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ABSTRACT

Phosphate glasses have been of great interest for the fabrication of new lasing
glasses. Indeed, as compared to other glass families, phosphate glasses can be prepared
using low processing temperature and can incorporate a large amount of rare-earth (RE)
ions, such as Er3* ions. Er3* ions have been of great interest as they can be used to
convert Near InfraRed (NIR) radiation to shorter wavelengths due to the absorption of
two or more photons by a process called upconversion. However, due to the high
phonon energy of phosphate glasses, a large amount of Er3* ions are usually required in
phosphate glasses to exhibit upconversion.

Changing the site of the RE ions makes it possible to achieve upconversion while
using lower amounts of Er3* ions. The site of the RE ions can be modified by adjusting
the glass composition and also by heat treating the glass to precipitate rare-earth doped
crystals to obtain glass-ceramics. To be promising glass-ceramics for photonics
applications, the glass-ceramics should be transparent with RE doped crystals dispersed
evenly in their volume. However, it is crucial to control the nucleation and growth of
the crystals when preparing the transparent glass-ceramics. As not all glasses can be heat
treated into transparent glass-ceramics with volume precipitation of RE doped crystals,
RE doped crystals with known chemistry and spectroscopic properties can be added in
a glass matrix using the direct doping method. However, the crystals tend to decompose
during the melting. Therefore, they should be added in the glass at lower temperature
than the melting temperature to limit their decomposition during the glass preparation.

The main aim of this thesis was to develop new Er3* doped phosphate glass-based
materials for upconversion application. To improve their spectroscopic properties, the
glasses were heat treated into transparent glass-ceramics. Due to the presence of Er3*
doped Cal*; crystals in their volume, the glass-ceramics exhibit enhanced upconversion
compared to their parent glasses. The nucleation and growth process of the glasses was
investigated, and it was shown that it is possible to tailor the transparency and thermal
properties of the glass-ceramic by modifying the glass composition without changing
its nucleation and growth process. Additionally, the newly developed glasses were
developed with large temperature difference between the onset of crystallization and
the maximum nucleation temperature confirming that they are promising materials for

the fabrication of upconverter glass-ceramics as it is then possible to control the



nucleation and growth of crystals in these glasses. Other glasses were also developed in
this work; phosphate glasses were successfully prepared with NaYFs: Er3*, Yb3*
nanocrystals using the direct doping method. To limit the decomposition of the crystals
during the glass preparation, the fundamental understanding of the direct doping
method was advanced using persistent luminescent microparticles. Using optimized
doping parameters, the NaYF4: Er3*, Yb3* nanocrystals containing glass exhibit intense
green upconversion confirming the presence of the nanocrystals in the glass. Finally, it
was shown that a heat treatment of NaYF4: Er3*, Yb3* nanocrystals containing glass to
grow Ag nanoparticles, usually added in Er3* doped glass to enhance the upconversion,
led to a decrease in the intensity of the upconversion due to an increase of the inter
defects in the NaYF4: Er3*, Yb3* nanocrystals occurring during the heat treatment
indicating that a heat treatment of the glass should be avoided after adding the NaYF4:
Er3*, Yb3* nanocrystals.
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17 INTRODUCTION

Er3* ions doped materials have been of great interest over the decades as they can
be used to convert NIR radiation generally to shorter wavelengths as a result of the
absorption of two or more photons. This process is known as upconversion (UC).
These upconverter materials could find uses in various applications for instance solar
cells, color displays, high resolution sensing, biomedical imaging and bio-label to name
a few. Scientists around the world have been putting a lot of efforts on the development
of new Er3* doped materials with strong UC. It is well known that the host matrix and
the amount of Er3* ions have a significant impact on the UC efficiency as UC depends
largely on the energy level structure of rare-earth (RE) ions.

Silica glass has been the mostly used glass for photonic applications. Indeed, silica
glass possesses various excellent properties such as good optical transmission, good
electrical performance and also good chemical durability and stability. However, due to
its compact network, silica glass needs to be processed using high melting temperature
limiting its use. Additionally, the solubility of rare-earth ions in the silica network is low
clearly showing the need to develop new active glasses for photonic applications.

Phosphate glasses have been found to have numerous advantages over silica glass
and other glasses such as silicate and germanate glasses for example, as they can be
processed using low processing temperature. Additionally, they can incorporate a large
amount of RE ions as quenching phenomenon occurs at very high concentrations of
RE ions in phosphate glasses. However, phosphate glasses have a high phonon energy,
which is disadvantageous to the UC emission. A large amount of Er3* ions is then
needed to achieve upconversion in such glasses. However, as the spectroscopic
properties of the RE ions depend on their local environment, the intensity of the
upconversion from an Er3* doped phosphate glass could be increased by changing the
site of the Er?* ions.

The research presented in this thesis was focused on the development of new
upconverter phosphate glasses and was performed at Tampere university (Finland) in
collaboration with Prof. Dr. Mika Lastusaari from University of Turku (Finland), Dr.
C. Boussard-Plédel from Rennes University (France), Dr. Nadia Giovanni Boetti from
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Fondazione LINKS-Leading Innovation & Knowledge for Society (Italy) and Assoc.
Prof. Ramona Galatus from Technical University of Cluj Napoca (Romania).

1.1 Aim of the work

The main aim of this thesis was to develop new Er3* doped phosphate glass-based
materials with higher intensity of upconversion compared to the parent glass without
increasing the Er3* concentration. The enhancement of the spectroscopic properties
was obtained by changing the sites of the RE ions. Indeed, changes in the site of the
RE ions can lead to an enhancement in the local crystals field and thus to an increase in
the intensity of the emission. This could be achieved using Er3* doped fluoride crystals
as these crystals are known to be efficient upconverters of NIR to visible spectral range.
These crystals could precipitate inside the glass matrix using a heat treatment or be
added in the glass.

Materials which contain crystals after heat treatment of the glass are known as glass-
ceramics. Glass-ceramics combine the mechanical and optical properties of the glass
with the crystal-like environment for the rare-earth ions when located in the crystals.
The presence of crystalline environment around the rare-earth ions can lead to a glass-
ceramic with large absorption and emission cross-sections and long lifetime. To be
promising glass-ceramics for photonics applications, the glass-ceramics need to be
transparent and should contain RE doped crystals well dispersed in their volume. The
glass should also be thermally stable to be processed into fibers or films. However, not
all glasses are thermally stable nor can be processed into transparent glass-ceramics with
volume precipitation of Er3* doped crystals. To overcome this limitation, methods to
introduce RE doped crystals of a known chemistry and spectroscopic properties directly
in a glass matrix have been developed. The active crystals can be added in the glass
batch prior to the melting but crystals tend to dissolve in the glass melt during the
melting. Therefore, method such as the direct doping method has been developed to
limit the dissolution of the crystals in the glass during the glass preparation. In this
method, the crystals are added in the glass melt after the melting. To limit the dissolution
of the crystals in the glass batch, the crystals should be added at a specific temperature
which is lower than the melting temperature and should be in contact with the melt for
a limited time before quenching the glass. Although crystallization and direct doping
methods have been used to prepare various glasses, a deeper knowledge and
understanding of the nucleation and growth mechanism and of the direct doping
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process still remains necessary for the development of novel phosphate glasses with
enhanced spectroscopic performances.

In this context, the main aim of this thesis was to develop new glass-based materials
which contain Er3* doped fluoride crystals using the nucleation and growth and the
direct doping methods.

1.2 Research questions

The main research questions of this thesis are the following

- is it possible 1) to improve the thermal stability of a glass by modifying slightly
its composition without modifying its nucleation and growth mechanism and
2) to tailor the transparency of the glass-ceramic using optimized heat treatment
parameters? These questions will be answered by understanding the
composition-structure-properties and also the nucleation and growth
mechanism of newly developed glasses.

- how can the survival and dispersion of the crystals be balanced to prepare
crystals containing glasses using the direct doping method? Is it possible to
prepare NaYFa: Er3*, Yb3* crystals containing glasses with strong upconversion
using this method knowing that NaYF4: Er3*) Yb3* crystals decompose at low
temperature? Can Ag nanoparticles be used to enhance the upconversion
properties from the NaYF4: Er3*, Yb3* crystals containing glass? To answer
these questions, it will be crucial to first determine a protocol to optimize the
direct doping method to limit the decomposition of the crystals during the glass
preparation.

These research questions are addressed in this thesis which is divided into 6
Chapters. The chapter 2 is a literature review of the relevant research, including the
definition of glass and several types of glasses, a description of the structure and
properties of phosphate-based glasses, the fundamentals of luminescence properties of
the Er3* ions. The nucleation and growth theory is also summarized and the work on
the direct doping method reviewed. Chapter 3 describes the procedures used to prepare
and characterize the newly developed glasses. These research questions are discussed
and presented in Chapter 4. The first part of this chapter is focused on the processing
and characterization of new glasses in the NaPOjs - Cal, system. The nucleation and
growth mechanism in these glasses are then investigated to show that it is possible to

tailor the transparency of the glass-ceramics from these glasses. In the second part of
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this chapter, it is explained how to optimize the direct doping process to successfully
prepare NaYFs: Er3*, Yb3" crystals containing phosphate glasses with strong
upconversion. The impact of the corrosive behavior of various glass melts on crystals
is studied. Finally, results related to the preparation and characterization of NaYTFs: Er3*,
Yb3* crystals containing phosphate glass which also possess Ag nanoparticles are
presented and discussed. The last chapter summarizes the main findings of this research

and answers the research questions.
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2 BACKGROUND

2.1 Glasses

A glass can be defined as an amorphous solid that lacks ordered distribution that can
be found in crystalline solids and has a glass transition [1]. This definition implies that a
glass is an amorphous solid having an atomic arrangement like that of a liquid. Glasses
were traditionally formed by cooling a melt but other techniques to fabricate glasses
have been developed such as vapor deposition, sol-gel and neutron irradiation of
crystalline materials, just to cite a few [2].

Glasses are found in everyday life from windows, to mobile phones, to kitchenware,
just to name a few examples of today uses of glasses. For example, electronics used
vacuum tubes made of glass which led to the path of modern electronics and to
computers and television. Since 1970’s, glasses, especially silica glass, have allowed the
development of low loss optical fibers to replace traditional copper wires and so to the
development of relatively flawless and fast communication systems [3]. Although
glasses have been developed worldwide, there is a clear need for new glasses for the

development of new technologies offering huge commercial rewards worldwide.

2.1.1  Glass formation

The glass transition behavior of a melt forming a glass can be described using Figure 1.
When the temperature of a liquid is decreased from high to low temperature, the
temperature reaches the crystallization temperature (TY).
- Theliquid can crystallize leading to a drop in the enthalpy and also to noticeable
changes in the volume.
- If the liquid does not crystallize, the liquid is then a supercooled liquid, the
volume of which decreases progressively as the temperature is reduced.
As seen in Figure 1, the thermal properties of the glass, especially the glass transition
temperature (Ty), depend on the cooling rate. Therefore, Ty is an important parameter
to determine:
- at temperature below Ty, the glass is an amorphous material

- ataround Ty, the glass acts as a viscoelastic solid
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- at temperature higher than T, the glass acts as a viscous liquid

‘>
:

Enthalpy

Te Te Tm

Temperature

Figure 1. Enthalpy - Temperature relationship for a liquid forming either a crystalline solid or glass;
picture modified from [2]

Another important characteristic of glass to consider when preparing a glass for
photonics application is its thermal stability or also termed as glass processing window.
The thermal stability of glass is an indicator of its ability to resist crystallization during
hot processing, which is crucial when drawing the glass into a fiber or depositing the
glass into a film for example. The thermal stability of a glass is usually estimated from
the difference in temperature between the onset of crystallization (Tx) and T,. Generally,
a glass having AT = T - T, greater than 90 °C is expected to be thermally stable against
crystallization and so a good candidate for fiber drawing or film deposition [4].

The theories on the atomic arrangement in glasses were reported in 1931 by
Zachariasen [5] who classified the three types of cations:

- network formers which form the interconnected backbone of the glass
network. The most common network formers are boron, silicon, germanium,
and phosphorus. They have a high valence state and will covalently bond with
oxygen.

- network modifiers which are added to change the physical and chemical
properties of the glasses by disrupting the strong bonds of the network formers.
Most common modifiers are NaxO, and CaO, just to cite a few

- intermediates which are strongly bonded to the glass network becoming their
part and acting as stabilizer without causing any crystallization. They are not
able to form a glass on their own. Oxides such as A, O3 and TiOz are known to

act as intermediates.
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2.1.2  Fluorophosphate glass

Glasses in various glass systems have been under investigation due to their specific
properties which depend on the glass composition. Among the glass families, the most
studied glasses are silicate, phosphate, borate, chalcogenide and halide glasses.
Phosphate glasses are based on P>Os. They have found uses in industrial applications
such as clay processing and pigment manufacturing but also in more specialized
applications, especially in photonics. These glasses are usually prepared using low
melting temperature. They can be engineered with high thermal expansion coefficient.,
high transparency in UV-Vis-NIR region and relatively high refractive indices,
depending on their composition [6—8]. When doped with rare-earth (RE) ions, they can
also possess high absorption and emission cross-sections and long lifetime values [9—
13]. Unlike silica glass which possesses a 3D network, phosphate glasses can dissolve
considerable amounts of alkaline earth, transition metal and rare-earth ions due to their
2D network [14]. Effort has been focused on the development of oxyfluorophosphate
glasses as these glasses combine the properties of both oxides and fluorides to possess
good chemical durability, thermal stability, mechanical strength and high rare-earth ions
solubility [15].

Phosphate based glasses are usually prepared using standard melting process. They
can also be obtained using sol-gel technique with controlled morphology and
composition [16,17]. The sol-gel method involves the formation of polymeric sols
originating from the precursor’s hydrolysis and condensation. The advantages of the
sol-gel method are the low temperature use in this process and the homogenous mixing
of the reactants during its synthesis. However, the long duration required for the glass
synthesis is the major disadvantages of the sol-gel method.

Phosphate glass network is made up of POy units, where at least one oxygen forms
a non-bridging point with neighboring tetrahedra. Qn units is generally used to represent
the number of bridging oxygens per tetrahedron, where (n) is the number of bridging
oxygensas shown in Figure 2.

Figure 2. Representation of the different Q" units forming phosphate network; picture modified from [18]

Depending on the [O]/[P] ratio of glass composition, phosphate glasses can be made

with a range of structures, such as cross-linked network of Q3 tetrahedra (vitreous
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P20s), polymer-like metaphosphate chains of Q? tetrahedra, invert glasses based on
small pyro- (Q!) and orthophosphate (QY) anions [19]. A more detailed study on the
structure of phosphate glass can be found, for example in ref [19]

Due to their weak structure, some phosphate glasses possess low chemical durability.
Thus, they are prone to absorb water, which could be detrimental especially when
preparing RE doped glasses as hydroxyl ions can lead to drastic luminescence quenching
[20]. Therefore, the low chemical durability of phosphate glasses when exposed to
environmental moisture limits their use requiring researchers to develop new glasses
with suitable thermal and optical properties while enhancing their chemical durability
[21]. For example, the addition of MgO, TiO2 or ZnO in the phosphate network was
reported to improve the chemical durability of the glass as in ref [22,23].

2.2 Lasing glass

Lasing glasses are RE doped glasses with RE elements being in the lanthanide series,
including also Scandium and Yttrium. RE doped glasses have been of great interest for
a various applications in the field of telecommunications, light detection and ranging
(LIDAR), solar panels, color sensing, biomedical diagnostics, just to name a few [24—
26]. The discovery of Nd:YAG laser in 1960 led to the rapid growth in the use of RE
doped glasses as lasers, amplifiers and other optical devices [27].

The different interactions of radiation with matter in a two-energy level system are
absorption, spontaneous emission and stimulated emission as illustrated in Figure 3.
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Figure 3. Schematic diagram showing interaction of radiation with matter: absorption a); spontaneous
emission b); stimulated emission c). E1 is the ground level and E: is the excited level

The absorption process occurs when light hits the matter raising the electron from E;
ground state to Ez energy level. This absorption process occurs only when the photon
energy equals the AE = E; - Ei. When on the Ez level, the electron can decay to E4
ground state emitting a photon with an energy equal to AE (spontaneous radiative
emission). However, if the decay emits phonons instead, the process is then a non-
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radiative emission. It is also possible to stimulate the emission using external radiation
with an energy equal to AE. The matter will emit not only a spontaneous emission with
photon having different energy, directing and polarization than the incoming photon
but also stimulated emission with photon in phase with the incoming one

221  Er’*ions

Among the different rare-earth ions, the use of Er3* ions has been in the limelight
due to their large number of energy levels (see Figure 4) and especially due to the
transition from the 4I13/2 to #I15/2 levels which corresponds to the emission centered at
~1530 nm that makes Er3* doped glasses useful for application such as eye-safe laser
and third optical window in telecommunication [28,29].
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Figure 4. Schematic of energy diagram of Er3* ions and relevant transitions for pumping and amplification;
picture modified from [4]

The performance of the Er3* ions luminescence can be degraded due to non-radiative
phenomena such as
- multiphonon relaxation requires plenty of phonons to conduit the energy gap
(AE) between the energy levels (Figure 5). This process depends on the glass
matrix, especially on its phonon energy. More multiphonon relaxations occur
in hosts with higher phonon energy compared to that of a material with lower
phonon energy.
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Figure 5. Schematic diagram showing multiphonon relaxation processes of RE ions [30].

non-radiative decay occurs due to the absorption of water or impurities that
act as quenching centers. The presence of OH group in the glass host leads to
non-radiative decay processes as a result of the energy transfer from Er3* ions
to the —OH groups [31]. The absorption band of the —OH groups is between
2500 and 3600 cm! (2700 - 4000 nm) and overlaps with the E3* ions emission
centered at 1.5 um.

concentration quenching occurs due to the interaction between two ions
when using high concentration of RE ions. There can be cross relaxation and
energy migration (Figure 6a, b). Another process is the upconversion process
occurring between two excited ions, one ion giving its energy to the second one
resulting in promotion to higher energy (Figure 6¢).

ION A ION B ION A ION B ION A ION B

4 4
o2 *loja o2

4 4 A
1172 112 11/2

4 4 4
l13/2 l1372 l3/2

4 4 4
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(a) Cross relaxation (b) Energy migration (c) Co-operative upconversion

Figure 6. Schematic diagram showing upconversion processes: Cross relaxation a), Energy migration b)

and co-operative upconversion ¢) processes between two adjacent Er3* ions [27].
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2.2.2  Upconversion process

Due to the absorption of two or more photons, the addition of Er3* ions in glasses
allows the conversion of NIR radiation to green and red emissions. As illustrated in
Figure 7, the pumping at ~980 nm leads to the transition *Ij5/2 — “I11/2, followed by
another transition 4I11/2 — 4F7/2 from which there is a non-radiative transition to the
2Hi1/2, 4S3/2 and #Fy 2 levels leading to

- green emission between 520-535 and 535-575 nm ranges due to the radiative

transitions from the 2H1/2 and 4S3/2 levels to the ground state, respectively

- red emission in the 640-700 nm range due to the transition from the 4Fo 2 level

to the ground state.
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Figure 7. Schematic of the energy level diagram for the Er:Yb codoped system; picture modified form

[32]

A suitable glass host should be carefully chosen when preparing a new upconverter
glass. Glasses with low phonon energy are the most promising materials as they achieve
highly efficient upconversion emission. Silicate, phosphate and borate glasses, for
example, exhibit low upconversion due to their high phonon energy. Fluoride glasses,
for example, are known to be glasses with low phonon energy and thus exhibit strong
upconversion. However, the preparation of fluoride glasses is challenging due to the
chemical reactivity of fluoride powders and melts. Fluorine is also known to be a volatile
element [33]. Additionally, fluoride glasses have low chemical stability. Therefore,
oxyfluoride glasses appear to be ideal candidates as upconverters as they possess the
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low-phonon-energy of fluorine and the desirable chemical and mechanical properties
of oxide glasses [34,35].

Yb3* ions can be used to enhance the upconversion emission from Er3* doped glass.
Indeed, Yb3* ions possess a high absorption cross-section at ~980 nm and also a broad
absorption band between 850 and 1080 nm compared to Er3* ions. When pumped at
980 nm, Yb3* ions absorb the pump energy which is then transferred to the Er3* ion
[36] (See Figure 7).

Metallic nanoparticles (NPs) in RE doped glasses have received also considerable
attention as a means for enhancing the spectroscopic properties of the glass.
Enhancement of luminescence was observed when adding silver NPs in Pr3*-doped
lead—germanate glass by Naranjo et. al.[37] and also in Eu’" doped tellurite glasses due
to the presence of gold NPs by Almeida et. al. and Carmo et. al. [38,39]. An increase in
the upconversion was also reported in Er3*) Yb3* co-doped bismuth-germanate-glasses
which possess Ag NPs by Wu et. al.[40]. Similar results were reported in Er3*, Yb3* co-
doped phosphate glasses containing Ag NPs by Eichelbaum et. al. [41]. The increase in
the luminescence properties by Ag NPs is due to an enhanced local electric field around
Er3*. This electric field is induced by surface plasmon resonance (SPR) effect of silver
NPs which exhibit strong plasmon absorption when larger than 5 nm [42], as illustrated
in Figure 8. The enhancement is possible if the RE ions are located in proximity of the
NPs [43]
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Figure 8. Schematic of the energy level diagram for the Ag NPs enhanced Er:Yb codoped system
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However, the amount of Ag NPs needs to be optimized. Indeed, Soltani et al [41]
reported a decrease in the intensity of the upconversion when using a large amount of
Ag NPs due to an energy transfer from Er3* and Yb3* ions to silver NPs. Similar
decrease in the intensity of the emission centered at 1.5 um due to the presence of NPs
in large amount in phosphate glass was also reported by Kuusela et al [44].

Several methods to grow metallic NPs inside glass matrices have been intensively
investigated, such as sol-gel [45], heat treatment [38,46,47], direct metal-ion
implantation [48], sonochemical method [49], SILAR (successive ionic layer adsorption
and reaction) technique [50] just to cite a few, the heat treatment method being the most
used due to its simplicity and cost effectiveness. Basically, in the heat treatment method,
the formation of Ag NPs consists of two-steps: first the metal ions are added inside the
glass matrix and secondly post heat treatment is performed to form metal clusters aided
by nucleation and growth as described in refs [41,44] for example. Ag nanoparticles with
spherical shape and various sizes can be obtained using different temperatures and
durations of heat treatment as reported by Saad et. al. [51].

2.3 RE doped crystals in glass

Alasing material can exhibit larger absorption and emission cross-sections compared
to their glassy counterparts when the RE ions are located in crystalline phases with
desired nature and structure [52,53]. For example, an increase of the emission intensity
of Er¥*/Yb3* co-doped phosphate glass-ceramics compared to the as prepared glasses
was reported by Yu et al due to the precipitation of Er3* and Yb3* ions doped
LiPO3/TiP2O7 crystals [54,55].

2.3.1  Glass-ceramic

Stookey discovered the first glass-ceramics (GCs) in 1960 where he defined them as
special glasses that contain nucleating agent and controlled crystallization [56]. Since
then, studies have been focused on the development of new glass-ceramic which shows
promising spectroscopic properties especially for the photonic applications.

To be promising for photonics applications, the glass-ceramics should be transparent
and should contain crystals homogeneously distributed in the volume of the glass
matrix. These transparent GCs have most of the important features of glasses and

ceramics, for instance high optical transparency, tailorable optical properties and good

31



mechanical stability. Thus, GCs are regarded as substitutes to glasses and crystalline
materials for optical applications due to their easy processing into large plates and fibers
possessing optical quality alike glass[57].

2.3.1.1  Nucleation and growth mechanism

The crystallization is typically defined by

- the activation energy for crystallization, which is related to the temperature
dependence of the crystallization process

- the Johnson—Mehl-Avrami (JMA) exponent, which provides the information
on the crystal growth dimensionality [58—60].

The growth rate of the crystals as a function of the heat treatment temperature
should also be known in order to control the growth of the nuclei into crystals which is
crucial when preparing transparent GCs.

The nucleation of a crystal is the formation of particles (called as nuclei) that are
capable of spontaneously growing into larger crystals that are more stable solid phase
within a glass. The process is then a heterogeneous nucleation if they form from solid
particles or impurities already present in the system. Spontaneous generation of nuclei,
also called homogeneous nucleation, can also occur.

In order to form such nuclei, the thermodynamic barrier and the kinetic barrier must
be overcome (see Figure 9). Most of the crystallization occurs via the heterogeneous
nucleation due to requirement of higher activation energy barrier for homogeneous

nucleation [61].
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Figure 9. Free energy as a function of cluster radius showing AG as a minimum energy to form a nuclei
with stable radius; picture modified from [62]

As illustrated in Figure 10, the GCs are usually fabricated using a three (3) step
process: at first, a glass is obtained. Then, the glass is heat treated at a specific
temperature called the nucleation temperature to form the nuclei, and finally heat
treated at higher temperature in order to grow the nuclei into crystals. This process can
result in a glass having crystals that are relatively uniform in size and dispersed
homogeneously within the glassy matrix [63].
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Figure 10. Nucleation and growth of crystals; picture modified from [61]
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During heat treatment, crystallization may occur that can be either bulk or surface.
However, bulk crystallization is more desirable when preparing a transparent glass-
ceramic.

