (Karmakar,
Rademann and StepanoV, 2016).........coiiuiiriiiieiiie i 11

Figure 6. Temperature schedule for generating glass-ceramics using heat treatment
approach (left), temperature dependency of the nucleation (I) and crystal growth (U) rates

(right) (Karmakar, Rademann and StepanoV, 2016). ........ccccevieeeriiieeiiiee e 11
Figure 7. Classical nucleation/growth theory (Zhang and Liu, 2014). ........c.ccccevvverinnnnne 13
Figure 8. Schematic of the Direct Doping Method process (Ojha, 2020)..........ccccuveeienenn. 14
Figure 9. Ln**-based upconversion mechanisms (Zhou et al., 2014). ........ccccccceveeveverennne. 15
Figure 10. Schematic representation of the energy levels of Yb** and Tm3* ions
(ASSUMPCAO et al., 2009). ...coieieiiiieeiee e 16
Figure 11. The absorption peak for Yb** ions at 980 nm (Shi et al., 2020). ...................... 17
Figure 12. Energy transfer (ET) Ag-clusters, down-conversion emission at 365 nm (left)
and up-conversion emission at 980 nm (right) (Bae and Lim, 2019). .......ccccevviviiiieennnn. 18
Figure 13. The energy transfer method described by L.Hu et al. in their study (Hu et al.,
P40 ) TSP PPRTSOP 21
Figure 14. The crystalline configuration of CaWO4 (Abozaid et al., 2018). ............c........ 23
Figure 15. Illustration of the process of persistent luminescence in materials containing
Yb3, Tm3* (Tan et al., 2019).......cioiiiieieiecieceeeee et 23
Figure 16. Parts of a common DSC installation (Steinmann et al., 2013). ..........cccceeeeneen. 26
Figure 17. Typical glass DSC thermogram (Shelby, 2005)..........cccccoiiiiiiiiiiiniiiee e, 27
Figure 18. Bragg-Brentano diffractometer schematic (Taguchi, 2006). ...........ccccccveerneenne 28
Figure 19. X-ray beam diffraction meeting Bragg's criterion (Yoshio Waseda, Eiichiro
Matsubara and Kozo Shinoda, 2011). .......coiiiiiiiiiiiiie i 29

Figure 20.A) X-ray diffraction for silica in the crystalline state (quartz) (Teixeira et al.,
2008) B) For silica in the vitreous state (Dey, Chakraborty and Mukhopadhyay, 2011). .. 29
Figure 21. Scanning Electron Microscope (SEM) Components (Singh, 2016).................. 30
Figure 22. Secondary (SE) and backscattered electron (BSE) (Goldstein et al., 2018)...... 31
Figure 23. Transmission spectra of different transparent families (Allix and Cormier,

140 K ) SO P PRSP 32
Figure 24. An illustration of spectrophotometer with double beam (Jena, Tokas and
TRAKUL, 2005). ..ttt e rb e e et e e b e nee e 33
Figure 25. Mechanism of electronic absorption of a photon in a glass where an electron is
excited and crosses the forbidden band (Callister and Rethwisch, 2007). ...........cccccveenneee. 34
Figure 26. Setup for spectroscopic analysis of sample photoluminescence emissions

(T 0T 1= 24000 ) PRSP 34

Figure 27. XRD patterns of the synthesized CaWO4 crystals............cccevvveriiiieiineeiinnnnn 36



Figure 28. Normalized UC spectrum of the Yb15TmO0.5 taken as an example, upon
eXCItation At 4 = 980 NIM. ....ooiiiiiiiiie e 37
Figure 29. Yb** and Tm*" ion simplified energy-level diagram and the suggested UC
mechanism from different Tm** ion energy levels (Halubek-Gluchowska et al., 2021). ... 38
Figure 30. Normalized upconversion spectra of the examined crystal YbxTmy with varying
doping ratios after excitation at 980 NANOMETE...........c.ceviiiiiiiiiie i 39
Figure 31. a)Intensity of a blue upconversion emission crystals made with 0.5 mol percent
Tm,O3 and various Yb,Os contents (b) with 15 mol percent Yb2Oz and various Tm,O3

(o0 g Tor=T o1 =11 o] 4K TR 40
Figure 32. SEM analysis of the Yb15TmO0.5 crystal with a) high magnification b) low
oo T =LA (o] o ORI 41
Figure 33. EDS spectra of the YD15TmO.5 crystal.........ccccovieiiiiiiiiiieie e 41
Figure 34. Picture of the composites in day light and after the removal of UV irradiation
UL 0] (01 PRSPPI 42
Figure 35. Picture of the cross section of composites under ambient daylight and when the
UV source was removed (AftErgloW).........ooiuiiriiieiiie e 42
Figure 36. Transmittance spectra of the COMPOSITES. .........covviiiiiiiiiiie e 43
Figure 37. Picture of the 1.25-1 composite in daylight (a) and under 980 nm excitation (b).
........................................................................................................................................ 44
Figure 38. a) Normalized upconversion spectrum of the composites b) Intensity of the UC
emission at 475 nm from the composites under 2 = 980 nm excitation. ...............cccvveenee. 44
Figure 39. SEM images of crystals spotted on the surface of composites. ...........cccceeveene 46
Figure 40. (a) Picture of the 1.25-1 synthesized composite undergoing 980 nm

irradiation (b) and then when ceasing the 980 nm excitation ............ccccvcveviiiiniinen e 47
Figure 41. a)Picture of the composite in daylight and under UV irradiation. b)Picture of the
COMPOSITE UNAEE 980 MMttt e e e e e nes 48
Figure 42. UC of the composite doped with silver nanoparticles.............ccccooveiiieeninnn. 49
Figure 43. UC spectrum of the crystals prepared with different amount of Ag liquid. ...... 50
Figure 44. Composites with the addition of SHVer. ... 50
Figure 45. Absorption spectra of the Ag containing COMPOSILES. .........coovvveriieeriineniieens 51
Figure 46. UC spectrum (a) normalized UC spectrum (b) UC spectrum of the composites.
........................................................................................................................................ 51
Figure 47. Thermogram of the AgaSO4 COMPOSITE. ......cccvviiiiiiiieiiiee e 52
Figure 48. Picture of the glass-based composite after heat treatment for 2 to 17 hours at
(Tg+20°C) in daylight and under UV irradiation. ..........ccocoveeeiiiiiiiiieiiiee e 52
Figure 49. Absorption spectra of the composites prior to and after heat treatment for 2 to
17 NOUIS At (TgH20%C). ettt ettt ettt e et e e et e e e ae e e e nes 53
Figure 50. XRD pattern of the composites prior to and after heat treatment for 2 to 17
NOUFS At (TGH20°%C) weeinvieiiieeeiie ettt ettt e st e et e nbeesreeesbeeenbeenreeenes 54

Figure 51. UC spectra of the Ag containing composites after heat treatment for 2 to 17
NOUPS At (TgH20°%C). wooueeeiieeiiie ettt e et et e et e nbe e sreeesbeeenbeenneeennes 54



List of Tables

Table 1. Several glass quenching processes and cooling speeds (Zarzycki, 1991). ............. 7
Table 2. Several laser glasses performance (Wu, Myers and Myers, 2001). ...........c......... 10

Table 3. List of prepared Crystals. ...........oouiiiiiiiiiiiieiie e 24



1 Introduction

Photonics is the science of generating a photon (light), detecting it, and manipulating it via
emission, transmission, modulation, absorption, amplification, signal processing, or
switching. One of the most important aspects of photonics is its connection to the proper use
of light as a tool for human benefit. It may be used in a wide range of contexts, from the
mundane to the cutting-edge. Photonic computing, spectroscopy, the medical industry
(endoscopy, surgical monitoring, and health monitoring), biophotonics are few examples of
photonic computing (Mignon et al., 2018), (Sun et al., 2017).

Persistent luminescence particles (PeLs) are a class of optical materials that continue to
exhibit persistent luminescence, often referred to as afterglow, after turning off the
excitation. They provide surprising benefits for in-vivo optical imaging of tumours, including
excellent sensitivity, deep penetration, and numerous excitation sources (UV light, LED,
NIR laser, X-ray, and radiopharmaceuticals) (Liu et al., 2021). Additionally, PeLs are
commonly employed in persistent luminescence imaging-guided tumour treatment by
adding additional functional molecules such as photosensitizers, photothermal agents, or
therapeutic medicines (Liu et al., 2021). Therefore, it is possible to generate PeLs with a
range of emission wavelengths from ultraviolet to near-infrared (NIR) by adjusting the host
and emitter (Li, Gecevicius and Qiu, 2016).

The purpose of this study was to use the direct doping approach to develop new composites
containing persistent luminescent particles in order to create a novel optical battery that
could convert IR light into green visible light. Two well-established principles were followed
in this instance: upconversion and afterglow. Upconversion represent the process of
converting photons that enter the material to higher energy photons, while the afterglow is
the generation of light after the incoming radiation has stopped. To accomplish this,
upconverter crystal and persistent luminescent phosphors were directly doped into the melt,
a technique known as direct doping. Direct doping is the adding of particles to already molten
glass. This method prevents the particles from corroding. Although investigations have
proven that the particles withstand during doping technique, the final glass uniformity might
be improved (Massera et al., 2016), (Ojha et al., 2018a).



In chapter two, essential concepts such as glass preparation, nucleation and growth theory,
spectroscopic characteristics (upconversion and afterglow processes), and direct doping
technique are discussed, as well as essential understanding of glasses and upconverter
crystals. Following that, Chapter 3 concentrates on the experimental part of the research,
describing the preparation of the composites as well as the working principles of the
equipment utilised for the characterisation and analysis of the composites. The findings are
presented in Chapter 4, with a discussion depending on the objectives and data collected.
The study is concluded in Chapter 5 and suggests future steps.



