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In this thesis, the direct doping method was optimized to prepare microparticles CaAl,Oa:
Eu?*, Nd** and nanoparticles NaYF4: Yb**, Er’" containing oxyfluoride phosphate
glasses. The produced samples were characterized using SEM/EDS, FTIR and Raman
spectroscopies, photoluminescence or upconversion measurement. In this work, new ox-
yfluoride glasses were processed within the system 90NaPO3-(10-x)Na>O-xNaF with x
ranging from 0 to 10 (in mol%) and characterized. The progressive replacement of Na,O
by NaF increases the network connectivity. Their melting temperature is lower than
750°C and well-suited for adding active NaYF4 nanoparticles. The direct doping method
was applied successfully to produce upconverter oxyfluoride glasses. The best doping
parameters here were identified: 575°C as the doping temperature and 3-minute dwell
time, which most effectively balance the dispersion and survival of the particles in the
glass. However, these parameters can still be adjusted for even better results. In addition,
we showed that the corrosive behavior between the host and the particles depends not
only on the glass melting temperature, but also on the nature of the particles.
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1. INTRODUCTION

The invention of lasers in 1960s was a milestone in human history and marked the birth
of photonic science. Nowadays, photonic researches cover the light generation, transmis-
sion, modulation, amplification, conversion or detection in which glasses are the number
1 material due to their outstanding optical properties [Pa, 14.]. Among those, laser glasses
have attracted great interest. They can amplify light due to the rare-earth (RE) ions. Such
laser glasses have found applications in almost every crucial technology fields of the
modern world. [Ya, 00.]

The performance of laser glasses can be significantly improved if the RE ions are incor-
porated in crystals rather than in amorphous glass network. This leads to the application
of glass-ceramic. Such materials can be obtained by heat treating a glass to grow in-situ
crystals. However, the main difficulty is to control the growth of RE doped crystals in the
bulk [Ca, 14]. Fortunately, recent discovery with the direct doping method from Zhao et
al [Zh, 16] has given detailed information to successfully fabricate nanoparticles-contain-
ing telluride-based glasses. The technique utilizes pre-processed, chemically synthesized
nanoparticles doped with RE elements which are directly integrated into the glass after
melting. As the method is very promising, this thesis aims at applying it for another pop-
ular glass system—oxyfluoride phosphate glasses.

The first experimental part was to optimize the direct doping method in oxyfluoride phos-
phate glasses for uniformly dispersing the particles while preserving their spectroscopic
properties in the glass. At the beginning, persistent luminescent microparticles were used
as they are much easier to analyze than nanoparticles due to their size and due to their
afterglow properties. Then, nanoparticles containing glasses were prepared using the op-
timized direct doping method. The study’s results are thoroughly interesting and provide
valuable information for further researches in the future.

After the introduction, the thesis continues to Chapter 2 presenting basic knowledge about
laser glasses, doping methods and the upconversion nanoparticles. Chapter 3 provides
practical details about the materials (particles and host glass composition), characteriza-
tion methods (SEM, density, viscosity, DSC, IR/Raman, luminescence) including their
theory. The study’s results and discussion are followed in Chapter 4. Finally, interesting
observations are concluded in the final chapter.



2. RESEARCH BACKGROUND

2.1 Glasses

2.1.1 Glass definition

Glass is praised as “a mysterious material” by Professor Eric Le Bourhis in his book
“Glass: Mechanics and Technology”, not due to its long-lasting misconception of the
“fourth state of matter”, but because its properties are massively changed by the way it is
produced. The most common definition states this material is “an amorphous solid show-
ing a glass transition”. In other words, glass is created when quenching a liquid it passes
the melting/liquidus temperature, “frozen” structure happens, not crystallization because
the end temperature is too low for the atoms to rearrange in long-range order. [Le, 07.]
The schematic diagram of glass formation mechanism is displayed in Figure 1.
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Figure 1. Glass formation mechanism diagram [Fa, 03].

On one hand, when a liquid is cooled down slowly enough from its stable state to under
the melting point, crystals are formed with a significant decrease in volume or enthalpy.
The nucleation and growth rates are determined by the viscosity as well as the crys-
tal—glass free energy difference (AGy). On the other hand, when the cooling rate is fast
enough to bypass the melting point, the liquid becomes supercooled; further reduction in
temperature can lead to two types of glasses depending on the cooling speed at this stage.
It should be noted that the volume/enthalpy does not decrease as suddenly as in crystalli-
zation. As depicted in the Figure 1, the two glass lines intersect with the supercooled
(extrapolated) line at the Te— the fictive temperature, where Triow and Terse denote the
fictive points corresponding to the slow and fast cooling rate in the glass formation part.



In other words, Tr represents the glass thermal history. The fictive temperature is im-
portant not only because it affects many properties but also it determines the glass transi-
tion temperature (Tg), clarifying the onset temperature of glass transformation. [Ya, 00.]

After cooling, the resulting crystalline or glass solid have different structure. The former
possesses a long-range, well-defined order (Figure 2a, taken as an example), thus having
a precise melting point. This structure is also so typical that it produces a distinctive X-
ray diffraction pattern for realizing a specific crystalline material. On the contrary, the
glass structure has random, short-range order as well as irregular interatomic distances
and coordination number as seen in Figure 2b which pictures the network of SiO glass.
As a result, a glass solid provides neither specific X-ray patterns nor fixed melting tem-
perature. As shown in Figure 2c, it is possible to modify the glass structure by adding
other elements such as Na;O in SiO> glass. In this example, the addition of Na>O creates
non-bridging oxygens at the expense of bridging oxygens.

Figure 2. Silicon dioxide’s a) crystal structure; b) glass structure and c) glass struc-
ture with Sodium network modifier [Ya, 00].

2.1.2 Glass systems

Silicate glasses are probably the most common system. Their glass structure composes of
silica and surrounding modifier elements for the sake of manufacturing. The silicate
glasses’ network is made from corner-linked [SiO4*] tetrahedral units in which silicon
locates in the center (Figure 3a). In practice, all corners are linked in the same fashion
with each oxygen is shared between 2 silicons [Sh, 05]. The silica 3D-network is dense
and tight, thus limiting the solubility of RE ions. [Ya, 00].
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Figure 3. Simplified illustration of a) silica and b) phosphate units [Ib, 12].

On the contrary, phosphate glasses are easy to process (lower melting point than silicate
glasses). They are also thermally stable and suitable for the applications with high trans-
parency in the Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) region [Ji, 97], [Ca, 00],
[Ga, 82], [Ji, 98], [Pu, 16]. The structure of phosphate glasses contains long chains of
phosphate units linked by oxygen atoms. The number of bridging oxygens (n) per unit
indicates a specific structural Q" unit. Different Q-units in phosphate networks are de-
picted in Figure 3b.

2.1.3 Laser glasses

The first man-made glass has been found in tombs in Egypt dating back to 3500 BC.
Since then, the glass transparency became more and more importance. The chapter of
optical glasses begins in 17" century with the first appearance of flint glasses (vases,
goblets etc.) as well as advanced optics in microscopic/astronomic instruments [Le, 07].
Overtime, glasses have been used widely, from daily (glazing, packaging...) to super hi-
tech products. In modern science, there are two branches of optical glasses: Optoelectron-
ics and Photonics. Laser glasses belong to the latter. [Ga, 06.]

Laser glasses are glasses doped with rare-earth (RE) elements. These are 17 chemical
elements in the periodic table (Figure 4 including 15 lanthanides (lanthanum to lutetium),
plus scandium and yttrium). The rare-earth ions are widely utilized in research because
their electron structure provides various options from multiple usable fluorescing states
and wavelengths, enabling a diverse range of applications [Ya, 00]. In addition, doping
RE ions in glasses is the only way to achieve laser emission because of the larger line
broadening of phonon spectra and optical emission in glass than in crystal (a result from
the glass’s randomly structural order) [Ga, 06.]