2.3.1.2  Transparent glass-ceramics

For the GCs to be transparent, the crystals need to be smaller than the incident light
wavelength according to the Mie theory [64,65]. The Mie theory is used to describe the
scattering when the size of the particle is on the order of wavelength. Using the Mie
theory, it is possible to estimate the transmittance of a material as a function of crystal
size and difference in refractive index between the crystals and the host as illustrated in
Figure 11. Therefore, the size and size distribution of the crystals along with the
refractive index difference between the crystals and the glass should be tailored in order
to minimize light scattering.
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Figure 11. Transmittance as a function of crystal size for various refractive index, from [66]

One of the first transparent RE doped GCs was reported in 1993 by Wang et. al.
[34]. Transparent Er3*, Yb3* codoped glass-ceramic with (Pb, Cd)F: crystalline phase
was successfully prepared from fluoroaluminosilicate glass. Because of the presence of
the RE doped fluoride crystals, this GC exhibits strong infrared to green or to red
upconversion efficiency. Few years later, Tick et al [35] reported a study on transparent
fluoro-aluminosilicate based GCs which contain nanocrystals with Cd—Pb-rich fluoride
composition. This transparent GC contained 15-30 % by volume of praseodymium-
doped nanocrystals of cadmium lead fluoride crystals, with sizes between 9-18 nm. The
high transparency of the GCs was thought to be due to the nanocrystals being uniformly
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dispersed, with comparable dimensions between interparticle spacing and the particle
size. Although the number of studies on the development and characterization of new
RE doped transparent GCs has grown significantly since these papers, the studies have
been focused mainly on silicate glasses. Just to cite few examples, transparent Er3*
doped oxyfluoride aluminosilicate glass—ceramics have been reported with strong
upconversion luminescence and near infrared luminescence due to the precipitation of
Cal crystals doped with Er3*[67]. Yb3* doped GCs in the SiO>—AbO3—NaO—-Cala—
PrIF3—YbI; have also been obtained with Cal'z nanocrystals [68,69]. Recently, Pr3*—Yb3*
co-doped oxyfluoride aluminosilicate GCs with LaF3; nanocrystals were reported by
Gorni et. al. [70]. GCs in other glass systems have been also investigated. The first
transparent GCs in germanate and tellurite systems were reported in 1995 the germanate
GC was prepared from the glass in the GeO,—PbO-PbF>—TmF; system and contained
~16 nm PbF2'Tm3* nanocrystals [71] while the first tellurite GC was obtained from the
70 TeO2—15 Nb20O5-15 K20 glass composition (mol %) with ~20—40 nm unidentified
crystalline phases [72] Since these studies, the transparent GCs prepared have been
reported from other germanate glasses as in ref [73—75] and tellurite glasses as in ref
[71,72,76].

Surprisingly, only a few studies have been reported on RE doped transparent
phosphate GCs. Recently, transparent undoped and Er3* doped GCs with the
composition (75 NaPOs - 25 Cal) (in mol %) were reported in ref [77,78]. A heat
treatment of the Er3* doped glass led to the volume precipitation of CaFa crystals doped
with Er¥fincreasing the intensity of the upconversion [79].

In this context, one part of the thesis was focused on determining the crystallization
parameters of this promising glass with the composition (75 NaPOs - 25 Cal?z) (in mol
%) and also on understanding the impact of the changes in the glass composition on

these crystallization parameters in order to prepare new transparent GCs.

2.3.2  Direct doping method

As it is not possible to predict and control the precipitation of RE doped crystals
with a specific crystalline phase in the volume of the glass using heat treatment,
techniques such as direct doping method have been developed in order to prepare
glasses with RE doped crystals with specific crystalline phase dispersed in their volume.
The technique is illustrated in Figure 12. At first, the glass batch is melted. Then, the
temperature is reduced to a specific temperature prior to adding the crystals in the glass

melt. This temperature is called the doping temperature (Taoping). After a short time to
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allow the homogeneous dispersion of the crystals in the glass melt, the melt is quenched
and finally annealed. This doping parameter is called dwell time.

; Addition of the particles
Melting Eemp Erdthce Doping T< T, Annealing
L Quenching after 8 h at Tg-40°C
Furnace x min (dwell time)
o 0 '
— —
e _—
crucible
\ As-quenched glass

standard raw materials
Figure 12. Schematic of the direct doping method

With this method, RE doped crystals are prepared separately and then added in the glass
so the local environment of the RE ions can be controlled independently of the glass
composition. However, to avoid the decomposition of the crystals while dispersing
homogeneously the crystals in the glass during the glass melting, the doping parameters
such as the doping temperature and the dwell time need to be optimized. Zhao et al.[80]
successfully prepared lanthanide-containing upconversion nanocrystals in tellurite
glasses using this direct doping method clearly showing the promises of this technique.

Strong enhancement of the upconversion luminescence intensity has been reported
after heat treatment of an oxyfluoride glass within the system SiO>—AlLO3—NaO-NaF—
YF;—ErF;-YbF; by Liu et. al. and Gao et. al.[81,82] and the behavior has been related
to the volume precipitation of NaYTF4: Er3*, Yb3* crystals occurring during the heat
treatment. The NaYFs: Er3*) Yb3* crystal is known to be one of the most efficient
upconverter fluoride crystals due to its low phonon energies (<350 cm!) which reduces
the energy losses at the intermediate states of lanthanide ions [83]. However, there is no
known report of heat treatment leading to the precipitation of NaYF4 nanocrystals in
phosphate glasses. The direct doping method could then be used an alternative method
to prepare NaYFs: Er3*, Yb3* crystals containing phosphate glasses. However, one
should remember that the evaporation of the particles and melting of NaF occur at 750
°C [78] indicating that the doping temperature should be lower than 750 °C to limit the
decomposition of the crystals during the glass preparation. The first step in the
preparation of such NaYF4 nanocrystals containing phosphate glass is to identify a glass
composition which melts at low temperature, so the doping temperature can be kept
below 750 °C.
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Therefore, the second part of the thesis was focused on the preparation and
characterization of NaYFy: Er3*, Yb3* crystals containing phosphate glasses using the
direct doping method.
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3 MATERIALS AND METHODS

This chapter described the techniques used to prepare the glass-based materials
investigated in this study. The characterization techniques used to assess the different
properties of the glass such as, physical, structural and optical properties of the samples

are also presented.

3.1 Glass-based materials

3.1.1  Er® doped glasses and glass-ceramics

Oxyfluorophosphate glasses with the composition (100- x- 0.25) (75 NaPOs — 25
CalFs) — x (TiO2 /ZnO / MgO) (in mol %), doped with 0.25 mol % ErOs, with x = 0
and 1.5 were prepared using standard melting procedure in air using platinum crucible.
The glass with x = 0 is labelled as Ref and the glasses prepared with x = 1.5 and with
TiOz as Ti glass, with ZnO as Zn glass and with MgO as Mg glass.

The chemicals used for the glass preparation were NaPOj3 (Alfa-Aesar, technical grade),
CaF> (Honeywell-Fluka, 99 %), Er2O3 (Sigma-Aldrich, 99.9 %), MgO (Honeywell, = 99
%), TiOz (Sigma-Aldrich, 99.8 %) and ZnO (Sigma-Aldrich, 99.99 %). The glasses were
melted for 5 minutes between 900 and 1025 °C depending on the composition of the
glass (see Table 1 for the melting temperature of each glass). After melting, the glasses
were quenched and annealed for 6h at 40°C below their respective glass transition

temperature to release the stress from the quench.

Code | Melting temperature (°C)
Ref 900
Ti 1025
Mg 900
Zn 1000

Table 1. Melting temperature of the Er3* doped oxyfluoride glasses
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After annealing, the glasses were polished and finally heat treated for 17h at 20°C above
their respective glass transition temperature T, to create the nuclei and then at higher
temperature, near the crystallization temperature (T}), for few minutes to few hours in

order to grow the nuclei into crystals.

3.1.2  Crystals containing glasses

The crystals containing glasses were prepared using direct doping method by adding
the crystals in the glass melt. The direct doping process was optimized using commercial
persistent luminescent (Pel) particles such as StAl,O4: Eu?*, Dy3* particles ((Realglow,
China, PYG-6L)) and Sr4Al14O25:Eu?*, Dy3* particles (Jinan G.L. New Materials, China,
BG-01). Glasses with the following compositions were prepared with PeL particles:

- 50P205 — 10 Na;O — 40 CaO/SrO (mol %) (labelled as CaNaP and StNaP,
respectively)

- (90 NaPO;3; —(10 — x) Na;O —x NaF) (mol %) (labeled as NaPF0 and NaPF10
respectively when x = 0 and 10)

The NaPFO0 and NaPF10 glasses and glasses with the composition 83.25 NaPOs -
9.25 NaF — 5 ZnO - 2.5 AgO (in mol %) (labeled as 2.5Ag) were also prepared using
the same process by adding NaYFs: Er3*, Yb3* crystals in the glass melt after the
melting. The synthesis of the NaYFy: Er3*, Yb3* can be found in ref [84].

Raw materials used for the glass preparation were (NaPOs)q (Thermo Fisher
Scientific, 99.0 %), NaxCOs3 (Sigma Aldrich, > 99.5 %), NaF (Sigma Aldrich, 99.99 %),
ZnO (Sigma-Aldrich, 99.50 %) and AgxSO4 (Sigma Aldrich, 99.99 %). Ca(POs3)2 and
St(POs)2 were prepared from mixtures of (NH4)2HPO4 and CaCO3 (Thermo Fisher
Scientific, 99.0 %) and SrCOj; (Sigma Aldrich, 99.9 %), respectively heated slowly at a
rate of 1 °C/min to 850 °C. Prior to the melting, the NaPFO0 glass was treated at 300 °C
for 15 min. This temperature was found to be high enough to decompose Na,CO3 and
to evaporate COa. The glasses were melted in quartz crucibles. After melting, the
temperature was reduced before adding the Pel. particles. This temperature is called
doping temperature (Tdoping). The glasses were quenched a few min after adding the
MPs. The time between adding the particles and quenching of the glass is called the
dwell time (t). After quenching, the glasses were annealed at 40 °C below their respective
glass transition temperature, for at least 4 h in air to release the stress induced from the
quench. The doping parameters of the various particles containing glasses are

summarized in Table 2.
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Code Melting Doping Dwell time
temperature | temperature t (min)
(Tmelting)oc (Tdoping) °C

SrNaP 1050 975-1025 3-10

CaNaP 1100 1000-1050 3-10

NaPF0 750 525-575 3-5

NaPF10 750 525-575 3-5
2.5Ag 875 550 3

Table 2. Various doping parameters used to prepare particles containing glasses

3.1.3  Fiber drawing

The NaYFs: Er3*, Yb3* crystals containing NaPF10 glass was prepared into a 10 cm
long preform with a diameter of 1 cm as explained in section 3.1.2. Single core fiber
with ~200 um in diameter was drawn from this preform with a specially designed
drawing tower in collaboration with Rennes University (France). The drawing
temperature of 405 °C was used for fiber drawing with the feed rate of 1 mm/min and
the drum speed of 6.18 m/min. 10 meters of uncoated fiber were drawn without any
protective polymer layer to allow the characterization of the thermal, optical and

structural properties of the fiber.

3.2 Physical properties

Archimedes principle was used to measure the density of the glasses. Polished
samples, free from bubbles, were used for the measurement with ethanol as the

immersion liquid at room temperature. The accuracy of the measurements is £0.02

g/cm?.

3.3 Thermal Properties

The glass transition temperature (Ty) as well as the onset of the crystallization (TY)
and the crystallization temperature (Tp) of the glasses were determined using a
differential thermal analyzer (DTA) (NETZCH Jupiter F1, Selb, Germany). The

measurement was petformed at a heating rate of 10°C/min from samples crushed into

40



powder (30 mg). The samples were placed in a Pt crucible and were heat treated under
a N2 atmosphere with a flow below 50ml/min. The glass transition temperatute was
taken at the inflection point of the endotherm, as obtained by taking the minimum of
the first derivative of the DTA curve. T, was taken at the maximum of the exothermic
peak and T at the onset of the crystallization peak. All measurements were performed

with an accuracy of £ 3 °C.

3.4  Crystallization parameters

The crystallization is typically defined by the activation energy for crystallization,
which is related to the temperature dependence of the crystallization process and by the
Johnson—Mehl-Avrami (JMA) exponent, which provides the information on the crystal
growth dimensionality (surface vs. bulk crystallization). It is also important to estimate
the growth rate of the crystals as a function of the heat treatment temperature when
preparing transparent GCs.

The activation energy for crystallization (Ec) was determined by measuring the T, at
different heating rates (5°, 10°, 15°, and 20 °C/min). The samples were crushed into
powder of size 125-250 um for the measurement. Ec was calculated using the Kissinger
Equation [59]:

In (%) = — 2% 4 Constant 1)
Ty RT,

where § is the heating rate, T}, is the maximum of the crystallization peak measured with
heating rates of 5°, 10°, 15°, and 20 °C/min, and R is the gas constant. The accuracy of
the measurement was £30 KJ /mol.

To verify the results obtained with the Kissinger Equation, the Ec was also determined
using the Friedman method using the Equation [60]:

da; _ Eﬂ
In (d—t) =~ + Constant 2)

where do; is the transformation rate at a temperature T;.

The Johnson—Mehl-Avrami (JMA) exponent was determined using the equation
proposed by Augis and Bennett [85]:

2.5 T#

B )

ATrwHM ®

where n is the JMA exponent, T}, is the crystallization temperature, ATrwrn is the full
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width at half maximum of the DTA peak, E. is the activation energy for crystallization,
and R is the gas constant. The accuracy of the measurement was found to be £0.1.
n was also obtained by using the Ozawa method from the fraction of glass crystallized
at various heating rates using the following equation at a constant temperature [58]:

d(In(-In(1-a)))
o) ‘

d(In(B))

where B is the heating rate and « volume fraction of glass crystallized at a fixed
temperature T. The plot of In (-In (1-a)) = f (In (B)) based on this equation yields a
straight line with a slope equal to -n. The accuracy of the measurement using this
method was £0.5.

The value of n corresponds to the different type of crystallization either surface, or bulk
with different type shapes as shown in Table 3.

Crystal growth Dimensionality

Surface Crystallization

Bulk crystallization: needle like crystal

Bulk crystallization: crystal with 2D shape (Plate like)

Bulk crystallization: crystal with 3D shape (Sphere, cube etc.)

Al —|s

Table 3. Types of crystallization depending on n [86].

The temperature of maximum nucleation (Ty ma) was determined from the
nucleation-like curve using the method described by Marotta et al. [87]. In this method,
the glass powder was subjected to an isothermal hold inside the DTA, at various
temperatures T (between Ty and Tx) near the suspected temperature of the maximum
nucleation (Thmax). The temperature was then reduced to 200 °C and finally increased
to a temperature T, above the crystallization temperature. The nucleation like curve was
obtained from the plot of (1/T%- 1/Ty) = f(T), (where Ty and T are the maximum of
the exothermic peak with and without the nucleation thermal hold). The maximum of
the obtained curve gives Th max.

To estimate the crystal growth rate, polished glasses were heat treated at a
temperature higher than the temperature of maximum nucleation for different
durations. The crystal size was measured as a function of the heat treatment duration
for each temperature in an optical microscope Olympus BH2-UMA. The crystal growth
rate was then calculated from the slope of measured crystal size as a function of duration
of heat treatment at different temperatures
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35 XRD

The amorphous nature of the glass and crystal phases present in the glass-ceramics
were analyzed using the Panalytical EMPYREAN multipurpose X-Ray Diffractometer
with a Nickel filtered Copper K, radiation (A = 1.5406 A). The spectra were obtained
using the Bragg-Brentano geometry and by rotating the sample holder around the Phi-
axis at a constant speed of 16 revolutions per minute. The spectra were collected from
20 = 15°-80° with step width of 0.025° The glasses and glass-ceramics were crushed
into powder and spread over a “zero-background holder” Si-plate for the measurement
of the XRD spectra.

3.6 Structural Properties

361  FTIR

Fourier transformed Infrared spectroscopy (FTIR) in attenuated total reflectance
(ATR) mode was used to analyse the structural properties of the glass with a
PerkinElmer Spectrum One FTIR Spectrophotometer (Waltham, MA, USA). The
spectra were recorded in the 600-1800cm ! range. All spectra were obtained with a

resolution of 2 cm-! and accumulation of 8 scan.

3.6.2 Raman

The Raman spectra of the investigated glasses were measured at room temperature
between 200 and 1400 cm! using a Thermo ScientificTM DXRTM 2xi Raman Imaging
Microscope equipped with a 785 nm laser. The power incident on the sample was 600
uW with an exposure time of 30 seconds per pixel. All the glass samples were polished
for the measurement.

3.7 Optical properties
The absorption spectra were measured using a UV-Vis-NIR spectrophotometer

(UV-3600 Plus, Shimadzu) between the wavelength of 200 to 1800 nm with an interval
of 0.5 nm. The thickness of the polished samples was measured using a digital caliper.
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The accuracy of the measurement was * 0.05 mm. The absorption cross-section g (in
cm?) was calculated using the following Equation:

2.303 I
o(2) =5 og (%) ®)
where N is the number of ions per cm3 absorbing at the specific wavelength (1), 1/1, is
the absorbance and L is the thickness of the sample (in cm). The accuracy of the
measurement is = 10 %.

3.8  Luminescent properties

The conventional luminescence spectra of the PeL particles containing glasses were
measured at room temperature using a CCD camera (Avantes, AvaSpec—2048 X 14)
using a 266 nm from Nd:YAG pulse laser (TII Lotis). For the measurement of the
persistent luminescent (Pel) spectra, the Pel. particles containing glasses were
irradiated for 5 min at room temperature with a compact 254 nm UV lamp (UVGL-
25,4 W). The PeL spectra were recorded 1 min after ceasing the irradiation with a 4 s
data collection time. The spectra were measured at room temperature using a Varian
Cary Eclipse Fluorescence Spectrophotometer equipped with a Hamamatsu R928
photomultiplier (PMT). For both measurements, the Pel. containing glasses were
crushed into powder.

The emission spectra centered at 1.5 um and the upconversion spectra of the Er3*
doped glasses and glass-ceramics were measured using a Spectro 320 optical spectrum
analyzer (Instrument Systems Optische Messtechnik GmbH, Germany). The spectrum
analyzer was equipped with a photomultiplier tube capable of measuring wavelengths
between 350 nm and 850 nm. InGaAs detector was used for the measurement of the
emission in the from 800 nm to 1700 nm range. The luminescence light was collected
from the samples to the spectrum analyzer using a lens and a liquid light guide. The
measurements were performed at room temperature. Samples were excited using a
TEC-cooled fiber-coupled multimode laser (II-VI Laser Enterprise). The center
emission wavelength of the laser was ~975 nm and its incident power at the sample
surface was ~23.5 mW. To allow the comparison of the intensity of the emission, the
samples were crushed into powder for the measurement.

The lifetime of the Er3*:4113/2 energy level was measured using a fiber pigtailed laser
diode at 976 nm. A digital oscilloscope (Tektronix TIDS350) was used to record the
signal and the decay traces were fitted using single exponential. Thorlabs PDA10CS-
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EC was used as the detector for this measurement. The accuracy of the measurement
was £ 0.20 ms.

A FLS1000 Photoluminescence Spectrometer equipped with a xenon arc lamp and
a PMT-900 detector were used to measure the visible emission spectrum of the 2.5Ag
glass. The excitation was 320 nm.

3.9  Composition analysis

39.1  EPMA

The fluorine content in the glasses was measured by Electron Probe MicroAnalyzer
(EPMA) (CAMECA, SX100) equipped with 5 wavelength dispersive x-ray analyzers
(WDX). The accuracy of the measurement was £0.1 at %. The EPMA was operated at
15 keV and 40 nA. Cameca QUANTITOOL analytical programme was used to perform
the quantitative analyses, calibrated with ErF; reference standard and applying a PAP

matrix correction. All the samples were polished for the measurement.

39.2 SEM/EDS

A SEM (Carl Zeiss Crossbeam 540) equipped with Oxford Instruments X-MaxN 80
EDS detector was used to image and analyse the composition of the crystals. The error
of composition is £1.5 mol %. The polished samples were coated with a thin carbon
layer to prevent charging.

45



4 RESULTS AND DISCUSSION

The main objective of this work was the preparation and characterization of glass-
based materials which contain rare-earth (RE) doped crystals in order to prepare new
glass-based materials with enhanced spectroscopic properties as compared to the parent
glass. The glass-based materials were prepared using heat treatment and also by adding
RE doped crystals in the glass melt using the direct doping method. This chapter
summarizes and discusses the main results which were published in 3 articles (2

additional publication being under review). Some unpublished results are also presented.

4.1 Transparent glass ceramics

Glasses with the composition (75 NaPOj - (25 - x) CaO — x Caly) (in mol %) were
prepared and heat treated [77]. Depending on the glass composition, the glasses
undergo surface to volume crystallization, the glass with x = 25 exhibiting bulk
crystallization of Cal crystals. Later it was shown that the addition of Er3* ions does
not change the crystallization process and that the CaF> crystals are doped with Er3*
leading to an increase in the intensity of the upconversion under 975 nm pumping
[78,79]. However. the glass with x = 25 has a narrow thermal processing window, as
evidenced by the small temperature difference between T and Ty, limiting its use. Thus,
the goal of this study was 1) to study the nucleation and growth properties of the glass
with x = 25 and 2) to develop new glasses in the similar NaPOs - Cal system with
better thermal stability while still exhibiting volume precipitation of Er3* doped CalFa
crystals.

41.1  Impact of the glass composition on various properties of the glass
By adding modifiers and/or intermediates, phosphate glasses ate able to change their
network, thus changing their chemical and thermal stabilities and other properties

[88,89]. For example, TiO; is known to create Ti-O-P cross-linked bonds at the expense
of P-O-P bonds [90] whereas ZnO can act as a modifier depolymerizing the glass
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network[91]. In this study, new elements such as TiO», MgO and ZnO were added in
the glass with x = 25. These elements were selected based on their covalency and their
ability to change the structure of glass matrix. The purpose of this study was to
understand their impact on the structural, optical and thermal properties of the glass
and to investigate the nucleation and growth process of the newly developed glasses.

The thermal and physical properties of the glasses with composition (100- x- 0.25)
(75 NaPOj3 — 25 CaFy) — x (TiO2 /ZnO / MgO) (in mol %), doped with 0.25 mol %
ErOs;, with x = 0 and x = 1.5, are shown in Table 4. The changes in the glass
composition slightly increased the density, Ty, Tx and T, the addition of TiOz being the
most effective in these changes. As seen in Table 4, the increase in the melting
temperature decreases the Fluorine at. % in the glass as quantified using EPMA in
agreement with the previous study[79] . The increase in Ty may be related to the
different Fluorine at % in the glasses and/or to an increase in the bond strength due to
the changes in the glass composition as reported in [92]. The changes in the glass
composition led also to a slight increase in AT (AT = Ty - T,) confirming that the
addition Ti, Mg or Zn in this phosphate network can be used to increase the resistance
of the glass towards crystallization.

Quantification using T p Tg Tx Ty AT

Gl EPMA/WDX (°C) +0.02 +3°C +3°C +3°C +6°C
code - Expected F at % Measured F at % (g/cm?) €O o €O o)

(£ 0.1 at %)

Ref 11.1 9.2 900 2.63 269 323 338 54
Ti 8.9 1025 2.65 286 350 370 64
Mg 11.0 9.4 900 2.66 279 345 365 66
7n 9.1 1000 2.65 276 334 350 58

Table 4. Density, thermal properties and F quantification of the investigated glasses (Publication V)

The IR spectra of the new glasses are shown in Figure 13 and are similar to those

reported in [78] where a detailed attribution of the bands can be found.
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Figure 13. Normalized IR spectra of the investigated glasses (Publication V)

The addition of ZnO and MgO leads to a small decrease in intensity of the bands at
about 700, 950, ~1000 and 1250 cm! and to a slight increase in the intensity of the
shoulder at 1100 cm! as compared to the main band whereas the addition of TiO:
increases the intensity of the bands at around 880 and 950 cm™ and decreases the
intensity of the band at 1250 cm-!. The position of the bands at 880 and 1250 cm! shifts
towards smaller wavenumbers when adding TiO: due to the strong field strength of the
Tiions. Due to the higher field strength of Mg compared to Zn [93], the changes in the
IR spectra are more visible when adding MgO than ZnO in the network. The changes
in the IR spectra when changing the glass composition can be related to a decrease in
the Q2 units and to an increase in Q! units [94]. In agreement with the results presented
in [95], Mg, Tiand Zn are expected to cross-link the phosphate chains by creating P-O-
Mg/Ti/Zn bonds at the expense of P-O-P bonds associated with a reduction in the
number of Q2 units[94,96]. Therefore, the addition of ZnO, MgO and TiO: is suspected
to cause a distortion and compaction of the glass network which is in agreement with
the increase in Ty seen in Table 4. Similar results were reported by Segawa et. al. [97].
The decrease in the glass connectivity was found to also shift the band gap to longer
wavelengths (spectra can be found in Publication V). A large shift of the band gap to
longer wavelength was seen when adding TiO2 most probably due to the presence of

T3+ as reported by Andrade et. al. [98]. Except their different optical band gap, the
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glasses exhibit similar absorption and emission properties: similar absorption and
emission bands, similar absorption coefficients and cross-sections at 975 and 1532 nm
and similar intensity of the emission at 1.5 pm and in the visible after 975 nm pumping.
Hence change in the glass composition has no noticeable impact on the site of the Er3*;
Ti, Mg and Zn are not suspected to participate in the second coordination shell around
Er3*,

41.2  Heat treatment of the glasses

As performed by Nomm et. al [78] and Szczodra et. al.[79], the glasses were heat
treated at Ty + 20°C for 17h to create the nuclei and then at T}, for 1 to 6 h to grow the
nuclei to crystals. The glasses were polished prior to the heat treatment and were heat
treated in air on a Pt foil to avoid sample holder contamination. The glasses are less
transparent after heat treatment confirming that crystallization occurred during the heat
treatment (Figure 14). While the Ref and Zn glasses are still transparent after heat

treatment, the Ti and Mg glasses became translucent.

Heat treated at T;#20°C for 17h and at T, for

As prepared 1h 3h 6h

Ref

Ti

Mg

Zn

Figure 14. Pictures of the glasses heat treated at Tq+20°C for 17h and at T, for 1, 3 and 6 hours
(Publication V)
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The XRD of the heat treated glasses can be found in Figure 15. They exhibit the same
peaks which correspond to CaF, (ICDD PDF #00-035-0816) confirming that the
change in the glass composition has no impact on the crystal phase precipitating in the
glass.
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Figure 15. XRD patterns of the Ref a), Ti b), Mg ¢) and Zn d) glasses prior to and after heat treatment
T¢+20°C for 17h and at T, for 1, 3 and 6 hours (Publication V)

A decrease in the intensity of the emission centered at 1.5 um, an increase in the intensity
of the upconversion and an increase in the lifetime values of the Er3*:4113/2 level were
observed after heat treatment confirming the precipitation of Er3* doped Cal; crystals
[79]. One should point out that the glass-ceramics, independently of their composition,
exhibit similar intensity of the emission at 1.5 um and in the visible after 975 nm
pumping (within £ 10 %).

