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Phosphate glasses are very interesting due to several properties, such as good thermal and mechanical
stabilities, high transparency, low refractive index, low melting temperature and high gain density (Wa,03;
Pr,08; Hr,13; Do,15). Most importantly, they exhibit higher solubility for RE ions, without clustering effect,
compared to silica based glasses (Sh,05). Phosphate glasses are used for optical fibers and laser gain media
applications (Mi,91; Su,15) and also for medical applications (Ne,08).

Second paragraph Oxyfluoride glasses combine advantages of fluoride and oxide glasses. Fluoride glasses
have lower phonon energy but oxide glasses usually have much better chemical durability, thermal stability
and mechanical strength than the fluoride glasses (Cu,16). As reported by (Cu,16) novel oxyfluoride phosphate
glasses combining all these advantages are promising materials for bioactive and optical applications.

These glasses can be made with addition of rare-earth ions which are used for a wide range of applications
such as telecommunications, light detection and ranging (LIDAR), solar panels, spectroscopy, and bio-imaging
(De,98). In this thesis, Er®* ions which show characteristic 1530 nm wavelength emission, have been used.
Moreover, dopants like TiO2, MgO and ZnO which affect thermal, structural and luminescence properties are
often added to phosphate based glasses (Po,06; Cu,16).

To obtain better thermal and mechanical properties, glass-ceramic can be produced from glasses. This is
done by using heat treatment process which allows one to achieve controlled crystallization of glass.

PeL properties of glass and glass-ceramic can be utilized in biophotonic PeL phosphate glasses. Such
glasses can be used as bone implant, the mineralization of which can be tracked in-vivo. As reported by
(Zh,16), PeL glass-ceramics can be produced using direct doping method in which PeL microparticles are
added to the glass melt.

Finally, the feasibility of patterning microstructured 2D gratings at the surface of phosphate glass is
investigated. The ability to carry out glass micropatterning in a cost- and time-effective fashion is crucial for
producing devices and structures based on these materials for the mentioned applications. A potential use of
the fabricated 2D gratings for monitoring phosphate glass degradation in wet environments through optical
diffraction measurements is also introduced.

In the first and second chapter, the basic knowledge about glasses and materials and methods are
described, respectively. In the results and discussion part, the impact of the glass composition on the glass is
first investigated. Then, the effect of the heat treatment on produced glass-ceramic is described. Finally, the
work on Pel oxyfluoride biophotonic glass-ceramics and patterning is presented. The impact of melting
parameters and PeL microparticles concentration on luminescence properties is discussed. Conclusions and
next steps are summarized in the last chapter.
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1 Introduction

1.1 Glasses

Human started to produce silica based glasses thousands of years ago (Sh,05). Soda-
lime glass is the most common manufactured glass today. It was also the first glass to be
made. Its composition is around 70% SiO2, 15% NaxO, 9% CaO (mol%) and very small
amounts of various other compounds (So,18). All that was needed to produce this glass was
sand, commonly used as the source of SiO2, combined and heated together with sodium
carbonate Na;COs and limestone CaCOs. Seashells were the sources of limestone and soda

ash was obtained from dry lake bottoms in Egypt.

Nowadays, glasses applications are very wide ranging from art, chemical glassware,
mirrors, windows, packaging, tableware, electric bulbs to more advanced applications in
medical technology, optics, fiber optic communication, renewable energy, electronics and
lasers (An,95; Be,14). Once described as ‘the deepest and most interesting unsolved problem

in solid state theory’, glass nature is still a long standing mystery (An,95; Be,14).

1.1.1 Glass definition

Glass is a material which possesses a glass transition temperature at which it
solidifies into an amorphous solid. Amorphous means that a glass has no long order range
or periodic atomic arrangement. As shown in the Figure 1, when a material in liquid form is
cooled down from high temperature, the molecular motion slows down and below the

melting temperature Tn, it can crystallize.


https://www.merriam-webster.com/dictionary/compounds
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Figure 1. Temperature dependence of a liquid’s volume (v), entropy (S) or enthalpy (H) (Ka,12)

Crystalline material is made of particles that are arranged in periodical order and unit
cells that are primary building blocks. However, if the liquid is rapidly cooled down, it can
also transform into supercooled liquid. During rapid cooling, the growing viscosity of
material leads to the atomic ordering into crystalline structure. When the temperature
decreases below the glass transition temperature Ty, the liquid solidifies into an amorphous

material called glass.

Glasses are considered to be ceramic materials. Depending on their composition, the
glasses can have wide variety of properties. However, glasses are hard, brittle, transparent
to visible light, chemically and biologically inert, relatively resistant to high temperature and
harsh environments, electrically insulative and recyclable (Ca,00). These properties are due

to strong covalent and ionic bonds and amorphous structure of glasses.

1.1.2 Phosphate glasses

Phosphate glasses and glass-ceramic (GCs) are based on phosphorus pentoxide
(P20:s) tetrahedral units as presented in the Figure 2. In the middle of tetrahedral, the outer
electron of sp* hybrid orbitals of the P (3s*3p?) is promoted to a 3d orbital. The 3d orbital
form p-bonding molecular orbitals with oxygen 2p electrons (Cr,61). These tetrahedral units
link through covalent bridging oxygens to form various phosphate anions. As seen in the

Figure 2, tetrahedral units are classified using Q' terminology, where i means the number of



bridging oxygens per tetrahedron. Usually, phosphate glasses are used for optical fibers and

laser gain media applications (Mi,91; Su,15) and also for medical applications (Ne,08).
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Figure 2. Schematic representation of Qi phosphate tetrahedral units in phosphate glasses (Ko,10)

Depending on the ratio of oxygen and phosphate in the glass composition, phosphate
glasses can be made with a range of structures: cross-linked network of Q? tetrahedra
(vitreous P2Os), polymer-like metaphosphate chains of Q? tetrahedra or glasses based on

small pyro- (Q') and orthophosphate (Q°) anions.

Phosphate glasses in comparison with most common silicate glasses are easier to
fabricate. They possess good chemical durability and show excellent optical properties and
ion exchangeability. Most importantly, they exhibit higher solubility for RE ions, without
clustering effect, compared to silica based glasses (Sh,05). It is because they have more open
and distorted network that silica glass. Indeed, silica glass is made from [SiO4*] tetrahedral
units in which silicon locates in the center surrounded by four oxygens as illustrated in the
Figure 3. Each oxygen is shared between two silicon atoms. These tetrahedral can link

together at all four corners to form continuous, 3D network (Sh,05).



Novel oxyfluoride biophotonic glass-ceramics

e ) Y
J TN
Ji i J)" .)\J, e
ij- J-HJJ Y IJ ;1“
¥ ¥, P07
SO ot N
J ~ 4 4;* J{
o8, 0d )
VA 1
g < L =
- ¥ ’}—;‘_x Hi
y ST
a % AT«
J-" 4 _J'J & O
2 3.0
& ’)‘_/1 ~ 2 2 Sl

Figure 3. The amorphous structure of silica glass (Sc,09)

The main limitation of phosphate glasses is their mechanical and thermal stresses
resistance (Mu,13). Their relatively poor mechanical properties is caused by the double bond
between phosphate and oxygen in tetrahedral unit which is asymmetrically centered (Br,00).
Moreover, their poor chemical durability may also be an issue (Br,00). To improve the
physical properties and chemical stability of the phosphate glasses, many network modifiers
and intermediates can be added to the glass composition. To increase the stability during
melting, alkali metal oxides e.g. Li20, Na>O, K>0, Rb20 and Cs>O can be added. Addition
of alkali-earth oxides e.g. MgO, CaO, SrO and BaO in the glass is important to prevent
devitrification and to improve the chemical durability. Network intermediates e.g. BoO3 and
ADOs3 canimprove the chemical durability and thus, decrease the solubility in water (Mu, 13).
Ti0; is known to create cross-linking bonds such as and Ti-O-P (Sh,16), respectively, while
ZnO is considered as a modifier and is responsible for the depolymerization of the glass

network (Mo,12).
1.2 Biophotonic glasses

1.2.1 Bioactive glasses

Glasses are investigated towards application in bone implants and tissue engineering.
This is because they are not toxic and have good mechanical properties. Moreover they show
bioactivity. Bioactive material show behaviour between resorbable and bioinert. It create
environment allowing osteogenesis (bone growth) achieved by the mineralizing interface

(e.g. layer of carbonated hydroxyapatite) which acts as a bonding between tissue and



implant. These materials stimulate regeneration of bone when implanted in-vivo. The most
well-known composition of 45% SiO, 24.5% Na»O, 24.5% CaO and 6% P»0Os, in weight
percent is called 45S5 Bioglass® (Ca,96). There are other bioactive glass-ceramic such as
Ceravital® and dense calcium phosphate ceramic such as synthetic hydroxyapatite (HA)
(Ca,96). Phosphate glasses are biocompatible and thus suitable for biomedical purposes
(CL99). Unfortunately, phosphate glasses are also known to have a fast dissolution rate
limiting their biomedical application (Sa,00). However, it was shown that the glass
dissolution can be tailored and that these phosphate materials can even show dissolution

rates similar to the dissolution rate of silicate glasses (Bu,84).

Fluorapatite glass-ceramic are osteoconductive (Br,12). Fluorine is well known to
prevent dental cavities by inhibiting enamel and dentine demineralisation, enhancement of
remineralisation and inhibition of bacterial enzymes (Fe,00; Th,08). Fluoride-releasing
implants might be of used for patients suffering from osteoporosis (Br,12). Glass-ceramic
containing fluorapatite have been shown to benefit osseointegration and osteoconduction
(Fr,03b). These materials are very interesting candidates for bone tissue engineering due to
highest similarity to the natural bone structure compared to other scaffold materials used e.g.
metals and polymers. However, one difficulty related to the use of ceramic is imagining them
in-vivo to control their dissolution and resorption after implantation. It is because, e.g.
bioactive glasses are typically radiotransparent and therefore cannot be detected easily

radiographically (Pe,12).

1.2.2 Optically active glasses

Glasses doped with rare-earth (RE) elements have great potential as a laser host
medium, amplifiers in optical communication systems (D1,01). Rare-earth ions of the
lanthanide series are characterized by a closed inner shell of the palladium configuration,
with the additional configuration 4f" 5s* p°. For laser technology, the most important RE are:
ytterbium- and neodymium-doped gain media for lasers and erbium-doped fibers for erbium-

doped fiber amplifiers (Ra,18).

The RE ions are normally trivalent and they have triple positive charge. RE are
favorable for achieving laser action, partially due to many excited states that allow optical
pumping and subsequent decay to metastable states with high quantum efficiencies and
narrow emission lines. Energy levels of the 4f electrons, responsible for optical pumping,

are shielded from glass lattice by optically passive 5s and 5p electrons (Di,01). Gain media


https://www.rp-photonics.com/lasers.html
https://www.rp-photonics.com/fibers.html
https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html
https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html
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doped with RE have long upper state lifetimes, allowing storing of large amounts of energy.

This makes RE lasers suitable for pulse generation (Ra,18).

The diagram showing energy levels of the Er** ion is shown in the Figure 4.
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Figure 4. Diagram showing energy levels for Er** ion and a possible mechanism of upconversion (Pa,07)

Er*" ions operate as a three-level system. Light can be absorbed allowing transition
from the ground state “Iys; to the metastable upper lasting state * I13 (1.49 um). However,
it can also be pumped to *I112 (980 nm), *Io/2 (807 nm) “Fo/2 (660 nm) or Hi1/2 (514.5 nm)
higher energy levels from which nonradiative decay to the metastable “I;32 level, and finally
radiative transition from “Ii3» to *I1s»2 occur. Er** lasers have a higher power threshold than
Nd**. Moreover, the ;32 metastable state, producing gain at 1500 nm during transmission
to the ground state, is of high interest for Er*" doped fiber amplifiers for optical

communications applications (Mi,91).