2 Theoretical Background

2.1 Glasses

Glass has a long history stretching back to 3000 BC; the first surviving glass artefact was
unearthed in the Middle East. Mesopotamia was later, about 2600 BC, known for its
abundance of glass beads. In his book, "How Glass Changed the World" (Rasmussen, 2012),
Rasmussen stated that glass was found as a by-product of metallurgy or as part of an

evolutionary process for the production of ceramic materials.

2.1.1 Definition of glass

Glass is a substance with two basic properties. The lack of a long-range periodic atomic
arrangement (d >3 nm) is the first. Second, each glass has a time-dependent glass transition
behaviour. As a result, this behaviour happens throughout a temperature range known as the
glass transition (Tg), which is the temperature area at which glass can be produced. Glass is
a non-crystalline material with glass transition properties. As a result, glass is defined as
any inorganic or organic solid substance that shows glass transition behaviour.

Figure 1 depicts a comparison of Zachariasen's proposed representation of crystalline SiO-
silica (Quartz) and vitreous SiO- structures.

Crystalline SiO, Amorphous SiO,

(Quartz) (Glass)

Figure 1. Structural representation of crystalline and vitreous silica (Prabha et al., 2020).



The glass completely obscures the crystal long-distance structure. Consequently, the glass
exhibits no diffraction peaks in the X-ray diffraction (XRD) pattern. Despite this, it has
been proved that the local structure at the scale of the first neighbours is preserved. For
instance, silicon reacts with oxygen in silica glass to produce SiO4 tetrahedra. According to
J. Zarzycki, glass represents a non-crystalline material that exhibits the glass transition (Tg)
phenomena (Zarzycki, 1982).

Two definitions are often used to characterize the vitreous state, an operational one:
‘Glass is a solid obtained by cooling a liquid which did not crystallize’ or a structural one:
‘glass is a non-crystalline solid’. The first concept requires quenching a liquid to produce
glass, although we know that alternative processes exist (sol-gel, mechanical actions), and
the second definition implies the absence of order in a long-range. Therefore, to define the
vitreous state, we must add two points: first, the glass is a metastable state; it contains an
excess of energy, and then the glass has a glass transition temperature (Tg) (Zarzycki, 1982).

2.1.2  Theory of formation of glasses

A material that exhibits the transitional behaviour of glass can be thought of as glass. The
liquid can be crystallized below its melting point (Tm) or cooled below its melting point
without crystallizing the molten batch to produce a supercooled liquid (Figure 2). If the
liquid cools to a temperature below its melting point, the liquid turns into a crystal if the
kinetics favour the nucleation of the crystalline phase (Faupel et al., 2003). Since the atomic
arrangement is fixed during glass formation, glass in the thermodynamically stable state
cannot pass to the most stable state. The glass transition temperature (Tg) endure the
temperature at which a viscous liquid solidifies into a glass. Because of the slow cooling
rate, the molecules can reduce "free volume". Density and specific heat are two key elements
that influence Ty. The density of most glasses decreases with increasing temperature.
(Debenedetti and Stillinger, 2001).
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Figure 2. Volume of enthalpy versus temperature curve (Faupel et al., 2003).

Only when the temperature falls below Ty the materials become glassy. The thermal
behaviour of a rapidly cooled glass structure has far more significant impact on its properties
than those of a slowly cooled glass structure. Because of the lack of long-range periodicity,
glass possesses isotropic physical properties. Reheating the produced glass to a temperature
above Ty may conduct it to crystallise. However, if the re-heating temperature is close to Ty
but significantly lower than Tm, the glass remains uncrystallized and undergoes specific

changes in atomic configurations known as structural relaxation.

Glass contains relatively few stoichiometric limitations due to its amorphous form.
Consequently, glass may include a broad range of components and can be prepared with

complicated compositions.
Atoms in the glass can carry out different roles

1) Network formers are components that may produce a glass on their own.
Silicon Si (in its oxide form), phosphorus P (in its oxide form P20s), and boron B (in its
oxide form B20s) are the most frequent forming elements; they represent elements with
relatively high valence (typically 3 or 4, occasionally 5) that form half-covalent, half-
ionic bonds with the oxygen atoms. They produce polyhedra with low coordination (3 or
4), such as SiO4, BO4 or BOs. These polyhedra are linked together by their vertices to

create the glass network.



2) The cations (alkaline or alkaline earth) that encourage glass formation but do not
participate directly in the network in the presence of "forming" cations are "modifiers";
they do not participate directly in the network but alter it. The modifiers fit into holes
(defects) in the lattice that occurs during glass production at random. Modifiers are
lattice-modifying oxides that change oxygens (two forming cations) into non-carrying
oxygens (single formative cation). These incisions reduce viscosity, allowing for easier
fusing. These oxides include Na>O, CaO, MgO, PbO, and others.

3) The intermediate level (stabilizers): some cations may serve as formators or
modifiers depending on the context in which they are present. These cations are known
as "intermediates”. The intermediate components display diverse behaviours:
depending on the composition of the glass, some of these elements are either formative
or modifying, while others have neither of these roles but play an intermediate role.
Aluminium "Al', iron 'Fe’, titanium 'Ti', nickel 'Ni', and zinc 'Zn' are the primary,
intermediate elements in oxide glasses. Zachariasen hypothesised a third group of oxides,
Al;O3, PbO, ZnO, CdO, and TiO2, whose role in the lattice might be formative or
modifier depending on the composition: Al.Oz, PbO, ZnO, CdO, and TiOz. It is, without
any doubt, oxides with cations capable of tetrahedral coordination.

2.1.3 Glass preparation methods

It is possible to manufacture glasses using a variety of procedures, including vapour
deposition, the freezing soil process, and fusion/cooling, which is the most commonly
employed approach. In order to freeze the liquid's structure, it is necessary to swiftly cool a
molten liquid into a solid. Glass may be formed in theory from any molten liquid, provided
that it cools quickly enough to prevent the rearrangement of the structure and thus the
formation of periodic crystallographic arrangement. As a result, nearly any material that does
not break down at melting point in its liquid state may be used to produce glass. Glasses can
equally be entirely made of metal. It is Zarzycki's conclusion that a variety of processes may
be used for the creation of glass. These include melting quenching and reaction
amorphization as well as thermal evaporation and chemical reaction, along with gel-
desiccation and shear amorphization. Table 1 shows several glass quenching processes and
cooling speeds (Zarzycki, 1991).



Table 1. Several glass quenching processes and cooling speeds (Zarzycki, 1991).

Technique Cooling rate
(Ks?)

Annealing 10°-1072

Air quenching 1-10

Liquid quenching 102 -10°

Splat cooling 10°

Melt-spinning 10° -108

extraction

Evaporation 10’

The most well-known and adaptable approach for manufacturing an amorphous solid is the
melting quenching process. First, the batch (raw material combination) is melted at a
temperature which depends on the glass composition for a time determined by the melting
points of its constituents. After melting, the glass is quenched. Thorough annealing of the
glass melt within a few degrees around its glass transition temperature is performed to reduce
residual thermal stress. "As-prepared glasses™” are the glasses obtained as a result of the
procedure. Through sawing, grinding, and polishing, the as-produced glass samples are
prepared for various characterisation methods.

The process shown in Figure 3 is the melt-quenching procedure for glass preparation
(Karmakar, Rademann and Stepanov, 2016).

Raw materials

{selection, calculation, weighing, and mixing)

N

Batch

(Process: melting at the desired temperature in a
suitable crucible with intermittent stirring)

R

Glass melt

Process: casting in a suitable mold and annealing|

s

Annealed as-prepared glass

(Process: cutting, grinding, and polishing }

Sl

Sized and shaped glasses

(characterization by different techniques)

Figure 3. Glass preparation melt-quenching technique (Karmakar, Rademann and
Stepanov, 2016).



The sol-gel technique is a method of material fabrication that involves highly chemically
active components in a solution, sol, or gel and then heat-treating an oxide or other
compound under optimal conditions. In recent years, the sol-gel method has been utilized to
produce glasses, oxide coatings, and functional ceramic powders, most notably composite

oxide ceramics and high-temperature oxides (Wang, 2020).

2.1.4 Phosphate glass system

Various oxide glasses have been investigated: silicate, phosphate, tellurite, borate, and

germanate.

Phosphate glasses offer several beneficial features. To begin with, their spectral transparency
ranges between 0.2 and 4 pm, significantly narrower than that of silicate glasses.
Furthermore, they have a comparatively low glass transition temperature between 100 and
500°C. As a result, they may be moulded and manufactured at comparatively low
temperatures. Their key advantages include a high capacity for metal ions such as rare earth
and transition metals to be dissolved in them. As a result of this property, glasses with a high
concentration of dopants may be made without experiencing atomic aggregation effects that
might result in crystallisation.

The vitreous formator for phosphate glasses is frequently made from phosphorus pentoxide
(P20s), which acts similarly to SiO- as a glass formator. However, due to its sp® hybridization
with P2Os, phosphorus is pentavalent, and thus phosphate glasses are composed of phosphate
entities (POa).

The oxyfluorophosphate glasses in the NaPOz-CaF, system have been studied for years at
Tampere University (Cui et al., 2016), (Szczodra et al., 2019), (Nommeots-Nomm et al.,
2020), (Ojha et al., 2021), (Lahti et al., 2021) and thus were the glasses of investigation.

2.1.5 Laser glass

Laser glass is glass containing a rare-earth (RE) element, the lanthanide group of the periodic
table, as well as scandium and yttrium, are referred to as "rare-earth elements.” Lanthanide

elements have atomic numbers ranging from 57 to 71 and they comprise fifteen different



elements. Rare-earth elements are suitable for lasers because their electrical structures

include electrons on the 4f sublevel.

The f levels are shielded from the outer environment by the atom's exterior s and p electrons,
which are connected to the atoms bonding with the surrounding material. By shielding the f
shell, their energy spectrum locations are rendered less susceptible towards the 11-host
material. This is equivalent to a weak electron-phonon coupling (Nadort, Zhao and Goldys,
2016), (Weber, 1999) .

The energy level transitions among several Li** ions that may exhibit f-f transitions are
shown in the Figure 4 .
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Figure 4. The diagram depicts the energy level states of several lanthanide ions that
potentially undergo f-f transitions (Sun et al., 2015).