Although the investigated glass-ceramics possess the same Er3* doped Cal*z crystals

and similar luminescence properties, the Ref and the Zn glass-ceramics are still
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transparent while the Ti and Mg glasses become opaque after 6h at T}, (Figure 14). The

transmittance spectra of the glasses are shown in Figure 16.
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Figure 16. Transmittance spectra of the Ref a), Ti b), Mg ¢) and Zn d) glasses heat treated at Tg+20°C
for 17h and at Ty for 1, 3 and 6 hours (Publication V)

The large decrease in the transmittance of the Ti and Mg glasses can be related to the
presence of a large amount of crystals and/or large crystals inside these glass matrices
leading to strong light scattering [57]

Thus, in order to better understand the different transparency of the glass-ceramics,
the activation energy for crystallization (Ec), JMA exponent nucleation curve and crystal
growth rate of the glasses were calculated.

The activation energy for crystallization of the glasses was calculated using two methods

(Table 5).
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Activation Energy (Ec) JMA exponent (n) Maximum | Tx-Tamax
Glass Kissinger Friedman Augis Ozawa nucleation €O

Code temperature

method method Benett Chen To max (°C)

+30 kJ/mol kJ/mol method method
(£0.1)

Ref 190 182 £10 2.1 20%05 276 £ 5 47+ 8
Ti 185 226 20 1.7 1.5 +0.4 295+ 5 55+ 8
Mg 158 186 11 1.8 1.6 £0.4 285+ 15 | 60+ 23
Zn 206 199 £6 1.9 1.9+ 0.5 280+ 5 54+ 8

Table 5. Activation energy for crystallization, maximum nucleation temperature and JMA exponent of the
investigated glasses (Publication V)

The standard deviation of the Ec calculated using the Friedman method is less than 10
% indicating that only one crystallization mechanism is involved throughout the entire
crystallization process. The low standard deviation also validates the Kissinger method
which is often used to further calculate the JMA exponent. The similarity in E. between
glasses and the low standard deviation of Ec calculated using the Friedman technique
tend to indicate that the crystallization process is nucleation and growth and the primary
crystal field is similar in all glasses. [59,99].

The JMA exponent of the glasses was calculated using two methods (Augis-Bennett
and Ozawa-Chen) and the n values can be found in Table 5. The n values from both
techniques are in close agreement. The crystal growth dimensionality in the glasses is
~2 within the accuracy of the measurement indicating that the glasses, independently
of their composition, have a dominant bulk crystallization with needle like crystals when
subjected to heat treatment [86]. The needle like shape of the crystals was confirmed
using SEM (SEM images of the crystals can be found in Publication V): the crystals
have similar needle like shape as they grow preferentially in one direction. EDS was
used also to confirm the Cal’2 chemical composition of those crystals.

The nucleation like curve was determined using the method proposed by Ray et al
[100] and Marrota et al [87]. The maximum nucleation temperature (Tnmax) Was taken
from the maximum of the nucleation-like curve. The maximum nucleation temperature
varies between 276 °C to 295 °C depending on the glass composition (see Table 5). The
Mg and Ti glasses exhibit similar nucleation like curve (spectra can be found in
Publication V); their nucleation like curve is shifted to higher temperature and is broader
than that of the Ref and Zn glasses.
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Also shown in Table 5 is the temperature difference between the onset of
crystallization (Ty) and Ty max (AT) which is > 50 °C indicating that the nucleation and
growth can be easily controlled in the investigated glasses which is crucial when
preparing transparent glass-ceramics.

Finally, the crystal growth rate curves were calculated from the slope of crystal size
as a function of the duration of heat treatment performed at different temperatures and
are shown in Figure 17.
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Figure 17. Crystal growth rate in the investigated glasses as a function of temperature (Modified from
Publication V)

The maximum growth rate increases from (385115)°C (Ref glass) to (400£10)°C when
adding TiOz and to above 400°C when adding MgO and ZnO. It should be pointed out
that the Mg and Zn glasses could not be heat treated above 410°C due to excessive
viscous flow. The increase in the maximum growth rate when modifying the glass
composition is probably due to the changes in the glass network as discussed earlier.
The crystal growth rate curves are in agreement with the transparency of the glass-
ceramic; according to Figure 17, the crystals are expected to be ~3, 4, 21 and 21 um in
the Ref, Zn, Mg and Ti glasses, respectively, after heat treatment at Ty + 20°C for 17h
and then at T}, for 6 h confirming that larger crystals are present in the Mg and Ti glasses
after heat treatment as suspected from the losses in the transparency of the Mg and Ti
glasses reported in Figures 14 and 16.
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41.3  MgO containing glasses

As the Mg glass exhibit the largest AT, glasses were prepared with different amount
of MgO in order to check if it is possible to further increase AT without changing the
crystallization process. As shown in Table 6, AT can be increased to ~ 90 °C when
adding at least 3 mol % of MgO. However, a further increase in MgO content up to 6

mol % has no significant impact on AT.

Glass T, T, T, AT
t3°C t3°C t3°C t*6°C
(°C) (°C) (°C) (°0)
Ref 269 323 338 54
1.5MgO 279 345 365 66
3MgO 290 377 410-474 87
4.5MgO 297 381 410 84
6MgO 302 381 405-426 79

Table 6. Thermal properties of different concentration of Mg glass compared to Ref glass (unpublished
data)

As shown in Figure 18, the addition of MgO leads to a progressive decrease in
intensity of the IR bands at about 700, 950, ~1000 and 1250 cm-! and to a slight increase
in the intensity of the shoulder at 1100 cm™ as compared to the main band confirming
the progressive depolymerization of the glass network with the formation of P-O-Mg
bonds at the expense of P-O-P bonds when adding MgO in the glass network. These
changes in the glass structure are in agreement with the increase in T, reported in Table

6.
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Figure 18. Normalized IR spectra of the investigated glasses (unpublished data)

Because of the changes in the glass structure, the increase in MgO was found to have
also an impact on the crystallization tendency of the glass; it reduces the crystallization
tendency of the glasses. The glasses were heat treated as in section 4.1.2 and their XRD
patterns were measured. As shown in Figure 19, the pattern depicts peaks related to
Cal'z crystals. However, the XRD pattern of the glasses with MgO content larger than
3 mol % exhibit additional peaks which can be related to NaPO3; (ICDD PDF#04-011-
3120) and NaxCa>P>O7F, (ICDD PDF#04-012-1844). An increase in the MgO content
favors the precipitation of NaPO3 and NaxCaP2O7F; at the expense of Cala.
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Figure 19. XRD patterns of the Mg glasses after heat treatment Tg+20°C for 17h and at Ty for 1 hour
(unpublished data)

All glasses exhibit similar upconversion under 975 nm pumping, the intensity of
which increases after heat treatment confirming the presence of Er3* ions in the Cal
crystals in the glasses (not shown here). The glass with 3 mol % of MgO exhibits a
stronger upconversion than the other MgO containing glasses which remains however
slightly lower than that of the Mg free glass. Indeed, a lower amount of CaF» crystals
are expected to precipitate when adding MgO in the glass network.

In summary, it was shown that the crystals growth rate can be tailored by modifying
slightly the glass composition without changing the precipitation of Er3* doped Cal*
crystals in the volume of the glass during heat treatment. From the nucleation like curve
of the investigated glasses, it can be concluded that the formation of nuclei occurs at
higher temperature while being less dependent on the temperature when adding ions
with strong field strength in the phosphate network such as Ti and Mg for example. It
was clearly shown that the heat treatment of the newly developed glasses using tailored
temperature and duration can be used for the fabrication of transparent GCs with small
crystal size distribution. Due to their thermal stability against crystallization, the newly

developed MgO glasses are promising materials to be drawn into glass-ceramic fibers.
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4.2  Crystals containing glass

As it is not possible to predict and control the volume precipitation of RE doped
crystals in a glass during heat treatment, RE doped crystals containing glasses were also
prepared using the direct doping method. In this process, the RE doped crystals are
added in the glass melt after the melting at a specific temperature (doping parameter
labeled as doping temperature (Tqoping)). The glass is quenched few minutes after adding
the crystals (doping parameter labeled as dwell time). As explained in [80], it is crucial
to determine the best doping parameters to limit the decomposition of the crystals in
the glass melt. Therefore, the first task was to define a protocol for the optimization of
the direct doping process and to study the corrosive nature of the glass to limit the
decomposition of the crystals occurring during the preparation of the glass. Then, it is
explained how glasses can be prepared with NaYFy: Er3*, Yb3 nanocrystals, known to
be one of the best upconverter crystals [101]. Finally, as metallic Ag nanoparticles are
known to enhance the upconversion properties of Er3* doped glasses[40,41], glasses
were prepared with Ag nanoparticles and NaYF4: Er3*, Yb3* nanocrystals in order to
prepare a glass with strong upconversion.

421  Optimization of the direct doping process

As explained in [80], it is crucial to optimize the Tdoping and dwell time in order to
minimize the decomposition of the crystals during the glass preparation. If the Tqoping 1S
too high and/or the dwell ime too long, the decomposition of the crystals could occur.
However, if the Taoping 15 too low, the viscosity of the glass melt would be too high
limiting the dispersion of the crystals in the glass melt and thus leading to the formation
of agglomerates of crystals. Poor dispersion of the crystals could also be observed when
using a short well time. Due to their micrometer size and their visible persistent
luminescence (Pel) after UV charging, commercial Pel. microparticles were used for
the optimization of the process.

The first step of the study was to define a protocol to use when optimizing the direct
doping process. The 50P205-10Na20-408rO (mol %) glass (labeled as SrNaP) was
chosen as it is a thermally stable glass [102]. This glass has been intensively studied in
the Photonic Glasses group at Tampere University.

After melting the glass at 1050 °C, the temperature of the furnace was decreased to 975,
1000 and 1025 °C before adding 1 weight-% of Eu?f, Dy3*-doped SrAlO4
microparticles (MPs) in the glass melt. The glasses were quenched 3 to 10 minutes after
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adding the particles. After quenching, the glasses were annealed at 400 °C, which is
about 40 °C below the glass transition temperature, for 4h in air. The samples are labeled
as (Tdoping — dwell time).

Figure 20 shows the picture of the glasses taken after stopping the UV irradiation.

Dwell time Doping temperature (°C)
(min) 975 1000......... 1025

10

Figure 20. Pictures of the investigated SrNaP glasses after stopping the UV irradiation (Publication I)

All the investigated glasses exhibit green persistent luminescence after stopping the UV
irradiation confirming the survival of the MPs in the glasses. A decrease in the intensity
of the Pel with an increase in the Tdoping and dwell time can be seen as result of the
decomposition of the MPs occurred during the glass preparation. The changes of the
PeL intensity as a function of the doping parameters were confirmed when measuring
the PeL. spectra of the glasses (spectra can be found in Publication I). Aggregated MPs
can be seen in the glasses, the size and number of which increase with a decrease in the
Tdoping and dwell time.

A Java-based image processing program Image] was used to quantify and compare
the standard deviation (StdDev) of the pixel intensity from the pictures of the glasses
which could give an information about the dispersion of the MPs in the glasses (Figure
20); high StdDev indicates a large variation in the emission intensity within the glass and
thus can be related to aggregated MPs. The data obtained are summarized in Table 7.
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Melting condition Sample code
Dwell time (t) Tdoping (°C) (let) SdtDev
975 975-3 10
3min 1000 1000-3 11
1025 1025-3 9
5min 975 975-5 10
1000 1000-5 3
1025 1025-5 6
10min 975 975-10 20
1000 1000-10 12
1025 1025-10 11

Table 7. Standard deviation of the pixel intensity of the glass pictures at different melting condition using
ImageJ software (Publication I)

A smaller StdDev was measured in the glasses prepared with a 5 min dwell time
indicating that the dispersion of the MPs is insufficient if the dwell time is too short (3
min) as suggested in ref [80]. However, a longer dwell time (>5 min) leads to the
corrosion of the MPs as suspected from the light green emission of the glasses prepared
using a 10 min dwell time (Figure 20).

The corrosion of MPs was confirmed by analyzing the morphology and composition
of the MPs using SEM/EDS. The SEM image of a MP found at the surface of the
different glasses are shown in Figure 21.

Dwell time Doping temperature (°C)
1000 1025

(min)

Figure 21. SEM picture of a MPs found on the surface of the glasses prepared using different Taoping and
dwell time. (Publication I)
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The average size of the particle was found to be between 50-150 pm. An increase in the
Taoping and dwell time reduces the size the MPs which is a clear sign of corrosion. The
corrosive behavior of this glass melt on the MPs was confirmed by tracking the
reduction in the diameter of an alumina rod immersed in glass melts at different
temperatures (see Publication I).

The morphology of the MPs in the (1025-10) glass also looks different compared to
the morphology of the other MPs. Therefore, the composition of the MPs was analyzed
using EDS. The SEM images and line profiles showing the elemental distribution along
the diameter of a MP found at the surface of the 975-3, 1000-5 and 1025-10 glasses are

shown in Figure 22.
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Figure 22. SEM/EDS line profiles giving the elemental distribution along the diameter of a microparticle in
975-3, 1000-5 and 1025-10 glasses (Publication I)
The composition of the glass matrix is in accordance with the theoretical one within the
accuracy of the measurements (£1.5 mol %). As compared to the MP found at the
surface of the 1025-10 glass, the composition of the MPs found in the (975-3) and
(1000-5) glasses is StAl,Oy indicating that the MPs embedded in these glasses maintain
their compositional integrity in their center. One should point out that Al was detected
in the glass at the glass - MP interface indicating that during the glass melting, elements
from the MP diffuse in the glass confirming the decomposition of the MPs during the
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glass preparation. It was clearly shown that SEM coupled with EDS can be used to
check if decomposition of the MPs occurred during the glass preparation.

The decomposition of the MPs can also be tracked from the changes in the
spectroscopic properties of the glasses. Figure 23 depicts the normalized conventional
luminescence spectra of the glasses prepared using a 5 min dwell time and different

Tdoping-
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Figure 23. Normalized conventional luminescence (CL) spectra of the glasses prepared using (Tdoping-5)
parameters. The peak at 532 nm is a harmonic of the 266 nm excitation (Modified from
Publication 1)
The normalized CL spectra exhibit 2 bands at 410 and 490 nm which can be related to
the emission from Eu?" located in two different cation sites in the StAlOy structure
according to [103]. The intensity of the band at 410 nm increases as compared to the
band at 490 nm when the Tqoping increases. Same was observed when increasing the
dwell time from 3 to 10 min (Pel. and CL spectra can be found in Publication I). These
changes in the CL spectra indicate changes in the Eu?" environment due to the
decomposition of the MP. Indeed, the structure of the corroded MPs is expected to
change after embedding the MPs in the glass due to the diffusion of Al and Sr to the
glass. As a consequence, the decomposition of the MPs leads to new sites for Eu?* ions,
thus changing the crystal field around Eu?*[104].
Bands at 590, 610 and 680 nm can also be seen in the spectra and can be related to the
emission from Eu?" indicating that some Eu?* ions oxidized to Eu?* ions which is also

a clear sign of the decomposition of the MPs. An increase in the dwell time and in the
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Taoping temperature was found to increase the intensity of these emission bands
confirming the oxidation of Eu?" into Eu’" in agreement with the decrease in the Pel.
seen in Figure 20.

With this study (Publication I), it was clearly shown that Pel. MPs can be used to
optimize the direct doping process as the decrease in the Pel. can be related to the
decomposition of the MPs. Therefore, the doping parameters were chosen by
comparing the intensity of the PelL and also the homogeneous dispersion of the MPs in
the glass. For example, particles containing StNaP glass should be prepared using a 1000
°C doping temperature and 5 min dwell time to limit the decomposition of the MPs
during the glass preparation.

The impact of various glass melts on the decomposition of the MPs occurring during
the glass preparation was further investigated. Phosphate glasses with the following

compositions were investigated
- 50 P20s- 10 Na2O - 40 CaO/SrO (in mol %) (labeled as CaNaP and StNaP),

- (90 NaPOs; - (10 — x) Na2O -x NaF) (in mol %) (labeled as NaPFO0 (x = 0) and
NaPF10 (x = 10))
The direct doping parameters were determined using 1 wgt % of the commercial
Sr4Al14O05:Eu?t, Dy microparticles (MPs) using the defined protocol and are listed in
the table 8.

Glass Melting Doping Dwell time
temperature (°C) temperature (°C) (min)
CaNaP 1100 1025 5
SrNaP 1050 1000 5
NaPF0 750 550 3
NaPF10 750 550 3

Table 8. Direct doping parameters used for glass preparation (Publication I1)

The pictures of the MPs-containing glasses after stopping UV irradiation are shown in
Figure 24. All the glasses exhibit a blue-green PeL. the intensity of which depends on
the glass composition: intense Pel. can be seen from the StNaP and NaPFO glasses
while almost no Pel. could be seen from the NaPF10 glass.
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Figure 24. Pictures of the investigated PeL glass-ceramics with the different compositions, taken just
after stopping the UV irradiation (Publication 1)

Based on the intensity of the PelL from the glasses, the MPs are expected to be the most

corroded in the NaFP10 glass and the least corroded in the NaPFO0 showing that the

decomposition of the MPs in the glass melt depends not only on the doping parameters

but also on composition of the glass. Therefore, it was clearly shown that the direct

doping method should be optimized when preparing new particles containing glasses.

422  NaYF4Er* Yb3 nanocrystals containing glass

As the evaporation of the NaYF4: Er3*, Yb3* crystals and melting of NaF occur at
750 °C, the doping temperature should be lower than 750°C when adding these crystals
in a glass melt [84]. Effort was focused on identifying a glass composition with a low
melting temperature in order to successfully prepare NaYFy: Er3*, Yb3* nanocrystals
containing glass.

Due to their low melting and doping temperatures (see Table 8), the NaPFO and
NaPF10 glasses were chosen for the preparation of the NaYF4:Er3*, Yb3* nanocrystals
containing glasses. A complete characterization of the thermal, physical, optical and
structural properties of glasses within the (90 NaPO3-(10 - x) Na,O-x NaF) (mol %)
system can be found in Publication III. The main important results are about the
thermal properties of the glasses: a decrease in the thermal properties was noticed with
the progressive replacement of Na,O by NaF due to an increase in the network
connectivity with the formation of the P-F bonds.

Due to the strong visible green emission from the NaYF4Er3*, Yb3* nanocrystals
under 975 nm excitation, the direct doping process could be optimized as explained in
section 4.2.1 using the NaYF4:Er3*, Yb3* nanocrystals: the NaPF0 and NaPF10 glasses
were prepared by adding 5 wgt % of NaYFs:Er3*, Yb3* nanocrystals at Taoping varying
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from 525 to 575 °C. The glasses were quenched after 3 and 5 min after adding the
nanocrystals. The samples are labeled as (Tdaoping — dwell time).

The pictures of the glasses in daylight and under 975 nm excitation are presented in

Figure 25.
Dopi
up.mg } Dwell time
a temperature ( . )
(Taoping) (° €) 2 i
Doping
temperature Dwell time
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Figure 25. Pictures of the NaYF4:Er3*, Yb3* nanocrystals-containing NaPFO0 (a) and NaPF10 (b) glasses
in daylight and under pumping at 975 nm. The glasses were prepared using different doping
temperatures and dwell times (Publication I1l)

Depending on their doping parameters, some glasses exhibit green emission under 975

nm excitation confirming the survival of the NaYF4Er3*, Yb3" nanocrystals in the

glasses. Even though green emission could be seen from the (575-3) NaPFO glass, no
green emission could be seen from the NaPF10 glass prepared using the same Tdoping Of

575 °C. Tdoping Was reduced to 550 °C in order to observe the green emission from the

NaPF10 glass. The decrease in the Tdoping from 575 to 550 °C when increasing the NaF

content agrees with the different thermal properties of the glasses.

No agglomerates were seen with naked eyes in the (550-3) NaPF10 glass which exhibits

strong and uniform upconversion. One should mention that we were not able to

prepare NalFP0 glass with no agglomerate of the crystals.
The upconversion spectra of the investigated glasses are shown in Figure 20.

64



0,035 0,035

—525-3
0,030 ——— 550-3min 0,030 4 —525.5
—— 550-5min ——550-3

575-3min —550-5

0,025 575-5min - 0,025 4 5753
—575-5

)

0,020 0,020 4

0,015 0,015 4

0,010 o

Relative Intensity (A.U.)
°
=Y
B
N

Relative Intensity (A.U.

0,005 0,005 4

PN

T T 0,000 T T T
500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

0,000

Figure 26. Upconversion spectra of the NaYF4:Er3*,Yb%* nanocrystals in NaPFO (a) and NaPF10 (b)
glasses using a 975 nm excitation (modified from Publication 1)

Green and red emissions are seen from the glasses and are due to the following
transitions of Er3* ions : 2Hi1/2 — 4152 ;5 483/2 - 411s/2 and 4Fo/2 — 4115/ respectively as
reported in ref [105]. Distinct fine structure can be also seen which is a characteristic of
Er3* ions coordinated in crystalline sites confirming the survival of NaYF4Er3* Yb3*
nanocrystals during the glass preparation. One should be careful when comparing the
intensity of the emission as some glasses contain large agglomerate of the nanocrystals
which leads to green and red emission with high intensity.

The intensity of the red emission decreases as compared to the green emission when
the Taoping and dwell time were increased as depicted in Figure 27. As seen for the PelL
MPs, changes in the spectroscopic properties of the nanocrystals might indicate changes
in the site of the RE ions in the nanocrystals. Thus, the changes in the intensity of the
red emission as compared to the green emission can be related to the decomposition of
the nanocrystals during the glass melting with the diffusion of Er3* from the
nanoctystals to the glass and/or to an increase of the amount of the cubic phase.
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Figure 27. Red emission band when the upconversion spectra of the NaYFs:Er3*, Yb% nanocrystals-
containing NaPF10 glasses are normalized to the green emission. The spectra were collected
using a 975 nm excitation (Publication Ilf)

One should mention that, due to the low amount of nanocrystals in the glass, no
agglomerates of nanocrystals could be seen in the glasses with a SEM to confirm the
decomposition of the nanoctystals nor peaks in the XRD pattern of the glass to confirm
the changes in the crystalline phase. Nonetheless, the presence of the nanocrystals in
the glasses was confirmed from the measurement of the emission centered at 1.5 um
under 975 nm excitation. As depicted in Figure 28, the spectra of the (975-3) NaFFP0O
and NaFP10 glasses exhibit an emission band of Er3* ions which is due to the transition
#113/2- *115/2. This band is different from the emission band of the nanocrystals indicating
that the Er3* ions are located in different sites after embedding the nanocrystals in the
glass. The emission band is typical of the emission from Er3* ions located in an
amorphous network indicating that most of the Er3* ions are located in the glass
matrices. However, the emission band of the glasses also depicts a small peak at ~1510
nm which can be also seen in the emission band from the nanocrystals. Therefore, the
emission band from the glasses is thought to be an overlay of the emission of Ef3* ions
located in the nanocrystals and in the glass matrix.
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Figure 28. Normalized emission spectrum of the NaYF4:Er3+, Yb3* nanocrystals compared to 575-3
NaPF0 and NaPF10 glasses(Publication Ill)

The promising (975-3) NaPF10 glass was drawn into an uncoated single core fiber
with a diameter of ~200 um in collaboration with Rennes University (France). The
composition of the fiber was checked using SEM coupled with EDS and was found to
be similar than that of the preform. A decrease in Ty and T}, was noticed after drawing
probably due to a decrease in the network connectivity after the drawing process as
evidenced from the changes in the IR spectra after drawing process (not shown here).
A slight reduction in the number of Q2 units and probably reorientation of the P-O-P
bonds are expected to occur during the drawing process due to severe quenching
occurring during the fiber drawing [106]. Similar changes in the thermal and structural
properties of phosphate glasses after drawing were reported in [107]. As the glass is
hygroscopic, the fiber degraded rapidly as shown in Figure 29a leading to a fragile fiber
and so making the characterization of the fibet’s spectroscopic properties difficult.
Nonetheless, we have been able to measure the transmittance spectrum of a 1.2 cm long
fiber which shows an absorption band at ~1 um with low intensity (Figure 29b).
Although the 1.2 cm long fiber exhibits a broad emission band due to the transition
from 4I13/2 to 4ly5/2 state of Er3* ions (Figure 29¢), no upconversion could be detected
from the fiber. The absence of upconversion could be due to water absorption,
inhomogeneous distribution of the nanocrystals in the fiber but also to the
decomposition of the nanocrystals during the fiber drawing.
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Figure 29. Figure: SEM image of the cross-section of the fiber (a). Transmittance (b) and emission (c)
spectra of the fiber (1.2 cm long). The emission spectra were measured 975 nm excitation
(unpublished data)

423  Agnanoparticles in NaYF4:Er3*, Yb3* nanocrystals containing glass

Effort was focused on developing new NaYF4:Er3*, Yb3* nanocrystals containing
glass with stronger upconversion in order to check if the nanocrystals survive the
drawing process. It is well known that Ag nanoparticles (NPs) can be used to increase
the intensity of the upconversion using 975 nm excitation [40]. In a recent study from
the Photonic glasses group at Tampere University [44], ZnO and AgxSOy used as the
precursor for the Ag NPs, were added the NaPF10 glass. Zn was found to depolymerize
the glass network and thus to promote the clustering of silver ions during heat treatment

at ~'Tj for few hours.
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Based on this promising result, NaYFy: Er3*, Yb3* nanocrystals were added at 550
°C in the glass with the composition 83.25 NaPOs - 9.25 NaF — 5 ZnO - 2.5 AgO (in
mol %) (labeled as 2.5Ag) and the glass was quenched 3 min after adding the
nanocrystals. As for the NaPIF10 glass, no visible agglomerates of the nanocrystals could
be seen in the glass and the 2.5Ag glass exhibits green and red emission when pumped
at 975 nm as shown in Figure 30 confirming the survival of the NaYFq: Er3*, Yb3*

nanocrystals in this new glass.
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Figure 30. Upconversion spectra of NaPF10 and 2.5 Ag glasses (Aexc = 975 nm) (Publication IV)

One should mention that the glass exhibits a yellowish color after quenching. Based on
the absorption spectrum of the glass (Figure 31), the yellow color can be related to the
presence of an absorption band at 430 nm which is thought to be the SPR band of silver
nanoparticles [46]. The presence of the Ag nanoparticles was confirmed from the
emission properties of the 2.5Ag glass. Upon 320 nm excitation, the glass exhibits a
broad emission band which is an overlap of bands located at ~480 nm, ~540 nm and
~620 nm. These bands can be related to Ag™ species, Ag* - Ag" species and Agz>*
species, respectively [108,109].
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Figure 31. Absorption spectrum of the 2.5Ag glass a) and emission spectrum of the 2.5Ag glass prior to
and after heat treatment at (Tq+10°C) for 4hours (Aexc= 320 nm) b) (Publication V)

One should point out that the nanocrystals free 2.5Ag glasses were melted /quenched
at 875 °C and also melted at 875 °C /quenched at 550 °C to simulate the direct doping
process. Both glasses are colotless indicating that the Ag NPs do not form in the crystals
containing glass due to the low quenching temperature. As the precipitation of the Ag
NPs is thought to be due to the nanocrystals, glasses were prepared with different
amount of NaYFs: Er3*) Yb3* nanocrystals. All the glasses exhibit similar yellow color
and similar absorption band at 430 nm, the intensity of which increases with an increase
in the amount of the nanocrystals. It is possible that it is the decomposition of the
nanoctrystals occurring during the glass melting which leads to the precipitation of the
Ag NPs. Indeed, the elements from the nanocrystals (Na, Y, I, Er and Yb) are suspected
to diffuse into the glass due to the decomposition of the nanocrystals as discussed
earlier. These elements are expected to have a catalyst role on the formation of Ag
nanoparticles as reported in [110-112]. The reduction of the Ag* ions can also be due
to the presence of NBOs in the glass network as suggested by Pontuschka et. al. [113].