1 IUPAC Periodic Table of the Elements i
1 2
He
hydrogen halium
110078, 100821 2 Key: 13 14 15 18 7 so02a
3 4 atomic number 5 6 7 8 9 10
Be Symbol B [ N (o] F Ne
lithium beryllium name boron carbon nitrogen oxygen fuorine neon
sshesen | som frri et iros0h v0s21) | 1200, 12012 | (14 000 00wy | 1506, Thoooy | vmoss w0
1 12 13 14 15 16 7 18
Na Si Cl Ar
‘sodium magnesium aluminium silicon phosphorus sulfur chiorine -argen
now | usiseson| 3 4 5 6 ’ 8 9 10 Rl 12 more |psosszaoes)|  soe  |pooss soom | pessn ssasn|  sesaa
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca Sc Ti Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium | chromium | manganese iron cobat nickel copper zine. gallium germanium arsanic. selenium tromine krypton
o | wome | s s s stoon ssw | sasm | smen ssess | avsasey | cssm | wms | mesem | mem | wssrie | mesanveson| sises
37 38 39 40 41 42 43 o 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Ru Rh Pd Ag Cd In Sn Sb Te I Xe
nbgum | sreum | youm | owonm | nobum | moyodenum | tcnnotum | nnenum | mosum | palagum | sh&r | casmum | indum wn atmany | tetom | e xenon
85408 ] Baz08 812242 2008 585 01.072) 10231 10542 iorar 1124 1482 a7 121.78 122,600 12880 13128
55 56 5771 72 73 74 75 76 77 75 79 80 81 82 83 84 8 86
Cs Ba | Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium barium hafnium tantalum tungsten rhenium osmium indium platinum ‘goid mercury thallium lead bismuth polonium astating radon
1201 153 iy | s s s wozy | wmm 1e508 sy wass |pmesnoes | w2 2onss
87 88 89-103 104 105 108 107 108 109 110 111 112 113 114 115 16 17 118
Ra . Rf Db S Bh Hs Mt Ds Rg Cn Nh FI Mc
francium radium rutherfordium dubnium ‘seaborgium bohrium hassium meitnerium | darmstadtium | roentgenium | copernicium nihenium flerovium moscovium | livermorium tennessine ‘oganesson
57 58 59 60 61 62 63 64 65 66 67 68 69 70 7
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
lanthanum cerium ‘neodymium | promethium samarium ‘europium ‘gadolinium terbium dysprosium halmium erbium thulium yiterbium Iutetium
1sn0n war2 st ruaz wamp | s | i 1850 w250 s 16720 1ess 17308 s
89 90 91 82 93 94 95 86 87 98 99 100 101 102 103
INTERNATIONAL UNION OF Ac | Th Pa u Np Pu | Am | Cm Bk Cf Es Fm | Md No
23204 231.04 23803

For notes and updates fo this fable, see www.iupac.org. This version is doted 28 November 2016.
Copyright ® 2016 IUPAC, the Intermational Union of Pure and Applied Chemisiry

Figure 4. Periodic Table of Elements. (n.d.). Retrieved October 24, 2017, from
https://www.acs.org/content/acs/en/education/whatischemistry/periodictable. html.

Since the invention of the first solid-state laser (1960) and Nd-glass laser (1961), many
important successes have been achieved in diode laser pumped solid-state lasers, followed
by the blooming research for new laser glasses. Specifically, high power and high energy
laser system still utilizes Nd**-doped laser glasses while Yb>" ones have become a huge
potential replacement. In optical communication and IR lasers, Ho**, Er** and Tm?" doped
glasses and laser glass fibers are the main topics of development. [Ga, 06.]

Apart from Nd** and Yb*" ones, Er**-doped laser glasses are one of the most important
in near infra-red (IR) region. Er**-doped glass lasers have found their success in medical
and rangefinder applications as 1.5 um laser wavelength is safe for human eyes. [Ga, 06].
When excited by the laser diode at 980 nm, Er** ions are excited to *Ii1» energy level.
This unstable state then decays to *I;32 energy level via a non-radiative transition, causing
emission at ~1.5 um via a radiative transition as depicted in Figure 5.
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Figure 5. Er’* energy level illustration showing emission transition of Er’** ions in
glasses pumped by 790 and 980 laser diodes [Ga, 06].

Interestingly, Er*" based glass lasers can also contain Yb*" as these ions act as sensitizers
because of the Er’*ions’ weak absorption in near IR region. The Yb*" ions strongly absorb
the pumping light around 1 um (especially 980 nm diode lasers pumping) before trans-
ferring the energy from their excited state 2Fs, to the *I;12 metastable state of Er*" ions,
leading to intense laser emission at ~1.5 um wavelength.

2.1.4 Upconversion in Yb®*", Er** codoped materials

Another major research focus in laser glasses is glass for upconversion. Upconversion
(UC) 1s a phenomenon where the serial absorption of two or more photons causes light
emission at shorter wavelength than the excitation source. Many rare earth-doped solid
materials commonly exhibit UC from the near infrared (0.7-1.6 pm), visible (0.4—-0.7
pum) to UV (0.27-0.4 pm) region. [He, 01.]

The most important UC mechanisms—most effective from near IR to visible region—are
energy transfer upconversion (ETU) and excited-state absorption (ESA) as illustrated in
Figure 6.
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Figure 6. Schematic of different UC mechanisms [Ya, 00].

These two depend on the existence of metastable, intermediate excited states as well as a
metastable emitting state. However, ETU and ESA (plus the emission process) have a
competitor: non-radiative multiphonon relaxation (MR) processes. In principle, lower
MR efficiency can be achieved by decreasing “the highest phonon energy of the host
material”. [He, 01.]

For laser glasses, energy transfer upconversion (ETU) is very common also because it is
less susceptible to external influences. In its principle, an appropriate dopant works as a
sensitizer and transfers the irradiated energy to other activators, which assist the upcon-
version luminescence. In a simple energy scheme taken as an example, the Yb-Er codop-
ing allows the emission to be realized in the visible region with the upconversion fre-
quency of the excitation wavelength at 980 nm. Figure 7 summarizes the possible path-
ways of upconversion in Yb-Er codoped laser glasses. [Tu, 15.]
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Figure 7. Upconversion of Yb-Er codoped laser glasses [Tu, 15].

In the Yb-Er codoped system, the resonance between the *F7, - 2Fs;; transition of Yb**
and “I;s - °Li1,2 transition of Er’* supplies efficient energy transfer from Yb*" to Er**.
When excited by 980-nm continuous pumping, Yb** and Er** absorb near-infrared (NIR)
leading to the *F7, - 2Fs; and *Iisp—"1112 upward transitions. Then, the Yb** can either
transfer its energy to another Er** ion in the ground state (and boost it to *I11/2) or to an
Er’*ion already in the *I;1/2 level exciting it to the 2F7); state. Eventually, the non-radiative
transition increases the population in the *Hi1/2/*S3/ states. This leads to the correspond-
ing green emission at 518 nm and 542 nm due to the radiative transition of ions to the
ground state. At the same time, a red emission (670 nm) also occurs mostly due to the
non-radiative relaxation of Er**ions to *Fo» and subsequent radiative transition of ions to
the ground state [Tu, 15].

Regarding the hosts, glass hosts with low phonon energy are desired when engineering
new upconverters. Table 1 shows the phonon energy of several non-oxide glass hosts [Ga,
06].



Table 1. Non-oxide glass hosts and their maximum phonon energy [Ga, 06].

Glass host type | Phonon energy (cm™)
Borate 1400
Silicate 1100
Phosphate 1200
Germanate 900
Tellurate 700
Fluoride 500
Chalcogenide 350

As can be seen, halide and chalcogenide glasses have the lowest phonon energy, while
the phonon energy in phosphate glasses is high. Therefore, UC hosts are limited within
halides, oxyhalides, oxysulfides and several oxides. However, chlorides, bromides and
iodides are strongly hygroscopic, thus causing difficulties in applications. As a result,
fluoride materials such as YF3, LiYFs, NaYFs, BaYFs, LuLiF4, BaY2Fg etc. are mostly
used for UC. Among those, Yb**~Er’* codoped YFs, BaYFs and NaYF4 are the most
effective UC materials (~980-nm excitation) for green and/or red emission; while
Yb**~Tm?*" codoped BaY:Fs, LuLiF4 and NaYF. for blue or UV emission. [He, 01.]