For a long time, laser glasses composed of Ytterbium and Erbium have been the most
preferred option. Nevertheless, the utilisation of other rare-earth ions has risen dramatically
as a result of their distinctive absorption and emission characteristics, which enable them to
be employed in a wide variety of applications. This includes the UV, visible, and NIR parts
of the spectrum. Laser glass research has focused on improving amplifier components, solar
panels, and lasers to make them better. Table 2 compares the performances for a few glasses
confirming that phosphate glasses are good candidates as lasing glasses.



Table 2. Several laser glasses performance (Wu, Myers and Myers, 2001).

10

Host Rare-Earth Up- Dopant
Material Solubility | Conversion Level Gain Length
Silica Low High <1000 ppm Lower Long
Fluoride Middle High Middle Low Long
Phosphate High Lowest High High Short

2.2 Techniques to prepare crystals in glasses

The spectroscopic properties of an ion are known to be influenced by its crystal field, which
is dictated by the atoms and bonds around it. Consequently, by manipulating the location of
the RE, one might expect to improve the spectroscopic properties of RE doped glasses.
Furthermore, the local environment for rare earth ions is firmly fixed in crystalline
formations, allowing only specific transitions in rare-earth ions. Consequently, researchers
are interested in glass-ceramics because, compared to glasses, they would exhibit better
spectroscopic capabilities if the RE ions are sited in crystals of a particular composition
(Weber, 1999).

2.2.1 Glass ceramics

Glass-ceramics are created by devitrification (controlled crystallisation) of glass, resulting
in nano- and/or micro-grained crystalline aspects incorporated in the residual glass phases.
These glass ceramics can be generated only by a precise thermal schedule that follows the
crystallisation and nucleation progressions inside the glass matrix. Figure 5 illustrates a
temperature program for the nucleation and crystallisation of crystals, and the subsequent

formation in glass-ceramic.
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Figure 5. Glass and glass-ceramics preparation temperature schedule (Karmakar, Rademann
and Stepanov, 2016).

Once the maximal nucleation rate (Imax) at (Tnc) as well as crystal growth rate (U) are far
apart, the two-step (nucleation and crystallisation) process is ideal for manufacturing glass

ceramics because the nucleation (1) and crystal growth (U) rates have this little overlap.

Figure 6 eloguently depicts this truth. To determine the most effective temperatures for these
thermal treatments, tests utilising a DTA or DSC curve are required.
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Figure 6. Temperature schedule for generating glass-ceramics using heat treatment
approach (left), temperature dependency of the nucleation (I) and crystal growth (U) rates
(right) (Karmakar, Rademann and Stepanov, 2016).
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The inner or majority crystallisation of the preceding glass is required to manufacture high-
quality glass-ceramics. The single-step technique is suitable once the nucleation (I) and
crystal growth (U) profiles are significantly overlapping, i.e. when the temperatures of
maximum nucleation (T,) and crystal growth (Tc) are both very near. This is essentially
shown in Figure 5. In this situation, the crystal growth and nucleation occur simultaneously
at the same temperature, Tnc. The difference between the T and T, values on the DTA or
DSC curves is rather modest in this case. When an amorphous component partially
crystallises, thermodynamically metastable glasses crystallise. Glass crystallisation's

exothermic nature makes it an excellent option for thermal research.

First, a process known as nucleation creates small nuclei. This process is followed by the
growth of the nuclei into complete crystals. The new crystalline phase's nucleus is
characterised as a sub-microscopic cluster. It is feasible to manage the crystallisation of glass
ceramics with the desired characteristics one know the temperature dependence of both
processes. The ideal crystal growth rate is frequently pushed to higher temperatures, as
shown in Figure 6, showing that nucleation typically occurs at or just above T4 temperatures.

Metastable supercooling, also known as the Ostwald—Miers range, is the temperature range
in which crystal growth approaches the melting point. New nuclei cannot develop in this
area, and only those generated at a lower temperature may expand. The lack of nucleation
means that a glass quenched immediately from the melt and heated to this temperature will
not crystallise. The microstructure and characteristics of the final GC are largely determined
by the nucleation step, which has been the subject of intense study for decades. Nucleation
experimentation is a very difficult problem to solve. Once the nuclei of critical (rc) and
supercritical sizes are produced, the crystal growth stage of glass crystallisation begins
(Figure 7). Depending on the direction of development and the available surface area, as
well as the local chemistry of the glass phase surrounding the nuclei, there are many distinct
crystal growth methods.
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Figure 7. Classical nucleation/growth theory (Zhang and Liu, 2014).

Homogeneous and heterogeneous nucleations are two types of nucleation that exist. No
phase inhomogeneity, surface barriers, or interfacial boundaries are required for the nucleus
to form in homogeneous nucleation. On the other hand, heterogeneous nucleation is
triggered by the presence of foreign contaminants and nucleating agents at the interface
borders and surfaces. Heterogeneous nucleation is the most common method of
crystallisation, whereas homogeneous nucleation is uncommon because to the greater

activation energy barrier.

2.2.2 Direct doped method

Controlled nucleation and growth procedure used in manufacturing of glass-ceramic has
significant limitations. The conventional approach does not provide high degree of
compositional and structural control. The highest ion concentration that can be integrated
into crystals, as well as the control over ion arrangement at particular crystalline locations,
are both restricted. Furthermore, crystals might continue to grow after annealing or
reheating, such as during fibre drawing. The size of the crystals is relative to the quantity of
light scattered, resulting in a significant optical loss. Moreover, the glass-ceramic approach
does not allow for the formation of core-shell and heterogeneous nanostructures for the
purpose of engineering optical characteristics (J. Zhao et al., 2016).

As an alternative to nucleation and growth processes, the direct doping technique includes
integration of independently created crystals (doped with rare-earth ions) into the glass melt.
The direct doping technique starts with the fabrication of crystal particles and glass
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separately, followed by the introducting of the crystals into the glass melt (see Figure 8). The
crucial factors to regulate are the doping temperature at which the particles are introduced
and the doping time after particle addition to limit the degradation of the crystal in the molten
glass.

Addition of the particles
Doping T< Ty, Annealing
'] Quenching

Furnace 09 °
\ g a0 0
i b D

As-quenched glass

Melting Temperature
T

melt

Qualrtz P
crucible

standard raw materials

Figure 8. Schematic of the Direct Doping Method process (Ojha, 2020).

Additionally, the doping duration must be carefully selected. Dispersion of crystal particles
is proportional to doping time, although crystal dissolution in the glass melt is not. Optimal
characteristics of glass ceramics and the survival of crystals in high-temperature glass melt
may be achieved by controlling these factors. According to (Ojha et al., 2018b), the crystal's
survival is controlled not only by the composition of glass and crystal, but also by the melting
conditions. Therefore, optimizing the direct doping technique is crucial for developing novel
glasses. Persistent luminescence microparticles (PeL MPs) such as SrAl,04: Eu?*, Dy** were
used to optimise the procedure (Ojha et al., 2018a). These particles have green PeL after UV
charge. On the other hand, the PeL degrades as the doping temperature and time increase,
which may be ascribed to the PeL MPs dissolving in the glass throughout the glass
manufacturing process. Thus, following the process optimisation, phosphate and silicate
glasses were successfully prepared with PeL. MPs (Ojha et al., 2018a).

2.3 Spectroscopic properties

In recent decades, the spectroscopic characteristics of rare earth elements have been an
intriguing focus due to their high potential in photonics.
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2.3.1 Upconversion process

It is the process of converting low-energy radiation into higher-energy radiation. By
absorbing numerous (usually two or three) photons per released photon, the photon energy
is increased. Luminescence at wavelengths shorter than the original excitation wavelength
is produced by the transition from an excited electronic state to the ground state or a lower-
lying energy level. Anti-Stokes photoluminescence, another name for this nonlinear optical
phenomenon, involves electronic or virtual intermediate excited states. Very high excitation
power density (106-10° W/cm?) is required because of the large number of photons that must
be simultaneously absorbed in order to exploit non-existent virtual intermediate states
(Auzel, 2004). There are several mechanisms for Ln®* based upconversion, some of them are
reported in Figure 9.
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Figure 9. Ln®*-based upconversion mechanisms (Zhou et al., 2014).

- Asingle Ln®" ion absorbs two photons sequentially in the excited state absorption
(ESA) process, generating a metastable intermediate state that then absorbs a second
photon to generate a single high-energy photon (Zhou et al., 2014).

- The Energy transfer upconversion process transmits energy upconversion through
a sensitizer Ln®*" ion and an activator Ln®" ion. To achieve an excited metastable state,
the sensitizer ion absorbs a photon and then transfers the energy in a non-radiative
route to the activator. Following that, an additional sensitizer photon is needed to
activate the activator ion, causing it to climb to a more excited state (Dong, Sun and
Yan, 2015). Radiative relaxation of the activator results in emission of an
upconverted higher energy photon. Yb** is often used as a sensitizer due to its wide
absorption cross-section and f-f transition at around 980 nm, permitting energy
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transfer to the most common activator ions, such as Er¥*, Ho**, and Tm*" (Huang et
al., 2015).

- Cooperative energy transfer (CET) is the third UC process in which two sensitizers
receive low energy photons separately and simultaneously convey their energy
towards the activation, thereby stimulating it for future upconversion photon
emissions. (Arai et al., 2009), (Safdar et al., 2020).

2.3.2 Blue upconversion from Yb%", Tm3*

Blue-emitting devices may be made by combining Yb** and Tm3*. Blue upconverting
materials have a wide variety of applications, ranging from biological diagnostics to optical
communication and illumination (Liao et al., 2007), (Yang et al., 2018).

As illustrated in Figure 10, Tm®* ions have two potential excited metastable states, D, and
1G4, from which photons emanate blue light with an average wavelength of 454 nm and
477 nm, respectively. Interestingly, the primary excited energy level is 1Ga, suggesting that
it is more likely to emit photons than its equivalent 1D,. Thus, the blue radiation is thought
to originate from the 1G4 to He transition in the Tm®* ion (Ozen et al., 1993).
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Figure 10. Schematic representation of the energy levels of Yb** and Tm®* ions (Assumpgéo
et al., 2009).