As depicted in Figure 30, the intensity of the upconversion from the 2.5Ag glass is
lower than from the NaPF10 glass probably due to the energy transfer from the exited
states of Er3* to the silver NPs as reported in [44]. It is also possible that a lower amount
of the NaYFs: Er3*, Yb3* nanocrystals survive the melting process of the 2.5Ag glass
due to the different corrosive behavior of the 2.5Ag glass melt on the nanocrystals.

As performed in [44,114], the 2.5Ag glass was heat treated for 4h at (T;+ 10 °C) in
order to grow Ag NPs. After heat treatment, the number of Ag NPs increases and the
NPs increase in size as evidenced by an increase in the intensity and in the bandwidth
of the absorption band at 430 nm which also shifts to longer wavelength (Figure
31a)[115]. As shown in Figure 31b, the emission band shifts to longer wavelength after
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heat treatment confirming the formation of molecule-like Ag nanoclusters (ML-Ag
NCs) with large sizes after heat treatment. Migration of the Ag species to the surface
forming a layer of Ag species of ~2 um at the surface of the glass was found to also
occur during the heat treatment (SEM images and concentration profile of Ag from
surface to volume can be found in Publication IV).
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Figure 32. Upconversion spectra of the 2.5Ag glass prior to and after heat treatment at (Tg+ 10 °C) for 4
hours.a) and of the nanocrystals alone prior to and after heat treatment at different
temperatures and durations b) (Aexc= 975 nm) (Publication IV)

As shown in Figure 32a, the heat treatment also leads to a decrease in the intensity
of the upconversion probably due to the energy transfer from the exited states of Er3*
to the silver NPs as discussed earlier. The decrease of the upconversion intensity after
heat treatment can also be related to the heat treatment itself as shown in Figure 32b:
an increase in the temperature and duration of the heat treatment reduces the intensity
of the upconversion of the nanocrystals alone due to the thermal activation of the
deleterious thermal phonons from host lattice, internal/surface crystalline defects and
surface chemical bonds as reported in [116].

In summary, NaPF10 glass was successfully prepared with strong and uniform
upconversion by adding NaYFs:Er3*, Yb3* nanocrystals in the glass melt at 550 °C. To
ensure the survival and good dispersion of the nanocrystals in the glass, the glass should
be quenched 3 minutes after adding the nanocrystals. The decomposition of the
NaYF4:Er3*, Yb3" nanocrystals during the glass preparation can be tracked from the
changes in the red to green upconversion intensity, in the shape of the emission band
centered at 1.5 um and also in the transmittance properties of the glasses (spectra can
be found in Publication III). NaYFs: Er3*, Yb3* nanocrystals containing glass was also
prepared with Ag NPs. However, no increase in the intensity of the upconversion was
observed after heat treatment probably due to the energy transfer from the exited states
of Er3* to the silver NPs and also to an increase of the inter defects in the NaYF4: Er3*,
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Yb3* nanocrystals occurring during the heat treatment. Glasses with lower amount of
AgO could be prepared to limit the energy transfer and so to possibly increase the
intensity of the upconversion. With this study, it was clearly shown that a large variety
of new glasses can be prepared by adding different nanocrystals with different chemical
compositions using the direct doping method.

72



5 CONCLUSION

This thesis aimed at developing novel phosphate glass-based materials (glass-
ceramics and crystals containing glass) with improved spectroscopic properties as
compared to the parent glasses due to the presence of Er3* doped crystals in the volume
of these glass-based materials. With this work, the research questions are cleatly
answered as glass-ceramics were prepared using heat treatment and the crystals

containing glasses using the direct doping method.

- Questions related to the topic on glass-ceramic: is it possible 1) to improve the
thermal stability of a glass by modifying slightly its composition without modifying its
nucleation and growth mechanism and 2) to tailor the transparency of the glass-ceranic nsing
optimized heat treatment parameters?

New phosphate glasses in the NaPOj3 - CaF» system were prepared and heat treated in
order to prepare transparent glass-ceramics. The impact of the changes in the glass
composition on the physical, thermal, structural and optical properties was investigated
as well as the nucleation and growth properties of these novel phosphate glasses. Their
crystallization parameters, especially the crystal growth rate and maximum nucleation
temperature, were determined.

It was demonstrated that it is possible to modify the glass composition to increase the
thermal stability of the glass while maintaining the bulk precipitation of Er3* doped
CaF> crystals by adding a low amount (1.5 mol %) of TiOz, ZnO or MgO. The addition
of TiO2, ZnO or MgO was found to increase slightly the thermal properties of the
glasses while depolymerizing the network with the formation P-O-Ti/Mg/Zn bonds at
the expense of P-O-P bonds. The activation energy for crystallization of these glasses
were determined using two methods confirming that the crystallization process was a
nucleation and growth process in all the glasses. All glasses possess similar JMA
exponent measured at ~2 indicating bulk crystallization of needle like crystals as
confirmed using SEM. From the large temperature difference between Ty and T max of
the glasses, it was demonstrated that the size and size distribution of the crystals can be
controlled during heat treatment which is crucial for the preparation of transparent

glass-ceramics. The MgO containing glass was found to be the most promising glass: a
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glass was prepared with 3 mol % of MgO and exhibit a AT of ~90 °C and also the
volume precipitation of Er doped CalF; crystals.

- Questions related to addition of crystals in glasses: how can the survival and
dispersion of the crystals be balanced to prepare crystals containing glasses using the direct
doping method? Is it possible to prepare glasses containing NaY Fy: Er?Y, YD crystals with
strong upconversion using this method knowing that NaY'Fy: Er?*, YU+ crystals decompose
at 750°C? Can Ag nanoparticles be used to enbance the upconversion properties from the
lasses containing NaYFy: EPT, YD crystals?

Glasses containing NaYF4: Er3*, Yb3* nanocrystals were successfully prepared using
the direct doping method. Due to the low decomposition temperature of the
nanocrystals, effort was focused on developing new glasses with low melting
temperature to ensure the survival of the nanocrystals when added in the glass melt.
Glasses in the NaPOs3 - NaxO / NaF system were found to be promising glasses due to
their melting temperature at 750 °C. The protocol to optimize the direct doping process
was defined using microparticles with persistent luminescence (Pel). Glasses were
prepared using different doping parameters (Taoping and dwell time) and the losses in
their Pel. were related to the decomposition of the Pel. microparticles which was
confirmed from the spectroscopic properties of the glasses and also from the
composition analysis of the microparticles found at the surface of the glasses. The
corrosive behavior of the glass melt on nanocrystals was also confirmed by melting PelL
phosphate glasses with different compositions. Using optimized doping parameters,
NaYFs: Er3*) Yb3* nanocrystals were successfully added in the phosphate glass with the
composition 90 NaPOs; — 10 NaF (in mol %). These glasses containing nanocrystals
exhibits strong and homogeneous upconversion when pumped at 975 nm. AgxO was
added in the glass to further enhance the intensity of the upconversion after heat
treatment which is used for the precipitation of Ag nanoparticles. However, no increase
in the intensity of the upconversion was observed after heat treatment probably due to
energy transfer from the exited states of Er3* to the silver NPs and also to an increase
in the inter defects in the NaYTFy: Er3*, Yb3* nanocrystals occurring during the heat
treatment.

Overall, this thesis led to a better understanding of the composition-structure-
property relationships, nucleation and growth process and the direct doping method
and so to the development of new glass-ceramics and crystals containing glasses with
strong upconversion under 975 nm pumping. Results from this work were published in

5 publications (including 2 being under review).
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One recommendation to continue the work is to draw fibers from these novel glass-
based materials due to their excellent upconversion properties. Glass-ceramics fibers
could be prepared from the MgO glass and the crystals containing fiber drawn from the
NaYFs: Er3*, Yb3* nanocrystals containing glass with the composition 90 NaPO3; — 10
NaF. However, when preparing glass fibers which contain crystals, it will be crucial to
work on the transparency of the fiber to minimize the light scattering. Consequently,
the size of the crystals in the fiber should be controlled, the distance between the crystals
should be comparable to their size and the distribution of the particle size distribution
should be narrow. Additionally, the crystals should be also well dispersed in the glass
without forming clusters. In the case of glass-ceramic fiber, the crystals could be
precipitated in the glass before, after, or even during the fiber drawing step. However,
one should keep in mind that the drawing process can lead to devitrification of the glass,
transformation of the crystalline phases, and dissolution of the crystals. Therefore, it
might easier to heat treat the glass after the heat treatment to better control the
nucleation and growth of the crystals. It will be crucial to investigate the impact of the
drawing process on the survival of the NaYFs: Er3*, Yb3* crystals in the fibers.
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Findings on the decomposition of persistent luminescent (PeL) SrAle“:Eu“,Dy3+ microparticles (MPs) in
phosphate glass melt under static condition are reported. PeL phosphate glasses with the composition (50P,0s-
10Na,0-40Sr0) (in mol%) were prepared by adding the MPs in the glass melt. The decomposition of the MPs
occurs during the preparation of the glass and leads to changes in the Eu?* sites and to the formation of Eu®*
which decreases the PeL properties of the glasses. The decomposition of the MPs depends on the temperature at
which the MPs are added in the melt and also on the time before casting the melts.

1. Introduction

There has been some interest during the past few years to process
glass-ceramics (GCs) with persistent luminescence (Pel) properties as
such GCs emit light for a long time (from seconds to hours) after the
removal of the irradiation source [1]. These new materials can find
applications as, for example, fluorescent light sources due to their high
luminous efficiency, energy-saving, long lifetime and good features for
protection of the environment [2].

PeL. glass-ceramics were successfully obtained using the so called
“Frozen sorbet method” developed by Nakanishi et al. [3]. This method
was applied to the SrO-Al,03-B»O3 glass system in which SrA-
1,04:Eu®*,Dy>* crystals precipitate [4]. These crystal seeds, which
grow into microparticles (MPs), are formed by the ions from the glass.
In these SrAl,04:Eu®",Dy*" crystals, both Eu?>* and Dy>* substitute
for Sr*>*. The Eu®" ions act as luminescent centers while the Dy>* ions
are used to increase the duration of the persistent luminescence as they
increase the number of energy traps in the structure [5]. However, with
this “Frozen sorbet method”, the composition of the MPs depends on
the composition of the glass matrix. Therefore, we developed an al-
ternative route for the preparation of phosphate glasses with persistent
luminescence properties [6]: PeL phosphate glasses were obtained by
adding SrAl,04:Eu®*, Dy>* microparticles (MPs) in glass batches prior
to the glass melting. However, the MPs aggregate in the glasses leading
to glasses with inhomogeneous persistent luminescence properties.

* Corresponding author.
E-mail address: laeticia.petit@tut.fi (L. Petit).
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Based on these results, our work has now been focused on the pre-
paration of glasses with uniform persistent luminescence.

Recently, an alternative approach, the direct doping of particles into
tellurite-based glass melts, was developed to prepare glasses with better
dispersion of particles in the glass [7,8]. The first step consists of
melting the glass batch. Then, the temperature is reduced to the doping
temperature to increase the glass viscosity. The particles are, then,
added at this doping temperature, mixed into the melt and finally cast
after a short dwell time to allow dispersion of the particles. Recently,
we showed, for the first time to our knowledge, that this direct doping
method could be used to process phosphate glasses with upconversion
(UC) while using a low amount of Er** and Yb>* (0.01 at% of Er** and
0.06 at% of Yb>*) [9]. Our study suggested that it is crucial to un-
derstand how the particles are corroded in the molten glass in order to
control the dispersion and survival of the particles in the glass and so to
prepare glasses with homogeneous luminescence properties.

Surprisingly, the works concerning the corrosion behavior of glass
melts have been realized only since the late 1950s and on pure metals
such as Pt [10] and Fe [11] just to cite a few. The behavior of pure
metals immersed in molten glasses in terms of corrosion rates and
corrosion layers was found to depend on the glass composition and melt
temperature [12]. Therefore, the investigation of the corrosion of other
materials in phosphate glass melt is of great interest and brings new
knowledge on the corrosion behavior of the glass melts.

Here, SrAl,O,:Eu®*,Dy>* microparticle (MPs) were added in
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Table 1

Summary of the doping parameters used to prepare the glasses, sample codes and
Standard deviation (SdtDev) of the pixel intensity from the analysis of the glass pictures
(Fig. 1). The SdtDev was obtained using ImageJ, Java-based image processing program.

Melting condition

Dwell time (t) Doping Temperature (Taoping) ~ Sample code SdtDev
(min) (§o) (Taoping-t)
3 975 975-3 10
1000 1000-3 11
1025 1025-3 9
5 975 975-5 10
1000 1000-5 8
1025 1025-5 6
10 975 975-10 20
1000 1000—-10 12
1025 1025-10 11
Dwell time Doping temperature
(®) (min) (Taoping) (°C)
075 1000 1025
3
5
10

Fig. 1. Pictures of the glasses prepared using different (Tgoping-t) parameters after stop-
ping the UV irradiation.

phosphate glass melt after melting. The impact of different doping
temperatures and dwell times on the corrosion of the MPs is discussed.
In the context of this paper, corrosion can refer to the decomposition of
the MPs in the glass. The decomposition of the MPs is correlated to the
changes in the persistent luminescence properties of the glasses induced
by the changes in the Eu®* sites and to the formation of Eu®* at the
expense of Eu®".

2. Experimental procedure
2.1. Glass processing

Glasses with the composition 50P,05-10Na;0-40SrO (mol%) were
prepared using a standard melting method. NaPOj, SrCO; and
(NH4)>HPO, were used as the starting raw materials. Sr(PO3), pre-
cursors were first independently prepared from mixtures of the alkaline
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earth carbonates and (NH4),HPO, using slow heating rate up to 900 °C.
A 10 g batch glass was melted for 30 min at 1050 °C. After melting, 1
weight-% of commercial SrAl,0,: Eu®*,Dy®>* microparticles (MPs)
(Jinan G.L. New Materials, China, BG-01) was added at a specific
doping temperature (Tqoping ranging between 975 and 1025 °C) and the
glass was finally quenched after 3-5 min after adding the MPs (doping
parameter called dwell time reported as t). Each glass was prepared
from a specific batch and using specific (Tgoping — t) doping parameters.
Finally, the resulting glasses were annealed at 400 °C, which is 40 °C
below the glass transition temperature, for 4 h in air. The different trials
are summarized in Table 1.

2.2. Composition analysis

A scanning electron microscope (Carl Zeiss Crossbeam 540)
equipped with Oxford Instruments X-Max" 80 EDS detector was used to
image and analyze the composition of the samples. The polished glasses
were coated with a thin carbon layer before EDS mapping. As com-
monly performed when analyzing the composition of glasses, the at%
were converted in mol%. The accuracy of the composition analysis
was *= 1.5 mol%.

2.3. Luminescence

The persistent luminescence properties of the crushed micro-
particle-containing glasses were measured at room temperature using a
Varian Cary Eclipse Fluorescence Spectrophotometer equipped with a
Hamamatsu R928 photomultiplier (PMT). The conventional lumines-
cence (Aexe: 266 nm, Nd:YAG pulse laser, 8ns, TII Lotis) was mea-
sured at room temperature using a CCD camera (Avantes,
AvaSpec—2048 x 14). For persistent luminescence measurements, the
samples were irradiated for 5 min at room temperature with a compact
UV lamp (UVGL-25, 4 W, Aexe: 254 nm). The persistent luminescence
spectra were recorded 1 min after ceasing the irradiation with a 4 s data
collection time.

3. Results and discussion

To succeed in doping the glasses homogenously with the MPs, it is
crucial to identify a suitable temperature for doping and dispersing the
MPs in the glass melt as explained in [8]. MPs were found to decompose
in the investigated glass system when melting the glass at 1100 °C for
10 min while the MPs maintain their PeL properties in the glass when
the glass is melted at 1000 °C for 10 min as reported in [13]. Therefore,
1100 °C is already an upper limit of the doping temperature. The lower
limit of the doping temperature is determined by the glass melt visc-
osity; as the temperature decreases, the viscosity of the glass increases.
As a result, there is a temperature at which the glass melt is too viscous
for the MPs to disperse homogeneously as explained in [8]. Therefore,
in this study, the MPs were added at 975, 1000 and 1025 °C after the
melting to avoid the decomposition of MPs. As the doping temperatures
are near the melting temperature, the viscosity of the glass does not
change dramatically when the temperature of the melt is reduced be-
tween 975 and 1025 °C. This was confirmed by measuring the viscosity
of the glass from 10° to 10'! Pa s using beam bending and parallel plate
viscometers (not shown here) and by fitting the viscosity curve using
the Vogel-Fulcher-Tamman equation to estimate the viscosity of the
glass at the different doping temperatures. In addition to the doping
temperature, the dwell time is another crucial parameter to identify in
order to disperse homogeneously the MPs into the phosphate glass. As
for the doping temperature, a better dispersion of the MPs can be
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Fig. 2. Persistent luminescence spectra of the glasses prepared using a) (Taoping = 975 °C, 8), b) (Taoping = 1000 °C, ) and ¢) (Taoping = 1025 °C, t) parameters.

obtained for prolonged dwell time but at the same time, it increases the
risk of corroding the MPs in the glass melt; decomposition of the MPs
inside the glass was observed when the glass was melted at 1000 °C for
30 min [13]. Therefore, the glasses of investigation were then quenched
3, 5 and 10 min after adding the MPs. The Table 1 summarizes the
different trials as well as the sample codes used in this study.

Fig. 1 shows selected pictures of the investigated glasses after
stopping the UV irradiation. All the glasses exhibit green persistent
luminescence after ceasing the UV irradiation, which confirms the
survival of the MPs in the glasses. Depending on the doping tempera-
ture and dwell time, some aggregated MPs can be observed in the
glasses. In order to quantify and compare the dispersion of the MPs in
the glasses, the pictures of the glasses were analyzed using ImageJ,
Java-based image processing program. The standard deviation (StdDev)
of the pixel intensity was measured for each glass and the data are
summarized in Table 1. A high StdDev indicates large variation in the
emission intensity within the glass, which can, then, be related to the
distribution of MP aggregates. A smaller StdDev was measured for the
glasses prepared using a 5min dwell time than for the other glasses
indicating that the dispersion of the MPs is insufficient if the dwell time
(t) is too short (3 min) as suggested in [8]. However, the decomposition
of the MPs is suspected to occur when the dwell time is too long
( > 5min) based on the lighter green emission of the (975/1000/1025

209

— 10) glasses compared to the other glasses.

To quantify the changes in the spectroscopic properties of the
glasses, the bottom half of each sample was crushed into powder for the
analysis of the spectroscopic properties of the glasses. The persistent
luminescence (PeL) spectra of the glasses are shown in Fig. 2. The
persistent luminescence spectra of the glasses exhibit two broad bands
with a maximum at 410 and 490 nm which are attributed to the
4£°5d" — 4f” transition in Eu®>* located in two sites in the monoclinic
SrAl,O, structure [14,15]. As compared to the PeL spectrum of the MPs
before being embedded in the glass which can be found in [13], the
intensity of the band at 410 nm increases significantly as compared to
the band at 490 nm when the MPs are embedded in the glasses. These
changes in the persistent luminescence spectra of the glasses are a clear
sign of the decomposition of the MPs during the glass preparation:
diffusion of Eu, Al and/or Sr ions from the MPs into the glass is sus-
pected to occur during the glass preparation which leads to changes in
the Eu>* environment and so to changes in the Pel properties. Fur-
thermore, the 975 glasses exhibit larger PeL intensity than the 1000 and
1025 glasses, except for the (1000 — 3) glass, which exhibits the
highest emission. This strong emission from the (1000 — 3) glass
compared to the other glasses can be related to the aggregates of MPs
that lead to inhomogeneity of the PeL in that glass. While the dwell time
has no significant impact on the PeL intensity in the 975 glasses nor
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Fig. 3. Conventional luminescence spectra of the glasses prepared using a) (Taoping = 975 °C, t), b) (Taoping = 1000 °C, t) and ¢) (Tyoping = 1025 °C, t) parameters.

most probably in the 1000 glasses, the progressive increase in the dwell
time from 3 to 10 min decreases significantly the PeL intensity in the
1025 glasses confirming that 1025 °C is already an upper limit of the
doping temperature.

The conventional luminescence spectra of the glasses are shown in
Fig. 3. The spectra of all the investigated glasses exhibit a peak at
532 nm which is an harmonic of the 266 nm used for the excitation and
also 3 bands at 590, 610 and 680 nm. The presence of these three bands
in the spectra is a clear sign of the oxidation of some Eu** ions to Eu**
ions, which is another sign of MPs decomposition [13]. An increase in
the dwell time increases the intensity of these emission bands as com-
pared to that of the main band at 525 nm. This confirms that for long
dwell time, the risk of oxidizing Eu*>* into Eu®* is high. The conven-
tional luminescence spectra of the glasses exhibit also 2 bands at 400
and 525 nm which can be associated to the emission from Eu?* located
in two different cation sites in the SrAl,O4 structure according to [15].
For the 1000 and 1025 glasses, the band at 525nm decreases in in-
tensity compared to the band at 400 nm with increasing dwell time
indicating that the concentration of Eu* in the site responsible for the
525 nm emission decreases with increasing dwell time. Therefore, the
structure of the corroded MPs changes and may give new sites for Eu®*
[13], thus changing the crystal field around Eu®*. This change can be
observed by the broadening or the shifting of the emission peaks. It
should be pointed out that less changes in the crystal field acting on the
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Eu®" ions are expected to occur in the 975 glasses compared to the
other glasses confirming that the doping temperature should be as low
as possible to limit the decomposition of the MPs inside the glass. As
shown in the normalized spectra presented in Fig. 4, with an increase in
the dwell time, the site of the Eu*>* in the MPs is slightly modified when
using a doping temperature of 975 °C whereas dramatic changes in the
site occur when the doping temperature is 1025 °C. This confirms that
decomposition of the MPs occurs when using a high doping tempera-
ture.

In order to confirm the decomposition of the MPs in the glasses, the
morphology and the composition of the MPs were analyzed using a
SEM/EDS. The SEM pictures of a MP found at the surface of the in-
vestigated glasses are shown in Fig. 5. Particles with an average size of
50 — 150 pm can be seen in the SEM images. As seen in the SEM picture
of the MP in the (1025 — 10) glass, the morphology of the MPs looks
different compared to the morphology of the MPs in other glasses.
Crystals with needle like shape can, also, be seen around the MPs. From
the SEM pictures, the size and number of these crystals are suspected to
increase with the increases in the doping temperature and the dwell
time. Fig. 6 shows the SEM images and EDS line profiles showing the
elemental distribution across the MP diameter and interface with the
(975 — 3), (1000 — 5) and (1025 — 10) glasses taken as examples. In
all glasses, the composition of the glass matrix is in accordance with the
theoretical one within the accuracy of the measurements ( + 1.5 mol
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Fig. 4. Normalized conventional luminescence spectra of the glasses prepared using a) (Taoping = 975 °C, ), b) (Taoping = 1000 °C, t) and ¢) (Taoping = 1025 °C, t) parameters.

%). According to the composition analysis, the composition of the MPs
in the (975 — 3) and (1000 — 5) glasses is SrAl,0,, indicating that the
MPs maintain their compositional integrity in their center and so their
PeL and CL properties as discussed in the previous section. However,
the MP found in the (1025 — 10) glass does not maintain its compo-
sitional integrity and exhibits an Al,O5 rich outer layer at the interface
with the glass as seen in [13], confirming the MP decomposition as
suspected from the spectroscopic properties of the (1025 — 10) glass.
The crystals precipitating around the MPs consist of Sr and P as those
seen around the MPs when added in the batch prior to the melting [13].
The crystallization mechanism of the base glass can be found in [16]
and suggested that Sr(PO3), and NaSr(PO3)3 are the two phases crys-
tallizing upon heat treatment. However, based on the composition
analysis of the crystals precipitating around the MPs, we suspect the
crystals to be richer in Sr than the crystals forming upon heat treatment,
most probably due to the diffusion of the Sr from the MPs during the
decomposition of the MPs. Finally, a trace of Al,Oj3 in the glasses is also
observed as seen when the MPs are added in the glass batch prior to the
melting [13]. Fig. 7 shows the Al,O3 concentration profile at the MP-
glass interface using the data from Fig. 6. In order to compare the Al,03
diffusion in the glasses prepared using different doping parameters, the
profiles were normalized to the glass-MP interface. An increase in the
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Taoping and the dwell time () is suspected to increase not only the
concentration of Al,O3 in the MP-glass interface but also the thickness
of the Al-rich outer layer. This layer becomes also richer in Al with an
increase in the doping temperature and dwell time. Finally, it should be
pointed out that the MP found in the (975 — 3) glass exhibits a thin Al-
rich layer at the glass interface, indicating that the decomposition of the
MPs in the glass melt already occurs when the glass is cast 3 min after
adding the particles at 975 °C.