The B- (hexagonal-phase) NaYF4is considered as one of the best UC hosts. The crystal
lattice of this form has low phonon energy (preventing the multiphonon relaxation pro-
cesses, thus lengthening lifetimes of the excited states), two distinct lattice sites for doped
ions (increasing the chance of energy transfer from sensitizers to activators), as well as
similar effective-ion sizes with dopants (hindering lattice defects and stress formation).
[Lai, 16.] As aresult, NaYF4: Yb**, Er¥* UC nanoparticles certainly are the most effective
UC luminescence material from infrared to visible region [He, 04]. In addition, this ma-
terial has been researched intensively for decades, resulting in readily fabricating tech-
niques and reliable end-products. Recently, Laihinen et al has successfully optimized the
co-precipitation synthesis (the simplest method) to produce the nanoparticles with 2 times
stronger UC intensity than previously obtained [Lai, 16]. Therefore, NaYF4: Yb**, Er**
UCNPs are selected for doping in this thesis work.
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2.2 Glass-ceramics

As mentioned previously, there is no definite order in glass structure. So, the modifying
ions are located in multiple different local environments. In doped glasses, RE-ions oc-
cupy equivalent positions as the modifying ions leading to the broadening of the absorp-
tion and of the emission spectra. Also, the RE-ions possess larger non-radiative transition
possibility in glasses than in crystals and therefore exhibit lower emission efficiency in
glasses than in crystals. To increase the emission efficiency, the RE ions must be orderly
arranged as shown in Figure 8 which depicts this difference between Nd ions doped in
phosphate glass and in crystal (YAG). [Ya, 00.]

1.0 — 1.0
0.9 Nd : Y3A13012 0.9 Nd .
081 08 phosphate glass
§ 0.7+ 0.7F
§ 0.6 0.6
05 0.5
8 041 0.4}
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01F 0.1}
0 0] 1 1 I :
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Figure 8. Nd ions' emission spectra in YAG crystal (left) and in phosphate glass
(right) [Ya, 00].

Therefore, there has been a constant interest in developing new RE doped glass-ceramics.
Such materials can be obtained using different techniques which are discussed in the fol-
lowing sections.

2.2.1 Nucleation and growth

To control the crystal growth in glass ceramics, one must well-understand the nucleation
and growth mechanisms. There are two common ones: volume and surface nucleation. In
volume nucleation, there are homogeneous and heterogeneous mechanisms. For the for-
mer, the formation AG of one spherical nucleus having a radius equal to r is described by
following equation:

AG = —§m3A(;v + 4mr?y + AGy, [1]

where AG is the free-energy change per unit volume corresponding to the new phase
formation, y the interfacial energy per unit area of the nucleus’s new surface and AGg the
elastic distortion energy. [HO, 03.]



11

The glass-ceramics development is commonly controlled by heterogeneous nucleation.
Heterogeneous mechanism is involved when nucleation agents are added to the base
glassy matrix as a special catalyst for nucleation. A spherical-cap nucleus is formed on
the catalytic substrate by a contact angle (0). The critical heterogeneous nucleation for-

mation AGy; is lower for smaller contact angles 6 as described by:
AGj, = AG*f(0), [2]

in which AG* is the critical nucleus formation (the thermodynamic barrier) and f(0) =

i(Z + cos0) (1 — cos0)?.

According to the [2] equation, when the catalytic substrate is fully wetted by the nucleus
and the 0 is approaching 0 degree, the nucleation barrier is significantly reduced. There-
fore, the efficiency of heterogeneous nucleation can be notably increased by epitaxy (a
relationship of similar crystal lattice geometry) in the middle of the substrate and nucleus.
The epitaxy can also be increased by the bonding state, structural defects and the nucle-
ant-surface-vs-alien-nuclei coverage level. [H0, 03.]

The nucleation rate kinetics I as a function of time t are described by the following for-
mula:

[ = Ipexp(), [3]

in which I is the rate of steady state nucleation, 7 is the time lag of non-steady state (a
time before reaching the rate of steady state).

I is expressed as:

AG*+AGp

[, = AXexp( =

), [4]
where AGp, is the nucleation kinetic barrier, k the Boltzmann’s constant and A a pre-
exponential factor.

I, is related to the glass phase viscosity by an inverse variation. The nucleation action
can be characterized via experimentally determining the rate of nucleation (I) and the
nucleus number (N) as a function of heat treatment time in isothermal states. As a result,
the I(t) and N(t) functions can also be ascertained at various temperature as well as the
lag time 7. [HO, 03.]

In volume nucleation, micro-immiscibility can play an important role as it affects the
phase separation. In the base glass, phase separation enables the possibility to reach early
volume crystallization or postpone it via changing the matrix composition, thus eliminat-
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ing unwanted behaviors such as surface or out-of-control volume crystallization. Addi-
tionally, phase separation can promote the formation of a low-viscosity, homogeneous-
crystallized phase as well as either concurrently or subsequently heterogeneous crystalli-
zation of the matrix. Finally, crystallization-preferred sites and interfaces are formed via
phase separation. Interestingly, phase separation can also be controlled by reducing the
nucleation kinetic barrier AGp, in equation [4], thus permitting the preferred main crystals
to be directly and quickly formed in the droplet phase.

It has been found that nucleating agents such as fluoride, P2Os, Fe2O3, TiO2, ZrO», Ta;0Os
and WOs help to create a noteworthy microphase separation in many systems, effectively
developing glass ceramics. [HO, 03.]

Although most glass ceramics involve volume nucleation, there are some glasses that
cannot undergo controlled crystallization via this mechanism but only through a more
difficult one—surface nucleation. Surface nucleation control can be achieved via the glass
surface’s tribochemical activation. Another option is seeding the glass surface—adding
fine-powdered glass either of similar compositions or heterogeneous particles. Finally,
the elastic strain AGg in equation [ 1] may play an important role in surface nucleation as
well [HO, 03]. However, this conventional technique has many shortcomings. Firstly, it
does not always lead to the volumetric precipitation of RE-containing crystals as ex-
plained in [Ge, 17]. There are inherent limitations about integrating RE ions into the in-
situ growing crystals with relatively exact/maximum concentrations as well as controlled
order at each crystalline site. Secondly, this method is unable to produce RE-doped nano-
crystals with core-shell and heterogeneous nanostructures, thus limiting the ability to de-
sign nanoscale-level properties. Finally, further heat treatments (i.e. fiber drawings etc.)
can overgrow the already-optimal crystals, reducing the number of subsequent applica-
tions.

2.2.2 Direct doping method

Besides the classic one-melt glass-ceramics method, a new technique has been success-
fully experimented lately by Zhao et al [Zh, 16]—the direct doping of particles into the
glass melt. The theoretical results of these methods are depicted in Figure 9b and c, re-
spectively.
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Figure 9. a—) Theoretical phase results from different fabricating methods and d)
the comparison [Zh, 16].

In the direct doping method, desired RE-containing nanocrystals (previously synthesized
with high precision via solution chemistry) are incorporated in the glass matrix only after
the glass has been melted completely. The theoretical result from the direct doping of
particles is displayed in Figure 9c. Theoretically, the pre-synthesized particles with RE
bring significant improvements to the resulting glasses due to the precise control of the
nanocrystals’ parameters. As compared in Figure 9d, the direct doping method clearly
surpasses other fabricating techniques in terms of RE ion concentration. As already men-
tioned, the technique has been applied successfully by Zhao et al. to dope telluride glasses
with LiYF4 nanoparticles, yielding fascinating results. Nevertheless, the authors reported
30—60% loss of the nanoparticles in the glass, indicating a major room for improvement
[Zh, 16].

Based on the above knowledge, one main purpose of this thesis is to explore the useful-
ness of the direct doping methods on another glass system and optimize the particle dis-
persion. As explained in [Zh, 16], it is crucial to identify a suitable temperature for doping
and dispersing the particles in the glass melt to succeed in doping the glasses homoge-
nously with particles. The particles need to be, of course, thermally stable at this doping
temperature to ensure the survival of the particles within the glass during the glass prep-
aration. Therefore, as explained in [Ng, 17], the first step is to identify a glass composi-
tion, the doping temperature of which could be lower than the particles upper limit of the
doping temperature. The second step is to determine two parameters in order to prepare
glasses with homogeneous particle dispersion: the doping temperature at which the par-
ticles are added and the dwell time before casting the glasses to ease the dispersion of the
particles but in the same time the dissolution of the particles in the glass melt can occur
if the dwell time is too long.
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3. MATERIALS AND RESEARCH METHODOL-
OoGY

3.1 Melting of the glasses and particles-containing glasses

3.1.1 Glasses

Glasses with the composition of 45P,0s5—(55-x)Na,O—xNaF (in mol%) were prepared
with x= 0, 2.5, 5, 7.5 and 10. The raw materials included NacO1sPs, NaxCO3 and NaF;
they were purchased from the following companies: Alfa-Aesar (technical grade), Sigma-
Aldrich (299.5%) and Sigma-Aldrich (99.99%), respectively. These chemicals were used
directly without purifying steps.

From the glass composition, the amount of raw materials was calculated and weighed to
prepare an 8-gram glass batch. To increase the glass batch homogeneity, the precursors
were mixed in a ceramic mortar using a ceramic pestle before pouring the batch into a
platinum/quartz crucible.