Persistent luminescent (PeL) materials can emit up to several hours after ceasing
irradiation (A1,03). The irradiation source can be for example visible light, UV radiation or
X-rays (Ho,09). The first report on the persistent luminescence properties of
SrAlLOs:Eu** Dy** and CaAl,Os:Eu** Nd*" was by (Ya,97). The long lifetime of persistent

luminescence is due to trapping of excitation energy and should not be confused with



phosphorescence (Ho,09; Br,12). Phosphorescence is used to describe luminescence from
organic compounds involving triplet-to-singlet forbidden transitions, with long decay time,
within the luminescence center (Ho,09; Br,12). The mechanism of persistent luminescence
of the Eu*" doped materials is presented in the Figure 5 using Sr3SiOs:Eu** Nd*" as an

example.
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Figure 5. The mechanism of persistent luminescence of the Eu?* in Sr3SiOs:Eu?*,Nd*" (Br,12)

The excited energy in PeL materials is released from traps with thermal energy. Due
to that, PeL is a special case of thermally stimulated luminescence (TSL) (Br,12). Energy is
stored in intrinsic traps which can originate from co-doping of the material (Br,11) or from
unidentified lattice defects (Ha,10). The Eu®" doped and rare earth (R*") co-doped alkaline
earth aluminates (MALOs:Eu?",R*"; M: Ca and Sr) were the first generation of the modern
persistent luminescence materials, appeared in both the commercial market and in research

laboratories since 1995 (Ho,09).

The irradiation of the material results in the photoexcitation of Eu** via the 4f” ground
state to 4f°5d! excited state. The excited state overlaps with the conduction band of Sr3SiOs
which allows easily the escape of some electrons from 4°5d! directly or assisted by thermal
energy (kT), to the conduction band of Sr3SiOs. In the conduction band, the electrons move
freely until they return to the europium center or meet a defect. They are trapped close to the
bottom of the conduction band. When thermal energy is later absorbed, reverse decharging

process is initiated in which the trapped electrons escape back to the conduction band in
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temperature controlled gradual release and populate the 4f°5d! levels of Eu?'. This is
followed by the non-radiative (within the 4{°5d' states) and finally by the radiative relaxation
of Eu?" (from the lowest 4f°5d" state) producing the persistent luminescence. The retrapping
of the electrons can occur in every step of the decharging process still lengthening the

persistent luminescence. (Ho,09; Br,12)

The fundamental challenge in modern biology is to observe physiological processes
at the molecular level and in vivo (De,07; Li,13). Due to that, new optical imaging
techniques, in which photons are carrying information, are developed and can be utilized in
pharmacology, molecular and cellular biology as well as diagnostics (De,07; Sa,18). In vivo
optical imaging using fluorescent, probe is commonly used but their application is limited
due to numerous disadvantages: autofluorescence (Fr,03a) from tissue organic components
that often results in poor signal-to-noise ratio and difficulties with deep tissue imaging due
to intrinsic tissue signal attenuation (Ch,90). These limitations can be solved using Pel
materials. Their long-lasting afterglow allows the removal of the background noise
originating from in situ excitation. Thus, the significant signal-to-noise ratio improvement
allows the detection in rather deep organs and real-time biodistribution monitoring of active
elements hours after injection (De,07). In the recent years, the use of persistent luminescent
particles has been investigated as optical probes to image vascularization, tumors and grafted

cells (Ma,14).

Saarinen et al. investigated PeL borosilicate and phosphate bioactive bodies obtained
by sintering glass particles with PeL MPs such as SrAlL,OsEu*"Dy** (Sa,18). After
immersion in simulated body fluid, a decrease in the PeL from the bodies was observed and
was related to the progressive mineralization overtime of the sintered bodies. This PeL
bioactive bodies could be used to track the changes in the PeL overtime. Therefore, such
materials have a real potential application as biophotonic sensors to track dissolution and

mineralization of the implant in the body.

1.3 Glass-Ceramic

Glass-ceramics were invented in mid-1950s by S.D. Stookey (St,59). Few main
applications of glass-ceramic are cook-top panels, dinnerware, electronics, medicine and
dentistry, tough glass-ceramic and optical materials (Go,02). As mentioned before, a glass
is an amorphous solid. During the preparation of glasses, it is possible to precipitate

crystalline phases using controlled nucleation and crystallization process. It will result in



creation of glass-ceramic, material with amorphous glass network in which crystals are
homogenously embedded. Crystallization makes the glasses opaque, however they still can
be transparent e.g. if the crystals are smaller than the wavelength of visible light (Be,69).
Due to the crystallized phase, the mechanical properties of the glass-ceramics are better than
those of glasses and the glass-ceramics are strong materials (Ho,12). It is due to the presence
of cleavage planes and grain boundaries in crystallized glass which act as obstacle for
fracture propagation. Other mechanical, thermal, electrical or optical properties can also be

improved in glass ceramic.

The advantages of fluoride glasses and crystals are: lower phonon energy than oxide
glasses and high transparency from the near-UV to the middle IR, with excellent RE ions
solubility and low vibrational energies (Ku,01). However, oxide glasses have better chemical
durability, thermal stability and mechanical strength than the fluoride glasses (Wa,93;
G0,02). They are also cheaper and easier to fabricate into rods, fibers or planar waveguides

than the fluoride glasses.

The rare earth ions like Er** should selectively precipitate into fluoride crystals in
glass-ceramic to increase their excited state lifetimes and cross sections compared to RE ions
embedded in glass phase according to (Ku,01). Due to their low phonon energy which makes
them more efficient for infrared upconversion, the oxyfluoride glass-ceramics are great
candidates as laser host materials, compared to oxide glasses with limited RE solubility and
transparency (from ~300nm—-3000nm). These oxyfluoride glass-ceramics combine the
advantages of fluoride crystals and oxide glasses. There are few methods to process glass-

ceramics.

1.3.1 Nucleation and growth theory

Glass-ceramics can be produced using controlled heat treatment during which
submicroscopic nuclei are formed and grow into macroscopic crystals. These two stages are

called nucleation and crystal growth which are schematically presented in the Figure 6.
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Figure 6. Process of controlled heat treatment a) nuclei formation, b) crystal growth on nuclei, c¢) glass-ceramic
microstructure (Ho,12)

The rates of nucleation and crystal growth depend on temperature and time.
Nucleation also depends on the addition of nucleating agent into the glass. To design proper
controlled heat treatment process, the thermal properties of glass should be carried out using

a DTA to obtain the glass transition and crystallization temperatures.

Nucleation and crystal growth rates as function of temperature are presented in the
Figure 7. The crystal grow can be initiated, after nucleation, when the nuclei radius r is bigger
or the same as the critical radius of nuclei r*. This happens at the temperature range where
nucleation and growth curves overlap. At the Ostwald-Miers temperature range (metastable
supercooling), the crystals can grow only from nuclei which were formed in the nucleation

range (Ho,12).
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Figure 7. Nucleation rate (I) and crystal growth rate (V) as function of temperature. Modified from (Ka,14)
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However, if a glass is cooled down from high temperature and heat treated in the
Ostwald-Miers range, no nuclei and crystals won’t be formed. Knowing these relations is

important to control the crystallization process.

Nucleation is a process in which seed crystal starts the crystallization process.
Heterogeneous nucleation occurs when adding nucleation sites to glass composition while

nucleation without preferential nucleation sites leads to homogeneous nucleation.

The change in Gibbs-free energy AG between the melt and the crystal is
thermodynamic driving force the glass-crystal phase transition. The dependence between

Gibbs free energy (AG) and radius of nuclei (r) is presented in the Figure 8.

// Interfacial energy
AG

racdius

Volume free energy

Figure 8. Dependence between Gibbs free energy (AG) and radius of nuclei (r)

The thermodynamic barrier at which the change of free energy is enough for growing
the nuclei is called critical Gibbs energy. Critical Gibbs energy in heterogeneous nucleation

(AGy") is given by:
AGj; = AG*f(8), (1)

Where AG means change in the Bibbs energy, and (0) is described by equation:

_ 2
f(e) _ (2+cose)i1 cos0) , (2)

Where 0 is contact angle between nucleus and mother phase.

The critical radius of nuclei, r” at which AG}; = AG is described by:

11
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) &
r= Agp’ (3)

Where y means the interfacial energy required for the formation of the new surface
of the nucleus, and Ag, means the free-energy change per unit volume that is produced by

the formation of nuclei.

Particles with radius of r* or larger are capable of further growing whereas particles
with smaller radius than r* are called subcritical particles and are not capable of growing

and will eventually disintegrate in the glass.

The barrier energy needed for the heterogeneous nucleation is reduced by wetting
angle. Contact angles greater than zero between phases facilitate particles to nucleate. Phases

in heterogeneous nucleation and contact angle 0 are illustrated in the Figure 9.

A

Figure 9. Different phases in heterogeneous nucleation. ® is contact angle between S (formed crystal) and L (melt/liquid
phase). H represents the heterogeneous substrate (Ho,12)

For 0°<0<180°, heterogeneous nucleation occurs and nuclei with radius of r* are

preferentially formed.

Nucleation process can be also divided for volume and surface nucleation, schematic

which is shown in the Figure 10.
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Figure 10. Schematic of volume and surface crystallization.
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The volume nucleation is predominantly used in the production of glass-ceramics.
Volume nucleation can be achieved using nucleating agents such as gold, silver and copper
metals in ionic form (St,59). Nucleating action is due to an epitaxial effect based on similar
lattice parameters. However, heterogeneous nucleation with metals has been successfully
applied in the development of glass-ceramics for dental applications. Although most glass-
ceramics are produced with volume nucleation, there are glasses in which controlled
crystallization can only be achieved with surface nucleation. However, this kind of

nucleation is harder to control and not yet well understood.

Ti0,, ZrO3, P20s, Tax0s, WO3, Fe203, and F were found to act as nucleating agents.
The increase in the CaF» at the expense of CaO in the system 75NaPO;—(25 — x)CaO—xCakF,
(in mol%) was found to decrease the crystallization tendency of the glass after heat treatment
(Cu,16). As shown in Figure 11, the glass-ceramics with x=0 and x=20 were respectively

opaque and slightly-translucent.

0 Akademi University X=
Ab  ademi University x=
Abo Ak ai University x=10
Abo Akade versity x=15

Abo Akademi Ui sity x=20

Figure 11. Picture of the glasses with different content of CaF2 heat treated for 17 hours at (T + 20 °C) and then
for 60 minutes at Tp in (Cu,16).

The crystallization tendency of the glass was related to their structure: an increase in
the CaF, content increases the polymerization of the phosphate network leading to an
increase in the number of Q?units at the expense of the Q! units and so to a shift of the optical
band gap to lower wavelength. This change in the glass structure reduces the crystallization

tendency of the glass.
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The same effect was observed in Er** doped glasses with composition 75NaPOs—(25
— x)CaO—xCaF, (in mol%) reported in (No,18). Moreover, the study showed that the
diffusion mechanism of Er*" ions during heat treatment is effected by the glass host. The
pictures of the glass-ceramics with different CaF, contents are presented in the Figure 12.

Glass-ceramic with x=0 and x=25 were respectively slightly-translucent and transparent.

Figure 12. Picture of the glasses with different content of CaF2 heat treated for 17 hours at (Tg + 20 °C) and then
for 15, 30 and 60 minutes at T, (No,18)

1.3.2 Direct particles doping method

The production of glass-ceramic using controlled nucleation and growth process has
some limitations. Conventional method doesn’t allow for a high level of compositional and
structural control (Zh,16). The maximum ions concentration that can be incorporated into
crystals and the control over arrangement of ions at specific crystalline sites are also limited
(Zh,16). Moreover, the crystals may continue to grow during post annealing or reheating
process such as fiber drawing. The size of the crystals is proportional to light scattering and
results in high optical loss (Zh,16). Finally, glass-ceramic method doesn’t allow for growing

core-shell and heterogeneous nanostructures to engineer optical properties (Zh,16).