The impact of the doping temperature on the decomposition of the
MPs was confirmed by investigating the corrosion process of an alu-
mina tube in the glass melt as performed in [12]. An alumina rod with a
1.6 mm diameter from AdValue Technology was immersed in the glass
batch at the 3 doping temperatures. After 6 h at the doping tempera-
ture, the rods were removed from the crucibles before quenching the
glasses and embedded in epoxy prior to polishing. As shown in
Fig. 8a—c, a small piece of glass could be seen at the surface of the rod
immersed for 6 h at 975 °C whereas a thick layer of glass was attached
at the surface of the rods immersed after 6h at 1000 and 1025 °C. A
small amount of Al;03 ( < 1mol%) was detected in the glasses quen-
ched from the melts at 975 and 1000 °C. It increased to ~1mol% when
the doping temperature was 1025 °C. This is in agreement with the
decrease in the rod diameter to 1.2 mm when the doping temperature
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Fig. 7. Al,05 concentration profile at the glass-MP interface. The glasses were prepared
using (Taoping — t) parameters. Data are from Fig. 6 and are normalized to the glass-MP
interface to compare the level of Al,O; diffusion in the glasses.

was 1025 °C and to ~1.35 mm after immersion in the glass melts at 975
and 1000 °C. Therefore, with this corrosion test, we confirm that cor-
rosion of the rod occurs already at 975 °C and is faster in glass melt with
higher temperature in agreement with [10-12]. Finally, it is interesting
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to point out that Sr-rich phosphate crystals with a low amount of Na
and Al were seen in the glasses quenched from the melts at 1000 and
1025 °C (Fig. 8d). It is possible to think that it is also the diffusion of the
Al from the MPs in the glass, which induces the crystal formation.

4. Conclusion

In summary, the preparation and the characterization of phosphate
glasses with uniform persistent luminescence was studied. The glasses
were prepared by adding persistent luminescent microparticles with the
composition SrAl204:Eu2+,Dy3+ (MPs) in the melt under static condi-
tion. Using SEM and EDS, we found that the decomposition of the MPs
occurs already when the glass is quenched 3 min after adding the MPs
at 975 °C. The decomposition of the MPs in the glass melt leads to a
decrease in the PeL properties due to changes in the Eu®* site and also
to the oxidation of Eu®>* to Eu®". A longer dwell time before casting the
glass and a hotter doping temperature increase the MP decomposition,
which leads to a significant reduction in the PeL properties of the
phosphate glasses. The corrosive behavior of the glass melts was con-
firmed by investigating the corrosion process of an alumina tube in the
glass melts: a reduction in the alumina tube diameter and the presence
of Al,03 contamination in the glasses were observed after immersing an
alumina tube for 6 h in the glass melts.
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Fig. 8. SEM pictures of the alumina rods immersed for 6 h in the glass melt at 975 (a), 1000 (b) and 1025 °C (c) and of the crystals found in the glass quenched from the melt hold for 6 h at
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We report our findings on the impact of the glass composition on the corrosion of microparticles occurring
during the preparation of glass-ceramics using the direct doping method. Microparticles (MPs) with the com-
position SrsAl;40,5:Eu®*,Dy®* with blue-green persistent luminescence were chosen as the changes in their
spectroscopic properties can be related to the MPs’ corrosion. The MPs were added in phosphate-based glasses
with different compositions. When using the same doping parameters, the glass system with the composition
90NaP0O3-10Na,O (mol%) was found to be the least corrosive on the MPs whereas the glass system with the

composition 90NaPO;-10NaF (mol%) is the most corrosive on the MPs probably due to their different viscosity
at 575 °C, the temperature at which the MPs are added in the glass melts.

1. Introduction

The corrosion behavior of glass melts has been studied since late
1950s [1] but the studies have been focused mainly on the behavior of
pure metals in glass melts such as Pt [2] and Fe [3]. The behavior of
pure metals immersed in molten glasses was found to depend on the
glass composition and melt temperature [1]. One of the most important
parameters when studying the corrosion behavior of glass melts was
reported to be the glass temperature: while an increase in the glass
temperature increases the fluidity of the glass, it also decreases the
mechanical properties of the alloy and so its corrosion resistance [4].
The investigation of the corrosion of other materials in different glass
melts is of great interest as it brings new knowledge on the corrosion
behavior of glass melts.

Additionally, the study of the corrosion behavior of the glass melts
could bring useful knowledge when preparing new glass-ceramics using
direct doping method. Recently, we showed that although phosphate
glasses have a large phonon energy, which is disadvantageous to the
upconversion (UC) emission [5], UC was obtained from phosphate
glasses within the glass system (90NaPO3-(10-x)Na,O-xNaF) (mol%)
using a low amount of Er®* and Yb** [6]. Such UC materials allow the
conversion of longer wavelength radiation to shorter wavelength ra-
diation due to the absorption of two or more photons [7]. These glasses
were prepared by adding NaYF,:Yb®™, Er®>* nanoparticles (NPs) in the
glass melt using the direct doping method. We explained that the

* Corresponding author.
E-mail address: laeticia.petit@tut.fi (L. Petit).

https://doi.org/10.1016/j.ceramint.2018.03.267

Received 9 January 2018; Received in revised form 22 March 2018; Accepted 29 March 2018

Available online 31 March 2018
0272-8842/ © 2018 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

fraction of NP's survival during the glass preparation can be augmented
when replacing Na,O with NaF in the glass. Therefore, to improve the
spectroscopic properties of such glass-ceramics for UC application for
example, it is crucial to study the corrosive behavior of the glass melt in
order to limit the corrosion of the particles occurring during the glass
preparation. Here, the corrosion of the particles refers to their decom-
position in the glass.

In this paper, glass-ceramics with different compositions (and so
with different melting temperatures) were prepared in order to in-
vestigate the impact of the glass composition on the corrosion of the
particles. Sr4A114025:Eu24’,Dy3+ microparticles (MPs) were used for
this study as they emit blue-green persistent luminescence after the
removal of a UV excitation source [8]. This emission can last from
seconds to hours after the light source is removed. Such persistent lu-
minescent materials were reported for the first time in the mid 1990's
[9]. In these MPs, Eu®* is used as the luminescent center and Dy> " as a
co-dopant [10].

Here, we correlate the changes in the spectroscopic properties of the
glass-ceramics to the corrosion of the particles occurring during the
glass preparation. First, we explain how the direct doping method is
optimized when preparing new glass-ceramic with the composition
50P,0s5-10Na,0-40Ca0 (mol%). Then we compare the spectroscopic
properties of the MPs when added in different phosphate-based glasses
using the direct doping method. Finally, to confirm the corrosive be-
havior of the glass melts on the MPs, we investigate the corrosion
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process of an alumina rod in the different investigated glass melts.
2. Experimental procedure

The glass-ceramics with the composition 50P,05-10Na,0-40Ca0O/
SrO (mol%) (labeled as CaNaP and SrNaP, respectively) and (90NaPO3
— (10 — x)Na,O — xNaF) (mol%) (labeled as NaPFO and NaPF10 re-
spectively when x = 0 and 10) were prepared using direct doping
method. NaPO; (Thermo Fisher Scientific, 99.0%), Na,CO5; (Sigma
Aldrich, > 99.5%), SrCO3 (Sigma Aldrich, 99.9%) CaCO; (Thermo
Fisher Scientific, 99.0%), NaF (Sigma Aldrich, 99.99%) and
(NH4)>HPO, (VWR, 98.0%) were used as the starting raw materials. Ca
(PO3), and Sr(PO3), precursors were first independently prepared from
mixtures of the CaCO; and (NH4),HPO, and of the SrCO; and
(NH4)>HPO,, respectively. Prior to the melting, the NaPFO glass was
treated at 300 °C for 15 min to decompose Na,CO5 and evaporate CO,.
1wt% of commercial SryAl;40,5:Eu®*,Dy>* MPs (Jinan G.L. New
Materials, China, BG-01) was added at a specific doping temperature
(called doping temperature (Tgoping)) in the 10 g glass melted batches.
The glass melts were, then, quenched after 3-10 min after adding the
MPs (called dwell time) and after manual stirring to improve the dis-
persion of the MPs within the glass melts. Finally, all the MPs-con-
taining glasses were annealed at 40 °C below their respective glass
transition temperature for 8 h in air.

As explained in [6], the doping temperature and dwell time depend
on the glass composition. The direct doping process of the glass-cera-
mics of the NaPFO and NaPF10 can be found in [6] and of the SrNaP
glass in [11]. The NaPFO and NaPF10 glasses were melted at 750 °C for
5min, then the MPs were added at 575 °C and finally the glass melts
were quenched after a dwell time of 3 min. After melting the SrNaP
glass at 1050 °C for 20 min, the MPs were added at 1000 °C and the
glass melt was quenched after a dwell time of 5 min. The CaNaP glasses
were melted at 1100 °C for 20 min. The MPs were added at 1000, 1025
and 1050 °C and the dwell time was varied between 3 and 10 min.

A scanning electron microscope (Carl Zeiss Crossbeam 540)
equipped with Oxford Instruments X-Max" 80 EDS detector was used to
image and analyze the composition of the samples. The polished glass-
ceramics were coated with a thin carbon layer before EDS mapping. The
accuracy of the elemental analysis was = 1.5 mol%.

The persistent luminescence properties of the crushed MPs-con-
taining glasses were measured at room temperature using a Varian Cary
Eclipse Fluorescence Spectrophotometer equipped with a Hamamatsu
R928 photomultiplier (PMT). The samples were irradiated for 5 min at
room temperature with a compact UV lamp (UVGL-25, 4 W, Aexc
254 nm). The persistent luminescence spectra were recorded 1 min after
ceasing the irradiation with a 4 s data collection time. The conventional
luminescence (Aexe: 266 nm, Nd: YAG pulse laser, 8 ns, TII Lotis) was
measured at room temperature using a CCD spectrometer (Avantes,
AvaSpec-2048x14).

3. Results and discussion

Different phosphate glass-ceramics showing persistent luminescence
(PeL) were prepared using direct doping method by adding commercial
Sr4Al;4055:Eu®t ,Dy>* microparticles (MPs) in the glass melt prior to
quenching. Such MPs exhibit a blue-green persistent emission after
stopping UV irradiation. We compare here the spectroscopic properties
of the glass-ceramics and we correlate them to the corrosion of the MPs
occurring during the glass preparation. Before discussing the impact of
the glass composition on the corrosion of the MPs, which leads to a
degradation in the persistent luminescence of the different glass-cera-
mics, we first explain how the glass-ceramics were prepared using the
direct doping method which has to be optimized for each glass system.

As explained in [12], the MPs need to be added in the glass batch at
lower temperature than the melting temperature in order to balance the
survival and dispersion of the MPs. The doping temperature (Tgoping)

Ceramics International 44 (2018) 11807-11811
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Fig. 1. Pictures of the PeL. CaNaP glass-ceramics taken just after stopping the
UV irradiation.

and the dwell time prior to quenching the glass are the two main
parameters to identify in order to optimize the direct doping process
[6]. The Tyoping and the dwell time were reported at 575 °C and 3 min
for the NaPFO and NaPF10 glasses [6] and at 1000 °C and 5 min for the
SrNaP glass [11]. Here, we explain how these two doping parameters
were optimized for the CaNaP glass system.

The afterglow pictures of the CaNaP glass-ceramics prepared using
different Tgoping and dwell time after stopping UV irradiation are de-
picted in Fig. 1. All CaNaP glass-ceramics exhibit blue-green persistent
luminescence (PeL). As the MPs-free glass used in this study does not
exhibit PeL, the PeL seen from the MPs-containing glasses is a clear sign
of the survival of MPs in the glass-ceramics. One can notice that the PeL
intensity depends on the direct doping parameters: the higher Tqoping
and the longer dwell time, the less intense emission from the glass-
ceramics. Some aggregates of MPs can also be seen, the number and size
of which depend on the direct doping parameters: the size of the MP
aggregates decreases as the dwell time increases independently of the
Taoping- Additionally, large aggregates of MPs can be seen when using
Tdoping Of 1000 °C indicating that the glass melt at this temperature is
too viscous for the MPs to disperse homogeneously.

The normalized conventional (PL) and persistent luminescence
(PeL) properties of some glass-ceramics, taken as examples, are de-
picted respectively in Fig. 2a and b. The normalized PL spectra of the
glass-ceramics, presented in Fig. 2a, exhibit two bands in the
350-575 nm range, the ratio of which depends on the melting condi-
tions: an increase in the Tgqping and dwell time decreases the intensity of
the band at 488 nm as compared to that of the band at 425 nm. Those
bands can be related to the luminescence of Eu®* located in two dif-
ferent cation sites in the SryAl;40,5 structure [11,13]. Therefore, an
increase in the Tqoping and dwell time changes the sites of Eu®" in the
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Fig. 2. Normalized conventional luminescence (PL) (a) and persistent luminescence (PeL) (b) spectra of the CaNaP glass-ceramics prepared using different (Tqoping
and dwell time) and of the MPs alone. In (b), the PeL spectrum of the MPs alone is normalized.

Sr4Al; 40,5 structure. According to our previous studies [11,14,15], this
change in the Eu®" sites could be related to the diffusion of the MPs
elements (Al, Sr, Eu and Dy) to the glass. The diffusion of Eu®" to the
glass is also suspected from the presence of the emission bands at ~ 590
and 615 nm, which are not present in the PL spectra of the MPs alone.
These bands can be related to the emission from Eu®™ ions [15]. As
explained in [11,14,15], the Eu®** are suspected to be oxidized into
Eu®" when diffusing in the glass. One can notice that the intensity of
the bands at ~ 590 and 615nm is the largest in the spectrum of the
(1050 °C-10 min) glass-ceramic indicating that an increase in the Tyoping
and dwell time increases the amount of Eu*>* oxidizing into Eu®* in the
glass. Although the glass should be melted or heated under a highly
reduced atmosphere in order to reduce Eu®* ions to Eu?* ions [16], the
coexistence of both Eu>* and Eu?" ions was found in some glasses
melted in normal atmosphere [17,18]. Therefore, it is possible to con-
sider that some Eu®* remain in the glass. The PL emission in the region
400-450 nm could, then, come not only from the Eu®* in the MPs but
also from the Eu®>* present in the glass matrix due to the MPs decom-
position.

The PeL spectra of the glass-ceramics exhibit a strong band centered
at 490 nm and a weak one at 410 nm which are due to the 4f°5d*—4f”
transition of Eu®?* ions located in two different cation sites in the
Sr4Al;14055 structure [13]. The intensity of these bands decreases sig-
nificantly with an increase in the Tqoping and the dwell time in agree-
ment with the afterglow picture of the glass-ceramics. However the
ratio in intensity of the two PeL bands in the PeL of the glasses does not
really change when the site of Eu?* is modified, as the structure (de-
fects and host matrix) needs to remain intact for the MPs to exhibit PeL.
If other different kinds of environments are created for the sites of
Eu?*, it is most probable that there will not be suitable energy storage
sites available for PeL in the vicinity.

SEM/EDS was used to image the morphology and to analyze the
composition of the MPs. As seen in Fig. 3, an increase in Tgoping and
dwell time leads to MPs with different morphologies and compositions:
the MPs retain their morphology and their compositional integrity
when using a 1000°C doping temperature and 3min dwell time
whereas they don’t maintain their composition when using a 1050 °C
Taoping and 10 min dwell time. As seen in our previous studies [14,15],
the outermost layer of the MPs contain more Al and less Sr than the
inner parts confirming the diffusion of the MPs' elements into the glass
which leads to changes in the Eu®* sites. Finally, we noticed that the
MPs’ size (and most probably the volume of the emitting particles)
decreases with an increase in Tqoping and dwell time confirming the
corrosion of the MPs during the glass preparation. Therefore, it is clear
that the PL spectra of the glass-ceramics can be used to check if cor-
rosion of the MPs occurred during the glass melting process in agree-
ment with [11]: a low intensity of the band at 488 nm compared to the
band at 415 nm can be associated with the corrosion of MPs.

In summary, from the afterglow picture and the spectroscopic
properties of the glass-ceramics, the CaNaP glass-ceramics should be
prepared using a Tqoping Of 1025 °C and a 5min dwell time to balance
the survival and the dispersion of the MPs in the glass.

To understand the impact of the glass melts on the corrosion of the
MPs occurring during the glass preparation, MPs were added in phos-
phate-based glasses with different compositions. The pictures of the
MPs-containing glasses after stopping UV irradiation are shown in
Fig. 4. As seen in Fig. 1, all the glass-ceramics exhibit a blue-green PeL,
the intensity of which depends on the glass composition: intense PeL
can be seen from the SrNaP and NaPFO glass-ceramics whereas almost
no PeL could be seen in the NaPF10 glass-ceramic. It is clear from this
afterglow picture that the corrosion of the MPs is not related to the glass
melt temperature as a Taoping Of 575 °C was used to prepare the glass
with x = 10 while a Tgoping 0f 1000 °C was used to prepare the SrNaP
glass. From Fig. 5a, we confirm that the SrNaP and NaPFO glass-cera-
mics exhibit the strongest PeL while the NaPF10 glass-ceramic exhibits
the least intense PeL. As seen in Fig. 5b, the intensity of the band at
488 nm is more intense than the band at 415 nm in the spectrum of the
NaPF0 glass-ceramic indicating that small changes in the Eu®" sites
occur during the preparation of this glass. Therefore, the MPs are sus-
pected to be the least corroded in this NaPFO glass system. From the
shape of the PL emission band, we suspect that some corrosion of the
MPs occurs in the SrNaP and CaNaP glass systems whereas the MPs are
suspected to be strongly corroded in NaPF10 glass system. It should be
pointed out that the NaPFO and NaPF10 glass-ceramics were prepared
using the same Tqoping (575 °C). However, the replacement of Na,O by
NaF is expected to lead to a decrease in the thermal properties (such as
glass transition and crystallization temperatures as well as viscosity)
according to [19]. Therefore, the viscosity of the melt at 575°C is
thought to be lower for the NaPF10 melt than for the NaPFO melt,
which probably enhances the corrosion of the MPs. Therefore, it is
crucial to investigate the impact of the glass composition (the re-
placement of Na,O by NaF) on the thermal properties of the glass and
on the optimization of the direct particles doping process. This study is
ongoing and will be published separately.

The impact of the glass composition on the corrosion of the MPs was
also confirmed by investigating the corrosion process of an alumina rod
in the glass melt as performed in [1,11]. An alumina rod with a 1.6 mm
diameter from AdValue Technology was immersed in the 4 glass melts
held at their respective doping temperature. After 6 h in the glass melts,
the rods were removed from the crucibles. They were, then embedded
in epoxy and finally polished for analyzing. The diameter of the alu-
mina rod was found to decrease to 1.45, 1.35, 1.48, and 1.31 mm after
immersion in SrNaP, CaNaP, NaPFO and NaPF10 melts, respectively.
The Al,O3; contamination from the rod at the glass-rod interface was
quantified using EDS. As seen in Fig. 6, the level of Al,O5 at the glass-
rod interface is the largest in the CaNaP and NaPF10 melts. Therefore,
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Fig. 3. SEM/EDS line profiles giving the elemental distribution along the diameter of a MP found at the surface of the glass-ceramics prepared using the Tyoping and

dwell time of 1000 °C-3 min (a), 1025 °C-5 min (b), 1050 °C-10 min (c).
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the reduction of the alumina rod diameter can be related to the Al,O3
mol% found in the glass-rod interface. With this corrosion test, we
confirm the strong corrosive behavior of the CaNaP and NaPF10 glass
melts on the alumina rod, which is in agreement with the strong cor-
rosion of the MPs observed when added in these glass melts. Therefore,
this corrosion test could be used to estimate the level of MP corrosion in
different glass melts, prior to the preparation of new glass-ceramics
using the direct particles doping method.

4. Conclusion

In summary, the corrosion behavior of different phosphate-based
glass melts on the microparticles with the composition
SrAl,04:Eu®*,Dy>* (MPs) was investigated. Corrosion of the MPs is
suspected to depend not only on the temperature of the melt at which
the MPs are added (Tgoping) but also on the glass melt composition: the
MPs were found to be the most corroded in the glass with the compo-
sition (90NaPO3-10NaF) (mol%) and the least corroded in the glass
with the composition (90NaPO3-10Na,O) (mol%) although these 2
glass-ceramics were prepared using the same Tgoping Of 575°C.
However, the viscosity of the melt at 575 °C is expected to be lower for
the glass with the composition (90NaPO3;-10NaF) than for the glass
with the composition (90NaPO3-10Na,0) which probably enhances the
MP corrosion in the (90NaPO;-10NaF) glass. Therefore, prior to com-
paring the MP decomposition in glasses, it is crucial first to optimize the
direct doping process for each glass so the MP decomposition is limited
while ensuring in the same time the MP dispersion in the glass.

We confirm that the conventional luminescence spectra can be used
to check if corrosion of the MPs occurred during the glass melting. The
corrosive behavior of the glass melts was confirmed by investigating the
corrosion process of an alumina rod in the glass melts: a reduction of
the alumina rod diameter and the presence of Al,O3 contamination in
the glasses were observed after immersing an alumina rod for 6 h in the
glass melts held at their respective doping temperature.

Surprisingly, in our previous study [6], we showed that NaYF,:Yb,Er
particles are less corroded when added in the 90NaPO3-10NaF glass
than in the 90NaPO3-10Na,O glass. Therefore, our study suggests that
the corrosion of particles in glass melts also depends on the composition
of the particles.
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Upconversion from fluorophosphate glasses
prepared with NaYF4:Er®*,Yb>* nanocrystals

N. Ojha, ©2 M. Tuomisto,® M. Lastusaari °° and L. Petit & *2

The direct doping method was applied to fabricate upconverter fluorophosphate glasses in the system
(90NaPOs-(10-x)Na,O-xNaF) (mol%) by adding NaYF,:Er®* Yb®* nanocrystals. An increase in the network
connectivity, a red shift of the optical band gap and a decrease in the thermal properties occur when
Na,O is progressively replaced by NaF. To ensure the survival and the dispersion of the nanocrystals in
the glasses with x = 0 and 10, three doping temperatures (Tgoping) (525, 550 and 575 °C) at which the
nanocrystals were added in the glass melt after melting and 2 dwell times (3 and 5 minutes) before
quenching the glasses were tested. Using 5 wt% of the NaYF4:Er*",Yb*" nanocrystals, green emission
from the NaYF4:Er®* Yb®* nanocrystals-containing glasses was observed using a 980 nm pumping, the
intensity of which depends on the glass composition and on the direct doping parameters (Tqoping and
dwell time). The strongest upconversion was obtained from the glass with x = 10 prepared using
a Tgoping Of 550 °C and a 3 min dwell time. Finally, we showed that the upconversion, the emission at 1.5
um and of the transmittance spectra of the nanocrystals-containing glasses could be measured to verify

rsc.li/rsc-advances

Introduction

Upconversion (UC) luminescent materials have been intensively
investigated in recent decades as they can find applications in
various fields such as solar cells, color displays, solid-state
lasers, bioassays, biological imaging and remote photo-
activation just to cite a few.**° The codoping with Er** and Yb*"
allows the conversion of NIR radiation usually to green and red
emissions due to the absorption of two or more photons. As
Yb®* ion possesses a high absorption cross-section and also
a broad absorption band between 850 and 1080 nm compared
to the weak absorption of Er*" ions, it absorbs the pump energy
which is then transferred to the Er*" ion as ref. 4.

A suitable host glass should be carefully chosen in order to
achieve highly efficient upconversion emission.> Due to their
high phonon energies, oxide glasses such as silicate and borate
glasses exhibit low upconversion. In such glasses, the relaxation
occurs through multi-phonon relaxation. Oxyfluoride glass-
ceramics (GCs) appear to be ideal for upconversion lumines-
cence because they possess the advantages of both the fluorides
and the oxides: low-phonon-energy of fluoride crystals and the
desirable chemical and mechanical properties of oxide
glasses.'"*> The GCs are polycrystalline materials with one or
more crystalline phases embedded in a glass phase. They are
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if decomposition of the nanocrystals occurred in glass melts during the preparation of the glasses.

obtained from the heat treatment of the parent glass. The GCs
possess negligible or even zero porosity. Compared to sintered
ceramics, they possess a large number of advantages: superior
uniformity and reproducibility, possibility of fabricating
complex shapes.” In order to observe an enhancement of the
upconversion in the oxyfluoride GCs as compared to the parent
glasses, the heat treatment should lead to the formation of rare-
earth containing fluoride crystals embedded in the glass.

Studies have been focused on the fabrication of glass-
ceramics containing NaYF, as this crystal is one of the most
efficient fluoride crystals. This crystal possesses low phonon
energies (<350 cm ') reducing the energy losses at the inter-
mediate states of lanthanide ions."* NaYF, nanocrystals are
generally synthesized via routes such as molten salt, sol-
vothermal, sol-gel and hydrothermal methods.” NaYF, nano-
crystals were also found to precipitate in glasses within the glass
system SiO,-Al,0;-Na,O-NaF-YF;-ErF;-YbF; after heat-treat-
ment.'*"” However, it was found recently, that the crystal growth
of NaYF, in this glass system is limited by the duration of the
heat treatment. Crystal size was reported to be between 9 and
12 nm when heat treating the glass at 560 °C."* It is known that
the structure of the glass has a significant impact on the crys-
tallization species, crystal size, crystal shapes and the distance
among the particles. However, there is no report, to the best of
our knowledge, on the precipitation of NaYF, nanocrystals in
phosphate glass upon heat treatment.

Recently, we reported in' our latest achievement on the
preparation of NaYF,:Er*",Yb®" nanocrystals containing phos-
phate glasses within the NaPO;-Na,O glass system. Because of

This journal is © The Royal Society of Chemistry 2018
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the low dissolution point (750 °C) of the nanocrystals, the
glasses could be only obtained using direct particles doping
method.” The concept of this method is based on using glass
matrices with lower melting temperatures than those of the
admixed nanoparticles. Using this method, we found that it is
possible to increase the upconversion intensity from the
NaYF,:Er**)Yb*" nanocrystals containing phosphate glasses by
replacing Na,O by NaF in the glass matrix.

In this paper, more information about the choice of the glass
matrix are provided. We explain how the direct particles doping
method can be optimized to further enhance the upconversion
properties of phosphate glasses with the composition
(90NaPO3-(10-x)Na,O-xNaF) (mol%).

Experiment

The glasses with the composition (90NaPO;-(10-x)Na,O-xNaF)
(mol%) with x varying from 0 to 10 were prepared using
a standard melting process in a quartz crucible using NasO;5Ps
(Alfa-Aesar, technical grade), Na,CO; (Sigma-Aldrich, >99.5%)
and NaF (Sigma-Aldrich, 99.99%). Prior to the melting, the glass
with x = 0 was treated at 300 °C for 30 min to decompose
Na,CO; and evaporate CO,. The nanocrystals-free glasses were
melted at 750 °C for 5 min. The nanocrystals-containing glasses
were prepared by adding, after melting the glasses at 750 °C, 5
weight-% of NaYF,:Er’*, Yb®" at a lower temperature (Tgoping)-
After 3 or 5 min (dwell time) and manual stirring to improve the
dispersion of the MPs within the glass melts, the glasses were
poured onto a brass mold. The glasses are labelled as (Tgoping-
dwell time). All the glasses were annealed at 40 °C below their
respective glass transition temperature for 8 h in air. The
nanocrystals (NCs) under investigation were NaYF:Er'",Yb®",
the synthesis of which can be found in.** The nanocrystals were
synthetized with 3 at% Er’* and 17 at% Yb®".