The NaxO-containing glass batches were, first, heated to 300°C using a 15°C/min ramp-
ing rate in normal lab-condition atmosphere and held at this temperature for 15 minutes
to release CO» gas from the chemicals. Then, the glasses were melted at 750°C for 10min.
After quenching, the glasses were annealed at 40°C below their respective glass transition
temperature to release the stress from the quench.

3.1.2 Particles containing glasses

The microparticles (MPs) used for the optimization of the direct doping method are
CaALLO4: Eu**, Dy**, from Jinan G.L. New Materials, China, BG-01.

The nanoparticles (NPs) have the composition of NaYF4: Yb**, Er**, in which the atomic
percentage of Yb*" and Er’* are 17 at% and 3 at%, respectively. The NPs were synthe-
sized by the co-precipitation method in collaboration with Dr. Mika Lastusaari from
Turku University (Finland). In this synthesis, solid NaF was solvated to distilled water
and mixed with a solution containing YCIz, YbCls and ErCls. This mixture was stirred
for 1 hour at room temperature. Subsequently, it was washed with water (3 times) and
ethanol (1 time), followed by a drying period in vacuum desiccators (room temperature).
Finally, the powder was dried under a static No—H>(10%) gas sphere. [Lai, 16.]

Particles-containing glasses were obtained from the direct doping method. Prior to the
melting at 750°C for Sminutes, the Na,O-containing glass batches were, first, heated to
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300°C for 15min as explained in the previous section. After that, the batch was manually
swirled for nearly 5 seconds (to homogenize the melt) before being returned to another
furnace which was already at the doping temperature (i.e. 575, 600 or 650°C). A platinum
lid was used when preparing the F-containing glasses to prevent the evaporation of F
during the glass preparation. After 20 minutes at this doping temperature, the particles
were added into the molten glass. The mixture was then held at the doping temperature
for a defined duration, from 3 to 10 minutes. Subsequently, the mixture was slightly
swirled again (for ~1 second) before being casted into a brass mold. After quenching, the
glasses were annealed at 40°C below their respective glass transition temperature to re-
lease the stress from the quench. As the glasses are hygroscopic, they were finally stored
in a desiccator.

3.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) employs accelerated electrons to image and ana-
lyze a sample’s area by collecting secondary electrons (inelastic scattering between the
beam electrons and the sample’s K-shell electrons) and backscattered electrons (elastic-
scattered beam electrons with the sample’s atomic nuclei; the scattering probability cor-
responds to the atomic mass—the composition). As shown in Figure 10, the thermal elec-
trons are generated from the gun and accelerated by an electric field before being directed
to the sample by magnetic coils.
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Figure 10. Illustration of a SEM electron column [Go, 03].

The produced (secondary) electrons are collected by the detector to yield topography in-
formation. Meanwhile, elemental characteristic K, and Kg X-rays can also be generated
at the same time as the secondary electrons using an Energy-dispersive X-ray Spectros-
copy (EDS). The X-ray emissions are used to identify and map the sample’s elemental
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composition. All these actions take place in vacuum to prevent gas molecules interfering
with the electron beam. [Go, 03.]

In this study, a Carl Zeiss Crossbeam 540 Gemini Scanning Electron Microscope com-
bined with an x-Max N 80 EDS, Oxford Instruments Energy Dispersive X-ray Spectros-
copy was used to image and analyze the glass samples’ composition. The accelerating
voltages were 15 and 20 kV for NPs and MPs samples, respectively. The elemental anal-
ysis’ accuracy is £1.5 mol%. The polished samples were carbon-coated to improve the
image contrast before performing the measurements. The obtained EDS data were saved
in ACII format.

3.3 Physical and thermal properties

3.3.1 Density Measurement

The density of the polished glasses was determined using the Archimedes’ method. Eth-
anol was chosen as the immersion liquid due to the glass’s reaction with water. The meas-
urement was done using an OHAUS Adventurer Analytical scale along with its own kits
(submerged cradle etc.). The glass pieces were weighed first in air and then in ethanol,
considering the temperature of the liquid at the time. Subsequently, the density was cal-
culated using the following equation:

__ Mijpajr
pglass ™ Pethanol [5]

where Pglass and Pethanol are the density of glass and ethanol, respectively, myy, ,jr is the

mass of the glass sample weighed in air, and Am is the mass difference when weighed in
air and in ethanol. [Ma, 16.]

The accuracy of the measurement is £0.02 g/cm?.

3.3.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry is “a technique where the difference between heat flow
rates into a sample and a reference material is measured” [Le, 14]. The schematic diagram
of a DSC device is depicted in Figure 11. Individual heaters are used to heat the sample
and a reference. These two are also kept at similar temperature by a system controlled by
Pt (platinum) resistance thermometers. Non-identical amounts of heat are generated by
the specimens, then the power-input differences to the heaters are recorded, generating
peaks in the corresponding diagram (Figure 11b). The resulting curve can be used to
quantify important data such as specific heat or heat of reaction. [Ke, §0.]
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Figure 11. Illustration of DSC’s a) specimen holder [Ke, 80] and b) heating-sensing
units [Je, 14].

In this thesis work, a NETZSCH STA 449 Differential Scanning Calorimetry apparatus
was used to measure the glass’s transition (Tg) and crystallization (T, and Tx) tempera-
tures. A part of each glass samples was crushed into fine powder which was heat treated
in a platinum pan with lids at 10°C/min heating rate from 40 to 500°C.

Figure 12 depicts the thermogram of the glass with x=0, taken as an example. The Ty was
taken at the inflection point of the endotherm which is the first derivative of the DSC
curve. On the other hand, the onset (Tx) and the peak (Tp) crystallization temperatures
were obtained at the inflection point and the highest point of the first exothermic peak,
respectively. The accuracy of these measurements is +3°C.
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Figure 12. Thermogram of the glass.

3.3.3 Viscosity measurement

The glass viscosity depends on temperature as illustrated in Figure 13.
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Figure 13. Typical temperature-viscosity curve of fragile and strong glasses [Ga, 08].

A beam-bending viscometer (BBV) was used to measure the viscosity in the (Logl1—
Log13 Pa.s) range. The instrument was a BAHR Thermoanalyse, type VIS 401 as shown
in Figure 17. The measurement was conducted under the test protocol ASTM C-1351M
and performed at the Otto Schott Institute of Materials Research, Friedrich Schiller Uni-
versity in Germany in collaboration with Delia Brauer.
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Figure 14. Beam-bending viscometer BAHR Thermoanalyse VIS 401.

The glasses with x=0 and 10 were cut in 4 x 5 x 50mm bars which were mounted on 3-
point beam-bending quartz-glass tubes (2) inside the heating chamber (3). The metal rod
under the quartz tube (2) is a part of a balance (1) which can be used to apply higher force
on the sample by adding more weights (50—250g). Before each measurement, this metal
rod is calibrated so that it slightly touches the sample at room temperature. Upon heating
using a 10°C/min rate, the loaded metal rod deforms the sample as sample’s viscosity
decreases. This bending deformation (distance by which the sample’s center is moved in
a 90-degree angle to its axis) is measured via the metal rod’s angle on the balance by an
inductive displacement transducer. Finally, the viscosity is calculated at each temperature
point using the following equation:

3 \
n= g—ﬂhﬁi[:w +%J
14407 | —} ‘

I\ dt

[6]

where 1 is the viscosity (Pa.s); M—the applied load (g), dh/dt the midpoint deflection
rate of test beam (cm/s), g the acceleration of gravity (980 cm/s?), 1. the cross-sectional
moment of inertia (cm*), p the density of glass (g/cm?), A the cross-sectional area of the
beam (cm?) and L the support span (cm) [ASTM, 03].

The glass viscosity in the softening range (Log5—Log 8 Pa.s) was measured using a par-
allel-plate viscometer—Model PPV-1000— shown in Figure 15 in College of Optics and
Photonics (CREOL), University of Central Florida, USA.
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Figure 15. The parallel-plate viscometer for viscosity measurement [Or, 07].

The measurement followed the test protocol ASTM C-1351M. In this test, the glasses
with x=0 and 10 were prepared in disk with a diameter of 10mm and a thickness of at
least Smm. Those disks were positioned between two parallel platinum-foil-protected In-
conel plates. Each disk was applied a standard load while being heated at a rate of 5
°C/min. The specimen’s height was monitored during this heating process as a function
of its temperature. [Ti, 10.] From this data, the glass viscosity was using the following
equation:

- Mgh®
T30V (dh/ d2a + V)

n=2
[7]

where V is the volume of the specimen (cm®) while h (cm) stands for the specimen thick-
ness at time t (s) [ASTM, 02].