Zhao et al. presented direct doping method which is used to integrate Ln*" containing
nanocrystals (NCs) in glass (Zh,16). In direct doping method, crystal particles and glass are
prepared separately, and the crystals are subsequently added to glass melt. The most
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important parameters to control are the doping temperature at which the particles are added
and the doping time before casting the glass after adding the particles. The maximum doping
temperature is limited by the degradation temperature of crystal particles. This temperature
can be estimated using differential thermal analysis (DTA). The minimum doping
temperature is limited by the viscosity of glass melt that should be low enough to disperse
crystals. The doping time should also be properly chosen. Doping time is proportional to the
dispersion of the crystal particles but disproportional to the dissolution of the crystals in the
glass melt. Controlling these parameters allows for achieving favorable properties of glass-

ceramics and the survival of crystals in high temperature glass melt.

In the Figure 13, the structural differences of glass and glass-ceramic prepared using
different production methods are presented.

Ln**-doped glass glass ceramics
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Figure 13. a-c) Presentation of glass and glass-ceramic structures using different production methods.

Nanocrytals-doped glass was prepared using direct doping method. d) Schematic of Ln3" ion densities available in
glasses. (Zh,16)

It can be seen that ion densities are the largest inside of nanocrystals produced via
direct particles doping method. In conventionally prepared glasses, there is no crystals and

ions are distributed homogenously in glass phase.

In this research, biophotonic PeL phosphate glasses with composition (75 NaPO3-25
CaF2)100-x-(T102/Zn0O/MgO)x (in mol%) were prepared to evaluate their potential utilization
as bone implant. This glass system was chosen as its composition contains minerals naturally

occurring in bone structure: calcium and phosphate are natural components of human bone.
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Bone is a mineralized tissue, which is composed of an organic matrix strengthened by
deposits of calcium phosphate in the form of hydroxylapatite (HA) crystals (Ba,06). Calcium
phosphate composition is similar to one of bone mineral and induces a biological response
similar to the one generated during bone remodeling (Ba,06). The investigated glasses were
doped with Er** in order to prepare new active bioactive glass-ceramics using the nucleation
and growth technique. The glasses were also prepared with 0.25-1.0wgt% of luminescent

pigment SrAl,O4:Eu*"Dy*" using the direct doping method.

1.4 Patterning

Nanofabrication is focused on processes involved in manufacture elements in
nanosize which are crucial for modern technology which drives toward miniaturization. The
purpose of nanofabrication is to produce nanoscale structures that form part of a system,
device, or component in large quantities and at a very low cost. Fabrication methods can be

divided into two groups: top-down and the bottom-up method.

Top-down approach is based on removing the extra material from the bulk material
to generate nanofeatures. The processes involved in top-down strategies rely mostly on
different thin film deposition, lithography and etching techniques. Bottom-up approach
utilizes individual molecules or atoms to create the structure layer by layer. Due to the nano
size of features the bottom-up approach is more efficient. Obviously, manipulation of
individual atoms and molecules is very complicated process which requires special
equipment and environment to be successful. Even particles of dust are relatively big in
nanoscale and can affect manufacturing process. Sterile, shockproof and vibration-proof
environment is needed to achieve precise manipulation of molecules. To provide this
requirements nanofabrication processes are carried out in clean room which is space with
controlled temperature, humidity, pressure and very low level of contamination (controlled

number of particles per cubic meter) (Ha,16; Na,19).

In this study, we utilized top-down micro/nanofabrication processes to pattern glass
samples. The goal was to analyse the feasibility to create micro sized patterns on phosphate
glass surfaces. It is important because micro/nanofabrication processes are crucial for
manufacturing waveguide-based photonic devices and metasurfaces for optical applications
such as lasing, imaging and optical biosensing. It is also important in biomedical applications

where cell adhesion and integration of the implants in the host tissue is affected by surface
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wettability which can be controlled by patterning of hydrophilic and hydrophobic stripes
(Gi,17).
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2 Materials and methods

2.1 Preparation of the materials

2.1.1 Glasses

Fluorophosphate glasses with the composition (75 NaPO3-25 CaF2)100-x-0.25-
(Ti02/ZnO/MgO)x, doped with 0.25mol% Er>03, with x=0 and x=1.5 were prepared using
standard melting processing by mixing powder chemicals and melting them for 5 minutes in air
in platinum crucible. The chemicals were NaPOs (Alfa-Aesar, technical grade), CaF»
(Honeywell-Fluka, 99% ), Er.O3 (Sigma-Aldrich, 99,9%), MgO (Honeywell, >99%), TiO>
(Sigma-Aldrich, 99,8%) and ZnO (Sigma-Aldrich, 99,99%) in powder form. Finally, glasses

were quenched and annealed for 5h at 200°C to release the stress from the quench.

Depending on their composition, the glasses needed to be melted at different melting

temperatures to obtain a crystal-free material (Table 1).

Table 1. Phosphate glasses and their melting temperature

X Melting temperature Tm
Glass label

(mol%) (o)
0 Ref'1 1000
0 Ref2 900
0 Ref 3 950
1.5 Zn Zn 1000
1.5Ti Ti 1025
1.5 Mg Mg 900

2.1.2 Glass-ceramics

Glass-ceramics were produced from the as-prepared glasses using controlled heat-
treatment as explained in the previous section. Firstly, the glasses were kept for 17h at 20°C
above their glass transition temperature Ty. Secondly, the temperature was increased to the

glasses maximum crystallization temperature T, for 1,3 or 6 hours.
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2.1.3 PelL glasses

The PeL glasses were prepared by adding 0.25-1.0wgt% of luminescent pigment
SrAlL,O4:Eu** Dy*" (Realglow®) in powder form in the melt of the glass with the composition
(75 NaPO3-25 CaFz) (mol%). Firstly, the glasses were melted for 5 min at 925°C. The particles
were added at different doping temperatures. x min after adding the particles (dwell time), the
glasses were cast and annealed at 200°C for 4h. The different doping parameters as well as the

sample code are listed in the Table 2.

Table 2. Doping parameters used to prepare the PeL glasses

Doping temperature Dwell time
Pigment
Glass label T doping t
o (Wgt(yo)
O (min.)
875-3-0.5 875 3 0.5
875-5-0.5 875 5 0.5
875-10-0.5 875 10 0.5
900-3-0.25 900 3 0.25
900-3-0.5 900 3 0.5
900-3-1.0 900 3 1.0
900-5-0.5 900 5 0.5
900-10-0.5 900 10 0.5

2.2 Scanning Electron Microscope (SEM)

In this study, the imaging and the composition microanalysis of the glasses were carried
out using Carl Zeiss Crossbeam 540 Gemini Scanning Electron Microscope (SEM) connected
with an Oxford Instruments Energy Dispersive X-ray Spectroscopy (X-Max" 80) detector
(EDS). The glass samples were polished and coated with carbon. The carbon coating is usually
used for non-conductive samples to improve the image contrast. Polishing is necessary for
compositional microanalysis using EDS to get rid of scratches. If scratches occur, the uneven

topography will interfere with signal reaching the detector.

SEM allows one to image materials using high resolution ~10 nm, much smaller than in
optical microscope due to the smaller wavelength of electrons in comparison to photons used

in optical microscope. Electrons are generated and accelerated in electron gun, then they travel
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down the column in vacuum environment. The electron beam is focused by lenses onto the
specimen producing spot size smaller than 10 nm. The surface of specimen is scanned point by
point while the beam electrons interact with the specimen electrons. Schematic presentation of

SEM equipment is presented in the Figure 14.

glectron gun

anode

magnetic lens

backscattered
electron detector

secondary
electron detector

specimen stage

Figure 14. SEM equipment illustration

When electrons from beam interact with specimen, they can result in elastic and inelastic

scattering (Go,17):

- Elastic scattering happens when beam electrons interact with atoms of specimen
and its trajectory is changed creating the so called backscattered electron (BSE).
After scattering, some electrons can leave the sample surface and so can be
detected by detector. Scattering is called elastic because there is no change in
kinetic energy and velocity of electrons. Electrons are more scattered and
deflected when interacting with heavy elements. Due to that, the backscattered
electrons can carry information about the composition of the sample, since heavy
elements will create more BSE than specimen made of light elements.

- Inelastic interactions of beam electrons with specimen atoms produce secondary
electrons (SE). These SE are created when primary electrons from beam eject
electrons from specimen atom. This scattering is inelastic because primary

electrons are losing their energy that is transferred to specimen electrons. SE
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electrons have low energies, smaller than 50 eV and due to that, only electrons
very close to the surface of specimen have enough energy to leave the specimen
and to be detected. Due to the edge effect, more secondary electrons are emitted
at the edges or areas facing towards the detector and produce brighter regions in
the image. Consequently, SE carries information about topography of sample

and is mainly used for imaging purposes.

Inelastic interaction produces two kinds of X-rays: characteristic and bremsstrahlung.

- The bremsstrahlung X-rays are produced when the primary electrons are slightly
deflected and slow down due to inelastic interaction with specimen’s atom. The
lost energy of primary electron is emitted in the form of Bremsstrahlung X-ray.

- When electron transits into lower energy shell vacancy it will emit characteristic
X-ray equal to the difference between electron shells. These X-rays are called
characteristic because they have characteristic energies that are specific for
every element’s electron. Therefore, the X-rays can be used for mapping of
elemental composition using Energy Dispersive X-ray Spectroscopy (EDS)

technique.

The EDS detector can collect x-rays produced by primary electrons interactions with
specimen atoms. The major signals produced during electron-matter interactions used in SEM

imaging and EDS elemental mapping are shown in the Figure 15.
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Figure 15. a) Incident electron interact with specimen sample elastically, without losing energy. Elastically scattered

electron is called Backscattered Electron. It can also interact inelastically, losing energy that is transformed into
Bemsstrahlung X-ray, b) Incident electron ionize specimen’s atom and specimen’s electron is ejected. Electron from
higher energy shell occupy the vacancy and Characteristic X-ray is produced (Xr,18)

2.3 X-ray diffraction

In this study, the glasses and GCs were crushed into powder and their crystal structure
analyzed using the Panalytical EMPYREAN multipurpose X-Ray Diffractometer (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.

In this technique, x-rays are produced and accelerated onto specimen where they interact
with specimen atoms. The x-ray tube is made of tungsten filament as cathode and copper as
anode. Cathode emits electrons that are accelerated onto the anode. Electrons interact
inelastically with anode’s atoms and characteristic x-rays are produced. Primary optics, shown

in the Figure 16, concentrate and direct the x-ray beam onto the specimen surface.
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Figure 16. The schematic illustration of diffractometer with Bragg-Brentano type geometry. Retrieved from (Pa,18)

However, only x-rays with the most intense characteristic lines: Ko and Koy are used.
Other x-rays should be filtered out using monochromator. Incident x-rays are scattered by
crystal lattice and can further interfere with each other. If scattered x-ray waves are not in phase
with each other, they will undergo destructive interference. This happens to most of the
scattering. However, at certain angles, described by Bragg’s Law, scattered x-rays will interfere
constructively and diffracted ray occurs. The diffracted x-rays are concentrated and directed by
secondary optics onto detector and create maximum intensity peak in spectrum. Bragg’s angle
i1s unique for each crystalline structure and can be used for its identification in different

materials.
The equation for Bragg’s Law is following:
2d sinf = 4, (4)

Where d denotes lattice interplanar spacing of the crystal, 0 is the x-ray incident angle

(Bragg’s angle), and A the wavelength of the x-rays.

For better understanding, the relation described by Bragg’s Law is presented in the

Figure 17.
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Figure 17. Illustration of Bragg’s condition for constructive interference of scattered, incident beam. Retrieved
(D1,18)

2.4 Physical properties

The density of the glasses was measured using the Archimedes’ principle stating that
the weight of object immersed in fluid is decreased by amount of weight of displaced liquid.

This observation is described by the following equation:

i (5)

- )
P fluid Mm—Mimmersed

Where m denotes the mass of an object, immersed the mass of an immersed object, p

the density of the object, and pauia the density of fluid.