The density was measured by utilizing Archimedes principle,
using ethanol as the immersion liquid. The accuracy of the
measurement is +0.02 g cm .

Differential Thermal Analysis of all the glasses was done
using DTA, Netzch Jupiter F1 at a heating rate of 10 °C min .
The analysis was carried out in Pt crucibles with 50 ml min ™"
flow of N,. The glass transition temperature T, was calculated as
the inflection point of the endotherm obtained as the first
derivative of the DTA curve. The onset of crystallization
temperature 7y and the crystallization temperature 7, were
ascertained from the beginning of the crystallization feature,
and peak of the exotherm, respectively. All the temperatures
were obtained with an accuracy of & 3 °C. The hot processing
window AT was obtained as the difference between 7, and Tg.

A beam-bending viscometer (BBV) was used to measure the
viscosity in the (log 11-log 13 Pa s) range. The measurement
was conducted under the test protocol ASTM C-1351M. The
glasses were cut in 4 x 5 x 50 mm bars. The glass viscosity in
the softening range (log 5-log 8 Pa s) was measured using
a parallel-plate viscometer, Model PPV-1000 following the test
protocol ASTM C-1351M. In this test, the glasses were prepared
in disk with a diameter of 10 mm and a thickness of 5 mm.

This journal is © The Royal Society of Chemistry 2018
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The IR spectra of the glasses were analyzed using Perkin
Elmer Spectrum One FTIR Spectrophotometer in Attenuated
Total Reflectance (ATR) mode in the range of 600-1600 cm .
The spectra are normalized to the band having maximum
intensity. All presented spectra are an average of 8 scans and
have a resolution of 1 em ™.

The Raman spectra were recorded using a 532 nm wave-
length laser (Cobolt Samba) and measured with a 300 mm
spectrograph (Andor Shamrock 303) and a cooled CCD camera
for data collection (Andor Newton 940P). All spectra are
normalized to the band showing the maximum intensity.

The absorption and transmission spectra were recorded
from polished glasses in the range of 200-1600 nm at room
temperature, using a UV-3600 Plus UV-VIS-NIR Spectropho-
tometer Shimadzu.

The up-conversion photoluminescence spectra were
measured at room temperature using a monochromator (Dig-
ikrom, DK480) and a lock-in amplifier (Stanford Research
Systems, SR830) equipped with a TEC-cooled silicon photo-
diode. The materials were excited using a TEC-cooled fiber-
coupled multimode laser (II-'VI Laser Enterprise, Aexc
~980 nm, incident power on sample 23.5 mW). The up-
converted light emission was collimated, collected and
directed to the monochromator through a short-pass filter with
a cutoff at 800 nm (Thorlabs, FES800). The smallest excitation
spot size is estimated to be ~100 pm in diameter.

The up-conversion luminescence lifetimes were measured at
room temperature with a Newport 5060 laser driver and Optical
Fiber Systems IFC-975-008 laser (6 W; Aexe = 974 nm). A long-
pass filter (Newport 10LWF-850-B) was used between the exci-
tation and the sample. A short-pass filter (Newport 10SWF-850-
B) was used between the sample and a photomultiplier tube
(Hamamatsu R1465). The optical path had a 90° angle between
the excitation and detection. The emission was collected at
544 nm (Thorlabs band-pass filter FL543.5- 10) and at 650 nm
(Thorlabs band-pass filter FB650-10). A current amplifier
FEMTO DHPCA-100 was used. The excitation power used were
1000-9000 mV. The excitation pulse duration was 50 ms and
after each pulse there were a 50 ms delay before the next exci-
tation pulse. The number of pulse-delay cycles in one
measurement was 1000.

Results and discussion

We successfully prepared phosphate glasses, which contain
NaYF:Er*',Yb®" nanocrystals, using the direct particles doping
method.* In this method, the nanocrystals need to be added in
the glass melts after melting but prior to quenching to ensure
the survival of the nanocrystals. First, a host glass in which the
nanocrystals can be dispersed without being decomposed,
needs to be identified. As explained in,* two parameters need to
be optimized when preparing a nanocrystals-containing glass
using the direct particles doping method: the doping temper-
ature (Tqoping) at which the nanocrystals are added in the glass
batch and the dwell time before quenching the glass after
adding the nanocrystals. The doping temperature should be
lower than the nanocrystals' dissolution points, which was

RSC Adv., 2018, 8, 19226-19236 | 19227
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Table 1 Density and thermal properties of the investigated glasses

T, (°C) Tx(°C) AT=Ty-T, T,(°C) Density(gcm )
x +3°C  43°C  (°C)+3°C +3°C  +0.02gem™
0 284 374 90 414 2.47
2.5 272 378 106 415 2.47
5 264 374 110 403 2.47
7.5 255 368 113 395 2.46
10 246 356 110 402 2.45
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Fig. 1 Viscosity curves of the glasses with x = 0 and 10.

reported to be 750 °C.** Furthermore, to avoid crystallization
when adding the nanocrystals, the host glass must be stable
against crystallization as checked by its AT (AT = T, — Ty),
which needs to be greater than 100 °C.

Fig. 2

Normalized Intensity (A.U.)

a)

T
1000

Wavenumber (cm™)

1200 1400

IR (a) and Raman (b) spectra of the investigated glasses.
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Because of these requirements, we tested glasses with the
composition (90NaPO;-(10-x)Na,0-xNaF) (mol%) because of
their low melting temperature (750 °C). The density and the
thermal properties of the glasses are reported in Table 1. When
increasing x, the glass transition (Ty), the onset of crystallization
(Ty) and the peak of crystallization (7},) temperatures decrease in
agreement with the shift of the viscosity of the glasses to lower
temperature (Fig. 1). One can notice that an increase in x
increases AT indicating that the F-containing glasses are stable
against crystallization and so are good candidates for the direct
doping method. Finally, whereas the changes in the glass
composition has no significant impact on the glasses' density,
the structure of the glasses changes as shown in Fig. 2a and b,
which present the IR and Raman spectra of the glasses,
respectively. The spectra are obviously relevant to the meta-
phosphate structure according to.>* The glasses are expected to
be free of Q* groups as there is no IR and Raman band at
>1300 cm ™!, where the »(P=0) of Q® groups usually appear. The
attribution of the IR and Raman bands can be found in Table
2.7 The replacement of Na,O by NaF increases the number of
Q” units at the expense of Q' units as seen by the increase in
intensity of the shoulders in the 980-1050 cm ™' range and of
the bands at 1080 em ™" and at 1240 cm™ ' and the decrease in
intensity of the band at 1140 em " with an increase in x
(Fig. 2a). These changes in the structure induced by the increase
in x can also be suspected from the shift of the Raman band at
1150 em ™ to higher wavenumbers (Fig. 2b).2° The shortening of
linear metaphosphate chains occurring when Na,O is replaced
by NaF is evidenced by the small increase in intensity of the IR
shoulder at 950 cm ™' and the decrease in intensity of the
Raman band at 700 and 1250 em ™' with an increase in x.2* The
increase in the intensity of the IR shoulder at 1010 cm ™" can
reveal an increase in the (PO3F) bonds as suggested in.*” The
shift in the position of the IR bands to longer wavenumbers
with an increase in x indicates the formation of F-P-F bonds
when NaF replaces Na,O as suggested in.”® The increase in the

1.0 - x=0
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= 084 —x=10
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<
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=
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Table 2 Bands assignment in Raman and IR spectra

View Article Online
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Wavenumber (cm ) Raman Shift

FTIR

4(P-O-P) of Q* units*

V,5(P-O-P) of Q* units*

145(P-O-P) of Q* units in small rings>®
v(PO;>7) in Q' units

v4(PO5F) bonds®”

v,5(P-O-P) of Q* units in large rings>
1,5(PO5)*” in Q" units*®

1(PO;*7) in Q* units **

700 v4(P-O-P) of Q* and Q" units*
770

880

950

980 1(PO,)*” in Q° units®®

1010 v4(P-0) of terminal Q" units*®
1030

1080

1150 v4(PO,) of Q* groups.??!
1240 v,4(PO,) of Q* groups.?™!

amount of the Q” units at the expense of the Q' units, the
formation of P-F bonds and to the reduction in non-bridging
terminal groups are also supported by the shift of the optical
band gap to a lower wavelengths (Fig. 3) as suggested by Ven-
kateswara Rao.*” In summary, these changes in the glass
structure lead to a decrease in the thermal properties of the
glass when Na,O is replaced by NaF (Table 1 and Fig. 1).
Therefore, the glass with x = 10 was selected for this study due
to its low T, and viscosity as compared to the glass with x =
0 and also due to its high AT. For comparison, the glass with x =
0 was also included in the study.

In the next stage, NaYF4:Er*",Yb*" nanocrystals were added
in the glasses. In the doping process, one can identify four main
factors that will influence the up-conversion behavior of the
final products: (1) the thermal stability of the bare NaYF,:-
Er*',Yb®" nanocrystals, (2) the temperature of glass melt when
adding the NaYF,:Er*",Yb®>" nanocrystals, (3) the viscosity of the
glass matrix, and (4) the homogeneity of the dispersion of the
nanocrystals in the glass. Inhomogeneities in the dispersion of

1,5(PO,) of Q units™

the nanocrystals will have rather straightforward effects on the
up-conversion intensity observed at different parts of the
glasses and thus this must be considered when comparing the
intensities from different samples. The factors associated with
points (1)-(3) are discussed in more detail below.

(1) 1t is known that the hexagonal NaRF, (R = rare earth)
structure will transform irreversibly to the high-temperature
cubic structure at high temperature.*® The exact temperature
will depend on the composition of the material,* but for the
present composition, it has been reported to be at 660 °C.** This
change in structure is driven by a gradual change in stoichi-
ometry due to the loss of NaF from the NaRF, matrix. The high-
temperature cubic structure has only one site for the Er*" ions,
whereas the hexagonal one has three.** Therefore, the shape of
the spectra will be somewhat different for these two forms.
Furthermore, the average R-R distances are longer in the cubic
form than in the hexagonal one (cubic: 3.88 A, hexagonal: 3.50
to 3.65 A%¥). This results in less efficient energy transfer between
Yb*" and Er’" lowering the intensity of the up-conversion

10
x=0
8 - x=2.5
o I <
‘= x=3
s - —x=75
= x=10
o
= 6
E 1
]
2 |
o
1=
S 4-
e
=
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Fig. 3 Absorption spectra of the investigated glasses.

This journal is © The Royal Society of Chemistry 2018

RSC Adv., 2018, 8, 19226-19236 | 19229



RSC Advances

Doping
temperature
(Tdoping) (o C) 3

550

575

View Article Online

Paper

Dwell time (min)

Fig. 4 Pictures of the NaYF4:Er**,Yb** nanocrystals-containing glasses with x = 0 in daylight and under pumping at 980 nm. The glasses were

prepared using different doping temperatures and dwell times.

emission. The cubic structure is also more centrosymmetric
than the hexagonal one and thus it has less allowed transitions
and hence lower emission intensity** and one can expect longer
emission lifetimes. It is also expected that the cross-relaxation
mechanisms, which are an important de-excitation route for
the green emission but do not affect the red one,*® will become
less effective and thus the lifetime of the green emission would
increase when the structure of the nanocrystals changes from
hexagonal to cubic.’” On the other hand, it has been reported
that the lifetime of the red up-conversion emission of Er*" is
shorter in the cubic than in the hexagonal form.*® It should be
also noted that in bulk NaRF, materials, the structural form can
be easily identified with X-ray powder diffraction measure-
ments, but in the present work the concentration of the
NaYF,:Er*",Yb*" nanocrystals is too small to allow such
identification.

(2) The heating of the glass matrix may decrease the struc-
tural transition temperature of the NaYF,:Er’",Yb*' nano-
crystals and thus the structure can be partially or completely
transformed to the high-temperature cubic phase in the
process. The heating may also induce the corrosion of the
nanocrystals either uniformly or a change in their composition.
In the case of uniform corrosion, the relative concentrations of
the R*" would remain the same, but the particle size would

19230 | RSC Adv., 2018, 8, 19226-19236

decrease. Generally, a decrease in particle size leads to lower up-
conversion intensity and shorter emission lifetimes.*” This can
be associated with e.g. the increase in surface/volume ratio and
subsequent increased surface-related quenching. If the
composition changes due to corrosion, then it is expected that
the up-conversion intensity decreases but the lifetimes increase
for both the green®” and red* emissions. In the present case, it
is possible to also have the effect of NaF, which is present in the
x =10 glass and not on the x = 0 glass. Based on the discussion
above, one would expect that the presence of NaF will make the
hexagonal to cubic phase transition less probable and thus
lessen its possible effects on the up-conversion properties.

(3) The glass matrix will affect the up-conversion properties.
This is related to non-radiative quenching through the surface
of the nanocrystals with the probability for such relaxation
increasing with decreasing crystallite size. In this glass matrix,
the surface quenching is likely to proceed via multiphonon de-
excitation due to the fundamental vibrations of the phosphate
Q” units at around 1200 em ™. Then, it takes only three such
phonons to relax from the red-emitting *Fo,, level to the NIR
level “Ioj, ca. 3000 cm™* below. The green-emitting S/, also
needs only three such phonons (ca. 3000 cm™ ') to relax to the
red-emitting *Fo, level and then three more to go to NIR. In
phosphate glasses, the multiphonon decay rate for 3000 cm™*

Chemistry 2018
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Fig.5 Pictures of the NaYF4:Er®*,Yb®* nanocrystals-containing glasses with x = 10 in daylight and under pumping at 980 nm. The glasses were

prepared using different doping temperatures and dwell times.

energy gaps has been reported to be ca. 10" s~*,* which is very
high when compared to the millisecond range lifetimes asso-
ciated with the up-conversion in Yb**Er** co-doped systems.
Increased multiphonon relaxation is commonly associated with
decreased up-conversion lifetimes.**

5 wt% of NaYF4Er’",Yb®*" nanocrystals were added in the
glasses with x = 0 and 10 at Tqoping varying from 525 and 575 °C
and the glasses were quenched after 3 and 5 min (dwell time)
after adding the nanocrystals. It should be pointed out that the
glass with x = 0 could not be quenched when using a Tqoping Of
525 °C due to high viscosity. The glasses are labelled as (Taoping-
dwell time). As a first test, pictures of the glasses were taken in
daylight and under pumping using 980 nm and are presented in
Fig. 4 and 5, respectively for the glasses with x = 0 and 10. Under

is journal is © The Roy ociety of Chemistry 2018

pumping at 980 nm, some glasses exhibit green emission which
is a clear indication of the survival of the NaYF,:Er*' yb*"
nanocrystals in the glasses. While green emission can be seen
from the (575-3) glass with x = 0, no green emission could be
seen from the glass x = 10 when prepared using the same
Taoping Of 575 °C. The Tyoping Needed to be reduced to 550 °C to
observe the green emission from the glass with x = 10. The
reduction in the Tqoping from 575 to 550 °C when x increases
from 0 to 10 to ensure the survival of the nanocrystals is in
agreement with the changes in the thermal properties of the
glasses when Na,O is replaced by NaF discussed in the previous
paragraph. Since the beam size of the 980 nm laser is much
smaller (ca. 2 mm in diameter) than the glass pieces, it is not
possible to evaluate the dispersion of the nanocrystals based on

RSC Adv., 2018, 8, 19226-19236 | 19231



RSC Advances
a)
014
~———550-3min
0014 —— 550-5min
———575-3min
—~ ——575-5min
2 E3 —_—
2 NPs
=
z
5
=
o
-
=
=
5
-4

600
‘Wavelength (nm)

View Article Online

Paper

b)

Relative Intensity (A.U.)
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NaYF,:Er®*,Yb** nanocrystals-containing glasses with x = 10 are
normalized to the green emission.

emission intensity. However, under daylight, agglomerates of
nanocrystals can be seen in some glasses. The (550-3) glass with
x = 10 appears to be agglomerate-free. In both glass systems,
the visually observed intensity of the green emission decreases
with increasing Tqoping and longer dwell time.

The upconversion spectra of the glasses, crushed into
powder for the analysis, were measured using 980 nm pumping
and the spectra are presented in Fig. 6. The spectra exhibit
green (*Hyyo—"Iisz and “S3,="I;52) and red (*Foro—"I152) emis-
sion, which are typical emissions for Er*".° The upconversion
spectra of the nanocrystals-containing glasses exhibit distinct
fine structure, which is a characteristic of Er** ions coordinated
in crystalline sites confirming the presence of NaYF:Er’",yb*"
nanocrystals in the glasses. As a general observation and in
agreement with the pictures presented in Fig. 4 and 5, the

19232 | RSC Adv., 2018, 8, 19226-19236

glasses with x = 10 exhibit stronger upconversion than the
glasses with x = 0, which is also in agreement with our previous
study.” Additionally, an increase in Tqoping and in dwell time
leads to a reduction in the intensity of the green and red
emission. As discussed above, this may be due to the increase of
the concentration of the cubic NaYF, structure initiated by
heating at a higher temperature or for a longer time. We also
confirm that the (550-3) glass with x = 10 exhibits a strong
intensity of upconversion. Compared to our previous study," we
showed that the upconversion from the investigated fluo-
rophosphate glasses can be further enhanced if the Tyoping is
reduced to 550 °C.

Furthermore, one can notice that the (575-3) glass with x =
0 exhibits a higher intensity of upconversion compared to the
other glasses. Based on Fig. 4 and 5, this strong upconversion is
suspected to come from the agglomerates of nanocrystals seen
in the glass. However, the agglomerates of nanocrystals in the
glasses are reducing the amount of nanocrystals dispersed in
the glass, which in turn results in a lower upconversion than
expected. This is the case for the (525-3) glass with x = 10 which
exhibits a lower upconversion than the (550-5) glass with x = 10.
Therefore, it is crucial to compare the upconversion spectra of
the glasses with the pictures of the glasses under pumping
when optimizing the direct particles doping method.

Fig. 7 exhibit the red up-conversion emission band of the
glasses with x = 10 when normalizing to the green emission. An
increase in the Tgoping and the dwell time decreases the inten-
sity of the red emission as compared to the green emission.
These results indicate that the quenching of the red emission
becomes more effective than that of the green one probably due
to the decrease of the relative concentration of Er*" in the
nanocrystals which may be either due to the leakage of the Er**
ions from the crystal to the glass, as reported previously by
us,'*>® or due to the increase of the amount of the cubic phase
as discussed above.

This journal is © The Royal Society of Chemistry 2018
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To gain further information on the processes affecting the
NaYF,:Yb*" Er’" nanocrystals, the up-conversion decay curves
were measured for the green and red emissions. The data were
then fitted with a two-term exponential function as illustrated in
Fig. 8. The results related to the green and red emission are
summarized in Fig. 9a and b, respectively. It should be pointed
out that the estimated decay times are not the actual decay
times of the emitting states of the Er** but they are the apparent
decay times for the detected emissions, which result from the
complex excitation and emission system between Yb*" and Er**
ions.

For the green emission (Fig. 9a), the lifetimes are slightly
longer in the x = 0 glasses while the lifetimes are clearly longer
in the x = 10 glasses than for the bare NCs. When comparing
the effect of the doping parameters on the lifetimes of the green
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Decay curves of the NaYF,:Yb>* Er®* particles for green (a) and red (b) emissions.

emission, we notice that for the x = 0 glasses, the lifetime
decreases when the Tqoping and dwell time increase suggesting
that homogeneous corrosion of the NCs occurs in these glasses.
For the x = 10 glasses, the lifetime increases when the Tqoping
increases from 525 to 550 °C while using 3 min dwell time
indicating that the Er*" concentration in the nanocrystals
decreases after embedding the nanocrystals in the glass.
However, when preparing the glasses using higher Tyoping and
longer dwell times, the lifetimes decrease suggesting a homo-
geneous corrosion of the NCs. The marked difference between
the lifetimes in the x = 0 and x = 10 glasses is probably due to
the effect of NaF in the latter. We propose that NaF acts as
a diluting agent for the NCs thus decreasing the Er’* concen-
tration and increasing the green emission lifetimes.
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Fig.9 Lifetimes of the green (a) and red (b) up-conversion emissions in the NCs alone and in the investigated glasses. All were excited at 975 nm
with a 0.9 V voltage except *0.1V, **0.2 V and ***0.5 V. The voltage is expected to have only a small impact on the lifetimes as reported in ref 45.
In the cases marked with N.A.,, the lifetimes could not be measured due to a too low signal intensity.
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For the red emission (Fig. 9b), our results show that incor-
porating the nanocrystals into the glass matrices decreases the
lifetimes probably due to an increase in the multiphonon de-
excitation when the NCs are embedded into the glass.** It is
also possible that the crystallite size of the NCs decreases during
the glass processing, decreasing further the lifetimes.”” As
explained in the previous paragraph, the increase in the green
lifetime can indicate that the concentration of the rare-earth
decreases in the nanocrystals according to.*”** However, we are
left with the question of why the red lifetimes do not increase.
We propose that it is because the red emission may be
considered as a three-photon pile-up®® whereas the green is
a two-photon one. Therefore, the red emission would be more
drastically affected by the surface quenching caused by the glass
matrix than the green one. Finally, the evolution of the red
lifetimes as a function of the Tgoping and dwell time is more
difficult to explain than that of the green lifetimes. It seems as if

19234 | RSC Adv., 2018, 8, 19226-19236

there is no impact at all from changes in temperature or time. At
the moment, it is impossible to suggest why that is, other than
a complex interplay of the effects described above.

The down-shifting emission spectra of the nanocrystals-
containing glasses with x = 0 and 10 using a 980 nm pump-
ing spectra are depicted in Fig. 10a and b, respectively. They
exhibit a broad emission band which is different from the
emission spectra of the nanocrystals alone (Fig. 10c) confirming
the changes in the Er’" sites after embedding the nanocrystals
in the glasses. We propose that the spectrum is an overlay of the
emission of Er’* in the NCs as well as those leaked to the glass
matrix, probably having mostly emission from latter ones. The
rounded shapes of the peaks suggest that Er*" has multiple sites
with close to similar symmetries as is typical for glasses.
Because the up-conversion spectra revealed no differences
between the bare NCs and those embedded into the glass, we
can deduce that only the Er’* ions in the NCs show up-

This journal is © The Royal Society of Chemistry 2018



conversion emission. One can notice that the glasses exhibit
similar intensity of emission at 1.5 um except for the (575-3)
glass with x = 0 which exhibits a high intensity of emission.
This can be associated with the highest amount of Er*" ions
leaked to the glass matrix at this highest Tyoping. For the x = 10
glasses, such drastic increase is not observed because the NaF
present probably slows down the corrosion of the nanocrystals.

Although a transmission electron microscope (TEM) can be
used to characterize the nanocrystals embedded in the glasses
as in," it is extremely challenging to perform the analysis due to
the small volume fraction of the NCs when compared to the
glass and also due to the small size of the NCs as reported in.>
Therefore, it is shown here that simple measurement as
upconversion spectra measurement can be used to check if
decomposition of the nanocrystals occurs during the glass
melting. Therefore, based on Fig. 10, we confirm that 550 °C is
an appropriate Tgoping When preparing the glass with x = 10.
This Tqoping allows the dispersion of the nanocrystals in the
glass while limiting their decomposition. As the (575-3) glass
exhibits a more intense red emission than the (550-5) glass, we
suspect the dwell time to have a stronger impact than the Tgoping
on the decomposition of the nanocrystals. Therefore, the dwell
time needs to be controlled to limit the decomposition: the
5 min dwell time before quenching the glass after adding the
nanocrystals at 550 °C seems to be already long enough to lead
to the decomposition of the nanocrystals.

In order to verify the decomposition of the nanocrystals
during the preparation of the glass, the transmittance spectra of
the glasses were measured and they are presented in Fig. 11. As
seen previously,' the nanocrystals-containing glasses exhibit
a lower transmittance than the nanocrystals-free glasses due to
the presence of nanocrystals as explained in.*® One can notice
that an increase in Tyoping and dwell time increases the trans-
mittance of the glasses confirming the decomposition of the
nanocrystals in the glasses.

This journal is © The Royal Society of Chemistry 2018
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Conclusion

Upconverter fluorophosphate glasses were prepared by adding
in the glass melt NaYF,:Er*",Yb®" nanocrystals using the direct
particles doping method. First we investigated the effect of NaF
addition at the expense of Na,O on the thermal, physical,
optical and structural properties of glasses in the system
(90NaPO3-(10-x)Na,0-xNaF) (mol%). Using IR and Raman
spectroscopies, we found that an increase in the NaF content (x)
leads to an increase in the number of Q* units at the expense of
the Q" units, a shift of the optical band gap to lower wavelengths
and so to a decrease in the thermal properties of the glasses. As
compared to our previous work," the upconversion from the
glasses can be further enhanced by optimizing the direct
particles doping method: a strong and homogeneous upcon-
version can be obtained by adding at 550 °C the NaYF:Er**,Yb*"
nanocrystals in the glass melt with x = 10. The glass should be
quenched 3 minutes after adding the nanocrystals to ensure the
survival and the dispersion of the nanocrystals in the glass
while limiting their decomposition in the glass melts. Finally,
we demonstrated that the measurement of the upconversion,
upconversion emission lifetimes, the emission at 1.5 pm and of
the transmittance spectra of the nanocrystals-containing
glasses allows one to verify if decomposition of the nano-
crystals occurred in glass melts.

These results provide important new information on the
preparation of nanocrystals-containing fluorophosphates
glasses using direct particles doping method. This method
offers the possibility of preparing a variety of new glasses by
introducing nanocrystals of various chemical compositions.
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ARTICLE INFO ABSTRACT

Novel NaYF,:Yb®", Er®" nanocrystals containing phosphate glass with composition 83.25NaPO3-9.25NaF-
57Zn0-2.5Ag,0 (in mol%) was prepared by adding the NaYF,:Yb®*, Er®" nanocrystals in the glass using the
direct doping method. The optical and luminescence properties of this new glass are presented and discussed.
The newly developed glass exhibits visible emission under 980 nm pumping with high intensity confirming the
presence of the NaYF,:Yb®*, Er®* nanocrystals in the glass. From the absorption spectrum of the as-prepared
glass, it is showed that the as-prepared glasses contains already Ag nanoparticles which are thought to pre-
cipitate due to the decomposition of some of the NaYF,:Yb®", Er®" nanocrystals occurring during the glass
preparation. A heat treatment of the glass was found to lead to the migration of Ag species at the surface of the
glass as evidenced using SEM and to a decrease of the intensity of the upconversion mostly due to an increase of
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the inter defects in the NaYF,:Yb>", Er®* nanocrystals due to the heat treatment.