Until now, these measurements are still unable to be conducted at temperatures much
lower than the glass transition because of the long structural relaxation period [Ma, 09].
So far, such data has been only estimated via mathematic models. The classic and most
common model is the Vogel-Fulcher—Tammann equation:

B
T-T,

log, = —A+ [8]

with A, B and T, are fitting parameters from the measured viscosity information [Sc, 92].

3.4 Optical properties

When developing optical glasses, it is crucial to measure their optical properties. In light
absorption principal, an electron may absorb a photon having equivalent energy to an
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electronic transition in an electron-photon collision. While the electron can transition it-
self to an excited level, the photon is absorbed and the light intensity is reduced. A spec-
trophotometer measures this reduction as a function of the wavelength. Figure 16 below
depicts a typical spectrophotometer.
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Figure 16. A typical spectrophotometer and its main parts [So, 05].

The monochromator selects a narrow spectral band from the light source (lamp) and let it
pass to a beam splitter, which splits the band in to two. One beam moves freely to a
detector (reference beam—Iy), while the other (I) passes through a sample, loses a degree
of intensity before reaching another detector. The computer collects the intensity (Io and
I) from the detectors and provides the output results [So, 05]. The absorbance (A) is cal-
culated from the ratio (Io /I) as following:

[
A =log(*/p) [9]
The absorption coefficient is then calculated from the Beer Lambert law:
q = 209 5 [10]
L
where L is the sample’s thickness (cm).
Finally, the absorption cross-section a(A) (cm™) is then estimated at £10%.:
) = In(10) = 1
oa(A) =In L [11]

with N is the rare-earth ion concentration (ions/cm?) calculated from the glass density and
the batch composition. [Lo, 17.]

In this work, the absorption and transmission spectra were measured using an UV-Vis-
NIR spectrophotometer (UV-3600 Plus, Shimadzu) from 190 to 1700 nm with 0.5 nm
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interval, single scan mode and fast, medium or slow scan speed. The glasses were pol-
ished and their thickness was determined using a digital caliper with an accuracy of +£0.05
mm.

3.5 Luminescence properties

The luminescence properties of the glasses were measured at Turku University (Finland)
in collaboration with Dr. Mika Lastusaari.

3.5.1 Persistent luminescence (Pel)

Persistent luminescence (PeL), or afterglow, is a phenomenon where emissions (visible,
UV light, X-rays etc.) are exhibited after ceasing excitation [Ha, 57]. Interestingly, its
definition has not been clearly clarified due to too many confusing terms such as fluores-
cence, phosphorescence, long-lasting luminescence... just to name a few. However, there
are two names that should not be confused with PeL. Firstly, PeL is not thermolumines-
cence (a more general term) but a special instance of thermally stimulated luminescence
at a specific temperature [He, 12]. Secondly, there is an absolute difference between PelL
and phosphorescence as the latter refers to long-lifetime luminescence originated from
the forbidden transitions within the corresponding center [Bl, 94]. In fact, PeL materials
stores excitation energy in intrinsic traps such as defects [Ha, 10], aliovalent codoping
[Br, 11] etc.

There have been thousands of PeL materials dating back to even 1000 years in China [Ru,
37]. Nonetheless, the major flourishing period of their researches and applications only
began since the middle of 1990s when effective Eu®", R** codoped materials (blue-light
emitting CaAl,O4:Eu**, Nd** [Ya, 97] and green-light emitting SrALLO4:Eu®", Dy** [Ma,
96]) were introduced. Other commercially successful PelL materials include
SrMgSi>,O7:Eu?’, Dy** [Li, 01] and (SrsAl14025:Eu", Dy**) [Li, 02] which are found to
have enhanced reliability against moisture, as well as Y20:S:Eu*, Mg?*, Ti. All of them

have outstanding afterglow up to over 1 day.

The most modern PeL mechanism for Eu**-doped materials are presented in Figure 17.
Upon charging, electrons are moved from the ground state [4f"(¥S72)] to the excited states
[4£°5d'(*D)]. Thanks to the thermal energy (kT), Eu?* long lifetime emission of
41°5d!'(>’D) — 417(3S72) and the closeness of Sr3SiOs’s conduction band, several electrons
can bypass the excited level of Eu?" to the host’s conduction band. They advance easily
in this band until being trapped by defects. When decharging begins upon stopping UV
charging, the thermal energy absorption permits the trapped electrons to return to the
conduction band, populating the 4f°5d'(°D) states of Eu?*. Eventually, the non-radiative
and radiative relaxation of the ion generate the PeL. Also, the electrons may be re-trapped
in each step of the decharging, thus extending the period of PeL. [He, 12.]
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Figure 17. Schematic diagram of one of the most advanced Pel. mechanism for
Sr38i0s:Eu’*, Nd** [Ho, 11].

The persistent luminescent spectra of the MPs- containing glasses were measured using
a Varian Cary Eclipse Fluorescence Spectrophotometer coupled with a Hanamatsu R928
photomultiplier (PMT). The samples were irradiated with a UVGL-25 (4W, Aexc=254 nm)
lamp for 5 minutes. The measurement was taken 1 minute after ceasing the excitation.
The luminescence intensity was obtained by integrating the area under the emission curve.
The measurements were performed at room temperature.

A schematic of the spectrofluorometer used for the measurement is depicted in Figure 18.
In this instrument, motorized monochromators are usually equipped to concurrently select
the excitation and emission wavelengths for automatic wavelength scanning. The fluo-
rescence is recorded by photomultiplier tubes (PMT) [La, 06].
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Figure 18. A typical spectrofluorometer's schematic diagram [La, 06].

3.5.2 Conventional luminescence (PL)

Conventional luminescence (or photoluminescence—PL) is the impulsive light emission
from a RE-doped material when it is optically excited. Theoretically, when the material
is excited by adequately energetic light, photons are absorbed—resulting in electronic
excitations. Ultimately, relaxation occurs for those excitations, electrons then go back to
the fundamental position—*the ground state”. If the relaxation is a radiative one, the light
emissions are known as photoluminescence (PL) and can be recorded for analysis. The
PL spectrum gives information about the transition energies (to ascertain electronic en-
ergy levels); while its intensity can be used to determine the radiative—nonradiative re-
combination’s relative rates. Additionally, PL measurement is wildly utilized to charac-
terize surfaces. The method is uncomplex, multipurpose and nondestructive; however, it
depends heavily on the light emitting ability and poses problems for interface-density and
impurity-state assessment. [Gf, 00.]

The conventional luminescence spectra of the MPs-containing glasses were measured us-
ing a charge-coupled devices (CCDs) camera (Avantes, AvaSpec-2048x14). As depicted
in Figure 19, CCDs are imaging detectors and widely used in combination with spectro-
fluorometers.
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Figure 19. A typical CCD spectrofluorometer (a) and conventional luminescence
setup (b) [La, 06].

The excitation source was a Nd: YAG pulse laser (Aexc=266 nm, 8 ns, TII Lotis) with 50
ms integration time and 10 averaging. All the measurements were performed at room
temperature from glasses crushed into powder. Figure 20 summarizes the basic setup of
a PL measurement.

Laser

|-

Spectrometer | =~

Photo- Lens
detector

Figure 20. Typical diagram of a PL measurement [Gf, 00].

In principle, the sample is pointed by a laser—tuned to a wavelength close to the sample’s
bandgap energy. When the laser beam excites the sample, PL occurs—Ilight is emitted
from the sample at wavelengths depending on the sample composition. The reflected laser
beam and the PL emission transmit in different directions by specially orienting the sam-
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ple. The emitted light is guided into a fiber optic cable and a spectrometer. The spectrom-
eter has a diffraction grating for diffracting various wavelengths in different directions
toward an array of photo-detectors. Theses detectors measure each wavelength compo-
nent’s intensity. The information is interpreted and a PL spectrum is generated [Gf, 00].

3.5.3 Upconversion

The upconversion of NPs-doped glasses was measured using a 975-nm pump with a NIR
fiber-coupled laser diode IFC-975-008 (Optical Fiber Systems, Chelmsford, MA). The
output signals were gathered by a fiber-optic spectrometer (AvaSpec-2048x14) with 350
ms integration time and 100 averaging. The schematic diagram of the spectrometer is
presented in Figure 21. All the measurements of the crushed NPs-doped glasses were
performed at room temperature.
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Figure 21. A classical spectrometer set-up for upconversion study.