This method gives an ability to measure the density of samples with irregular shape like
e.g. glass pieces. For the density measurement, an OHAUS Adventurer Analytical scale was
used. The chosen liquid was ethanol taking under the consideration the high hydrophilicity of
the glass samples. Firstly, samples were weighted in air and then in ethanol. Secondly, the

Equation 6 was used to calculate the density of glass:

Mair*Pethanol
Pglass = (6)
g Mair—Methanol’

Where m,;r denotes the mass of glass in air, methanol the mass of glass in ethanol, pgiass the

density of glass, and prwid the density of ethanol at the temperature at the time of measurements.

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

24



25

2.5 Thermal analysis

The thermal analysis was carried out using NETZSCH STA 449 F1 Differential
Scanning Calorimetry (DSC) equipment depicted in the Figure 18. These measurements are
necessary to evaluate the glass transition temperature Ty, the onset of crystallization T, and the
crystallization temperature Tp values of glass. During the measurement, the sample pan with
powdered glass sample and the pan with reference material were heated using a heating rate of

10°C/min (see Figure 18).
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|
g sample
reference__ | __..-"’"’f
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Figure 18. Schematic presenting DSC equipment (Le,13)

The DSC measures the energy change during the absorption of energy in form of the
heat. As the absorbed energy is different for the sample of investigation and the reference
material, their energy enthalpies will also differ. The information about the difference is given
in heat flow that is the amount of power input (Watts) needed to increase the temperature of mg
of sample by 1°C. The reactions can be divided for endothermic and exothermic. During
endothermic process, the energy is absorbed whereas in an exothermic process the energy is
released. The transition from glass to crystalline solid is an exothermic process, and results in

a peak in the DSC signal

On the other side, the glass transition temperature is not characterized by a release or an
absorption of energy, but by a change in heat capacity. T is in fact a range of temperature over
which an amorphous solid transforms into a liquid and appears as a step in the thermogram.
However, the change in the enthalpy may occur producing an endothermic peak. The glass
transition temperature shouldn’t be mistaken with the melting temperature that occurs in

crystallized materials.
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The result of a DSC measurement is the glass thermogram, like the one shown in the

Figure 19.
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Figure 19. Typical thermogram produced using a DSC

The glass transition temperature T, is taken at the inflection point of the endotherm,
obtained by taking the first derivative of the DTA curve. The crystallization temperature T} is

found as the maximum of the exothermic peak. The onset of the exothermic peak is onset of

crystallization Tx. The accuracy of these measurements is +3°C.

2.6 Optical properties

In this study, the absorption and transmission spectra were measured using UV-Vis-NIR
spectrophotometer (UV-3600 Plus, Shimadzu) from 200 to 1800 nm with 0.5 nm interval.

Samples were polished and their thickness was evaluated using a digital caliper with an

accuracy of £0.05 mm.

The schematic presentation of spectrophotometer used for transmittance and absorbance

measurements is shown in the Figure 20.
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Figure 20. Construction of double beam spectrophotometer

Usually, a halogen lamp is used as the light source. The monochromators disperse the
light into narrow spectral bands, from which one will be further split into two beams. Beams
will travel into sample’s compartment, where one passes through the sample holder and the
second one through the reference holder. Next, the light beams enter the detector and the
computer presents the output result. The spectrophotometer measures the changes in the

intensity of initial beam I, after passing through the sample.

The transmittance gives information about how much light is transmitted when light

passes through the sample. It can be calculated using the following equation:

T =—, (7

Io

Where T denotes the transmittance, / the intensity of the light that passes through the
sample, and /, the intensity of the light that passes through the reference (empty holder).

The absorbance gives information about how much light is absorbed when light passes

through the sample. It can be calculated using following equation:

IO
A =logq T (8)
Where A denotes the absorbance.

During absorption, the light intensity is decreased. The reduction in the intensity is

recorded by the detector and is plotted as a function of the wavelength. The level of absorption
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depends on the concentration of the absorbing molecules and the thickness of the sample. The

absorption coefficient can be calculated:
a =In(10)% (9)
Consequently, the absorption cross-section [cm™'] can be derived from Beer-Lambert
Law:

a) =EZ210g (%), (10)

NL I

Where N is the number of ions per cm? absorbing at the specific A. The accuracy of the

absorption cross-section is £10%.
2.7 Structural analysis

2.7.1 IR spectra

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

powder.

The IR spectra were obtained using Fourier-transform infrared spectroscopy (FTIR)
technique based on the interaction of infrared radiation with matter. The infrared radiation is an
electromagnetic radiation having wavelength range of about 700 nm to 1 mm. These
wavelengths are higher than that of visible light as seen in the electromagnetic spectrum in the

Figure 21.
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Figure 21. Electromagnetic spectrum. Retrieved from (Ov,18)

The energy of infrared radiation photons is relatively small and is not able to excite
electrons. However, these energies are large enough to induce vibrations of covalently bonded
atoms. The exact frequency, at which a given vibration occurs, is determined by the strengths
of the bonds involved and the mass of the atoms. The absorption peaks in output spectrum
correspond to the frequencies of vibrations between the bonds. Consequently, the FTIR

technique is commonly used to study the structure of a glass.

FTIR spectrometer is made of an IR source, a beam splitter, a stationery and a moving
mirror, a sample holder and a detector. The structure of a FTIR spectrometer is shown in the

Figure 22.
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Figure 22. Schematic of a FTIR spectrometer (Fo,18)

The infrared energy emitted by the source is split into two even portions by the beam
splitter. One half goes to the moving mirror while the second part goes to the stationery mirror.
The mirror reflects the beam back onto the beam splitter. The distance between the moving
mirror and the beam splitter can be changed and consequently, it will affect the interference of
beams. This results in the creation of constructive and destructive interference, resulting in an
interferogram. Next, the recombined beam travels through the sample which absorbs different
wavelengths. The detector collects the interferogram which is the energy versus time signal, for
all wavelengths. The mathematical function, the Fourier transform, is used to convert

interferogram into an intensity versus wavelength, as illustrated in the Figure 23.
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Figure 23, Fourier transform from interferogram to actual IR spectrum (Sm,07)

2.8 Spectroscopic properties

2.8.1 EPr" luminescence properties, including lifetime measurement

In this study, the emission at 1.5um and the upconversion spectra were measured at
room temperature using a monochromator (Digikrom, DK480) and a lock-in amplifier
(Stanford Research Systems, SR830) equipped with a TEC-cooled silicon photodiode. 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). Finally, the emitted light was
collimated, collected and directed to the monochromator through a long-pass filter with a cutoff
at 1200 nm (Thorlabs, FEL 1200). The smallest excitation spot size is estimated to be ~100 pm

in diameter.

When an atom is excited, it moves from its ground state to a higher energy shell. The
excitation can be caused by e.g. collision with electron or photon which gives its energy to an
atom’s electron. However, the electron won’t stay forever in the excited state, and after some
time it will come back to its ground state. During this transition, the energy difference between
excited state and ground state will be emitted in the form of photon. Emitted photons will have

specific wavelength in the spectrum depending on their energy.
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The emission spectroscopy is a technique that examines the wavelengths of photons
emitted when material’s electron transitions from an excited state to a lower energy state. In
this method, the photons are used to excite electrons in the so called photoelectric effect. The
elemental composition of the material can be investigated by observing characteristic set of
discrete wavelength that are emitted based on the element and the electron transitions. The
photon’s wavelengths are collected to create an output information in the form of an emission

spectrum. The mechanism resulting in the emission at 1.5um is shown in the Figure 24.
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Figure 24. Mechanism resulting in emission at 1.5um

The upconversion is a process in which lower energy photons excite materials
(possessing luminescent properties) in the visible spectral range and are later transformed into
fewer, higher energy photons. This photons are then emitted as antistokes fluorescence in the
near infrared (NIR) range. The possible energy levels and upconversion mechanism for Er**

ions are presented in the Figure 4.

In RE doped materials, there are three main processes causing upconversion emission:
excited state absorption (ESA), energy transfer upconversion (ETU), and photon avalanche

(PA) processes. Schematics of all of these processes are shown in the Figure 25.
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Figure 25. Schematic presentation of the three main types of processes causing upconversion in rare earth doped

materials: (a) excited state absorption; (b) energy transfer upconversion; (c) photon avalanche. Dotted lines - photon

excitation, dashed lines - non-radiative energy transfer, full arrows - emission processes (Ac,10).

When two photons are absorbed by a single ion, ESA upconversion can occur
(Figure 25a). Firstly, the ion is in its ground state (G) when the absorption of the
first photon causes the excitation to the metastable state (E1). Secondly, the
second photon is absorbed from this level leading to the promotion of ion from
E1 to higher energy level E2. Finally, the emission from E2 to G occurs. This
upconversion process produces the weakest emission.

In ETU process, two adjacent ions are excited by the absorption of a photon from
G to EI (Figure 25b). Next, the excited state energy from one ion is transferred
to the second ion also in excited state E1. The donor ion relaxes to its ground
state G while the ion accepting the energy transfer is promoted to the excited
state E2. Finally, the emission from E2 to G occurs. This upconversion process
is independent of pump power and occurs without delay after excitation.

The PA process only occurs at a certain pump intensity (Figure 25¢). Firstly, one
ion is excited to E1 state through weak non-resonant absorption of photon. This
happens when adjacent ion undergoes excited state absorption and it is excited
to energy state E2. Further, the cross-relaxation energy transfer to an adjacent
ion in its ground state results in both ions occupying E1. Finally, the resonant
excited state absorption and the cross-relaxation energy transfers exponentially
increase the population of E2 and therefore the upconversion emission intensity.
Although, this process is the most efficient process, it depends on the pump
power and has a slow (up to several seconds) response to excitation due to the

number of ESA and cross relaxation processes (Ac,10).
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The fluorescence lifetime is an average time that a molecule stays in its excited state
before emitting a photon. The measurements of the lifetime were carried out using the same
equipment used for upconversion analyses with additional Time-Correlated Single Photon
Counting (TCSPC) unit to measure the time between excitation by a pulsed laser and the arrival
of the emitted photon at the detector. For this purpose a photodiode and a single-photon
sensitive detector are usually used, to provide a start and stop signal for measuring time delay.
The measurement is repeated many times and mean value of lifetime is calculated by the
system. The accuracy of the measurement was £0.2 ms. This measurement was performed in at

the Istituto Superiore Mario Boella (Italy) in collaboration with Dr. Nadia Boetti.

2.8.2 Eu*! luminescence properties

The persistent luminescent (PeL) spectra were measured using a Varian Cary Eclipse
Fluorescence Spectrophotometer coupled with a Hanamatsu R928 photomultiplier (PMT). The
samples were irradiated using a UVGL-25 (4W, Aexc=254 nm) lamp for 5 minutes. The

measurement was taken 1 minute after ceasing the excitation.

The conventional luminescence spectra were measured using a spectrophotometer with
a charge-coupled devices (CCDs) camera (Avantes, AvaSpec-2048x14) as a detector. The
excitation source was a Nd:YAG pulse laser (Aexc=266 nm, 8 ns, TII Lotis) with 50 ms
integration time and 10 averaging. The luminescence properties of the glasses were measured

at Turku University (Finland) in collaboration with Dr. Mika Lastusaari.

The luminescence spectra were measured using a spectrophotometer, the schematic of

which can be found in the Figure 26.
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Figure 26. Schematic of a spectrophotometer. Modified from (La,06)

Firstly, the source of light can be produced either using a lamp or a laser. If a lamp is
chosen, the monochromator is used to remove the wavelengths different from the chosen one
or the scattered light. Filters are also often needed, in addition of monochromators. Moreover,
a beam splitter can also be provided in the excitation light path. This splitter reflects part of the
excitation light to a reference cell, which generally contains a stable reference fluorophore.
Secondly, the sample is excited with the light which leads to the transition of electrons to higher
energy state. Subsequent, the transition of electrons back to the ground state results in the
emission of a photon. Finally, the photons are detected, generally using photomultiplier tubes
(PMT) and quantified with the appropriate electronic devices. Fluorescence spectral data are

presented as emission spectra, a plot of the fluorescence intensity versus wavelength in nm

(La,00).