For applications requiring blue upconversion out of infrared light, it is important for the

material to display considerable absorption of the incident light. To address the resulting
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effects, another ion capable of collecting infrared light and delivering it to the luminescence
centres is needed. Due to their 2F7/; to ?Fs, transition, Yb®" ions display an absorption band
near 980 nm. Consequently, the Yb3* ion is an appropriate sensitizer for Tm3* during the
process of infrared to blue light conversion (Liao et al., 2007), (Yang et al., 2018).

Absorption measurements may be used to substantiate the usage of Yb3* ions. The absorption
spectrum of fluorophosphate glasses doped with Yb®*" and Tm®* is depicted in Figure 11.
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Figure 11. The absorption peak for Yb®* ions at 980 nm (Shi et al., 2020).

The absorbance coefficient at 980 nm decreases as the concentration of Yb®" increases,the
low-intensity absorption bands are consistent with Tm3* 4f-4f transitions (Shi et al., 2020).
It is important to keep in mind that raising the activator concentration does not always result
in an increase in upconversion efficiency since interactions between excited states of Tm**
ions might result in concentration quenching, which lowers the system's blue emission. As
a result, both sensitizer and activator concentrations must be adjusted precisely to get the
highest blue upconversion.

2.3.3 UC properties enhancement using noble metals

To achieve plasmonic enhancement, noble metals (Ag, Cu, and Pt) can be used. When in
nanoparticle form, these noble metals possess a surface plasmon resonance (SPR) which
generates a strong electric field, which has the potential to improve the efficiency of the

energy conversion processes necessary for upconversion luminescence.
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Surface plasmons may enhance the upconversion luminescence by (Han et al., 2014) (Park,
Lu and Ahn, 2015):

» Increase the sensitizer's absorption.
» Increase the activator's radiative decay rate.

» Increase the transmission of energy from the sensitizer to the activator.

SPR is greatly influenced by the metallic nanoparticle's or substrate's size, size distribution,
shape, composition, and surrounding environment. As a result, research into plasmonic
enhancement has centred on optimizing the plasmonic structure. Furthermore, upconverting

materials have been added to metallic surfaces in a variety of methods.

Recently it was shown that by co-doping RE ions and nucleating silver NPs, the efficiency
of an UC process might be increased. According to (Xu et al., 2012), the addition of silver
nanoparticles results in enhancement of the blue UC. Kassab et al. noticed an increase in
luminescence when silver NPs were added to Pri*-doped lead—germanate glass(Kassab et
al., 2010). Almeida et al. and Carmo et al. (De Almeida et al., 2008), (Carmo et al., 2009)
discovered gold NPs in Eu* doped tellurite glasses owing to the existence of gold NPs.
Soltani et al. also found an increase in upconversion in Er¥*, Yb%" co-doped bismuth-
germanate-glasses containing Ag NPs (Soltani et al., 2018). Similar study was conducted by
(Bae and Lim, 2019) to increase the up-conversion intensity in Er**/Yb** doped glass-
ceramics, and it revealed that the blue emission intensity of Er®* ions obtained under 365
nm excitation was increased by more than a hundredfold in glass treated by furnace
annealing, owing primarily to an energy transfer from Ag-clusters. Figure 12 depicts an
illustration of the energy transfer process.
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Figure 12. Energy transfer (ET) Ag-clusters, down-conversion emission at 365 nm (left)
and up-conversion emission at 980 nm (right) (Bae and Lim, 2019).
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2.3.4 Persistent luminescence

“During persistent luminescence, a material is excited with high-energy radiation (typically
ultraviolet light, but other forms of energy such as beta rays can also be used), and the
resulting visible luminescent emission lasts for a long time after the excitation is stopped.
This can happen for a few seconds to hours. Additionally, the phenomena are referred to as
"afterglow", or LLP (short for Long Lasting Phosphorescence)” (Van den Eeckhout, Smet
and Poelman, 2010), (Li, Gecevicius and Qiu, 2016).

Humans have been aware of the phenomenon of continuous luminescence for about a
thousand years. By blending the colours with a certain kind of pearl shell, descriptions of
ancient Chinese artworks that remained visible at night have been uncovered (Harvey, 1957).
Till the late twentieth century, only little was known about the persistent luminescence
phenomenon. For many decades, the most widely used and well-known persistent phosphor
was zinc sulphide (ZnS) doped with copper and then co-doped with cobalt (William,
Yamamoto and Shionoya, 2006), (Hoogenstraaten and Klasens, 1953). This phosphor was
used commercially in a range of products including watch dials, luminous paints, and glow-
in-the-dark toys. However, the brightness and longevity of this material were quite poor for
practical uses. In August 1996, Matsuzawa et al. published an article (Matsuzawa et al.,
1996) which sent shockwaves across the previously obscure field of persistent luminescence.
Researchers were able to make a compound that radiated brilliant light for hours after
activation by covalently combining the green-emitting phosphor SrAl,O4: Eu?* (which
already emits a rather strong and long-lasting afterglow ) (Abbruscato, 1971) with the rare
earth metal dysprosium (Dy®*).Simultaneously and independently, Takasaki et al. reported
similar results (Takasaki, Tanabe and Hanada, 1996). Scientists identified a much brighter
starting brilliance and a much longer lifespan than ZnS:Cu,Co. Their discovery rekindled
interest in developing new and better persistent luminous materials. This work first
concentrated on alkaline earth aluminates, and it took many years for further compounds to
be found. Lin et al. discovered an intense and long-lasting afterglow in SroMgSi>Oy:
Eu?*,Dy*" (Lin et al., 2001). Roughly 15 years after discovering SrAl.Os: Eu?**,Dy*, the
search for new persistent luminesent compounds has gained momentum. Curiously, the
number of actual compounds with a sufficiently brilliant and long-lasting afterglow is still

rather small.
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Photon absorption initiates persistent luminescence, which is followed by the activation of
Eu?* ions through the *f; to *fs °dy shift. The exciting energy state of Eu?* as well as the
conduction band overlap, making it easy for electrons to escape the excited energy level and
reach the conduction band (Clabau et al., 2005). Electrons in the conduction band flow
toward the Eu?* ion. Electrons could perhaps be stranded towards the lower energy end of
the conduction band. When electrons return to the conduction band and occupy the excited
energy level with Eu?* ions, they may radiatively migrate to the ground state, displaying the
persistent illuminating effect (Aitasalo et al., 2003). Some electrons repeat the trap ping
cycle throughout the discharge phase, prolonging the entire luminescence process (Brito et
al., 2012).

Making a glass with persistent luminescence is perhaps more difficult than melting
conventional glass. The PeL particles (SrAl.O4: Eu?*, Dy**) may be inserted into the glass
using a procedure known as direct doping (J. Zhao et al., 2016): the glass is heated, then the
temperature is reduced to the doping temperature, increasing viscosity and making the glass
less corrosive. The particles are then injected and mixed into the glass melt. The glass is
quenched after allowing the particles to disperse for a limited time. Since the Eu* ions
oxidise to Eu®" during decomposition, lowering the glass's PeL properties, the process must
be regulated to restrict the decomposition of the PeL particles (Ojha et al., 2018b).

2.4 Fabrication of an optical battery using luminescence composites

2.4.1 The optical battery's operating principle

In this thesis, an optical battery is a device that emits photons (without an external energy
supply) when the excitation source is removed. This concept is linked to persistent
luminescence (PeL). In addition to photodynamic treatment, this battery might be employed
in nanomedicine and cancer therapy. PeL particles, upconverting nanocrystals, and
photosensors were combined and incorporated into a biocompatible polydimethylsiloxane
(PDMS) matrix that could be implanted in living tissue to create the device.

Figure 13 illustrates the operation of the optical battery developed in a study by Lidan Hu et
al. (Hu et al., 2018).
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Figure 13. The energy transfer method described by L.Hu et al. in their study (Hu et al.,
2018).

Using NIR excitation, the optical battery is charged, and the emission from the upconversion
materials is absorbed by the PeL particles, where the energy is stored in electron traps as it
passes through them. Afterwards, once the excitation has been terminated, the energy is
released and transmitted to the activator (Eu?*). Afterwards, photosensitizers may make use
of the emission from the Eu?* to perform irradiation-free photodynamic therapy (Hu et al.,
2018).

This device has been proposed to be beneficial for minimally invasive tumour treatment
using a method named photodynamic therapy. To cure cancer, photosensitizers are added to
the process; when exposed to the radiation from the persistent luminescence particles, they

react and produce singlet oxygen, stopping the tumour from spreading. (Hu et al., 2018).

2.4.2 Composite of investigation

The composite consists of blue upconverter crystals and green persistent luminescent

particles embedded into the glass matrix.

Since all inorganic compounds based on trivalent lanthanide ions have the same chemical
properties and size, they are appropriate to host materials for upconverting phosphors.
Additionally, host lattices based on cations such as Na*, Ca?*, Sr?*, and Ba?* with ionic radii
near the radii of the lanthanide dopant ions eliminate lattice stresses and defects in the crystal,
making them suitable host materials. As a consequence, fluorides based on Na*, Ca®*, and
Y* make the best upconversion hosts. For example, the efficiency of NaYF4: Yb®, Er®*
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upconversion is twentyfold that of La,Os: Yb**, Er** and sixfold that of Laz(M0QOa4)s: Yb**,
Er3*. However, as earlier stated in (Ojha et al., 2018a), the NaYF4 crystal decomposes at

around 750°C, limiting its applicability in manufacturing glasses.

Tungstates have extraordinary luminescent and structural properties. Since Kroger's first
effort, the optical properties of these materials have been recognised as extraordinary
compared to many other materials. Lead molybdate (PbMoOs) and calcium tungstate

(CaWOg4) have a similar structure and comparable luminescence properties (Suneeta, 2020).