3.6 Structural properties

The structural properties of the glasses were analyzed using IR and Raman spectrosco-
pies.

3.6.1 IR spectra

Infrared spectroscopy provides molecules’ structural information in the sample from their
vibrational energy level. [Pa, 09.] In the FTIR device (Figure 22), the mirror is moveable
for the IR detector to identify an interferogram of the source’s spectra. This interferogram
is a Fourier transform consisting of intensity periodic changes from constructive and de-
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structive interference. It can be numerically reconstructed on computer, yielding the orig-
inal spectra. In addition, FTIR can also determine the samples’ absorbance when meas-
uring with and without the sample. [So, 05.]
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Figure 22. A typical FTIR spectrometer and its main parts [So, 05].

In the ATR mode, the beam is guided into a high-refractive crystal, bounced between
surfaces and exiting to the detector. At the crystal-sample boundary, the beam undergoes
total internal reflection while creating an evanescent wave beyond the crystal surface. The
wave travels a few micrometers into the sample and is absorbed by the sample. This ab-
sorption of the evanescent wave is then measured by the detector [Pe, 05].

The IR spectra of the glasses were measured using a Perkin Elmer Spectrum FTIR2000
spectrometer with Attenuated Total Reflection (ATR) mode between 600 and 2000 cm™'.
The resolution was 2 cm’! and obtained from 8-scan accumulation.

3.6.2 Raman spectra

Raman spectroscopy is another common technique used to detect vibrational, rotational
and other low-frequency modes in a system. The technique relies on the inelastic scatter-
ing of photons and changes in a molecule’s polarizability. The molecule’s sinusoidal vi-
bration changes its polarization, making the photon loses or gains energy that is equiva-
lent to the vibrational energy spacing in the molecule. Consequently, this provides a struc-
tural characteristic for identifying the corresponding molecules [Ba, 01].
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Figure 23. Typical Raman measurement setup (a) and the principle of Raman spec-
troscopy (b) [Ba, 01].

The Raman spectra were measured between 0 and 2000 cm™ at room temperature using
a Thermo Scientific™ DXR™ 2xi Raman Imaging Microscope, whose setup and work-
ing principle are illustrated in Figure 23a and b, respectively. The laser’s power was 500
mW. The exposure time was 5 seconds/pixel and the data was averaged 10 times. The
resolution of the spectra was 2 cm™.
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4. RESULTS AND ANALYSIS

4.1 Glass selection

The first step of the research is to identify a host glass in which the particles can be dis-
persed without being degraded/corroded. As explained in [Zh, 16], there are 2 parameters
to optimize: the doping temperature at which the particles should be added in the glass
and the dwell time before quenching the glass to allow the dispersion of the NPs in the
glass. The doping temperature should be lower than the particles’ dissolution points but
high enough to disperse them effectively (low viscous melt): Zhao et al suggested that the
viscosity of 5 Pa.s—"“like honey at room temperature”—is the lower limit for doping in
tellurite glasses [Zh, 16]). In other words, to ensure the survival of particles, the host-
glass-melting temperature cannot be higher than the particles’ decomposition temperature
which was reported at 750°C in [La, 17]. Additionally, the host glass must be stable to
avoid crystallization when adding the particles. A glass is suspected to be stable against
crystallization when (AT = Tx—Ty) is higher than 100°C [REF].

Based on these preliminary conditions, glasses with the composition 90NaPOs-(10-
x)NaxO-xNaF with x=0, 2.5, 5, 7.5 and 10, in mol% were selected. The glasses were
prepared using a melting temperature of 750°C. The density and the thermal properties of
the glasses are reported in Table 2.

Table 2. Density and thermal properties of the glass samples in the system.

X Te[°C] Tx [°C] AT=Tx-Tz [°C] | T,[°C] | Density [g/cm?]
(£3°C) (£3°C) (x6°C) (£3°C) (£0.02 g/cm?)
0 284 374 90 414 2.47
2.5 272 378 106 415 247
5 264 374 110 403 2.47
7.5 255 368 113 395 2.46
10 246 356 110 402 2.45

The glass transition (Tg), the onset of crystallization (Tx) and the peak of crystallization
(Tp) temperatures decrease when increasing X. An increase in x increases AT, the temper-
ature difference between Tx and Tg, which is an indicator of the glass resistance to crys-
tallization. Therefore, the F-containing glasses are stable against crystallization. Finally,
the glasses’ density remains almost unaffected by the composition changes.

The viscosity graph is presented in Figure 24.
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Figure 24. Viscosity of the glasses with x=0 and 10.

Based on the data, the viscosity of the glass shifts to lower temperature when x increases

in agreement with the thermal properties listed in Table 2.

The IR spectra are presented in Figure 25. The spectra are normalized to the band at

1080cm’.
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Figure 25. IR spectra of the investigated glasses.

The IR spectra show bands at approximately 880, 1080, 1140 and 1240 cm™'. Several
shoulders can also be seen in the range from 980 to 1050 cm™'. In addition, there are broad
bands between 650 and 800 cm™'. It should be noted that no bands exist at wavenumbers

higher than 1300 cm™!, where the v(P=0) of Q* groups usually appear. This means that

no Q° groups present in the chosen glass system.
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The broad band between 600 and 800 cm™! can be related to symmetric vibrational modes
Vsym (P-O-P) of Q? units. The bands of 1240, 1140, 830 and ~700 cm™! can be related to
the vas(OPO), vss(POP), vas(POP) and vss(POP) fundamental vibrations of Q? units, re-
spectively [Ko, 10]. The band at 1080cm™ can be attributed to an overlap between Q!
units and Q? units in metaphosphate. The shoulders at ~980cm™ correspond to the asym-
metric stretching vibrations of the POs* in Q' units whereas the shoulders at ~950 and at
~1030cm™! have been related to vas(POP) fundamental vibration of Q? units in, small and
large rings, respectively [WI, 84].

The increase in x reduces the intensity of most of the bands compared that of the band at
1080cm™! except for the shoulder in the 980-1050cm™ range and for the band at 1240cm™
!indicating that the replacement of Na,O by NaF increases the number of Q? units at the
expense of Q! units. The increase in x also shifts the positions of the bands at 1280, 1160,
880 and ~700 cm™! to higher wavenumbers. As explained in [Cu, 16], this shift in position
could be a result of the F-P-F bonds formation when NaF replaces Na>O. The increase in
the intensity of the shoulder at 1010cm™ can reveal an increase in the (PO3F) bonds as
suggested by Murthy et al. [Mu, 63]. The small increase in intensity of the shoulder at
950cm™ with an increase in x could indicate that the long chain structure of the glass is
cut to small phosphate rings when the fluorine content in the glasses increases as sug-
gested in [Cu, 16].

The normalized Raman spectra are presented in Figure 26.

- 1.0

-]

<

> 0.8

B

S 064

€

© _

S 04

N

©
0.2

£

@]

Z 00-

600 700 800 900 1000 1100 1200 1300 1400
Wavenumber (cm™)

Figure 26. Raman spectra of the investigated glasses.

The spectra exhibit bands at ~700, 800—1050, ~1150 and 1200-1300 cm™'. They are ob-
viously relevant to the metaphosphate structure according to [Me, 97]. There are no typ-
ical Q® groups’ bands at higher than 1300 cm™ as seen in the IR spectra.
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The 700-cm™ band corresponds to the symmetric stretching mode of in-chain P-O-P
bonds (the bridging oxygen atoms linked with two phosphorous atoms in Q* groups) [Ko,
10]. Its intensity is reduced when increasing x, thus showing a decrease in the P-O-P
bonds when Na,O is replaced by NaF. The ~1010-cm™ band can be related to the stretch-
ing v(P-0O) of terminal groups (Q') [Cu, 16]. When raising x, the intensity of this band
decreases indicating that the POsF monofluorinated terminal groups continuously replace
the P-O bonds in terminal groups. Additionally, the increase in x results in the intensity
reduction of the shoulder at ~960-cm™, attributed to the symmetric PO4 stretch on Q°
tetrahedra [Br, 00]. This means that the number of Q° units decrease when raising x. An
increase in x decreases the intensity of the bands at 1250 and 1100-cm™ attributed to the
asymmetric and symmetric stretching of non-bridging v(PO.) of Q? groups, respectively
([Le, 09], [Ka, 04] and [Ka, 12]). Finally, with increasing x, the position of the band at
1150 cm™! shifts to a higher wavenumber indicating that the metaphosphate chains grow
longer, which also showing the rise in Q? units at the expense of the Q' according to [Cu,
16].