2.9 Surface patterning

The surface patterning of the glasses was carried out at Technical University of Madrid
(UPM), Spain, under the supervision of Prof. Carlos Angulo Barrios and with the assistance of

Dr. Manuel Abuin. Patterning of the glasses was performed in a clean room (100-1000 class)
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belonging to the Institute for Optoelectronic Systems and Microtechnology (ISOM-UPM).
Initial experiments were carried out with fluorophosphate glasses with the composition (75
NaPO3-25 CaF2)100-x-0.25-(Ti02/ZnO/MgO)x, doped with 0.25mol% Er,03, with x=0 and x=1.5.
However, these samples were very hygroscopic and their surface was seriously degraded
(increased surface roughness) when exposed to air, preventing us from performing any
patterning process on them. Therefore, patterning studies were achieved with more chemically

stable phosphate glass samples.

Phosphate glasses with the composition 49.3P,05-39.4 SrO-0.9Na,O-1.5TiO> (in
mol%) were prepared using standard melting processing by mixing powder chemicals and
melting them for 5 minutes in air in platinum crucible. The chemicals were NaPOj3 (Alfa-Aesar,
technical grade), CaF, (Honeywell-Fluka, 99%), SrO (Sigma-Aldrich, 99,9%) and TiO; (Sigma-
Aldrich, 99,8%) in powder form. Finally, glasses were quenched and annealed for 5h at 200°C
to release the stress from the quench. The glasses were doble-side polished and cut in order to

produce samples 1.5cm x Iecm x 0.3cm in size.

The first step of the patterning process was spin-coating a photoresist layer onto the
glass surface. Then, UV lithography was carried out to produce a micropattern in the photoresist
film. Subsequently, a chromium layer was deposited using a thermal evaporation technique.
The chromium/photoresist areas were then removed using a lift off procedure leaving only the
patterned chromium mask on the glass surface. Next, the glass material was etched using
Inductively Coupled Plasma (ICP) etching. Finally, we removed chromium by soaking the
sample in slightly heated industrial chromium remover based on KOH. In the Figure 27 the

whole surface patterning process is presented schematically.
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A detailed description of each process step is presented as follows:
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Figure 27. Schematic of all surface patterning processes

2.9.1 Sample cleaning

Before any process started the cleaning of the sample was carried out to remove any
residues that could interfere with patterning process. For any micro and nano fabrication process
the sample surface should be clean and homogenous. Firstly, the sample was put into a beaker
with acetone (BASF Selectipur®) and then into an ultrasonic bath for 5 min. Secondly, the
sample was put into a beaker with isopropanol (BASF Selectipur®) and for 3 minutes again
into ultrasonic bath. Finally, the wet glass surface was treated with pressurized nitrogen air to
detached any remaining dirt particles and dry the surface. After cleaning, the surface was

checked under the optical microscope to confirm that there were no residues left.
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2.9.2 Spin-coating

In this work, spin coater CONVAC 1001 was used at speed of 1000 rpm for 60 seconds
to deposit the positive photoresist Poly(methyl methacrylate) PMMA AR-P 671.05
(ALLRESIST) on glass substrate. The glass sample was first attached to a plastic sample holder
using sticky tape and then placed in the middle of the spinner. Few drops of resin were applied
on the surface of the glass just so that they completely cover the sample without bubbles. After
spin-coating process the sample was heated on a hot plate for one hour at 60°C. The final
thickness of the resist film was 50 nm. The general steps of spin-coating are presented in the

Figure 28.

Deposition Spinning Drying

Figure 28. Schematic of the spin coating process steps (Ar,19)

Spin coating technique is used for simple, low-cost deposition of 1-10 um thickness
uniform coatings (Sm,13). Coating solution is distributed onto the sample surface which is
immobilized on the spinner often using vacuum (Bi,04). The solution is spread out uniformly
at the surface due to the centrifugal force caused by fast spinning motion of the spinner (Zh,18).
The thickness of the resist layer on the sample surface depends on rotation rate, the solution

density and viscosity (Bi1,04).

The films that can be deposited can be organic (e.g. polymers) and inorganic (e.g.
chalcogenides). Generally, the solution is diluted in a solvent which is then partially removed
during spinning and then partially during final baking at elevated temperature (Ng,12). There
are two types of photoresists: positive and negative. Positive photoresist when exposed to UV
light is becoming more soluble and can be later removed using developer. Negative photoresist
acts in oppositive way and is becoming less soluble when exposed to UV light. The behaviour

of different photoresists is presented in the Figure 29.
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Figure 29. Schematic showing difference between positive and negative photoresist (Ph,19)

2.9.3 Lithography

In this study, the MJB4 Mask Aligner from SUSS MicroTec has been used for creating
a pattern in previously deposited positive photoresist. Optical lithography was carried out at
room temperature, in soft-contact mode and using UV light. The used ADTEK photomask
consists of 2D square gratings and 10 to 100 pm wide stripe patterns. Firstly, the mask is
immobilized on the sample holder using vacuum. Next, the mask is aligned and focused so that
the chosen pattern of different 2D square grating, from 2 to 6 um side, are properly positioned
onto the sample surface. The lithography was carried out in soft contact mode. Subsequent,
exposure was carried out in two cycles, 500 seconds each. After removing the sample from the
lithography machine, the pattern was developed for 2 min using AR 600-55 (ALLRESIST)
developer. Finally, the sample was put into a beaker with isopropanol to stop the developer

action. The pattern was checked under optical microscope and if it is not fully developed, the
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sample is put back into the developer for an additional minute. If the exposure and developing

time are appropriate, there should be no resist remaining in the UV-exposed regions.

Photolithography is a micro fabrication process used for creating micro and nano sized
patterns in photoresist film. Pattern can be as small as few tens of nanometers. It is done by
exposing photoresist to UV light through a mask and by that transferring the pattern on the
photoresist. Electron beam or x-ray scan also be used and provide better resolution. Depending
on the kind of the photoresist (positive or negative), places exposed to light are becoming less
or more soluble. After UV exposure, the more soluble part of the photoresist is removed using

a chemical solution called developer (Li,12; Ma,11).

Printing of the pattern can be done in three different exposure modes: contact printing,
proximity printing and projection printing. In contact printing the sample is brought in physical
contact with photo mask. Due to that high resolution is possible. The contact can be ‘soft” and
‘hard’. In soft contact mask is brought softly in contact with sample surface. In hard contact,
the sample is pressed against the mask. The main disadvantage is that mask can be damaged
easily, and debris between resist and mask can cause defects in the pattern. When proximity
printing is used the photo mask is kept at some distance from the sample surface (10-25 um).
This mode is safer for the mask. In projection printing, pattern on the photo mask is projected
to photoresist using for example lenses. Different exposure modes are presented in the Figure

30.

Light source

w1
Light source I I l _Photomask _
17 v
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Printing Printing Printing
Figure 30. Schematic showing different exposure modes in photolithography (Pu,17)
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2.9.4 Thermal evaporation and Lift Off

In this work, thermal evaporation of chromium was carried out using Balzers BAE 250
Coating system. The process was carried out at T<70°C, rate of deposition 0.5nm/s, background
pressure Ppackeroud=7.4x10" mBar and pressure during process P=2.8x10°° mBar. Around 100nm
thick chromium film was deposited on the lithographied resist/glass sample. The role of the
chromium layer is to act as a protecting mask for the underneath glass material during the glass

etching step.

Thermal evaporation is one method out of few physical vapour deposition techniques.
Firstly, the material to be deposited is heated up using either Joule effect (resistance heating) or
bombardment with a high energy electron beam until evaporation. To heat up the metal crucible
using Joule effect first the current has to be applied to it. Because of the Joule effect the current
passing through conductor (metal crucible) produces heat which is causing evaporation of the
metal inside of the crucible. In the e-beam evaporation the heating is caused by an electron
beam focused on the material to be evaporated. This is a good option for high temperature
melting materials. Vacuum allows metal atoms to travel in straight line from the source to the
samples cold surface where they are deposited in the form of thin film. In the Figure 31 the

general schematic of the thermal evaporation process is presented.
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Figure 31. Schematic presentation of thermal evaporation machine using Joules effect (Th,19)

Lift-off process was carried after thermal evaporation to remove the areas of pattern
with photoresist and chromium. In this way only chromium pattern stayed on the glass sample

surface. Lift off was carried out by immersing the sample in acetone at 40°C for 2 minutes.
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2.9.5 ICP etching and Chromium removal

In this work, inductively coupled plasma (ICP) etching has been carried out using
PlasmaPro NGPO (Oxford Instruments) and LEP400 etch depth monitor at room temperature.
The following ICP process parameters were employed: flow of CHF3 =40 sccm, flow of Ar =

4 sccm, RF=200 W, ICP=400 W, minimum DC Bias=30 V, pressure 5 mTorr, time t=5 min.

ICP is a plasma-based dry etching technique that works as follows. Firstly, time-varying
high radio frequency (RF) electric current generates oscillating magnetic field when passing
through a coil. Generated from a coil spark initiate ionization of the pure gas, usually argon,
helium or nitrogen, and reactive gases such as CHF3, into plasma. Cations and electron
generated in magnetic field collide with gas atoms to further ionize it. Hot plasma reacts with

surface molecules, dissociate them and etch the surface (In,19¢)

ICP etching is commonly used for dry etching of semiconductors, dielectrics, metals,
and polymers (In,19b). In particular, ICP etching of glass is typically carried out using SF¢, CF4

and CHF3 reactive gases with different combinations of O2 and/or Ar.

After proper process parameter optimization, ICP etching can allow high etch rates, high
etching selectivity and low damage processing (In,19a). Schematic of an ICP etcher is presented
in the Figure 32.
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Figure 32. Schematic presentation of ICP etcher (H6,18)

Subsequent chromium removal was carried out using a commercial product to etch

chromium. The etchant was first heated to 40°C and the sample was dipped in it for 20s. Then
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after checking under the microscope than not all chromium was removed, the sample was kept

for extra 15 seconds in the etchant for a complete Cr removal.

2.9.6 Profilometer

In this study, Alpha-Step IQ Surface Profilometer was used to measure sample surface
profile at different stages of the microfabrication process. In this type of mechanical
profilometer, topographical data is extracted by a diamond stylus physically touching the
surface and moving laterally for a specified distance and with specified contact force. Height
variations are measured as either the stylus or the sample is being moved and then converted to
electrical signals. The signal, after being magnified by an electronic amplifier, is collected to
generate the surface profile. This allows for surface topography analysis with sub-angstrom
resolution. However, this technique is slower than non-contact methods and can be destructive

to some surfaces (Zh,00). Schematic of a contact profilometer is presented in the Figure 33.

z
Wk varlaie I

VP

Figure 33. Schematic presentation of contact profilometer (Op,19)

2.9.7 Glass grating diffraction measurements

Micropatterns created on the glass surfaces consisted of 2D gratings, which diffracted
light. The phosphate glass is hydrophilic and hygroscopic, and by measuring the optical
response of the glass grating when inmersed in water, the effect of the latter on the phosphate
material integrity could be monitored. Optical characterization of a fabricated 2D phosphate

glass grating immersed in deionized (DI) water was carried out using the setup shown in the
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Figure 34. First, the glass grating sample was placed inside a cuvette filled with DI water, and
then the cuvette was sealed to avoid liquid evaporation. A 635-nm-wavelength laser beam
impinged normally the 2D grating and two photodetectors were collecting optical power values
from zeroth and first diffracted orders, respectively. The incident laser beam was produced by
a 10 mW laser diode. An iris diaphragm placed between the laser source and the glass grating
was used to decrease the incident laser power down to 5.5 mW. In the zero-order mode (directly
transmitted light) the laser beam was passing through an optical attenuator (neutral-density
filter, transmittance = 0.1) and an iris diaphragm to reduce the power hitting the photodetector
(otherwise, it could be damaged). In the first-order mode, laser beam was hitting the second
photodetector without attenuation. Both photodetectors were connected to a power meter which

in turn was connected to a computer for recording and processing the measured power data.
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Figure 34. Schematic presentation of set up for diffraction effieciency measurements
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3 Results and discussion

3.1 Impact of the glass composition on various glass properties

The main challenge when investigating fluorophosphate glasses is the preparation of the
glass as fluorine is well known to be volatile. Additionally, the quantification of fluorine within
the glass is also difficult to perform. Therefore, the first part of this section is the investigation
of different melting temperatures (and so different F content) on the spectroscopic properties
of Er*" of glasses to understand which impact the F has on various glass properties. Then the

changes in the glass composition on the various properties of the glasses are discussed.