1. Introduction

There has been significant research in the development of rare-earth
(RE) doped glasses as these glasses can find potential applications in
solar cells, color displays, high resolution sensing, biomedical imaging
and bio-label to name few examples [1-6]. Unlike silica glass which
possesses a 3D network, phosphate glasses can dissolve considerable
amounts of alkaline earth, transition metal and rare earth ions due to
their 2D network [7]. Additionally, phosphate glasses can be en-
gineered with excellent transparency, low viscosity, high ultraviolet
(UV) transmission and thermal stability [8]. However, some phosphate
glasses possess low chemical durability and thermal stability which can
be improved by adding elements such as MgO or ZnO as reported in
[9,10].

Among the RE ions, Er®* ions are one of the most studied RE ions
since Er®™" ions can provide infrared-to-visible upconversion emissions
as well as a C-broadband in the telecommunication range, supreme
importance to fabricate optical fibers and amplifiers[11]. An enhance-
ment of the emission properties due to Ag nanoparticles (NPs) was re-
ported in Er®" doped glasses and was related to an increase in the local
incident field close to the optical center, an increase of intrinsic ra-
diative decay rate and/or to fluorophore-metal resonance energy
transfer[12]. Therefore, RE-doped glasses containing metallic NPs have

* Corresponding author.
E-mail address: nirajan.ojha@tuni.fi (N. Ojha).

https://doi.org/10.1016/j.jnoncrysol.2020.120243

gained attraction for the few past decades. Several methods to grow
metallic NPs inside glass matrices have been intensively investigated,
such as sol-gel[13], heat treatment [14-16], direct metal-ion im-
plantation[17], sonochemical method[18], SILAR (successive ionic
layer adsorption and reaction) technique[19] just to cite a few; the heat
treatment method being the most used method due to its simplicity and
cost effectiveness. Basically, in the heat treatment method, the forma-
tion of Ag NPs consists of two-steps: first the metal ions are added inside
the glass matrix and secondly post heat treatment is performed to form
metal clusters aided by nucleation and growth.

Recently, Ag nanoparticles were successfully formed in glasses with
the composition (87.3-x)NaPO3-(9.7-x)NaF-xZn0O-2.5Ag,0-0.5Er,03
with x = 0, 1.25, 2.5, and 5 (in mol%)[20]. The addition of ZnO was
found to promote the silver ions clustering ability when heat treating
the glass leading to an increase in the intensity of the emission at
1.5 um. However, we showed that the temperature of the heat treat-
ment should be optimized to avoid the formation of an excessive
amount of the Ag aggregates to avoid a decrease in the intensity of the
emission at 1.5 um due to the energy transfer from the exited states of
Er** to the silver NPs, as suggested in [21].

NaYF, crystal is considered to be one of the most efficient host
lattices with low phonon energies (<350 cm ') to minimize energy
losses at the intermediate states of lanthanide ions [22]. NaYF,:Yb®™,
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Fig. 1.. Absorption spectra of the as-prepared 2.5Ag glass a) and emission spectra of the 2.5Ag glass prior to and after heat treatment at (Tg+10 °C) for 4 h

(Mexe =320 nm) b).

Er** nanocrystals containing phosphate glasses with the composition
90NaPO5-xNaF-(10-x)Na,O with x = 0 and 10 (in mol%) were suc-
cessfully prepared using the direct particles doping method [23]. The
direct doping parameters such as the doping temperature (Tgoping) and
dwell time were optimized to balance the survival and dispersion of the
nanocrystals in the glass. The strongest upconversion was obtained
from the glass with x = 10 prepared using a Tgqping Of 550 °C and a
3 min dwell time[24].

In this paper, new NaYF4:Yb>*, Er®* nanocrystals containing glass
with the 83.25NaP03;-9.25NaF-5Zn0-2.5Ag,0 (in mol%) was prepared
using the direct doping method and was heat treated to precipitate Ag
nanoparticles in the glass in order to prepare new glasses with strong
upconversion under 980 nm pumping. At first, we present the optical
and luminescence properties of the newly developed glass and discuss
the impact of the direct doping process on the survival of NaYF,:Yb®*,
Er®* nanocrystals and on the formation of Ag nanoparticles in the as-
prepared glass. Then, we discuss the impact of the heat treatment on the
precipitation of Ag nanoparticles in the glass and on the intensity of the
upconversion from the glass.

2. Experimental

Glasses with the composition 90NaPOs;-10NaF (in mol%) (label as
0Ag) and 83.25NaP03-9.25NaF-5Zn0-2.5Ag,0 (in mol%) (labeled as
2.5Ag) were prepared with NaYF,:Yb>*, Er®* nanocrystals using the
direct doping method. The raw materials were NagO;gPs (Alfa-Aesar,
technical grade), NaF (Sigma-Aldrich, 99.99%), ZnO (Sigma-Aldrich,
99.50%) and Ag,SO4 (Sigma Aldrich, 99.99%). The preparation of the
AgO0 glass can be found in [24]. The Ag2.5 glass was melted at 875 °C
for 5 min in a quartz crucible and the temperature of the glass melt was
reduced to 550 °C prior to adding the NaYF,:Yb®>*, Er®* nanocrystals.
The glass was quenched 3 min after adding the NaYF,:Yb®*, Er®" na-
nocrystals and finally annealed at 40 °C below its glass transition
temperature in air for 8 h. The NaYF,:Yb®>*, Er®* nanocrystal were
prepared by using the method described by Hyppanen et al.[25].

The glass transition temperature (Ty) was determined by differential
thermal analysis (DTA) (TA instruments SDT Q600) using heating rate
of 10 °C/min and platinum pans in Nyatmosphere. The glass transition
temperature was taken at the inflection point of the endotherm, as
obtained by taking the minima of first derivative of the DTA curve. The
accuracy of measurement was + 3 °C.

The absorption spectra were measured in a polished sample of
thickness 2 mm using a UV-Vis-NIR spectrophotometer (UV-3600 Plus,

Shimadzu) from 200 to 1800 nm with 0.5 nm interval.

The upconversion spectra were measured using a Spectro 320 op-
tical spectrum analyzer (Instrument Systems Optische Messtechnik
GmbH, Germany) at room temperature. The center emission wave-
length (A\exc) of the laser was ~975 nm and its incident power at the
sample surface was ~23.5 mW. The upconversion spectra of the in-
vestigated samples were collected from polished glasses with the same
thickness (2 mm) to allow the comparison of the emission intensity.

A FLS1000 Photoluminescence Spectrometer equipped with a xenon
arc lamp and a PMT-900 detector was also used for the measurement of
the emission spectra obtained using an excitation at 320 nm.

A scanning electron microscope (Crossbeam 540, Carl Zeiss,
Oberkochen, Germany) and an EDS detector (X-MaxN 80, Oxford
Instruments, Abingdon-on-Thames, UK) was used to image and analyze
the composition of the samples.

3. Results and discussion

The glass with the composition 90NaPO3;-10NaF (in mol%) (labeled
0Ag) was successfully prepared with NaYF,:Yb®*, Er®" nanocrystals
using the direct doping method as explained in [23,26]. Due to the
presence of the NaYF4:Yb® ", Er®* nanocrystals in the glass matrix, the
glass exhibits upconversion with high intensity under 975 nm excita-
tion. In order to increase the intensity of the upconversion, Ag,0 was
added in the glass as in[12]. ZnO was also added in the glass to promote
the formation of Ag nanoparticles as in our previous study[20].
Therefore, the glass with the composition 83.25NaP0O3-9.25NaF-5Zn0O-
2.5Ag,0 (in mol%) (labeled 2.5Ag) was prepared with NaYF4Yb® ™",
Er** nanocrystals (5 wt%) using the direct doping method as in[23,24].
Although the melting temperature was increased from 750 to 875 °C
due to the change in the glass composition, the 2.5Ag glass could be
prepared using the same doping parameters than the ones used to
prepare the 0Ag glass: Tqoping Was 550 °C and dwell time was 3 min. No
visible agglomerates of the NaYF4Yb®*, Er** nanocrystals could be
seen in the 2.5Ag glass with naked eyes indicating the good dispersion
of the NaYF4:Yb®", Er®" nanocrystals. However, the 2.5Ag glass ex-
hibits a yellowish color after quenching. As depicted in Fig. 1a, the
color of the glass can be related to the presence of an absorption band
centered at ~430 nm. One should point out the presence of other bands
with small intensity which can be related to the 4f-4f transition of Er>*
ions. The band centered at 430 nm can be associated to the surface
plasmon resonance (SPR) band of Ag nanoparticles (NPs) according to
[15]. This SPR band is asymmetric indicating that the average distance
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between Ag particles may be larger than their sizes as suggested in[27].
From the position of this SPR absorption band, the size of the Ag NPs is
suspected to be larger than 40 nm. The emission spectrum of the 2.5Ag
is presented in Fig. 1b. Upon 320 nm excitation, the emission band is
broad and can be formed by bands located at ~480 nm, ~540 nm and
~620 nm. These bands can be related to Ag™® species, Ag* - Ag*
species and Ags>" species, respectively according to [28,29]. An ab-
sorption band relative to Er®>" ions can be seen in superposition of the
broad emission band of Ag species.

Silver NPs are typically formed in the glass using a 2 step process: (i)
the inclusion of metal ions into the glass matrix and (ii) the formation of
clusters upon a post-treatment[14-16]. Here, we showed that our as-
prepared glass can be processed with Ag NPs without additional heat
treatment. Similar generation of Au nanoparticles without heat treat-
ment was reported in silicate glass in which selenium oxide and carbon
were used as additives [30].

In order to understand the formation of the Ag NPs in the 2.5Ag
glass, nanocrystals free 2.5Ag glasses were prepared using standard
melting process (melting and quenching at 875 °C) and also using the
melting process used for the preparation of the nanocrystals containing
glass (melting at 875 °C and quenching at 550 °C). After quenching,
both glasses were colorless with low or few Ag NPs based on their
absorption spectra (see Fig. 2a) indicating that the precipitation of the
Ag NPs does not occur due to the low quenching temperature. There-
fore, it is the presence of the NaYF,:Yb>*, Er>* nanocrystals in the glass
which is thought to lead to the precipitation of the Ag NPs. Glasses were
prepared with different amount of NaYF,:Yb*>*, Er** nanocrystals and
as shown in Fig. 2b, the intensity of the absorption band centered at
430 nm increases as the wt% of the NaYF4:Yb®", Er®" nanocrystals
increases. As explained in [26,31], although the direct doping method
is optimized to balance the survival and dispersion of the particles,
decomposition of some of the NaYF,:Yb**, Er’" nanocrystals is ex-
pected to occur during the glass preparation. The decomposition of the
nanocrystals leads to the diffusion of the elements from the nanocrys-
tals (Na, Y, F, Er and YD) to the glass. One should point out that fluorine
component is usually added in the glass to promote the precipitation of
Ag nanoclusters[32] and RE ions were reported to have also a catalyst
role on the formation of Ag nanoparticles glass [33,34]. Therefore, Na,
Y, F, Er and Yb from the NaYF,:Yb®", Er>* nanocrystals might act as
reducing agents leading to the precipitation of Ag NPs during the pre-
paration of the glass. It is also possible that the Ag NPs form due to the
presence of negative charges in the glass network. Indeed, the
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Fig. 3.. Upconversion spectra of the investigated glasses (Aexe =975 nm).

absorption band centered at 430 nm can also be related to phosphorus
oxygen hole center (POHC) which has an unpaired electron shared by
two nonbridging oxygen atoms bonded to the same phosphorus [35]. As
reported in[20], the addition of ZnO and Ag,0 in the 90NaPO3-10NaF
glass leads to an increase in the Q; units at the expense of Q, units and
so to a greater number of non-bridging oxygens (NBOs). Therefore, it is
also possible that the other source of the negative charges available to
the matrix assisted reduction of the Ag™ ions in this system is provided
by the NBOs in agreement with[36].

The survival of the NaYF4:Yb® ", Er®*in the 2.5Ag was confirmed by
observing upconversion when pumping the glass at 975 nm (see Fig. 3).
The upconversion spectrum exhibits the typical green (*Hy;/o—"I1s/2
and “*S3,,—"I15/2) and red (*Fo,5—"I;5,5) typical emissions of Er®*[37].
Also shown in Fig. 3 is the upconversion spectrum of the 0Ag glass.
Although the glasses were prepared with the same amount of
NaYF,:Yb®", Er®* nanocrystals (5 wt%), the intensity of the upcon-
version from the 2.5Ag glass is lower than from the 0Ag glass. The low
intensity of the upconversion of the 2.5Ag glass as compared to the 0Ag
glass might be related to a lower amount of the NaYF,:Yb®", Er®™*
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Fig. 2.. Absorption spectra of the nanocrystals free 2.5AgO glasses melted at 875 °C and quenched at 875 and 550 °C a) and of the nanocrystals containing 2.5Ag

glasses prepared with different wt% of NaYF,:Yb>*, Er®* nanocrystals b).
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nanocrystals surviving the melting process of the 2.5Ag glass maybe
due to the stronger corrosive behavior of the 2.5Ag glass melt as
compared to that of 0Ag glass melt . The low intensity of the upcon-
version from the 2.5Ag glass can also be related to the energy transfer
from the exited states of Er** to the silver NPs as seen in [20].

The 2.5Ag glass was heat treated for 4 h at (T;+ 10 °C) in order to
grow Ag NPs as performed in [20,38](T, measured at (276 + 3)°C).
The absorption spectrum of the heat treated 2.5Ag glass is presented in
Fig. 4. The heat treatment leads to an increase in the intensity and in
the bandwidth of the absorption band centered at ~430 nm which also
shifts to longer wavelength. These changes indicate that the heat
treatment increases the number of the Ag NPs, which are also suspected
to increase in size [39]. Indeed, as shown in Fig. 1b, the emission band
shifts to longer wavelength after heat treatment confirming the for-
mation of molecule-like Ag nanoclusters (ML-Ag NCs) with large sizes
during the heat treatment. As depicted in the SEM image of the cross-
section of the 2.5Ag glass prior to and after heat treatment (Fig. 5a and
b), the heat treatment leads to the migration of the Ag species to the
surface forming a layer of Ag species of ~2 pm at the surface of the
glass (see Fig. 5c¢). Similar results were reported by Ennouri et al.[38].

As shown in Fig. 6a, the intensity of the upconversion is reduced by
~60% after heat treatment, probably due to the energy transfer from
the exited states of Er* ™ to the silver NPs as discussed earlier. As shown

a b
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in Fig. 6b, a heat treatment of the as-prepared NaYF,:Yb**, Er®* na-
nocrystals at the same temperature (285 °C) for 4 h also leads to a
similar decrease in the intensity of the upconversion. An increase in the
heat treatment temperature and duration further reduces the intensity
of the upconversion. Similar decrease in the intensity of the upcon-
version during heat treatment was reported recently in[40] and was
related to the thermal activation of the deleterious thermal phonons
from host lattice, internal/surface crystalline defects and surface che-
mical bonds. Therefore, it is the increase of the inter defects in the
NaYF,:Yb®*, Er®* nanocrystals which is thought to cause the intensity
of the upconversion to decrease after heat treatment of the 2.5Ag glass.

4. Conclusion

Fluorophosphate glass with the composition 83.25NaPO3-9.25NaF-
5Zn0-2.5Ag-0 (in mol%) was prepared by adding NaYF,:Yb>*, Er**
nanocrystals in the glass melt using the direct doping method. This glass
exhibits upconversion confirming the survival of the nanocrystals
during the glass preparation. However, compared to the glass with the
composition 90NaPO3;-10NaF (in mol%) prepared with the same
amount of nanocrystals and same method, the intensity of upconversion
from the newly developed glass is lower indicating that the amount of
the NaYF,:Yb®>*, Er®" nanocrystals surviving the melting process is
probably lower in the newly developed glass than in the glass with the
composition 90NaPO3;-10NaF. The low upconversion intensity of the
newly developed glass could be also related to energy transfer from the
exited states of Er®* to the Ag nanoparticles already present in the as-
prepared glasses, as evidenced from the optical and spectroscopic
properties of the glass. The precipitation of the Ag nanoparticles in the
as-prepared glass is thought to be due mainly to the decomposition of
some NaYF,:Yb>*, Er’* nanocrystals during the glass preparation. A
heat treatment of the glass near its glass transition temperature leads to
the formation of a large number of Ag nanoparticles which migrate to
the surface as evidenced using SEM and also to a decrease in the in-
tensity of the upconversion due to an increase in the inter defects in the
NaYF,:Yb®*, Er®* nanocrystals occuring durnig the heat treatment
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Nucleation and growth behavior of Er** doped
oxyfluorophosphate glasses

N. Ojha, ©*2 A. Szczodra,® N. G. Boetti,” J. Massera® and L. Petit?

The nucleation and growth behavior of glasses with the composition (75 NaPOz-25 CaF,)100_x—(TiO»/ZnO/
MgO),, with x = 0 and x = 1.5 (in mol%) is investigated. The glasses possess similar activation energy for
crystallization and Johnson—Mehl-Avrami exponent, with value 2 confirming bulk crystallization of
crystals with needle like shape. The Ti and Mg glasses exhibit broader nucleation curve and higher T, max
than the x = 0 and Zn glasses due to their stronger field strength. The crystal growth rates were
determined and validated using SEM. Finally, we showed that the nucleation and growth of glasses can
be controlled due to the large difference between onset of crystallization and maximum nucleation

rsc.li/rsc-advances

Introduction

Addition of rare-earth (RE) ions in glasses has been of great
interest for a wide range of applications in the field of tele-
communications, light detection and ranging (LIDAR), solar
panels, color sensing, biomedical diagnostics, just to name
a few."* Among the rare earth ions, Er’" ions have been in the
limelight due to their large number of energy levels and espe-
cially due to the transition from ‘I3, to *I;5, levels which
corresponds to the emission at 1530 nm that makes Er** doped
glasses useful for eye-safe laser and optical telecommunications
of the third window."* Oxyfluorophosphate glasses in particular
are promising glasses for the fabrication of new lasing glasses
as these glasses combine the properties of both oxides and
fluorides. These glasses possess good chemical durability,
thermal stability, mechanical strength and high rare earth ion
solubility.® Additionally, these oxyfluorophosphate glasses can
be engineered with low melting point and so they can be
prepared quite easily as compared to their silica counterparts.

Nowadays, glass-ceramics (GCs) are gaining much more
attention due to their widespread applications in optical, laser
and biomedical fields to name a few.” Stookey discovered the
first GCs in 1960 where he defined them as special glasses that
contains nucleating agent and controlled crystallization.®
Transparent RE doped GCs which contain crystals homoge-
neously distributed in the volume of the glass matrix are
considered promising materials for a variety of additional
applications such as optical amplifiers, optical electronic chips,
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temperature which is crucial when preparing novel transparent glass-ceramics.

luminescence labels and 3D displays.” Indeed, these glass-
ceramics exhibit larger absorption and emission cross-
sections and energy transfer rates compared to their glassy
counterparts when the desirable crystalline phases are gener-
ated around the rare earth ions or transition metal ions.'*"
Auzel et al.’> successfully prepared a partially crystalline mate-
rial having luminescence efficiency double than that of
LaF;:Er’*, Yb** phosphor using lead fluoride and several glass
forming oxides. However, those materials lacked transparency
due to the presence of large crystals (~10 pm). For the GCs to be
transparent, the crystals need to have a size smaller than the
incident light wavelength.*® Therefore, the size and size distri-
bution of the crystals as well as the refractive index difference
between the crystals and the glass should be tailored in order to
minimize light scattering. One of the first transparent glass-
ceramics was successfully prepared with crystalline Pb,Cd;_,-
F, cubic fluoride phase doped with Er** and Yb®" ions in ref. 14.
Since this achievement, great effort has been made on the
preparation of novel transparent GCs within different glass
systems such as silicate,”™® tellurite,**>* germanate®*> and
phosphate,”*" just to cite few examples.

When developing novel GCs, it is therefore crucial to
understand the formation of crystals inside the glass matrix in
order to control their size and size distribution in the amor-
phous network. The GCs are usually fabricated using a three (3)
step process: at first, a glass is obtained. Then, the glass is heat
treated at a specific temperature called the nucleation temper-
ature to form the nuclei and finally heat treated at higher
temperature in order to grow the nuclei into crystals. This
process can result in a glass having crystals that are relatively
uniform in size and dispersed homogeneously within the glassy
matrix.*” The crystallization is typically defined by the activation
energy for crystallization, which is related to the temperature
dependence of the crystallization process and by the Johnson-

RSC Adv, 2020, 10, 25703-25716 | 25703
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Mehl-Avrami (JMA) exponent, which provides the information
on the crystal growth dimensionality.**~** It is also important to
estimate the growth rate of the crystals as a function of the heat
treatment temperature, in order to fabricate transparent GCs.

In our previous study,* Er’* doped glasses with the compo-
sition (75NaPO3;-(25 — x)CaO-xCaF,) were prepared and heat
treated. We showed that the transparent GC can be obtained
from the glass with x = 25. CaF, crystals were found in the
volume of the glass and doped with Er**.3”

In this study, we present a complete study on the nucleation
and growth behavior of the glass with x = 25. We also investi-
gate the impact of the addition of TiO,, MgO and ZnO in this
glass on the precipitation of the Er** doped CaF, crystals in the
volume of the glass during heat treatment. We report first the
study of the impact of the glass composition on the thermal,
optical, structural and luminescence properties of the newly
developed glasses. The activation energy for crystallization, the
Johnson-Mehl-Avrami exponent, the nucleation-like curves
and the growth rates of the glasses are presented and discussed
as a function of the glass composition.

Experimental

Oxyfluorophosphate glasses with the composition (100-x-0.25)
(75NaPOs-25CaF,) - x(Ti0,/Zn0O/MgO) (in mol%), doped with
0.25 mol% Er,03, with x = 0 and x = 1.5 were prepared using
standard melting procedure in air using platinum crucible. The
glass with x = 0 is labelled as Ref and the glasses prepared with
1.5 mol% TiO, as Ti glass, with 1.5 mol% ZnO as Zn glass and
with 1.5 mol% MgO as Mg glass. The chemicals used for the
glass preparation were NaPO; (Alfa-Aesar, technical grade),
CaF, (Honeywell-Fluka, 99%), Er,O; (Sigma-Aldrich, 99.9%),
MgO (Honeywell, =99%), TiO, (Sigma-Aldrich, 99.8%) and ZnO
(Sigma-Aldrich, 99.99%). The glasses were melted for 5 minutes
between 900 and 1025 °C depending on the composition of the
glass. After melting, the glasses were quenched and annealed
for 6 h at 40 °C below their respective glass transition temper-
ature to release the stress from the quench. The glasses were
polished and finally heat treated for 17 h at 20 °C above their
glass transition temperature T, and then at ~T}, for upto 6
hours.

The glass transition temperature (T) as well as the onset of
the crystallization (7y) and the crystallization temperature (T},)
of the glasses were determined by differential thermal analysis
(DTA) (TA instruments SDT Q600) using various heating rates
(5°, 10°, 15°, and 20 °C min ') using glasses crushed into
powder with a 125-250 um particles size. The measurements
were performed using platinum pans in N, atmosphere. The
glass transition temperature was taken at the inflection point of
the endotherm, as obtained by taking the minima of first
derivative of the DTA curve. T, was taken at the maximum of the
exothermic peak and T at the onset of the crystallization peak.
All measurements were performed with an accuracy of £3 °C.

Electron Probe MicroAnalyzer (EPMA) (CAMECA, SX100)
equipped with 5 wavelength dispersive X-ray analyzers (WDX)
was used to determine the fluorine content with an accuracy of
+0.1 at%. The EPMA was operated at 15 keV and 40 nA.

25704 | RSC Adv, 2020, 10, 25703-25716
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Quantitative analyses were performed using the Cameca
QUANTITOOL analytical programme, calibrated with ErF;
reference standard, applying a PAP matrix correction. A scan-
ning electron microscope (Carl Zeiss Crossbeam 540) equipped
with Oxford Instruments X-MaxN 80 EDS detector was used to
image and analyse the composition of the crystals. The error of
composition is +1.5 mol%. For the EPMA and SEM analysis, the
glasses and GCs were polished and coated with a carbon layer to
prevent charging.

The activation energy for crystallization (E.) was determined
by measuring T, at different heating rates of powdered sample
of size 125-250 um and then applying the Kissinger equation:**

B\ _ E
In <T_p2> = RT, + constant 1)

where f8 is the heating rate, T}, is the maximum of the crystal-
lization peak measured with heating rates of 5°, 10°, 15°, and
20 °C min~", and R is the gas constant. The accuracy of the
measurement was +30 kJ mol .

To verify the Kissinger equation, E. was also determined
using the Friedman method using the equation:*

In (%) = 71?;1 -+ constant ()
where do; is the transformation rate at a temperature 7;.

The Johnson-Mehl-Avrami (JMA) exponent, which is related
to the dimensionality of the crystallization (surface vs. bulk
crystallization), was determined using the equation proposed by
Augis and Bennett:*®

25 T,
n= ——— 3
ATrwiv  Ec ®)

R

where 7 is the JMA exponent, ATgwy is the full width at half
maximum of the DTA peak, E. is the activation energy for
crystallization, and R is the gas constant. The accuracy of the
measurement was found to be £0.1.

n was also obtained using the Ozawa method from the
fraction of glass crystallized at various heating rates at
a constant temperature using the following equation:*

d(In(-In(1 — &)
d(in(g) I+

where f8 is the heating rate and « volume fraction of glass
crystallized at a fixed temperature 7. Based on this equation, the
plot In(—In(1 — &)) = f(In(B)) yields a straight line with a slope
equals to —n. The accuracy of the measurement using this
method was +0.5.