PbMo0O. and CaWOs are frequently utilised in acousto-optic devices, laser host materials,
and low temperature scintillators, respectively. Due to CaWOQ; ability to act as an absorbing
medium in detectors, as well as its ability to discriminate between electron and nuclei recoils
via instantaneous exposure to beaming photons and phonons, calcium tungstate scintillators

have been primarily used as right target materials in the search for dark matter.

CaWOais a naturally occurring phosphor with single broad emission band that is commonly
utilized as a scintillator for detecting X-rays in medical and high-energy physical
applications (Li et al., 2014). Additionally, it has been shown that CaWOs is an effective
host material for rare-earth ions. CaWOQ, doped with Ln®*" has a long history of application
as luminescent devices, phosphors, and display materials (Cheng et al., 2014). CaWO4
belongs to the scheelite family, which is constituted by the tetragonal space group C/h. It has
two ABO; units, which are called "Ca: calcium”, and "W: tungsten” They constitute unit
cells in this structure. Also, the "Ca" and "W" sites must have a centre of inversion. The "O"
location has only a small amount of point symmetry. This is how they were placed around
each B site in tetrahedral coordinates. CaWQO4 has a tetrahedral geometry with spatial
configuration (l41/a), and the Ca®* ions are symmetrically positioned eightfold with respect
to the oxygen atom. The atoms of the "tungstate group™" are tetrahedrally bound to the "O"

atom, as illustrated in Figure 14.



Figure 14. The crystalline configuration of CaWO4 (Abozaid et al., 2018).
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The purpose of this thesis was to develop innovative persistent luminescent composites

utilizing direct doping approach in order to create a novel optical battery that could convert

infrared light into green PelL.

As indicated in Figure 15, the composite is upcomposed of Yb%*, Tm®*" codoped CaWO,

and PeL SrAl,Os: Eu*, Dy* embedded in an Oxyfluorophosphate glass matrix of
75NaP03-25CaF; (in mol% ).
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Figure 15. Illustration of the process of persistent luminescence in materials containing
Yb*, Tm** (Tan et al., 2019).
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This chapter primarily discusses the procedures for fabricating and characterizing the

crystals and composites. Numerous characterizations are required to fully comprehend the

characteristics and behaviour of glass-based composites.

3.1 Preparation of the composites

3.1.1 Crystal synthesis

CaWOs crystals were synthesized with the composition: (1-2x) CaCOs + WOz + (0.5y)
Yb203 + (0.5t) Tm203 +(0.5x) Na.COs (in mol%) with x ranging from 0.1 to 0.255, y from
5to 25and t=0.5. Solid-state reaction was used by mixing the powder chemicals and heating

the mixture in an alumina crucible. The raw chemicals were CaCOs (Alfa Aesar , 99.5%),
WOs3 (Sigma Aldrich , 99.9%), Yb203 (Sigma Aldrich , 99.9%) , Tm.Os (Sigma Aldrich ,
99.9%) and Na,COs (Honey well, > 99.5%). The fabrication method is pretty similar to that
described by (Li et al., 2016), (Cheng et al., 2014). The batches were weighed, mixed, and

then heat-treated in an alumina crucible for 4 hours at 1200°C using a 3°C/min heating rate

in normal atmosphere. The list of the crystals prepared for this study can be found in Table

3.

Table 3. List of prepared crystals.

X
Na,CO3z mol%

y
szOs mol%

t
Tm>03z mol%

Code
0.100 5 0.5 Yb5TmO0.5
0.105 10 0.5 Yb10TmO0.5
0.155 15 0.5 Yb15Tm0.5
0.205 20 0.5 Yb20TmO0.5
0.255 25 0.5 Yb25Tm0.5
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3.1.2 Melting process

Using direct doping procedure described in (Ojha, 2020), the crystals CaWOa and persistent
luminescent (PeLs) particles (SrAl.O4: Eu?" Dy*") containing oxyfluorophosphate glasses
(Nommeots-Nomm et al., 2018) with the composition (75NaP0O3-25CaF, (in mol%)) were
synthesized using standard melting process. The raw materials were NaPOs (Alfa-Aesar,
99.5 %) and CaF» (Honeywell-Fluka, 99 %). The 69 batches were melted for 5 minutes at
950°C in normal atmosphere in a platinum crucible. Prior to quenching the glass, several
amounts of the CaWO; crystals (from 1.25 to 7.5 wgt%) and PeL particles (from 0.5 to 1
wgt%) were added to the glass melt. After quenching, the glasses were annealed for 5 hours
at 200°C, bellow the transition temperature (Tg) of the glass, to remove any residual stresses
from the quench. The glasses are labelled as CaWO, - PeL wgt%. In addition the Ag-
containing composites with the compositions 75NaPO3-24CaF,-1Ag.0, 75NaPOs-24CaF,-
1Ag.SOs were made using a conventional melting and quenching method. Ag liquid
(nanoComposix, silver nanospheres citrate 0.02mg/ml), Ag>0 ( Honeywell-Fluka, > 99%)
and Ag2SO: (Sigma Aldrich, 99.5%) were the precursors used to add Ag in the glass. The
6g batches were melted for 5 minutes at 950°C in a normal atmosphere in a platinum

crucible, quenched, and finally annealed for 5 hours at 200°C.

Numerous techniques for growing metal NPs within glass matrix have been thoroughly
studied, including sol-gel (Epifani et al., 2004) and heat treatment (De Almeida et al., 2008),
(Hayakawa, Tamil Selvan and Nogami, 1999), and (Granbohm et al., 2018). Because of its
simplicity and low cost, heat treatment is the most often utilized procedure. Essentially, the
synthesis of Ag NPs in the heat treatment technique consists of two steps: first, metal ions
are introduced within the glass matrix, and then post heat treatment is conducted to create
metal clusters helped by nucleation and growth, as reported by references (Soltani et al.,
2018), (Kuusela et al., 2020).

The Ag2S04 was added to the glass matrix, and then heat treated in order to investigate the

impact of this addition on the composites.
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3.2 Thermal properties

Differential scanning calorimetry (DSC) was used to determine the glass transition
temperature (Tg), crystallisation temperature (Tyx), and crystallisation peak temperature (Tp)
of the glasses. The measurements were carried out in a nitrogen atmosphere using a Netzsch
STA 449 F1 with a temperature rise rate of 10°C/min. The absolute measurement
uncertainty is + 3°C. The vitreous glass was grounded into a powder and then introduced
into a Pt crucible. When heated, a DSC device monitors the differential in heat flow between
the sample and the reference material. The sample and reference are heated (and then cooled)
in a linear way, while the system's very sensitive sensors detect and record temperature and

enthalpy variations at each stage of the procedure.

Figure 16 illustrates a typical arrangement of DSC equipment. The reference crucible is
typically left empty to allow the sample's peaks to be assigned to the thermogram. A
protective gas (N2) is used to protect the specimen from oxidizing and to regulate the cooling

stages (Steinmann et al., 2013).

Oven
Sample crucible Reference crucible Inlet:
sample gas
—0
0
Reference
temperature
Cooling
Purge gas
Thermocouples .J
Inlet: o o Inlet:
purge gas Temperature difference cooling gas

Figure 16. Parts of a common DSC installation (Steinmann et al., 2013).

Figure 17 depicts the heat flow as a function of temperature. It is critical to distinguish

between exothermic and endothermic states of matter.
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Figure 17. Typical glass DSC thermogram (Shelby, 2005).

The first endothermic peak demonstrates the sample's glass transition behavior. At these
temperatures, the sample enters a viscous state with enhanced chain mobility, which is
analogous to the earliest stages of liquid behavior. T4, or "Glass transition temperature,” is
the temperature at which a material moves from a solid-state to a viscous
state. This transition is characterized by a change in the material's heat capacity. The glass
transition (Tg) of a material is measured at the point of inflection of the endothermic region
of the curve (being the minimum of the first derivative of the DSC curve). At high
temperatures, glass crystallizes. This is an exothermic reaction that produces a peak on the
diffractive diagram. The temperature at which the vitreous network crystallises is denoted
as Tp, or "Crystallization peak temperature."” The crystallisation point is defined as the
temperature at which the exothermic peak achieves its highest value (T,). The temperature
at which crystallization begins is a third major characteristic temperature that may be
deduced from the DSC curve (Tx). Tx is crucial since it affects the network'’s thermal stability.
When Tx-T4 is more than 90°C, the sample is considered a "good glass former," and when
Tx-Tg is less than 90°C, the specimen is considered a "poor glass former™ (Shelby, 2005).

3.3 X-Ray diffraction study (XRD)

The X-Ray Diffraction technique was used to investigate and identify crystalline phases in
glasses. The Panalytical EMPYREAN multifunctional X-Ray Diffractometer (XRD)
employed in this work was fitted with Nickel-filtered Copper K-Alpha Cu-K radiation.
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The XRD patterns of the samples were determined in increments of 0.025° from 20 = 15° to
80°. Analyses were performed on both bulk and powdered samples.

The diffractometer operates according to the Bragg-Brentano geometry, as seen in Figure
18.
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Figure 18. Bragg-Brentano diffractometer schematic (Taguchi, 2006).

Specimen

The XRD technique is based on the elastic scattering of light at the crystal lattice. It is also
critical that the wavelength of the incoming radiation fits the lattice characteristic distances.
Since the scattering waves are often out of phase with the entering X-rays, contact between
the arriving X-rays and the material generally results in destructive interference. At certain
angles, constructive interference between scattered photons is achievable. The primary goal
of X-ray analysis is to discover specific precise orientations, which act as a
crystallites fingerprint and may be used to differentiate various crystallographic phases

present in a material.