3.1.1 Impact of F concentration on various glass properties

To investigate the impact of F on the emission and upconversion properties of
fluorophosphates glasses, Er** doped oxyfluorophosphate glasses were prepared using standard
melting method using different melting temperatures (Tm). The increase of melting temperature
is expected to lead to an increase in the fluorine evaporation and so to a reduction in the fluorine

content in the glasses. Glasses were melted at 900, 950 and 1000°C.

The thermal properties of the as-prepared glasses are summarized in Table 3 along with
the measured density. Also shown in the table is the quantification of CaF; performed by Bureau
Veritas, a global leader in Testing, Inspection and Certification (TIC). The quantification was

performed using an Electron Microprobe (EPMA).

Table 3. Physical and thermal properties of the glasses. Also included in the CaF2 quantification using EPMA

CaF: _
Tm content0.1 p=0.02 Tet 3 Txt 3 Tpt 3 AT=Tx-Tgx 6
(] 3 o (] o o
(C) (mol%) (g/em) °0) C) (°C) O
900 19.7 2.63 269 323 338 54
950 19.4 2.63 266 321 335 55
1000 18.7 2.64 277 332 346 55

An increase in the melting temperature leads to a decrease in the CaF» content as
expected. It does not have a noticeable impact on the density and on the AT of the glasses which

is a gauge of the glass resistance toward crystallization. The AT of the glasses is less than 100°C
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indicating that the glasses of investigation are poor glass formers. However, one can notice
some changes in the thermal properties depending on the melting temperature: an increase in
the Tm to 1000°C leads to an increase of the glass transition temperature, T,, of the onset of
crystallization, Tx and of the maximum of the crystallization peak, T,. The changes in the
thermal properties induced by the increase in the melting temperature confirm that the glasses
possess different fluorine content. As it is well know that fluorine reduces Tg, Tx and other
thermal properties (Cu,16; No,18), a lower concentration of F is expected in the glass melted at
1000°C. Additionally, the change in Tx with increasing temperature is a clear indication that the

crystallization process will be different depending on the T, and so on the F content.

It should be pointed out that the thermal properties of glasses are higher compared to
the same glass composition prepared with 0.15 mol% of Er2O3, presented in (No,18). This is

due to the larger amount of Er2O3 in the investigated glasses.

The IR spectra of the glasses, normalized to the main band at ~1130cm™, are presented

in Figure 35.

The spectra exhibit bands at 720, 890, 1125 and 1260 cm™'. Multiple shoulders in the
range are also present. The bands at ~700, 880, 1160 and 1280 cm™ are due to vss(POP),
vas(POP), vss(PO2") and vas(PO2") fundamental vibrations of Q? units respectively (Ko,10). The
various bands between 930 and 1010 cm™ are often related to rings-type formation in the glass
network (Wi,84). The shoulders at ~980 and 1085 cm™! are due to symmetric and asymmetric

stretching vibrations of the POs*" in Q' units respectively.
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Figure 335. Normalized IR Spectra of the investigated glasses

Besides, the band at 1085 cm™! can be attributed to an overlap between PO3* of Q! units
and POy of Q? groups in metaphosphate (11,01). Finally, the shoulder at 1010 cm™ might be
related to vas(POsF) bond vibration according to (Mu,63). The shoulder at 1160 cm™ and the
absorption band at 1250 cm™! correspond to the symmetric and asymmetric vibrations of PO>
in Q? units, respectively (Me,97). There is no bands at higher wavenumber than 1300 cm™,
indicating that there is no Q* groups in the investigated glasses. These IR spectra clearly indicate
the presence of a metaphosphate structure. It is clearly shown that there is no noticeable change
in the IR spectra caused by the increase in the T confirming that it is difficult to track losses

in fluorine occurring during the glass preparation using the FTIR spectroscopy.
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Figure 36 presents the absorption spectra for the as prepared glasses.
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Figure 36. Absorption spectra a) and normalized absorption band at 975nm b) and at 1500nm c) of the investigated
glasses

The absorption spectra exhibit several bands, which are characteristics of the Er** ion
4f-4f transition from the ground state to various excited levels of Er** ions (Ba,94). There is no
noticeable shift of the absorption edge induced by the increase in Trm. As seen in Figure 35b and
¢, an increase in Tm has also no noticeable impact of the shape of the absorption band at 980

and 1530 nm indicating that the sites of Er’* ions are not strongly affected by the T, change.

From the absorption spectra, the absorption cross-section at 980 and 1530nm were

calculated from the absorption coefficient using Equation 10 and are presented in the Table 4.
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Table 4. Absorption coefficient and absorption cross section values

Tm o f;:m Gabs at 975 nm Gabs at 975nm lfsfgl()]s :::n Gans at 1530nm
°C) (1012 5% (em™) (102! em?)+ 10% (cm) (102! cm?) + 10%
900 8.19 0.16 2.01 0.52 6.32

950 8.19 0.18 2.19 0.52 6.40
1000 8.22 0.19 2.29 0.56 6.85

Within the error of the measurement, the increase in T, has no significant impact on the
absorption cross-section at 980 and 1530 um indicating that the sites of Er’" ions are not

strongly affected by the T change.

The emission spectra of the glasses were measured using 976 nm pumping and are

presented in Figure 37.
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Figure 37. Emission a) and normalized emission b) spectra of the investigated glasses measured using 976 nm
pumping

The spectra of the glasses exhibit a broad emission band at 1.5 pm, which is typical of
the Er** emission (*I132—"I152) (Ob,98). The glass with lowest Tn=900°C shows the highest
intensity. An increase in Tm leads to a small decrease in the intensity of the emission. No
significant change in the shape of the emission band can be seen with changing T, confirming
that the site of Er’* ions is not influenced by the changes in the F doping (Figure 37b)

The lifetime values of Er**:*I;32 level in investigated glasses are reported in Table 5.
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Table 5. Lifetime values of Er*":*l132 level of the investigated glasses

T Lifetime
" * 0.2 (ms)
©O)
no HT
900 8.2
950 8.5
1000 8.5

Within the accuracy of measurement, an increase in T has no noticeable impact on the
the lifetime values of Er**:*I;3,2 level. One can notice that the lifetimes are larger than those
reported in (No,18) and also than those of tellurite glass (3.3 ms) (D1,01), bismuth based glass
(1.8 ms) (D1,01) and borosilicate glass (2.0 ms) (Li,14).

According to (No,18), we expect the glasses with high content of F to exhibit an
upconversion with high intensity due to the decrease in the phonon energy. However, as the
glasses were crushed into powder for the measurement, it is not accurate to compare the
intensity of the upconversion of the glasses. The normalized upconversion spectra presented in

the Figure 38 were obtained using 975 nm pumping.
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Figure 38. Normalized upconversion spectra of the investigated glasses. Spectra were obtained using Aexc=975nm

All the spectra exhibit green and red emissions, which correspond to 2Hj1/2, *S32 — *I152
and *Fo/» — 1155 transitions of Er’* respectively (Pa,07). For all glasses, the green emission is
more significant than the red emission. A decrease in the intensity of the red emission as
compared to the green one can be seen when Ty, increases. This could be explained as an effect
of a cooperative up-conversion process between Er** ions that is favored by the lower phonon
energy (D1,01). A possible energy transfer mechanism for red emission centered at 662 nm is
that one ion decays from the metastable level *S32 state (*S3» —*Fo12) and the second is excited
to the “Fo;, state (*loo—*Fop2) (Pa,07). Changes in the shape of the green emission are also
visible. This band is due to a hypersensitive transition, the intensity of which is known to
strongly depend on the environment of Er*" ions (Li,15). Therefore, from the changes in the
shape and position of this band, the site of the Er** ions is suspected to be slightly modified

when T, increases.

In summary, losses in F occurring during the glass melting process can lead to small
changes in the thermal properties and also in the spectroscopic properties of the glasses. It is
therefore crucial to prepare fluorphosphate glasses using the same melting process (duration of

the melting) to control the evaporation of F.
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3.1.2 Impact of the glass composition on the various glass properties

Glasses with the composition (75 NaPO3-25 CaF2)100-x-0.25-(T102/ZnO/MgO)x (in mol%)
were prepared with 0.25mol% Er203, with x=0 and x=1.5 (labeled as Ti, Zn and Mg). The glass
with x=0 is the glass melted at 900°C from the previous section. This glass is now labeled as

Ref. The thermal properties of the prepared glasses are summarized in Table 6 along with the

measured density and the quantification of CaFo.

Table 6. Density and thermal properties of the investigated glasses. Also included is the CaF2 quantification using EPMA

CaF: Content p Te T To AT

Glass label (mol%) Tm (°C) +0.02 +3 +3 +3 +6
+0-Tmol% @m) (O (O O (O

Ref 19.7 900 2.63 269 323 338 54

/n 19 1000 2.65 276 334 350 58

Ti 18.8 1025 2.65 286 350 370 64

Mg 204 900 2.66 279 345 365 66

The changes in the glass composition leads to a slight increase in the density, T, Tx, Tp
and AT, the addition of TiO; being the most effective in these changes. The increase in Tg may
be related to the different CaF> content but may also indicate that the changes in the glass
composition increase the strength of the network and the bond strength. Although AT increases

after adding Ti, Zn or Mg, it still remains lower than 100°C.

The IR spectra of the glasses are presented in Figure 39. They are normalized to the
main band at ~1130cm™ . Consequently, the intensity changes are expressed relatively to the

main band. According to (Cu,16; No,18), these IR spectra clearly indicate the presence of a

metaphosphate structure.
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Figure 39. Normalized IR spectra of the investigated glasses

The spectra are similar to those presented in Figure 27. The addition of ZnO and MgO
leads to similar changes: a decrease in intensity of the bands at 700, 950, 1000 and 1250 cm!
as compared to the main band. These changes can be related to a decrease in the Q? units.
Therefore, Zn and Mg seem to act as a modifier, leading to a depolymerization of the phosphate
network and to a less cross-linked network. The addition of TiO> decreases the intensity of the
bands at 700, 1000 and 1250cm™ while it increases the intensity of the bands at 900 and 950
cm’!. The increase in intensity of the shoulder at ~980 may be related to the decrease of bridging
oxygens due to formation of P-O-Ti bonds (Ki,12). This change in the IR spectra indicates that
the glass network consists of Q? tetrahendra arranged in chain and ring formation, the amount
of which increases at the expense of Q! units, with addition of TiO,. Moreover, the addition of
TiO; shifts the band of Q* at 1250 cm™ towards smaller wavenumber. This may indicate
changes in the strength of the chemical bonds in glass network. It has been shown that addition
of TiO» leads to creation of 3D networks of P-O-Ti linkages causing distortion of the glass

network and consequently increasing Ty (Se,10).
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The absorption spectra of the glasses are shown in the Figure 40.
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Figure 40. Absorption spectra of the investigated glasses a) and normalized absorption band at 1500nm b)

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 (Zi,69). The change in the position of the band gap can
also be related to the formation of Ti-O-P bonds. The addition of MgO leads to a shift to longer
wavelengths while having the largest amount of CaF,. The addition of ZnO has no significant

impact on the position of the band gap as shown in the Figure 40a.