In summary, from the analysis of the IR and Raman spectra of the investigated glasses,
the glasses are suspected to have a metaphosphate glasses’ network structure. Firstly, the
structure contains mainly Q? tetrahedra organized in chain and ring type formations. The
replacement of Na>O by NaF leads to the creation of P-F bonds at the expense of P-O
bonds increasing the amount of the Q? units while decreasing number of the Q! ones,
meaning that the network connectivity is enhanced when x increases. Combined with the
conclusion from the density measurement, the decrease in Ty is supposedly related to the
weaker ionic cross-linking of the modifier cations in agreement with [Cu, 16]. Conse-
quently, the reduction in the non-bridging terminal groups and the P-F bonds formation
both shift the optical band gap to a lower wavelength when x increases as can be seen
from the absorption spectra (Figure 27).
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Figure 27. Absorption spectra of several glasses in the system.

4.2 Preparation & characterization of NaYF4-containing glasses

The NaYFs-containing glasses with x=0 and 10 were prepared using direct doping pro-
cess. First, the process was optimized using persistent luminescent microparticles with
the CaAl,O4: Eu?*, Nd** composition. Such particles exhibit blue PeL after stopping irra-
diation.

4.2.1 Optimization of the direct doping process

PeL MPs with the composition CaAl,O4: Eu®*, Nd*" were used to allow us to optimize
the direct doping process. As explained earlier, the doping temperature (Tqoping) and the
dwell time (the “waiting” time before quenching the glass) need to be optimized. Here, 1
weight% of the MPs were added at 3 doping temperatures (575, 600 and 650°C) and the
dwell times was varied between 3 and 10 minutes prior to casting. Figure 28 shows the
glasses after stopping the UV irradiation.
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Figure 28. x=0 and x=10 samples after stopping UV irradiation.

All the samples exhibit blue-color persistent luminescence (from the Eu?* ion) after stop-
ping the UV excitation confirming that the MPs survived in the glass matrix. One can
notice that the intensity of the blue luminescence from the x=10 glasses is lighter than
that of the x=0 glasses when prepared using the same doping temperature and dwell time.
It should be pointed out that the x=0 glasses prepared using low doping temperature and
short dwell time broke into pieces during the annealing suggesting that a large number of
MPs survive in the glass. Aggregates of MPs can be clearly seen in the glasses. This gives
us a hint that different glass compositions react differently with the MPs.

To quantify the MPs dispersion, the pictures of the glasses were analyzed using a Java-
based image processing software, ImageJ. The software can measure several parameters
such as min/max pixel intensity and the corresponding standard deviation (StdDev). Here,
we consider that a glass with a low StdDev is a glass with a uniform luminescence and so
a uniform dispersion of the MPs in the glass. However, a low StdDev can also be related
to the corrosion of the MPs and so to a loss in the PeL properties. Therefore, it is crucial
to compare the picture of the glasses to the StdDev to understand clearly the impact of
the doping parameters (Tdoping and dwell time) on the dispersion and survival of the parti-
cles in the glass. The StdDev values of pixel intensity obtained from the Figure 28 are
displayed in Table 3.
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Table 3. Sample codes of x=0 and x=10 as well as their standard deviation of pixel
intensity obtained from ImagelJ.

Taoping(°C)—Dwell time (min) StdDev StdDev
x=0 x=10
575-3 s -
575-5 0 5
575-10 6 T
600-3 3 =
600-5 3 =
600-10 3 =
650-3 g 5
650-5 g =
650-10 > 5

One can notice that the StdDev increases when the doping temperature and dwell time
increases. However, for high doping temperature, the StdDev decreases due the light PeL
from the glasses which can be related to the corrosion of the MPs. For the glasses with
x=0, the lowest StdDev was recorded for the glass prepared using 600-5. However, as the
glasses prepared using a Tdoping at 575°C broke, we suspect based on the afterglow picture
of the glasses that the dispersion of the MPs in these glasses to be similar than in the
glasses prepared using a Tdoping at 600°C. Similar results were obtained for the glasses
with x=10: the most well-dispersed, high-intensity glass was x10-575-3.

The persistent luminescence (PeL) measurement was carried out with crushed powder of
the bottom half of each sample. The PeL spectra are shown in Figure 29.
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Figure 29. PeL spectra of x=0 and x=10 samples.
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The spectra exhibit a single broad band peaking at 445 nm which is ascribed to the 4f°5d"
— 4f" transition of the Eu?" ion situated at one Ca®" site in the CaAl,O4 structure [Av,
12], [HO, 10]. We confirm that the x=0 glasses exhibit a stronger PeL than the glasses
with x=10. As a general comment, the intensity of the emission band decreases as the
doping temperature and dwell time increase in agreement with the afterglow picture of
the glasses. However, some of the graphs show incoherent results. This must be related
to the presence of agglomerates in the glasses. Therefore, we show here that PeL spectra
measurement need to be completed with a systematic observation of the glasses after
stopping the irradiation.

The conventional luminescence spectra are shown in Figure 30.
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Figure 30. Conventional luminescence of x=0 and x=10 samples.
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The spectra exhibit a broad band located at 450 nm which is linked with the emission of Eu?"
situated in Ca" spots [Av, 12]. Additional, the presence of the bands 590, 620 and 700 nm
confirms that Eu?* ions oxidize to Eu** during the glass melting as seen in [Ma, 15].

An increase in the Tqopingand dwell time leads to a decrease in the PL intensity. We also confirm
that the x=0 glasses exhibit stronger PL than the glasses with x=10. As seen with the PeL meas-
urement, incoherent spectra are recorded: the 650-10 glass with x=10 exhibiting larger PL than
the 575-3 glass. As explained in the previous paragraph, this is related to the presence of ag-
glomerates in the glasses. It should be pointed out that the emission band related to Eu** can be
seen more in the spectra of the glasses with x=10 indicating that a larger amount of Eu’" are
oxidized in the glasses with x=10 than in the glasses with x=0. This is in agreement with the
afterglow picture of the glasses.

It should be pointed out that the emission band of the 575-3 glass with x=0 is similar than that
of the particles alone whereas the 650-10 glasses with x=0 and 10 and 575-3 glass with x=10
exhibit broader emission band as shown in Figure 31a and b.
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Figure 31. Normalized conventional luminescence of a) 575-3 samples and b) 650-10 sam-
ples plus the Iwt% calibration MPs. The excitation wavelength is 266 nm, averaging 10, in-
tegration time 50 ms.

Based on Figure 31, the site of the Eu®" ions in the 575-3 glass with x=0 is suspected to be
similar than in the MPs alone but different in the other glasses with x=0 and 10.

Figure 32 displays the SEM images for x=0 glasses.
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Figure 32. SEM images of particles found in the x=0 glasses.

Generally, the particle size is reduced when increasing the Tdoping and dwell time. Additionally,
there were more changes in the particles themselves—indicating the changes in their integrity.
The same was observed for x=10 samples. To investigate further, EDS compositional analysis
were utilized. Figure 35 show the EDS line scans of several samples for checking the elements
across a microparticle embedded in the glass matrix.
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Figure 33. EDS analysis of particles found in x=0 and x=10 glasses doped at different tem-

peratures and dwell times.
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For all samples, the glass matrix composition is as targeted within the measurement accuracy
(£1.5 mol%). A trace of Al was found in the glasses which can be related to the diffusion of Al
from the MPs into the glasses. Based on the composition analysis, the MPs found in the glasses
contain only AlbO; and CaO in the center—the MPs generally maintained their composition
although the level of integrity varied. Additionally, small amount of Al,O3 and CaO are pre-
sented around the particles in all samples which is a clear sign of corrosion occurring during
the glass preparation. It should be pointed out that the diffusion of the Al and Ca from the MPs
into the glass is more visible in the glasses with x=10 than in the glasses with x=0 confirming
that corrosion of the MPs occurs more in the glass with x=10 in agreement with the PeL prop-
erties of the glasses. Combined with the conventional and persistent luminescence results, the
changes in the Eu*" sites probably due to Al, Ca and Eu ions diffusion from the MPs.

In summary, based on the StdDev data and on the PL/PeL properties of the glasses, the particles
containing glasses should be prepared using a doping temperature of 575°C and a dwell time of
3-min to balance the survival and dispersion of the particles in the glass.