W.L. Bragg first defined the need for the creation of a diffraction peak analytically as the
fulfilment of a simple equation linking the lattice spacing of a particular set of planes to the
diffraction angle, which he named the Bragg condition (Yoshio Waseda, Eiichiro Matsubara
and Kozo Shinoda, 2011). The Bragg condition is stated as,

724 = 2dnk1 SIN(O) (1)

where @ is the diffraction angle, n is a natural number and dn denotes the separation of two
hkl planes.
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Figure 19 depicts the incident and diffracted beams, diffraction angles, and interatomic

spacing.

incident

S diffracted
\ beam

Figure 19. X-ray beam diffraction meeting Bragg's criterion (Yoshio Waseda, Eiichiro
Matsubara and Kozo Shinoda, 2011).

While there are no strong peaks found in an XRD investigation of a glass structure, a

conventional halo structure showing the network's amorphous form is produced, as shown

in Figure 20. In contrast, the crystalline phases exiting in a glass network form a combination

of characteristic peaks and a halo structure, with the latter growing smaller as the degree of

crystallisation rises, as seen in Figure 20 below.

Intensity (a.u.)

* Quartz

Intensity (a.u)

2000

1500

BN

0 i L 1 i i L

s \\--.,_,\

10 20 30 40 50 60
Degree 20

Figure 20.A) X-ray diffraction for silica in the crystalline state (quartz) (Teixeira et al., 2008)
B) For silica in the vitreous state (Dey, Chakraborty and Mukhopadhyay, 2011).
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3.4 Scanning electron microscope and energy dispersive spectroscopy

Microscopy using electrons enables direct examination of the microstructure of glasses
(morphology and distribution of crystalline phases in the vitreous matrix). These properties
are critical for studying and comprehending the crystallisation processes in glasses. SEM
isa commonly used technique for imaging and investigating the composition of diverse

materials.

In this study, a Carl Zeiss Crossbeam 540 Gemini SEM and an energy dispersive X-ray
spectroscopy (XMaxN 80) (EDS) detector were used. The specimens were polished before
being carbon coated. Carbon coatings are most often applied to non-conductive samples to
improve image contrast. Before performing compositional analysis using EDS, scratches

must be removed by polishing.

SEM enables the creation of detailed, high-quality images of particles while maintaining a
high spatial resolution. It operates on the idea of sweeping a stream of high-energy electrons

over the surface of a sample, converting the consequence of this interaction into a picture
shown on the screen. Figure 21 depicts the path of the electron beams out from generator to

the sample.
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Figure 21. Scanning Electron Microscope (SEM) Components (Singh, 2016).
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A tungsten cathode generates an electron beam at the top of the column, which is rapidly
accelerated downward under vacuum conditions. When electrons come into touch with
foreign molecules, they must be vacuumed to prevent them from colliding and deviating
from their path (Singh, 2016). A combination of lenses and apertures concentrates the beam,
allowing it to be narrowed. The beam scans the sample's surface using the scanning coil

included inside the column.

When the primary electrons (those from the generator) come into contact with the specimen
surface, the sample produces additional signals, including X-rays or electrons. Backscattered
electrons and secondary electrons are the two most significant signals. Figure 22 displays
the distinctions between them.

Beam Electron

A/’/f M

Backscattered Electron

Figure 22. Secondary (SE) and backscattered electron (BSE) (Goldstein et al., 2018).

- Secondary electrons (SE) are generated by an inelastic scattering between the beam
and the sample's atoms. SE originates from the sample's outermost shells; they are
released by the transmitted kinetic energy of the incoming beam and may surpass the
sample's surface energy barrier to detach; their energies are typically below 60 eV.
SE are most often utilised in image processing (Goldstein et al., 2018).

- Backscattered electrons (BSE) do have greater energy density over scattered
electrons (SE) since they are original electrons that have been moved from respective
original pathways due to elastic scattering processes inside the material. They contain
several times the amount of energy contained in SE. BSE identification facilitates
compositional analysis (Goldstein et al., 2018).
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3.5 Optical properties

The best-known property of glasses is their transparency. The glasses can transmit in the
ultraviolet (~200-400 nm), visible (400-700 nm) and infrared (700-20000 nm). The
transmission of the glass extends from its lower transmission limit in the UV or visible (i.e.,
optical forbidden bandwidth) to its cut in the infrared (i.e. multiphonon cut). Figure 23 shows

transmission spectra of different glass families.
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Figure 23. Transmission spectra of different transparent families (Allix and Cormier, 2019).

In the present study, the absorption and transmission spectra of the materials were
determined using a UV-VIS-NIR Spectrophotometer (UV-3600 Plus, Shimadzu) with a step
size of 0.5 nm across the wavelength range of 200 nm to 1800 nm. The samples were
polished, and their thickness was determined using a = 0.05 mm accuracy digital calliper.

The transmittance of a sample determines the total of light passed through it. The following
equation may be used to determine it:

_ lout@) ,—a(A)L
()= lin@) © (2)

Where T(A) represents transmittance, L thickness of the sample (cm), and a(4) is the
absorption coefficient (cm™).
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The initial stage in each photochemical processis absorption. This phenomena varies
significantly depending on the material. When the sample absorb light, the intensity entering
it (lin) is always greater than the intensity leaving it (lout), With a linear connection between
these two; this relationship is referred to as transmittance (T(A)). The following relationship

exists between absorbance and transmittance:

lin(A)

A(2) = 10910 (Iout(h)

) = — 10910 T'(1). (3)
An absorption coefficient may be computed as follows:

a = In(10) % . (4)
Beer-Lambert Law may be used to calculate the absorption cross-section [cm™]:
2,303

22 1og (). (5)

Where N is the number of ions absorbing at the specific wavelength per cmd.

a(d) =

The estimated absorption cross-section is 10% accurate.

Figure 24 shows the spectrophotometer set up used in the present measurements.
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Figure 24. An illustration of spectrophotometer with double beam (Jena, Tokas and Thakur,
2015).

Usually the light source is a halogen lamp. Monochromators split light into narrow spectral
bands, each with two beams. Upon entering the sample compartment, two beams will be sent
via the sample holder and one through the reference holder. As a consequence of this, a
computer register the results. The spectrophotometer then analyzes the changes in intensity
of the initial beam I, (Jena, Tokas and Thakur, 2015).
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When a glass absorbs electromagnetic radiation, an electron is excited from the valence band

to the conduction band through its forbidden band, as shown in Figure 25.

— Conduction band

Valance band

Absorbed photon

Figure 25. Mechanism of electronic absorption of a photon in a glass where an electron is
excited and crosses the forbidden band (Callister and Rethwisch, 2007).

3.6 Spectroscopic properties

The sample's emission spectra were recorded using a Spectro 320 optical spectrum analyzer
(Instrument Systems Optische Messtechnik GmbH, Germany). The samples were pumped
by a TEC-cooled fiber-coupled multimode laser (I1-V1 Laser enterprise) at 980 nm with an
average output of around 24 mW impinging on their surface. The upconversion spectra in
the area of interest are measured using a photomultiplier tube (400 - 700 nm). The
composites were positioned in a sample holder that was properly positioned in proximity to
the laser to enable comparison of emission intensities between samples. The resulting
spectrum has an accuracy of around 10 %, and all measurements were repeated twice to
reduce variability. Figure 26 depicts the optical setup for determining photoluminescence

characteristics.

Laser
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Figure 26. Setup for spectroscopic analysis of sample photoluminescence emissions
(Gfroerer, 2000).
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A laser (emitting at about 980 nm) hits the composites, creating absorption and subsequent
emission events that are focused by a lens and aimed at the spectrometer to form a spectrum
for each composite.

3.7 Persistent luminescence composites pictures

At room temperature, luminescence pictures of the composites were acquired. After
irradiating the samples for two minutes with a UV light, the lamp is switched off and the

pictures are captured after a ten-second gap.
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4 Results and Discussions

The project's aim was to create composites composed of glass, blue upconverter and green
persistent luminescent crystals. First, preparation and characterization of the blue
upconverter crystals are explained. Then, challenges in the composite preparation are
discussed. Finally, the utilization of Ag nanoparticles to improve the composite's

spectroscopic properties is discussed.

4.1 Preparation and characterizations of the CaWO; crystals

CaWO;q crystals doped with Yb3* and Tm** ions were produced in this project utilising a
solid-state process with varying amount of Yb,Oz and Tm2Os to produce crystals with
intense blue upconversion. The Yb20Os concentration was changed between 1.25 and 7.5 mol
percent, while the Tm2O3 concentration varied between 0.5 and 1 mol percent. The samples
are identified as YbxTmy. Charge compensation was necessary to preserve electrical
neutrality due to replacing trivalent for divalent metal cations. NaCOs was employed for
this purpose.

The XRD patterns of the studied crystals are shown in Figure 27.

'\ Yb25Tm0.5

h Yb20Tm0.5
ﬂ\ Yb15Tm0.5
ﬁ Yb10TmO0.5

Yb5TmO0.5

ICDD: 04-008-6874
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Intensity (A.U)

Figure 27. XRD patterns of the synthesized CaWO4 crystals.
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The XRD patterns exhibit peaks corresponding to a standard scheelite phase CaWOs with
the ICDD card (NO.#04-008-6874). One should point out the absence of a secondary phase,
suggesting that we effectively synthesised a single-phase CaWO,, in which Ca?" is
surrounded by eight oxygen atoms and W®* is linked with four oxygen atoms. Additionally,
the lack of identifiable impurities established that the Yb®* and Tm®* ions were well
incorporated into the CaWO:s host lattice. There is no discernible change in the shape of the
diffraction spectrum, suggesting that Yb®" and Tm®* do not affect the crystal structure of
CaWOs. Ca?* has a radius of 0.099 nm, which is comparable to that of Yb** (0.0858 nm)
and Tm** (0.0869 nm). As a result, the Yb®" / Tm3* ions can successfully replace the Ca?*
sites, as previously reported (Cheng et al., 2014).