As seen in Figure 40b, the shape of the absorption band is similar for all glasses. The
site of the Er** ions is suspected not to be strongly impacted by the changes in the glass
composition. Consequently, Ti, Mg and Zn are not suspected to participate to the second

coordination shell around Er** (Lo,17).

The absorption coefficient and absorption cross-section are listed in the Table 7.

Table 7. Absorption coefticient and absorption cross section values.

Er¥* Gabs at GAbs at
Abs. Coeff. at Abs. Coeff. at
ions/cm? 975nm 1530nm
Glass label 975 nm 1530 nm
(10") (107" cm?) (107" cm?)
(cm™) (em™)

+5% +10% +10%
Ref 8.19 0.16 2.01 0.52 6.32
/n 8.27 0.18 2.16 0.53 6.41
Ti 8.27 0.19 2.34 0.52 6.23
Mg 8.35 0.15 1.82 0.47 5.61
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Within the accuracy of the measurement, the changes in the glass composition has no

impact on the absorption cross-section at around 980 and 1500 nm.

The emission spectra of the glasses were measured using 976 nm pumping and are

presented in Figure 41.
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Figure 41. Emission a) and normalized emission b) spectra of the investigated glasses. Spectra were obtained using
Aexc=975nm

The spectra exhibit a broad band which corresponds to the Er** emission (*1132 —*11512)
in glasses (Ob,98). Whereas the addition of ZnO and MgO does not impact the intensity of the
emission at 1550nm, the addition of TiO, slightly decreases the intensity of the emission at
1550nm. This is most probably related with decrease of solubility of Er** ions associated with
a reduction of Er-Er distance due to the formation of the P-O-Ti bonds as reported in (Lo,17).
As seen in Figure 41b, the shape of emission spectra is unaffected by doping with different

elements confirming that Ti, Mg and Zn have no impact on the site of the Er** ions.

The lifetime values of Er**:*I;3, level are presented in the Table 8.
Table 8. Lifetime values.

Lifetime
Glass label 0.2

(ms)
Ref 8.5
Zn 8.3
Ti 8.4
Mg 8.2
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Within the accuracy of the measurement, the change in the glass composition has no
impact on the lifetime value. The lifetime in the Mg glass is probably lower than that of the Ref
probably due to its largest amount of CaF».

The up conversion spectra presented in the Figure 42 were obtained using 975 nm

pumping.
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Figure 42, Normalized upconversion spectra of the investigated glasses. Spectra were obtained using Aexc=975nm

All the spectra exhibit similar green and red emissions seen in Figure 38. The changes
in the glass composition decreases the red emission as compared to the green one. However,
one can notice that the shape of the upconversion from the Ti and Mg-containing glasses is
unusual, most probably due to the low intensity of the upconversion from the glasses. Therefore,

the measurement should be repeated before bringing any conclusion.

In summary, when added in 1.5mol%, the addition of Ti, Zn and Mg leads to small

changes in the physical, thermal, optical and spectroscopic properties of the glasses.
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3.2 Er’" doped glass-ceramics

3.2.1 Impact of F concentration on the nucleation and growth mechanisms

The glasses melted at 900, 950 and 1000°C were heat treated for 17h at T, + 20°C and
then at T}, for 1,3 or 6 hours. The picture of the glasses prior to and after heat treatment are

presented in the Figure 43.

t(h)

1000
950 T (°C)

900

Figure 43. Picture of the as prepared glasses prior to and after 1, 3 and 6h of heat treatment

After heat treatment, the glasses became milky. As reported in (No, 18), bulk
crystallization occurs during the heat treatment. An increase in the T, increases the tendency
of the glass to crystallization as only the glass melted at 1000°C becomes opaque after heat
treatment. According to (Cu,16), an increase in F content is suspected to reduce the
crystallization tendency of the glasses. Therefore, from the changes in the transparency of the
glasses after heat treatment, we confirm that an increase in Ty, which leads to losses in F
content, leads also to changes in the crystallization tendency of the glasses as suspected from

the changes in the thermal properties of the glasses (Table 3).

The XRD patterns of heat treated glasses are presented in the Figure 44.
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Figure 44. XRD of as prepared glasses after 3h of heat treatment, showing CaF> crystals precipitation

Independently of the T, the spectra show sharp peaks which correspond to the
precipitation of CaF, (ICDD PDF #00-035-0816). CaF; starts to be visible after 1h of heat
treatment. Similar crystals were found to precipitate in this glass system (No,18). Although
some glasses after heat treatment are transparent (Figure 43), CaF; crystals were detected

clearly showing that it is possible to prepare transparent glass-ceramics from the investigated

glasses.

The transmittance spectra of the glasses are presented in Figure 45.
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Figure 45. Transmission spectra of Tm=900°C glass a), Tm=950°C glass b) and Tm=1000°C glass c) prior to and after
heat treatment

After heat treatment, the transmission decreases confirming that glass’s crystallization
increases with increasing heat treatment time. This results are in agreement with the picture of

the glasses after heat treatment presented in the Figure 43.

The emission spectra of the heat treated glasses, measured using 976 nm pumping, are
presented in Figure 46.
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Figure 46.

No significant change in the shape of the emission band after heat treatment was
observed indicating that the site of Er’* ions is not influenced by the heat treatment and that
some Er’* remain the glass network. This is in agreement with (No,18). However, the intensity
of the emission is reduced after the heat treatment indicating that the CaF> crystals contain some

Er** ions. The reduction in the emission intensity is the most visible in the glass melted at

1000°C.

The lifetime values of Er**:*I;3,2 level for all the glass and glass-ceramic are presented

in the Table 9.
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Table 9. Excited state #1132 lifetime values of the glasses prior to and after heat treatment at (Tg + 20°C) for 17h and then for
15, 30 and 60min at Tp. Measurements were performed using laser excitation at 976 nm.

Lifetime * 0.2 (ms)

Tm

. no HT 1h
(°C)

900 8.2 8.9
950 8.5 9.6
1000 8.5 8.6

3h

8.9
9.3
8.8

6h

8.8
9.4

Within the accuracy of the measurement, the heat treatment for 1h at T, increases the

lifetime value for the glasses with Tm=900"C and Tm=950"C. However, the lifetime remains

almost constant when the glasses are heat treated for longer times at Tp. The lifetime of the

glass with T,=1000"C increases from 1h to 6h of heat treatment. The increase in the lifetime

confirms the that the CaF; crystals are doped with Er’*,

The upconversion spectra presented in the Figure 47 were obtained using 975 nm

pumping.
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Figure 47. Normalized upconversion spectra of the Tw=900°C glass a), Tm=950"C glass b) and Tr=1000°C glass c)

prior to and after heat treatment. Spectra were obtained using Aexe=975nm

All the spectra exhibit the same green and red emissions seen in Figure 38. For all
glasses, the green emission is more significant than the red emission. A decrease in the intensity
of the red emission as compared to the green one can be seen after heat treatment time in the
glasses prepared using Tm= 900°C and Tm=950"C. The intensity of red emission in the glass
with Tm=1000°C first decreases after 1h of HT and then increases after 3 and 6h of HT. It is
possible that the distances between pairs of Er*" ions increase after heat treatment reducing the
probability of energy transfer between Er*" ions and thus reducing the intensity of the
upconversion as seen in (Li,14). Changes in the shape of the band at 550 nm can be seen after
heat treatment. As explained in the previous paragraph, this band can be associated to a
hypersensitive transition and therefore, from the changes in the shape and position of this band,

the site of the Er’* ions is suspected to be modified after heat treatment.
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As discussed in the previous section, the shape of some upcconversion spectra is weird
most probably due to the low intensity of the visible. New measurement should be performed

to confirm the data.

In summary, the increase in Tm (and so a decrease in the CaF, content) increases the
crystallization tendency of the glass. The heat treatment, independently of T, leads to bulk

crystallization of CaF> crystals which are thought to contain Er*" ions.

3.2.2 Glass-ceramic from heat treatment

Glasses with the composition (75NaPO3-25CaF2)100-x-0.25-(T102/ZnO/MgO)x (in mol%)
were heat treated for 17h at Ty + 20°C and then at T}, for 1,3 or 6h . The reference glass is the

glass melted at 900°C. The pictures of the glasses prior to and after heat treatment are presented

in the Figure 48.
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Figure 48. Picture of the as-prepared glasses prior to and after 17h at Tg+ 20°C and then at T}, for 1,3 or 6 hours.

From the changes in the transparency of the glasses after heat treatment, the heat
treatment leads to bulk crystallization of the glasses. Moreover, one can notice that the changes
in the glass composition increases the tendency of the glass to crystallization, the Zn glass being

the least prone to crystallization as compared to Ti and Mg glasses. This difference can be
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related to Zn ions acting as modifiers which leads to depolymerization of the network (Lo,17).
This in turn reduces the amount of nucleation sites and therefore decreases the crystallization

tendency of the glass.

The XRD of heat treated glasses are presented in the Figure 49.
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Figure 49. XRD patterns of the Ref a), Ti glass b), Mg glass ¢) and Zn glass d) prior to and after heat treatment.

The presence of only one broad band in the XRD pattern for all as-prepared glasses
confirm that the glasses are amorphous prior to the heat treatment. The XRD patterns for all
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 precipitating in the glass.

To check if the Er’* ions are incorporated into crystals, the emission spectra were
measured using Aexc=975nm. The emission spectra were obtained using Aexc=975nm and are

shown in the Figure 50.
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Figure 50. Emission spectra of the Ref a), Ti glass b), Mg glass c¢) and Zn glass d) prior to and after heat treatment.

Spectra were obtained using Aexc=975nm

As seen for the reference glass, a decrease in intensity of the emission at 1.5um can be
seen after heat treatment indicating that the CaF, precipitating in all the glasses contain Er**
ions. A stronger reduction in intensity can be noticed after 1h of heat treatment especially for
Ti1 and Mg containing glasses (Figure 50b and c). As illustrated in Figure 51, the shape of the

emission band does not change upon heat treatment indicating that some of the Er** remain also

in the glasses.
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Figure 51. Normalized emission spectra of the Ref a), Ti glass b), Mg glass c) and Zn glass d) prior to and after heat

treatment. Spectra were obtained using Aexc=975nm

The lifetime values of Er**:*I;3, level for all the glass and glass-ceramic are presented

in the Table 10.

Table 10. Excited state 1132 lifetime values of the glasses prior to and after heat treatment at (Tg + 20°C) for 17h and then for
15, 30 and 60min at Tp. Measurements were performed using laser excitation at 976 nm.

Lifetime £ 0.2 (ms)

Glass label no HT

Ref 8.2
Ti 8.4
Mg 8.2
Zn 83
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1h
8.9

8.7
8.7
8.6

3h
8.9

8.6
8.6
8.8

6h
8.8

8.9
8.7
8.7
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Within the accuracy of the measurement, the heat treatment for 1h at T, increases the
lifetime value for all the glasses. However, the lifetime remains almost constant when the

glasses are heat treated for longer times at T).

As the shape of the emission band remains similar after the heat treatment, it is possible
to think that the Er’* ions remain in the amorphous part of the glass-ceramic. The small
reduction in the intensity of the emission at 1.5um after heat treatment of the glass-ceramic
could be then due to changes in the Er-Er distance after heat treatment and also of the Er’* being
incorporated in the CaF; crystals. The small increase in the emission intensity when the heat

treatment is longer than 1 hour is not fully understood and needs further investigation.

The normalized upconversion spectra presented in the Figure 52 were obtained using

975 nm pumping.
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Figure 52. Normalized upconversion spectra of the Ref a), Ti glass b), Mg glass c¢), and Zn glass d) prior to and after

heat treatment. Spectra were obtained using Aexc=975nm

As shown in Figure 46, the heat treatment also reduces the intensity of the red emission

compared to the green. It is possible that the distances between pairs of Er** ions increase after
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heat treatment reducing the probability of energy transfer between Er*" ions and thus reducing
the intensity of the upconversion as seen in (Li,14). From the changes in the shape and position

of this band, the site of the Er** ions is suspected to be modified after heat treatment.