4.2.2 NaYF4 nanoparticles-containing glasses

Glasses with x=0 and 10 were prepared by adding 3.75 weight% of NaYF4 nanoparticles syn-
thesized by Dr. Mika Lastusaari from Turku University (Finland). The particles were added in
the glass at doping temperature ranging from 575°C—650°C and the dwell time was varied
from 3 to 5 min as for the preparation of the MPs-containing glasses. As seen in Figure 24, the
glass viscosity at the doping temperatures (575, 600 and 650°C) is below the “5 Pa.s” limit
value when doping tellurite glasses as discussed in [Zh, 16]. After being doped, all the glasses
are transparent with no visible sign of nanoparticles agglomerates as shown in the Figure 34.

Figure 34. Clear NPs-doped glasses prepared at 575°C-3min dwell time, taken as examples
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The NPs-doped glasses were firstly checked for crystallization. The XRD patterns (not included
here) showed no Bragg diffraction from crystalline lattice. This indicates no (or in low amount
or too small to be detected) crystals are formed when adding the NPs into the 2 investigated
glasses. No change in the glasses’ density, thermal and structural properties were observed after
adding the NPs due to the low amount of the NPs introduced in the glass networks.

The upconversion of the glasses in the visible was measured using a 974-nm pumping. Upcon-
version was detected only in the glasses prepared using a doping temperature of 575°C and a 3-
min dwell time confirming the survival of the NPs. Indeed, the concentration of Er,O; and
Yb20; in the glass would be 0.026 mol% and 0.147 mol%, respectively, if the NPs completely
dissolve inside the glass during the glass preparation. Therefore, due to the low amount of RE
in the glass, no upconversion would be observed if the NPs were completely dissolved in the
glass. The Figure 35a shows the upconversion spectra of the glasses.
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Figure 35. a) Upconversion of 575-3 samples and the reference “calibration” NPs as well
as their b) normalized spectra. Upconversion was obtained from 974-nm excitation source,
350-ms integrating time and 100 averages.

Excited by a 974-nm source, the two samples emitted typical emissions of Er**: green (*Hi12—
s and *S3 — *11512) and red (*Foz — *11512) light (Figure 35a) [Au, 04]. Surprisingly, the glass
with x=10 exhibits stronger upconversion than the glass with x=0. Multiple glasses were pre-
pared using the same direct doping parameters and all the x=10 glasses exhibit strong upcon-
version compared to the glasses with x=0. Therefore, we think that the corrosion of the NPs
occurs less or is slower in the glass with x=10 than in the glass with x=0. As we found that the
PeL MPs were more corroded in the glasses with x=10 than in the glasses with x=0, we clearly
show that the corrosion of particles in glass melt depends not only on the particles composition
but also on the glass batch composition.
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Interestingly, one can notice that the spectra clearly display a fine structure—characteristic of
Er’* ions coordinated in crystalline sites. In addition, as compared to the upconversion spectra
of the NPs alone, small changes in the Stark splitting of Er** optical transitions can be seen in
Figure 35b indicating that embedding the NPs in the glass leads to modifications of the sites of
the Er*" ions confirming that corrosion of the NPs with the diffusion of the elements from the
NPs in the glass occurs during the glass preparation.

As clear glass is an important requirement for laser application, the transmittance spectra of the
glasses were measured. They are presented in Figure 36.

undoped glass x0
undoped glass x10
e NPs-doped glass x0
/A NPs-doped glass x10
200 300 400 500 600 700

Wavelength (nm)

Transmission (%)
a
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Figure 36. Transmittance of the NPs-free and —containing glasses with x=0 and 10 with a
thickness of 3mm [0y, 17].

The NPs-containing glass with x10 had slightly lower transmittance (approximately 4%) than
the NPs-free glass whereas the NPs-containing glass with x=0 exhibits a lower transmittance
as compared to the corresponding NPs- free glass. This could be explained by the large amount
of bubbles present in the NPs-containing glass with x=0. Therefore, there is an on-going re-
search about the potential relation between the bubbles and the NPs dissolution in the glass.

As mentioned earlier, it is tremendously difficult to directly inspect the embedded NPs in the
glass matrix. Only one NPs’ agglomerate was found in the NPs-containing glass with x=10
using SEM. Its size was about 250-350pum as seen in Figure 37. The agglomerate contained
nanoparticles with the size ranging from 500nm to 1um. In addition, the EDS analysis detected
Yttrium—only presented in the NPs—proving their survival in the glasses as concluded from
previous measurements.



Figure 37. a) A NPs agglomerate embedded in the x=10 glass. b) Nanoparticles having
the size of 500nm—Ium presented in the agglomerate.
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5. CONCLUSIONS

To sum up, new oxyfluoride glasses were produced in the glass system 45P>0s — (55-x)NaxO —
xNaF (mol%) and characterized. The thermal properties of the glasses were measured using
DSC technique. We found that the addition of NaF at the expense of Na,O increases the thermal
stability of the glass against crystallization. In addition, the new glasses possess lower melting
temperature than 750°C, making them perfect candidates for doping NaYF4 particles. The den-
sity data was obtained by the Archimedes' method and indicated no major changes when alter-
ing the composition. The glass structure was also investigated from its IR and Raman spectra:
The network was metaphosphate composed of chain and ring formations of Q? tetrahedra. It
was found that the progressive replacement of Na,O by NaF led to an increase in the network
connectivity.

The direct doping method was applied successfully to fabricate glasses with uniform persistent
luminescence when adding CaAl,O4: Eu?’, Nd*" or upconversion when adding NaYFs4: Yb*",
Er**. The method was first optimized using MPs CaAl,O4: Eu**, Nd** which exhibit blue per-
sistent luminescence after stopping UV irradiation. Three doping temperatures (575, 600 and
650°C) and dwell times (3, 5 and 10 minutes) were tested in order to balance the survival and
dispersion of the particles in the glass. All glasses exhibit blue PeL confirming the survival of
MPs. The level of particle distribution was quantified using ImagelJ, a Java-based image anal-
ysis program, based on pixel intensity. Then, the glass samples crushed to powder for PeL and
conventional luminescence (PL) measurement. Finally, the MPs compositional integrity was
checked by SEM and EDS analysis. In this experiment, the elements’ diffusion from the parti-
cles was found to occur already at the Taoping 0f 575°C and 3-min dwell time. The diffusion of
the elements from the MPs into the glasses creates changes in the Eu*" ion sites and leads also
to the oxidation of Eu** to Eu®".

The upconverter glasses were prepared using directly doping method by adding NaYF4: Yb**,
Er’* nanoparticles. Upconversion in the visible light from the glasses prepared using Taoping Of
575°C and 3-min dwell time were observed under a 974-nm excitation source. Indeed, all the
575-3 glasses (regardless of the fluorine content) exhibited strong upconversion in fine-struc-
ture spectra, effectively proving the present of remaining NPs in crystalline sites. Also, there
was an attempt to locate the embedded NPs using SEM and EDS. One NPs agglomerate was
found in the glass with x=10 and clearly possessed Yttrium, confirming the survival of the NPs.
Finally, the transmission spectra of the glasses were measured. We found that the addition of
NPs decreases slightly the transmittance of the glasses, probably due to the formation of bubbles
which are suspected to occur when the particles are added in the glass melt.
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In summary, the higher doping temperature and the longer dwell time, the more corrosion of
the particles. In this work, the optimized doping parameters are 575°C and 3-minute dwell time
but further adjustments are ongoing. Also, the corrosion behavior of the glass melts on the
particles was found to depend not only the temperature but also on the particles and glass melts
composition: the MPs CaAl,O4: Eu**, Nd** were corroded more heavily in the glass with x=10),
while the NPs NaYF4: Yb**, Er** were more corroded in the glass with x=0.

Interestingly, there are several challenging issues and practical ideas for to continue this project.
Firstly, most of the glass samples are highly hygroscopic—some of them are extremely sensi-
tive to air moisture even in the laboratory condition. This is probably a consequence from the
phosphate network being “too open”. This level of moisture sensitivity will limit most of appli-
cations from the glass system. Therefore, future studies may involve attempts to stabilize this
glass system against moisture absorption, by adding appropriate modifiers to the composition
to strengthen the network. Secondly, the doping parameters can be tuned even further. For ex-
ample, instead of 575-600-650°C, the doping temperatures can be narrowed to 555-565 or
580°C. Thirdly, due to its important effect on the survival of particles, the corrosive behavior
between the host glass and the dopants should be systematically and thoroughly investigated.
Finally, bubbles were found in the NPs-doped glasses, posing intrinsic research questions: Did
they come from the completely dissolved NPs and can they be used to estimate the number of
lost NPs? This should be further investigated.
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