The temperature of maximum nucleation (7T, max) Was
determined from the nucleation-like curve using the method
described by Marotta et al.** In this method, the glass powder
was subjected to an isothermal hold, inside the DTA, at various
temperatures T (between T, and T,) near the suspected
temperature of the maximum nucleation (7T}, max)- The temper-
ature was then reduced to 200 °C and finally increased to
a temperature 7, above the crystallization temperature. The
nucleation like curve was obtained from the plot of

- (@)
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Table 1 Density and thermal properties of the investigated glasses. Also included is the F quantification using EPMA

Quantification using EPMA/WDX

Measured F at%
(0.1 at%)

Expected F

Glass label at% T (°C)

p Ty +
+0.02 (g em®)

T, + T, + AT
3(°C) +6(°C)

Ref 11.1 9.2
Ti 11.0 8.9
Mg 9.4
Zn 9.1

900
1025
900
1000

Zn

Mg

Heat Flow

Ti

Ref

T T T T T T T T T T T
325 350 375 400

Temperature (°C)

T T
250 275 300 425

Fig. 1 DTA thermogram of the investigated glasses.

(1/T, —1/Ty) = f(T), (where T, and T, are the maximum of the
exothermal peak with and without the nucleation thermal
hold). The maximum of the obtained curve gives Ty, max-

The phases present in the heat treated glasses were analyzed
using the Panalytical EMPYREAN multipurpose X-ray Diffrac-
tometer (XRD) using nickel filtered copper K-Alpha radiation.
The spectra were obtained using the Bragg-Brentano geometry
and by rotating the sample holder around the Phi-axis at
a constant speed of 16 revolutions per minute.

The absorption spectra were measured using a UV-Vis-NIR
spectrophotometer (UV-3600 Plus, Shimadzu) from 200 to
1800 nm with 0.5 nm interval. Samples were polished and their
thickness were measured using a digital caliper with an accu-
racy of +0.05 mm. The absorption cross-section ¢ (in cm?*) was
calculated using the following equation:

o) = Ze o () )

where N is the number of ions per cm® absorbing at the specific
wavelength (2), I/, is the absorbance and L is the thickness of
the sample (in c¢cm). The accuracy of the measurement is
+10%.

The glass samples, crushed into powder, were excited using
a TEC-cooled fiber-coupled multimode laser (II-VI Laser

This journal is © The Royal Society of Chemistry 2020

2.63
2.65
2.66
2.65

323
350
345
334

338 54
370 64
365 66
350 58

Enterprise). The center emission wavelength (A.y.) of the laser
was ~975 nm and its incident power at the sample surface was
~23.5 mW. The resulting normal photoluminescence (PL) and
up-conversion spectra were measured using a Spectro 320
optical spectrum analyzer (Instrument Systems Optische Mes-
stechnik GmbH, Germany) at room temperature. The spectrum
analyzer was equipped with a photomultiplier tube capable of
measuring wavelengths between 350 and 850 nm and an InGaAs
detector for wavelengths ranging from 800 to 1700 nm. The
luminescence light was collected from the samples to the
spectrum analyzer using a lens and a liquid light guide.

The lifetime of the Er’":'I 3, energy level was measured
using a fiber pigtailed laser diode at 976 nm. The signal was
recorded using a digital oscilloscope (Tektronix TDS350) and
the decay traces were fitted using single exponential. The
detector used for this measurement was a Thorlabs PDA10CS-
EC. The accuracy of the measurement was £0.20 ms.

The IR spectra of the powder glasses were measured using
a Perkin Elmer Spectrum FTIR2000 spectrometer with Attenu-
ated Total Reflection (ATR) mode between 600 and 2000 cm™*
with a resolution of 2 em ™" and 8 scan accumulation.

Results and discussion

The thermal and physical properties of the glasses are shown in
Table 1. DTA thermogram of the investigated glasses can be

As prepared
1.0 — Ref
1 —Ti
0.8 Mg
Zn

0.6

0.4

Normalized intensity (A.U.)
o
N
1

0.0

T T T T T T T
700 800 900 1000 1100 1200 1300 1400

Wavenumber (cm™)

Fig. 2 Normalized IR spectra of the investigated glasses.
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Fig. 3 Absorption spectra (a) and normalized absorption band at 1500 nm (b) of the investigated glasses.

Table 2 Absorption coefficients and cross-sections of the investigated glasses

Er*" ions/
Glass cm”’ (10")
label + 5% Qabs 2 975 M (em ™) Faps at 975 nm (102" em?®) £ 10% aaps at 1532 nm (cm™ ") oaps at 1532 nm (10 >* em®) £ 10%
Ref 8.19 0.16 2.01 0.52 6.32
Ti 8.27 0.19 2.34 0.52 6.23
Mg 8.35 0.15 1.82 0.47 5.61
Zn 8.27 0.18 2.16 0.53 6.41

seen in Fig. 1. The changes in the glass composition leads to
a slight increase in the density, Ty, Ty and Tp, the addition of
TiO, being the most effective in these changes. As seen in Table
1, the increase in the melting temperature decreases the F at%
in the glass as measured using EPMA in agreement with our
previous study." Therefore, the increase in T, may be related to
the different F at% in the glasses but it may also indicate that

the changes in the glass composition increases the strength of
the network and the bond strength as reported in ref. 40. The
changes in the glass composition increases slightly AT (AT = Ty
— Ty) confirming that the addition Ti, Mg or Zn can be used to
increase slightly the resistance of the glass towards crystalliza-
tion. However, one should point out the AT of the investigated
glasses still remains lower than 90 °C.

b
As prepared
1.9+ As prepared 10 — Ref
— Ref Ti

=) —s] ar —M
3 08 S o8- 9
< Mg < ——2n
= —12Zn %,
2 0.6 & 064
2 2
= £
el °
@ @
% 0.4 % 0.4+
E E
S S
= 0.2 Z 024

0.0 T T T T T 20 T

1400 1450 1500 1550 1600 1650 1700 500

Wavelength (nm)

Fig. 4
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Wavelength (nm)

Normalized emission spectra centered at 1.5 um (a) and normalized upconversion spectra (b) of the investigated glasses (Aexc = 975 nm).
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Table 3 Er3+:4ll3/2 Lifetime values of the investigated glasses before
and after heat treatment at (T4 + 20 °C) for 17 h and at T, for 1 to 6
hours

Duration of the heat
treatment at 7T, for

As-prepared

Glass label glasses 1h 3h 6h
Ref 8.2 8.9 8.9 8.8
Ti 8.4 8.7 8.6 8.9
Mg 8.2 8.7 8.6 8.7
Zn 8.3 8.6 8.8 8.7

The IR spectra of the glasses are presented in Fig. 2. They are
normalized to the main band at ~1130 cm ™. Consequently, the
intensity changes are expressed relatively to the main band. The
IR spectra of the new glasses are similar to those reported in ref.
36 where a detailed attribution of the bands can be found. The
addition of ZnO and MgO leads to a small decrease in intensity
of the bands at about 700, 950, ~1000 and 1250 cm ' and to
a slight increase in the intensity of the shoulder at 1100 cm ™" as
compared to the main band whereas the addition of TiO,
increases the intensity of the bands at around 880 and 950 cm ™"
and decreases the intensity of the band at 1250 ecm™ . One can
also notice that the position of the bands at 880 and 1250 cm™*
shifts towards smaller wavenumbers when adding TiO, due to
the strong field strength of the Ti ions. These changes in the IR

RSC Advances

spectra can be related to a decrease in the Q” units and to an
increase in Q' units as expected from the change in the O/P ratio
when adding ZnO, MgO and TiO,.*" In agreement with,*> Mg, Ti
and Zn are expected to cross-link the phosphate chains by
creating P-O-Mg/Ti/Zn bonds at the expense of P-O-P bonds
associated with a reduction in the number of Q* units.***
Therefore, the addition of ZnO, MgO and TiO, is suspected to
cause distortion of the glass network which is in agreement with
the increase in T, seen in Table 1. Similar results were reported
in ref. 44. Due to the higher field strength of Mg compared to
Zn,* the changes in the IR spectra are more visible when adding
MgO than ZnO in the network.

The absorption spectra and the normalized absorption
spectra are shown in Fig. 3a and b respectively. As seen in
Fig. 3a, the addition of TiO, leads to a shift of the band gap to
longer wavelength most probably due to the presence of Ti**
according to ref. 46. The change in the position of the band gap
can also be related to the formation of Ti-O-P bonds as dis-
cussed earlier. Due to the decrease in the connectivity of the
phosphate network, the bandgap is shifted to longer wave-
lengths when adding MgO and ZnO, the shift being more visible
when adding MgO. The shape of the absorption band centered
at ~1532 nm is similar in all glasses (Fig. 3b).

The absorption coefficients and the absorption cross-
sections at 975 and 1532 nm are presented in Table 2. Within
the accuracy of the measurement, the changes in the glass
composition have no impact on the absorption cross-sections at

Heat treated at Tg+20°C for 17h and at T, for

As prepared 1h

Ref

Ti

Mg

Zn

3h 6h

Fig. 5 Pictures of the glasses heat treated at Ty + 20 °C for 17 h and at T, for 1, 3 and 6 hours.
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Fig. 6 Transmittance spectra of the Ref (a), Ti (b), Mg (c) and Zn (d) glasses heat treated at T4 + 20 °C for 17 h and at T, for 1, 3 and 6 hours

(thickness of the glasses was ~1mm).

those wavelengths. Therefore, the site of the Er*" ions is sus-
pected not to be strongly impacted by the changes in the glass
composition; Ti, Mg and Zn are not suspected to participate to
the second coordination shell around Er*".

The spectra presented in Fig. 4a exhibit the typical broad-
band Er*" emission (‘Liz, — “I;5,) in glasses.* The glasses
exhibit similar intensity (within + 10%) and shape of the
emission centered at 1.5 um confirming that Ti, Mg and Zn have
no noticeable impact on the site of the Er’* ions. Similarly, the
relative intensity of the upconversion was found not to be
affected by the change in the composition (within 10%). As seen
in Fig. 4b, the upconversion spectra exhibit the typical green
and red emissions from Er’" ions in amorphous site after
pumping at 975 nm. These green and red emissions correspond
to *Hyy (525 nm) *S3;, (550 nm) — “Iyz;, and “Forp = "Iisp
transitions of Er**, respectively.”” No noticeable changes can be
seen in the shape of the emission band at 550 nm, which can be
associated to a hypersensitive transition®® with the changes in
the glass composition confirming that the site of the Er*" ions is
not strongly modified by the addition of TiO,, MgO and ZnO.
The addition of ZnO has no impact on the ratio of the intensity

25708 | RSC Adv, 2020, 10, 25703-25716

of the green to red emissions while the intensity of the red
emission increases slightly as compared to the green emission
when adding TiO, and MgO probably due to their strong field
strength.

The lifetime values of the Er**:*1;;, level in the investigated
glasses are listed in Table 3. Within the accuracy of the
measurement, the change in the glass composition has no
impact on the lifetime value confirming that the sites of Er**
ions are similar in the glasses. One should point out that the
lifetime values are similar to those reported in ref. 37 but longer
than the lifetime values reported inref. 36 although the Er,O;
concentration is larger in the investigated glasses than in ref.
36. It is possible that the glasses used in ref. 36 contain a larger
amount of OH groups, known as quenchers of Er’" ions lumi-
nescence,’* than the glasses used in this study and in ref. 37.

As performed in ref. 36 and 37, the glasses were heat treated
at T, + 20 °C for 17 h and then at T}, for 1 to 6 h. The glasses were
polished prior to the heat treatment and were heat treated in air
on a Pt foil to avoid contamination from the sample holder. The
pictures of the glasses prior to and after heat treatment are
presented in Fig. 5. All the investigated glasses exhibit bulk

This journal is © The Royal Society of Chemistry 2020
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crystallization. The Ref and the Zn glasses are still transparent
while the Ti and Mg glasses become opaque after 6 h at Ty,

The transmittance spectra of the glasses prior to and after
heat treatment are presented in Fig. 6. They clearly show losses
in the transparency of the glasses after heat treatment especially
for the Ti and Mg glasses. The large decrease in the trans-
mittance of the Ti and Mg glasses can be related to the presence
of a larger amount of crystals and/or larger crystals inside these
glass matrices than in the Ref and Zn glass matrices causing
stronger scattering.>

As prepared

Intensity (A.U.)

C
Mg : P - i
gl aoil s i i |
numﬂ**"”ﬂﬂw&kﬁ“ M e T
As prepared | J i | i i
= ! Rl A —
< | Tp1h { & : b |
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2 Theta (8)
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The XRD pattern of these HT glass were measured to verify if
CaF, crystals precipitate in all glasses during heat treatment.
The XRD pattern of the glasses prior to and after heat treatment
are shown in Fig. 7.

The XRD pattern of the as-prepared glasses exhibit a broad
band confirming that the as-prepared glasses are amorphous
prior to the heat treatment. The XRD patterns of the heat treated
glasses show sharp peaks which correspond to the precipitation
of CaF, (ICDD PDF #00-035-0816) indicating that the change in
the glass composition has no impact on the crystal phase

As prepared

Intensity (A.U.)

T T T T T T T
10 20 30 40 50 60 70 80 90

2 Theta (8)

d

As prepared

Intensity (A.U.)

Tp 6h

10 20 30 40 50 60 70 80 90
2 Theta (8)

Fig.7 XRD patterns of the Ref (a), Ti (b), Mg (c) and Zn (d) glasses prior to and after heat treatment T4 + 20 °C for 17 hand at T, for 1, 3and 6 hours.

Table 4 Estimation of the mean crystalline sizes (nm) of CaF; crystals in the glasses heat treated at Ty + 20 °C for 17 h and then at T, for 1 to 6 h

Heat treated at Ty +

Glass label 20 °C for 17 h and then at T}, for 1 h

Heat treated at Ty +
20 °C for 17 h and then at T, for 3 h

Heat treated at Ty +
20 °C for 17 h and then at T}, for 6 h

Ref 17 19
Ti 24 31
Mg 24 24
Zn 14 17

This journal is © The Royal Society of Chemistry 2020
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38
20
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precipitating in the glass. The size of the CaF, crystallites can be
estimated from the XRD pattern using the Scherrer's equation:**

D = KM cos 6 (6)
where K = 0.9 is the numerical factor, A = 0.154056 nm repre-
sents the wavelength of the X-ray (Cu K,,) radiation, f8 is the full
width at half maximum of the X-ray diffraction peak in radians
and ¢ is the Bragg angle. Here, the strongest diffraction peak at
260 = 47°, which corresponds to the (220) crystal plane, was used
for the calculation.

The Table 4 summarizes the mean crystalline sizes of CaF,
crystals in the heat treated glasses.

As seen in Table 4, the large decrease in the transmittance
observed in the Ti and Mg glasses (Fig. 6) is probably due to the
presence of large crystals of CaF, in the glasses. It is interesting
to point out that the mean crystalline size of the CaF, crystals in
the Ti and Mg glasses seems to be highly dependent on the
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duration of the heat treatment while the CaF, crystals are ex-
pected to grow slower in the Ref and Zn glasses when heat
treated at their respective T},. The crystal volume fraction was
estimated by calculating the ratio of integrating area of the
peaks to total integrated area of the XRD patterns as in ref. 15,
53 and was found to be about (3.4 £ 0.1)%, independently of the
glass composition. One should point out that this crystal
volume fraction is small compared to other glass-ceramics."®
Similar to previous report,*® a decrease in the intensity of the
emission centered at 1.5 pm and an increase in the intensity of
the upconversion and in the lifetime values of the Er*":*I 3,
level (Table 3) were observed after heat treating all the investi-
gated glasses. We also noticed for all the investigated glasses
that the shape of the emission centered at 1.5 pm and of the
green emission, known to be a hypersensitive transition and so
sensitive to changes in the environment of Er’" ions, changed
post heat treatment (Fig. 8 and 9) confirming that the CaF,
crystals precipitating in all the investigated glasses contain Er**
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Fig. 8 Normalized emission spectra of the Ref (a), Ti (b), Mg (c), and Zn (d) glasses prior to and after heat treatment at (T4 + 20 °C) for 17 h and
then at different temperatures and durations. Spectra were obtained using Aexc = 975 nm.

25710 | RSC Adv, 2020, 10, 25703-25716

This journal is © The Royal Society of Chemistry 2020



Paper

RSC Advances

a b
1.0 Rer 1.0 i
0 —— As prepared ] =
] T -6h ] —— As prepared
P ——T 6h
__ 08+ ——T+20°C-6h | = 08+ P )
5 A P 2 ——T,+60°C - 40min
] : ——T+40C-3h | < |
< | P >
> 06 i T+60°C-2h | % 06+
5 P c
c 2 "
g ] £
£
3 £°1
N 5
© £
£ S 0.2
S b4
z <4
0.0
T T T T T T
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)
] d
1.0 1.0 Zn
Mg —— As prepared
] —— As prepared = —T,-6h
5 A —T,-6h 2 087 ——T+20C- 1h
L; 4 i\ — Tp+ 10°C - 3h E —_— Tp+ 40°C - 1h
2 064 ——T +30°C-3h 2 06
2 P kol
E =
kel o
8 N 04
© [
E £
2 2 o024
0.0
T T T T
500 500 600 700

Wavelength (nm)

Wavelength (nm)

Fig.9 Normalized upconversion spectra of the Ref (a), Ti (b), Mg (c), and Zn (d) glasses prior to and after heat treatment at (T +20 °C) for 17 hand
then at different temperatures and durations. Spectra were obtained using Aexc = 975 nm.

ions. One should point out that no noticeable impact of the
glass composition on the reduction of the intensity of the
emission at 1.5 pm and on the increase of the upconversion
intensity (within + 10%) was seen indicating that the glass
composition has no significant impact on the sites of the Er**
ions; Er*" ions are suspected to be located in similar (amor-
phous and CaF,) sites in the investigated glasses.

In order to better understand the impact of the glass
composition on the crystallization process, the activation
energy for crystallization (E.), JMA exponent nucleation curve
and crystal growth rate of the glasses were calculated. The
activation energy for crystallization of the glasses was calculated
using two methods and the E's are listed in Table 5. The acti-
vation energies reported using the Kissinger method appeared

Table 5 Activation energy for crystallization, nucleation temperature and JMA exponent of the investigated glasses

Activation energy (E.)

JMA exponent (1)

Kissinger method

Augis-Benett

Ozawa-Chen  Maximum nucleation

Glass label 430 k] mol * Friedman method k] mol " method (+0.1)  method temperature T max (°C)  Tx — T max (°C)
Ref 190 182 + 10 2.1 2.0 £ 0.5 276 £ 5 47 + 8

Ti 185 226 + 20 1.7 1.5+ 04 295 £ 5 55+ 8

Mg 158 186 + 11 1.8 1.6 £ 0.4 285 £ 15 60 + 23

7n 206 199 £ 6 1.9 1.9+ 0.5 280 £ 5 54+ 8

This journal is © The Royal Society of Chemistry 2020
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a

Fig.10 SEMimage of CaF; crystals found in the glasses heat treated at T, + 20 °C for 17 h and then at (T, + 60 °C) for 2 h for the Ref glass (
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a), atT,

for 2.5 h for Ti glass (b), at (T, + 30 °C) for 3 h for the Mg glass (c), and (T, + 40 °C) for 4 h for the Zn glass.

to be similar regardless of the glass composition. The standard
deviation in E, calculated using the Friedman method, for each
glass composition, is less than 10% indicating that only one
crystallization mechanism is involved throughout the entire
crystallization process. The low standard deviation also vali-
dates the Kissinger method which is often used to further
calculate the JMA exponent. The similarity in E. between glasses
and the low standard deviation measured for each E. using the
Friedman technique tend to indicate that the crystallization
process is nucleation and growth and the primary crystal field is
similar in all the investigated glasses.>**
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Fig. 11 Nucleation curve of the investigated glasses.
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The JMA exponent of the glasses was calculated using two
methods (Augis-Bennett and Ozawa-Chen) and the n values can
be found in Table 5. The n values from both techniques are in
close agreement. The crystal growth dimensionality in the
glasses is ~2 within the accuracy of the measurement indi-
cating that the glasses, independently of their composition,
have a dominant bulk crystallization with needle like crystals
when subjected to heat treatment.*® The shape of the crystal was
checked using SEM (Fig. 10) and their composition was

14
134 —m—Ref i
12] —A-Ti

141 —v—Mg
—e—72Zn

1.0
0.9
0.8
074
064
054
0.4
034
024
0.1
0.0
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355 360 365 370 375 380 385 390 395 400 405 410 415 420 425 430 435
Temperature (°C)

Fig. 12 Crystal growth rate as a function of temperature.
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confirmed to be CaF, using EDS. The crystals exhibit similar
shape than needle like shape: they grow preferentially in one
direction.

The nucleation like curve were determined using the method
proposed by Ray et al.*® and Marrota et al.** The nucleation
curve of the glasses is shown in Fig. 11. The maximum nucle-
ation temperature (T, may) Was taken from the maximum of the
nucleation-like curve.

RSC Advances

The maximum nucleation temperature varies between
276 °C to 295 °C depending on the glass composition. The T},
max Of the glasses is summarized in Table 5. The Mg and Ti
glasses exhibit similar nucleation like curve, which is shifted to
higher temperature and is broader than that of the Ref and Zn
glasses. Therefore, the formation of nuclei occurs at higher
temperature and is less dependent on the temperature when
adding ions with strong field strength in the phosphate

Table 6 Comparison of the crystal size expected from the crystal growth rate curve and from the SEM images

Heat treatment at 7y + 20 °C for 17 h

Expected crystal size

Measured crystal size from

Glass Label and from the growth curve (um) SEM images (Fig. 10) (um) &5 pm
Ref Ty + 60 °C (400 °C) - 2 h 72 86
Ti T, (370 °C) - 2.5 h 11 16
Mg T, +30°C (395°C)-3 h 117 125
Zn T, +40 °C (390 °C) -4 h 72 50
a b
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Fig. 13 XRD patterns of the Ref (a), Ti (b), Mg (c), and Zn (d) glasses prior

temperatures and durations [peaks correspond to *CaF,, +NaPOs, and —
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to and after heat treatment at (T + 20 °C) for 17 h and then at different
Na,Ca,(P,O)F,].
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network. Also shown in Table 5 is the temperature difference
between onset of crystallization (7y) and maximum nucleation
temperature (7}, max) Of the glasses indicating that the nucle-
ation and growth can be controlled in the investigated glasses
and so a heat treatment using tailored temperature and dura-
tion can be used for the fabrication of transparent GCs with
small crystal size distribution.

The crystal growth rate curves were calculated from the slope
of measured crystal size as a function of duration of heat
treatment performed at different temperatures. The crystal
growth rates as a function of temperature are shown in Fig. 12.

The maximum growth rate increases from (385 + 15) °C
(Ref glass) to (400 + 10) °C when adding TiO, and to above
400 °C when adding MgO and ZnO probably due to the
changes in the glass network as discussed earlier. It should be
pointed out that the Mg and Zn glasses could not be heat
treated above 410 °C due to excessive viscous flow. The crystal
growth rate curves are in agreement with the transparency of
the heat treated glasses. Indeed, according to Fig. 12, the
crystals are expected to be ~3, 4, 21 and 21 pm in the Ref, Zn,
Mg and Ti glasses, respectively, after heat treatment at 7, +
20 °C for 17 h and then at T, for 6 h indicating that larger
crystals are present in the Mg and Ti glasses after such heat
treatment. This is in agreement with the losses in the trans-
parency of the Mg and Ti glasses after heat treatment seen in
Fig. 5. The sizes of the crystals depicted in the SEM images
(Fig. 10) are in agreement with the sizes estimated from the
crystal growth rate curves (Fig. 12) as shown in Table 6.

Finally, the XRD spectra of the glasses heat treated at
temperatures higher than T}, are shown in Fig. 13. All the XRD
spectra exhibit the peaks associated with CaF, (ICDD PDF #04-
035-0816) but new peaks appear in the XRD pattern of the
glasses heat treated at higher temperatures. In the XRD pattern
of the Ref and Mg glasses, these peaks can be related to NaPO;
(ICDD PDF#04-011-3120). When the temperature increases,
Na,Ca,P,0,F, (ICDD PDF#04-012-1844) precipitate in the Ref
and Mg glasses. The additional peaks found in the XRD pattern
of the Ti glass could be related only to Na,Ca,P,0,F, (ICDD
PDF#04-012-1844). NaPO; (ICDD PDF#04-011-3120) is sus-
pected to precipitate in the Zn glass. Therefore, although the
change in the glass composition has no impact on the precip-
itation of CaF, at Ty, it leads to the precipitation of different
crystals when heat treating the glasses at higher temperatures.
One should mention that the NaPO; and Na,Ca,PsO,F, crystals
could not be seen using SEM probably due to their small size
and/or low number. One should also mention that the precip-
itation of these different crystals has no impact on the intensity
and shape of the emission at 1.5 pm (Fig. 8) and of the
upconversion (Fig. 9) confirming that the Er** ions are thought
to be mainly located in the CaF, crystals.

Conclusion

Novel oxyfluorophosphate glass with composition (100-x-0.25)
(75NaPO3-25 CaF,) doped with 0.25 mol% of Er,0; were
prepared by adding TiO,, MgO and ZnO. The change in the
glass composition increases the glass transition and

25714 | RSC Adv,, 2020, 10, 25703-25716
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crystallization temperatures and increases the number of Q'
units at the expense of Q” units leading to a shift of the bandgap
to longer wavelength. We suspect also the formation P-O-Ti/
Mg/Zn bonds at the expense of P-O-P bonds. The change in
the glass composition has no impact on the crystallization of
the glasses when heat treated at their respective Tp; volume
precipitation of Er*' doped CaF, crystals occurs in all the
glasses after nucleation at Ty + 20 °C for 17 h and then crystal
growth at T}, for 1 to 6 h leading to an increase in the intensity of
the upconversion. However, multiple crystals, the composition
of which depends on the glass composition, were found to
precipitate in the glasses when heat treated at higher temper-
ature than T),.

The calculation of the activation energy for crystallization
using two methods allowed one to confirm that the crystallization
process is a nucleation and growth process in all the glasses. All
glasses exhibit similar E. and JMA exponent which was found to
be ~2 confirming the bulk crystallization of crystals with needle
like shape. The Ti and Mg glasses exhibit a broader nucleation
curve and higher T, . than the Ref and Zn glasses due to their
strong field strength. A large difference between Ty and Ty, max
was found for all the glasses confirming that it is possible to
control the size and size distribution of the crystals during heat
treatment which is crucial for the preparation of transparent
glass-ceramics. The crystal growth rate of the glasses was deter-
mined and was in agreement with the size of the crystals found in
heat treated glasses measured using SEM.
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