The averege size of the crystallites D was estimated using the Scherrer's equation (Holzwarth
and Gibson, 2011)

D =KA/B cosb (6)
where 1 is the X-ray wavelength, g is the peak width of the diffraction peak profile at half
maximum height resulting from small crystallite size in radians and K is a constant related
to crystallite shape, normally taken as K = 0.94. The value of £ in 26 axis of diffraction
profile must be in radians. The 6 can be in degrees or radians. The crystallite size of the
crystal is expected to be 78 nm, independently of the rare-earth content and is similar to the
one reported by (Yi and Jung, 2021). All the crystals exhibit the same upconversion

spectrum, an example of which is presented in Figure 28.
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Figure 28. Normalized UC spectrum of the Yb15TmO0.5 taken as an example, upon excitation
at A =980 nm.
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The UC spectrum exhibits an emission band at 476 nm, which corresponds to the transition
1G4 — 3He from the Tm** ion. The second emission band, at 650 nm, is the outcome of the
transition 1G4 — 3Fa, which also originates from Tm?®* ions. This spectrum exhibits
characteristic bands that are comparable to those observed earlier on Yb**/ Tm** codoped
materials and other host materials (Xie, Wang and Zhang, 2009), (Jiang et al., 2013), (Fu et
al., 2015) and (Lisiecki et al., 2019). The visible UC from Tm?" ions while pumping at 980
nm demonstrates that the Yb** ions work as sensitizer as illustrated in Figure 29, which

shows the Yb3*-Tm*" UC energy transfer mechanism using the Yb-Tm energy levels
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Figure 29. Yb% and Tm3* ion simplified energy-level diagram and the suggested UC
mechanism from different Tm** ion energy levels (Halubek-Gluchowska et al., 2021).

The excited Yb** ions transmit their energy to Tm** ions, which in turn get excited. There

are two ways that energy can transfer from Yb®" to Tm*®" ions.

- Yb*"ions give Tm3" ions their excitation energy one by one. By taking in the energy,
the Tm®* ions rise from their ground state to the 3Hs level. Because the *Hs level has
a very short life span, the excited Tm** ions relax to a lower metastable state (3F),
from which they are promoted to the *F, level by 980 nm photons. As they pass
through another state, the ions in the 3F state move even further down to the 3Hg
state (3F3). Finally, 980 nm photons move the Tm®* ions in the 3H, state to the !G4
state. The whole process is called sequential sensitization.

- The second route involves the cooperative energy transfer between two excited Yb®*
ions toward a Tm*®" ion, which is then promoted to the G4 level. This strategy is
referred to as cooperative sensitization (Maurya et al., 2019).
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The upconversion luminescence from both the red and blue emission bands shown in Figure
29, as determined by the 1G4 — 3F4 (651 nm) and G4 — 3Hs (475 nm) transitions, is
sufficiently consistent with the two-photon energy transfer from the Yb** ion in the excited
state ?Fs/2 to the Tm®* ions (2 photon ETU). Further transitions, just previously noted, may

occur as a consequence of the participation of CR and multiphonon processes (Halubek-
Gluchowska et al., 2021).

Figure 30 shows the normalized upconversion (UC) spectra of crystals (powders) with
varying doping ratios of Yb2O3 and Tmz0:s.
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Figure 30. Normalized upconversion spectra of the examined crystal YbxTmy with varying
doping ratios after excitation at 980 nanometer.

The major emission bands of the crystals are neither shifted nor modified as a result of
increasing the rare-earth content. Yb>Os and Tm2Oz concentrations influence the blue
emission intensity at 476 nanometers, as illustrated in Figure 31.
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Figure 31. a)Intensity of a blue upconversion emission crystals made with 0.5 mol percent
Tm20O3 and various Yb20Os contents (b) with 15 mol percent Yb2O3 and various Tm2O03

concentrations.

The increase in the Yb®* concentration results in an enormous increase in emission intensity,
which may be related to the fact that incoming photons are more readily absorbed when the

Yb?* concentration is increased.

Generally, a greater Yb** concentration favours UC emissions from Yb®* owing to Tm?**
ion effective absorption and energy transfer. Yb3* energy levels scheme is fairly basic,
indicating that it is rather tolerant to large doping concentrations which may significantly
improve the absorption probability of NIR photons. However, there is often an optimal
doping concentration, since increasing the amount of Yb3' results in cross-relaxation

between Yb*— Yb3* pairs leading to emission quenching.

Previous research (Quintanilla et al., 2011) and (Chen et al., 2010) established that the
amount of Tm3* should also be adjusted. The increase in Tm** concentration is also expected
to result in significant non-radiative cross-relaxation between nearby Tm3* ions. As seen in
Figure 31b, increasing the Tm2Oz concentration has no discernible effect on the UC
intensity. To avoid undesired multiphoton cross-relaxation, we decided to utilize a crystal
with the composition (15 mol% of Yb*", 0.5 mol% of Tm?").
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Figure 32. SEM analysis of the Yb15TmO0.5 crystal with a) high magnification b) low

magnification.

The Figure 32 displays SEM images of the Yb15TmO0.5 crystal.

The crystals exhibited an irregular shape particle which is typical when synthetizing crystals
using solid-state reaction. The particles are about 5-20 um. The composition of the crystals
was confirmed using EDS spectra (Figure 33).

As seen in Figure 33, the composition analysis confirms the presence of Yb** and Tm*' in
the crystals.

dererarvaalvrarataral st natalaong

Figure 33. EDS spectra of the Yb15Tm0.5 crystal
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4.2 Composites fabrication and characterization

The first step was to determine the maximum amount of crystals which could be added to
the glass. Thus, composites were prepared with 1 and 0.5 wgt% of commercial phosphors
with green persistent luminescence (PeL) (SrAl2O4: Eu, Dy) and 1.25 to 7.5 wgt% of the UC
crystals. The composites are labelled as wgt% of UC crystals — PeL crystals: (ex 5-0.5),as
shown in Figure 34.

‘i‘.

7.5-1 5-1 5-0.5 2.5-1 1.25-1 1.25-0.5

Figure 34. Picture of the composites in day light and after the removal of UV irradiation
(afterglow).

When the UV source is removed, the composites display green persistent luminescence,
confirming the survival of the PeL particles inside the glass matrix. Despite the fact that the
composites were made with the same weight of PeL particles, green PeL can be observed
with different intensities from the composites. For example, less intense green PeL can be
seen from the composites prepared with high UC crystals. One can also notice that as the

amount of crystals increases, the composites are less transparent and become more colored.

In order to compare the transparency of the composites, they were cutted and polished to
~1mm. Below is a picture (Figure 35) of the composites cross-section.

4 TE’”UT'““)T TAUADT  TAU-LUT

Figure 35. Picture of the cross section of composites under ambient daylight and when

the UV source was removed (afterglow).
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The transmittance spectrum of the composites is presented in Figure 36. it is clearly shown
that the transparency of the composites depends on the amount of crystals, as expected. The
composites prepared with less than 2.5 wgt% of UC crystals are transparent and
homogeneous dispersion of the PeL particles can be seen in these composites when using at
least 1 wgt%. On the other hand, the adding of 0.5 wgt% of PeL particles and large amount

of UC crystals appears too low to prepare composites with homogeneous PeL particles
distribution.
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Figure 36. Transmittance spectra of the composites.

This is evident that raising the crystal concentration reduces transmittance attributable to
light scattering from the crystals (Tick, Borrelli and Reaney, 2000), (Liu et al., 2018).
Composites having less than 2.5 wgt% UC crystals have a transmittance of 50-60%,

suggesting that these composites are promising in terms of transparency.

The picture in daylight and under 980 nm pumping of the 1.25-1 composite, taken as an
example, is depicted in Figure 37.
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Figure 37. Picture of the 1.25-1 composite in daylight (a) and under 980 nm excitation (b).

A visible blue emission from the composite can be seen when using 980 nm pumping,
confirming that the UC crystals survived also the glass preparation process and that the pair
Yb®* and Tm*" are suitable for effective energy transfer. All composites exhibit similar

visible blue emissions confirming the enregy transfer from Yb®" to Tm3*,

However, inhomogeneity of UC is visible in all composites, suggesting inhomogeneous

crystal and PeL dispersion in a network of the glass.

Figure 38 represents the composites upconversion spectra.
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Figure 38. a) Normalized upconversion spectrum of the composites b) Intensity of the UC

emission at 475 nm from the composites under 4 = 980 nm excitation.
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The survival of the UC crystals during the glass melting is also evidenced in Figure 38a. The
composites exhibit similar blue emission as the as-prepared crystals, suggesting that the
Tm?3" sites stay unaltered after the UC crystals are inserted inside the glass network. As seen
in Figure 38b, the more crystals in the glass, the greater the blue UC.

SEM/EDS analysis was used to determine the morphology as well as the composition of the
detected crystals on the surface of the composites. Figure 39 shows the SEM images of the

crystals spotted on the surface of composites.
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Figure 39. SEM images of crystals spotted on the surface of composites.
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The glass matrix composition is consistent with theoretical composition. Particles of various
morphologies could be easily found in all of the samples. According to the composition
analysis, the bright particles are UC crystals, whereas the darker ones are PeL particles. The
composition of the UC and PeL crystals remain unchanged after being embedded in the
glass, confirming their survival during the melting process in agreement with the afterglow
observed from the composites and with the measurement of the UC spectra. However, as
reported in (Ojha et al., 2018b), a low quantity of Al was also discovered in the composites,
showing that some degradation of the PeL still happens during the glass synthesis.

The absence of new crystals in the amorphous portion of the composites indicates that the
UC and PeL crystals do not act as nucleation agents. However, some small Ca-rich crystals
were observed around the UC and PeL crystals.

Figure 40 shows the picture of the 1.25-1 composite under 980 nm pumping (a) and after
stopping the 980 nm radiation (b).

Figure 40. (a) Picture of the 1.25-1 synthesized composite undergoing 980 nm
irradiation (b) and then when ceasing the 980 nm excitation .

The composite (shown in Figure 40) clearly shows green PeL after being charged with 980
nm pumping, indicating that, as described in (Hu et al., 2018), the 980 nm irradiation may
be utilized for charging the PeL particles through blue UC. As a result, this blue UC is
intense for charging the PeL particles, demonstrating that this combination is a potential
material for use as an optical battery.
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4.3 Silver addition in the composite

As explained in Chapter 2, adding noble metal nanoparticles to luminescent materials is a
potential technique to increase their luminescence efficiency, due to the interaction between
incident light and surface electrons present in the metal conduction band, increasing the
absorption cross-section or radiative rate of a surrounding emitter (Ribeiro, Baleizdo and
Farinha, 2017). However, one should keep in mind that according to (Kassab, da Silva and
de Araudjo, 2010), (Bharadwaj, Deutsch and Novotny, 2009), when the distance between the
RE ion and the metallic particle is short, ET from the excited RE ion to the metallic structure
is very efficient, and the contribution of the enhanced local field to PL enhancement is

insignificant.
Here, we prepared 1.25-1 composite with different Ag precursors

v Ag nanoparticles in liquid form
v Ag20
v Ag2SO4

The 1.25-1 composite was first prepared by adding 50 ul of Ag nanopatrticles in liquid form
in the mixture of UC and PeL crystals prior to adding it to the glass melt. Below is the picture

(Figure 41) of the Ag containing composite.

Figure 41. a)Picture of the composite in daylight and under UV irradiation. b)Picture of the
composite under 980 nm.



49

The composite is transparent as shown in Figure 41, it exhibits uniform green afterglow after
being charged with UV light and also blue UC under 980 nm. One should notice that this
composite has the same color as the corresponding Ag free composite indicating that the Ag
is in ionic form in the glass. Indeed, the presence of Ag nanoparticles usually gives yellow
coloration to the glass due to excitation of the surface plasmon resonance band in the UV-
visible region (Manikandan, Mohan and Nair, 2003), (Burda et al., 2005).

Figure 42 shows the UC of the Ag free and containing composite, the main band at 475 nm
was taken for the UC investigation.
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Figure 42. UC of the composite doped with silver nanoparticles.

Surprisingly, adding Ag nanoparticles to the mixture of UC and PeL crystals significantly
reduces the intensity of the blue UC. As the Ag is expected to be in the ionic form from the
color of the glass, no enhancement in the blue UC was expected. However, the decrease in
intensity of the blue UC was not expected. This might be due to the liquid which is probably
water-based. Indeed, water is a well-known luminescence quencher. Furthermore, it has been
claimed that the absorption of 980 nm excitation light by water is a factor in the reduction
of upconversion luminescence intensity (Zhan et al., 2011). Water content in the composites
should be measured to confirm this hypothesis.

To confirm that it is the Ag precursor which reduces the intensity of the blue UC, crystals
were mixed with different amounts of Ag liquid. As seen below (figure 43), the more
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significant amount of liquid, the lower the blue UC, proving the Ag liquid's detrimental

effect on the UC characteristics of the composite.

—Yb15Tm0.5

0,20 —Yb15Tm0.5 +25 ul Ag
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Figure 43. UC spectrum of the crystals prepared with different amount of Ag liquid.

Thus, the other approach was to use Ag powder in the glass. Here, the 1.25-1 composites
were prepared with 1 mol% of Ag20 and Ag2SO4 precursor. Figure 44 bellow shows the

pictures of the Ag composites.

Ag free composite addition of Ag.O addition of Ag>SO4

Figure 44. Composites with the addition of silver.
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After UV charging, all of the newly developed Ag composites exhibit a green afterglow,
confirming the survival of the PeL crystals.

Figure 45 shows the composite's absorption spectra. Only the composite prepared with Ag.O

has an absorption band at 430 nm, that might be attributed to the silver nanoparticle surface
plasmon resonance.
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Figure 45. Absorption spectra of the Ag containing composites.

Figure 46 shows the UC spectrum of the Ag free and Ag containing composites. Due to the

inhomogeneous dispersion of the UC crystals, the upconversion spectra was collected across
various sections of the composites.
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Figure 46. UC spectrum (a) normalized UC spectrum (b) UC spectrum of the composites.
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When pumped at 980 nm, the Ag containing composites emit blue light, indicating that the
CaWOgs: Yb® and Tm®* crystals survived the melting of Ag containing glass, no
decomposition occurred. It was noticed that the addition of Ag.O and Ag>SO; resulted in a
drop in emission intensity while having no effect on the shape of the blue emission (Figure

46b). The decrease in intensity of the blue UC is not understood and still under investigation.

As Ag is in ionic form in the prepared Ag.SO4 composite, the composite was heat-treated
for 2 to 17 hours at (T¢+20°C) in order to grow Ag nanoparticles, as described in (Saad et
al., 2017). The thermal properties of the composite were measured to determine the glass
transition of the composite. According to the thermogram below, the Tq of the Ag containing

composite is (280 + 3)°C.

DSC/(mW/mg)

T T T
300 400 500
Temperature (°C)

Figure 47. Thermogram of the Ag2SO4 composite.

After heat-treatment, the color of the composite changed as shown below (Figure 48). The

composite became darker after heat-treatment.

Oh 2h

TAU-LUT 1‘

17h

4h
" T

Figure 48. Picture of the glass-based composite after heat treatment for 2 to 17 hours at
(Tg+20°C) in daylight and under UV irradiation.

Due to the dark coloration of the glass, the UV charging was not efficiently, leading to

composites with low PeL intensity.
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Figure 49 presents the absorption spectra of the composites prior to and after heat treatment
for 2 to 17 hours at (Tg+20°C).
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Figure 49. Absorption spectra of the composites prior to and after heat treatment for 2 to 17
hours at (Tg+20°C)

A new wide absorption band centered at 460 nm appears after heat treatment. In accordance
with (Jiménez et al., 2011), The absorption of Ag NPs via surface plasmon resonance (SPR)
may be attributed to this band. As the viscosity of the composite drops throughout the heat
treatment process, it is expected that the Ag species combine to produce Ag NPs as a result
of this reduction.

The presence of Ag nanoparticles was confirmed using XRD. As shown in Figure 50,
characteristic Ag peaks appear in the diffraction pattern following heat treatment. They
correspond to Ag (NO.#04-001-2617), which confirms the nucleation of the silver particles
inside the composites, no additional crystalline phase was detected. The amount and size of
Ag crystals are expected to increase during long heat treatment resulting in reductions in

composite transparency.
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Figure 50. XRD pattern of the composites prior to and after heat treatment for 2 to 17 hours
at (Tg+20°C)
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Figure 51. UC spectra of the Ag containing composites after heat treatment for 2 to 17 hours
at (Tq+20°C).

The UC spectra of the composites prior to and after the thermal treatment are presented in
Figure 51.
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Surprisingly, almost no blue UC can be detected after the thermal treatment. According to
(Yang et al., 2019), the decrease in the intensity of the upconversion of the nanocrystals
alone due to the thermal activation of the destructive thermal phonons from the host lattice,
internal/surface crystalline defects, and surface chemical bonds after heat treatment can also
be attributed to the heat treatment itself. Second explanation could be the color of the glass
and the formation of a large amount of Ag nanoparticles which block/scatter the 980 nm
pumping. Finally, it is also possible that the amount of Ag nanoparticles is too large so a
reverse energy transfer occurs from Yb%/Tm?" ions to Ag nanoparticles, as suggested by
(Said Mahraz, Sahar and Ghoshal, 2015). Therefore, it would be crucial, 1) to heat-treat the
as-prepared UC crystals to check if a similar decrease in UC is observed after the thermal
treatment and 2) to heat-treat the composites for a shorter time along with order to see
whether it is feasible to make a less dark composite with lesser Ag nanoparticles.
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5 Conclusion

New luminescent composites with the glass composition (75 NaPOs-25CaF) were prepared
with blue up-converter crystals and persistent luminescent phosphors via direct doping
method and characterized.

The first step was to prepare the blue up-converter CaWO; crystals and significantly to
optimize the doping ratios of Yb®*" and Tm®" ions in the crystals to obtain material with blue
UC upon 980 nm excitation. The crystal doped with 15 mol% of Yb.O3 and 0.5 mol%
Tm,O3 was found to be the most promising crystal. The crystalline structure of phase
CaWOq: Yb3*, Tm*" was detected by means of X-ray diffraction and the incorporation of
rare-earth ions into the crystal was confirmed from the shape and position of the UC bands.
In addition, the morphology and elemental composition of the crystals were verified using
SEM/EDS analysis. The results indicate that the rare-earth ions substitution into the host

lattice was successful.

The most promising crystal was later used to prepare composites with different
concentrations of crystal and PeL particles. The synthesized composites showed blue as well
as green emissions upon charging with a 980 nm laser which led to the conclusion that the

blue upconversion is strong enough to charge the PeL particles.

Ag containing composites were also investigated. They were prepared using Ag liquid, Ag-0

and Ag>SO4. No enhancement in the blue UC was detected.

To increase the intensity of the upconversion following heat treatment, which is employed
for the formation of Ag nanoparticles, Ag>SOs was added to the glass composition. However,
following heat treatment, there was no increase in the intensity of the upconversion. This
was most likely attributable to reverse energy transfer from the exited states of Yb3*/Tm?*

to the silver NPs.

This work demonstrated unequivocally that a broad range of novel glasses might be created
by directly doping distinct crystal ratios with different chemical compositions. Furthermore,
the good transparency and luminescence efficiency of the composite enables the use of these
materials for many applications in optics. Overall, this thesis led to a better understanding of

the direct doping method and the impact of the doping level of crystals on the upconversion
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efficiency and so to the development of new persistent luminescent composites with blue
and green PeL upconversion under 980 nm pumping.

As for the next steps, one recommendation to continue the work is to measure the OH content
in the Ag containing glasses in order to verify if OH can explain the reduction in the blue
UC, to prepare glasses with lower amount of Ag nanoparticles to confirm that the reduction
in the blue UC is due to the reverse energy transfer from Yb3*/Tm3" ions to Ag nanoparticles
and finally to check if the heat-treatment of the as-prepared UC crystals decreases the
intensity of the blue UC. Additional crucial step would be to put some effort on the
preparation of porous material, called a scaffold, so it can be loaded with photo-sensitive

molecules.
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