In summary, although the addition of Ti, Zn and Mg leads to small changes in the
physical, thermal, optical and spectroscopic properties of the glasses, the same bulk
crystallization of CaF, occurs in these glasses upon heat treatment. From the spectroscopic
properties of the glass-ceramics, the CaF, are suspected to be doped with Er**. The change of

the glass composition can be used to control the speed of the crystallization process.

3.3 PeL glass-ceramic using direct particles doping method

PeL glasses were prepared by adding persistent luminescent microparticles (MPs)
SrALO4:Eu®’,Dy*" (Realglow®) in powder form in the melt of the glass with the composition
(75 NaPO3-25 CaF) (in mol%). Firstly, the glasses were melted for 5 min at 925°C. The
particles were added at different temperatures (Tqoping). X min after adding the particles (dwell

time), the glasses were cast and annealed at 200°C for 4h.

3.3.1 Optimizing of the direct doping process

The glasses were prepared by adding 0.5wgt% of the MPs. The Tdoping Was 875 and
900°C and the dwell time 3 and 5 min. The pictures of the as prepared glasses are presented in

the Figure 53.
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Figure 53. Picture of the glasses in day light and after stopping the UV irradiation (afterglow)
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All the glasses are crystallized after adding the particles which is in agreement with the
low AT of the base-glass (see section 4.1). The glasses are bad glass formers and so crystallize

when adding the MPs at the Tqoping.

After stopping the UV irradiation, all the glasses exhibit green persistent luminescence,
which confirms the survival of the MPs in the glasses. The PeL is more uniform when the
glasses are prepared using a 900°C Tgoping than when using a 875°C Tqoping. The viscosity of the

glass melt at 875°C is probably too high for a homogeneous dispersion of the MPs.

The persistent luminescence (PeL) spectra of the glasses are shown in Figure 54.
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Figure 54. Persistent Luminescence spectra of Taoping=875°C glass a) and Tdoping=900°C glass b) with different dwell
times

The PeL spectra of the glasses exhibit a broad band with a maximum at 520 nm which
is attributed to the 4f°5d'—4f’ transition in Eu®" located in one site in the monoclinic SrAl,O4
structure (A1,04). As suspected from the Figure 53, an increase in Tdoping and dwell time
decreases the intensity of the emission band at 520 nm. In agreement with (Ma,96; Oj,18b;
0j,18c¢), an increase in the Tumeand dwell time is expected to lead to the decomposition of the

MPs, which is associated with the loss in the PeL.

The normalized persistent luminescence (PeL) spectra of the glasses are shown in Figure

55.
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Figure 53. Normalized Persistent Luminescence spectra of Tdoping=875°C glass a) and Tdoping=900°C glass b) with

different dwell times

The shape of emission band is not changing indicating that the site of the Eu®" ions is

not modified when the MPs are embedded in the glass indicating that the decomposition of the

MPs is congruent.

The normalized conventional luminescence (PL) spectra of the glasses are shown in

Figure 56.
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Figure 56. Normalized conventional luminescence spectra of Tdoping=875°C glass a) and Taoping=900°C glass b) with

different dwell times

The PL spectra of the glasses exhibit a band at ~425 and ~525 nm which can be

associated to the 4f°5d'—4f” emission from Eu?" located in two different cation sites in the

SrALbOg4 structure (Ai,04). One should point out that the PL spectrum of the MPs alone exhibits
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only the emission band at 525nm. An increase in the dwell time increases the intensity of
emission band at 425 nm compared to the main band indicating that the site of Eu** is modified
after embedding the MPs in the glass. The spectra exhibit also emission band at located ~ 615
nm which can be related to the emission from Eu’" ions indicating that oxidation of Eu?" into
Eu®* occurs during the glass preparation in agreement with (Ma,16). An increase in the dwell

time increases the intensity of the Eu** emission.

From the PeL and PL spectra, the MPs are expected to decompose in the glass with the
diffusion of Eu?*. Some of the Eu®* are suspected to be oxidized to Eu*". The decomposition
already occurs when the glass is prepared using a Tdoping 0f 875°C and a dwell time of 3 min.

The decomposition is increased when the Taoping and dwell time increase.

In order to confirm the survival of the MPs in the glasses, SEM coupled with EDS was
used to image the morphology and to analyze the composition of the MPs. The SEM images
and EDS line profiles showing the elemental distribution across the MPs diameter and interface
with the 875 3, 900 3, 875 10 and 900 10 glass-ceramics with MPs concentration 0.5wgt%
are depicted in Figure 57.
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Figure 57. SEM/Composition analysis of the glass at different Taoping and different doping time with MPs

concentration of 0.5 wgt%
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Particles with an average size of 20—80 um can be seen in the SEM images. The
compositions of the glass matrices are in accordance with the theoretical one within the
accuracy of the measurements (+1.5mol%) considering that F content can not be quantified
using this technique. According to (0Oj,18a), the size and number of these crystals are suspected
to decrease with the increase in the Tdoping and the dwell time. However, no such relation can
be observed here. The composition of all the MPs is SrAl>Os, indicating that all the MPs
maintain their compositional integrity in their center independently of the doping parameters.
Crystals can be seen around the MPs. Based on the EDS analysis, these crystals are Ca-rich
crystals. Their composition seems to be ~60CaO-30P20s-10Na;O (mol%). As seen in the

Figure 58, other crystals can be seen in the glasses.
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Figure 58. SEM/Composition analysis of the glass at different Tdoping and different doping time with MPs

concentration of 0.5 wgt%

Some of these crystals are suspected to contain F. To further analyze the composition
of the crystals, XRD pattern of the glasses were measured. The spectra are presented in the

Figure 59.
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Figure 59, XRD patterns of Taoping=875°C glass a) and Taoping=900°C glass b) with different dwell times

Crystallization peaks can be observed in the XRD pattern of the all as prepared glass-
ceramic confirming presence of crystalline structure. Also shown is the XRD pattern of the MPs
alone. It is clear that the peaks cannot be related to those of the MPs but to other crystals. The
peaks could be attributed to a mixture of different phases presents the XRD diffraction pattern.

However, it wasn’t possible to identify crystals.

No relation between the intensity of the peaks and the doping parameters can be seen

indicating that the crystals in the glass do not precipitate using the elements from the

decomposition of the MPs.

Below in the Figure 60 are the XRD patterns of glass powder in which we added 1 and
2wg% of MPs in order to check the detection limit of MPs in amorphous glass using XRD.
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Figure 60. XRD patterns of the glass with MPs concentration 1wgt% and 2wgt% to evaluate the detection limit

MPs can be seen in the XRD pattern if their concentration >1wgt% confirming that the
peaks seen in the XRD patterns of the investigated glasses are from other crystal phases than

the MPs.

In summary, in order to prepare a glass with homogeneous PeL, the Tqoping should be

900°C. To limit the decomposition of the MPs, the dwell time should be 3min.

3.3.2 Optimization of the MPs amount in the PeL

New glasses were prepared with different amounts of MPs in order to check if it is
possible to prepare clear PeL amorphous PeL glass within the investigated glass system. The
doping parameters were 900°C for the Tqoping and 3min for the dwell time. The pictures of the
as prepared glasses in daylight and after stopping the UV irradiation are presented in the Figure
61.
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Figure 61. Picture of the glasses in day light and afier stopping the UV irradiation (afterglow).The wgt% of the MPs

was varied from 0.25 to 1 wgt%

All glasses are crystallized independently of the MPs wgt%. After stopping the UV
irradiation, all the glasses exhibit green persistent luminescence, the intensity of which depends
on the MPs wgt%. Some afterglow could be seen from the glass which contains 0.25wgt% of
MPs. The MPs are distributed homogenously confirming that the viscosity of glass melt at
900°C is high enough to disperse evenly the MPs in concentration at least up to 1%.

The persistent luminescence (PeL) spectra of the glasses are shown in Figure 62.
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Figure 62, Persistent Luminescence spectra a) and normalized Persistent Luminescence spectra of the glasses with

different MPs concentration at Tdoping=900°C and doping time 3min
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As expected, an increase in the MPs concentration increases the intensity of the emission
band at 520 nm. In agreement with the section 4.3.1, the shape of emission band remains the

same after embedding the MPs in the glass.

The conventional luminescence (PeL) spectra of the glasses are shown in Figure 63.

1.0

——900 3 1%
——900_3 0.5%
- 0,

 0s] 900_3_0.25%

>

<

2 0.6

)

c

2

£

o 0.4 4

o)

N

®©

£

o 0.2

Z

0.0
T T T T T T T T T T T T T
350 400 450 500 550 600 650 700
Wavelenght (nm)
Figure 63. Normalized conventional luminescence spectra of the glasses with different MPs concentration at

Taoping=900°C and doping time 3min

Surprisingly, the shape of the emission is different from the glass which contains
0.25wgt% of MPs. It is possible that 1) the 0.25wgt% glass was prepared using a slightly longer

dwell time than 3min and/or 2) the emission of the MPs is not uniform.

The SEM images and EDS line profiles showing the elemental distribution across the
MP diameter and interface with the glass-ceramics with different MPs concentrations are shown

in the Figure 64.
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Figure 64.  SEM/Composition analysis of the glasses at different MPs concentrations at Taoping=900°C and doping time 3min



Particles with an average size of 40-60 um can be seen in the SEM images. The
compositions of the glass matrices are in accordance with the theoretical one within the
accuracy of the measurements (+1.5mol%). From the SEM images, there is no obvious
relation between the size and number of crystals and the MPs concentrations. However, as
seen in the XRD pattern of the glasses depicted in the Figure 65, no peaks can be seen in the
0.25wgt% glass indicating that the MPs act as a nucleating agents.
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Figure 65. XRD pattern of the glasses with different MPs concentration, at Tdoping=900°C and doping time 3min

An increase in the MPs concentration increases the intensity of the peaks in the XRD
patterns. Because crystals are clearly visible in the SEM image of the 0.25wgt%, these
crystals are probably too small in size and/or too low in concentration to be detected in the

XRD pattern of the glass.

3.3.3  Surface patterning

As mentioned in section 2.9, in order to check the feasibility of producing the
micropattern consisted of 2D square gratings the more stable phosphate glasses with the
composition 49.3P>05-39.4 SrO-0.9Na,0-1.5TiO> (in mol%) were used. Figure 66 shows a
photograph of a micropatterned phosphate glass sample. The dimensions of the glass sample
are 1.5cm x 1ecm x 0.3cm. 2D surface relief gratings patterned on the glass surface are clearly

observed with the naked eye.
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Figure 66. Photograph of a micropatterned phosphate glass sample. Micropatterns consist of surface relief 2D
gratings. Each grating has an area of 4 mm x 4 mm, and grating periods are 6 pm and 12 pm.

Figure 67 shows surface profilometer measurements after different patterning steps.
As presented in the Figure 67a the chromium thickness after deposition and lift off was
around 140nm. In the Figure 67b it is shown that after ICP etching the depth of the pattern
was around 348nm. The Figure 67c shows that the depth of final pattern after removing the
Cr mask was around 265nm. Assuming no glass etching during chromium removal, the Cr
layer was around 83nm thick after the ICP etching. This means an ICP etching selectivity (=
glass etching rate / Cr etching rate) of ~4.2. This value supports the use of Cr as a mask. It
should be noted that the ICP etching recipe is not optimized. Further experiments could be
directed towards improving the etching selectivity by optimizing the ICP etching parameters,
such as the CHF3/Ar gas flow ratio. A higher etching selectivity would allow the production

of higher aspect ratio microfeatures.
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Moroever, it can be seen in Figure 67 that the squares that made the pattern have side

of around 6um. This proves that presented surface structuring process is succesful at

producing micron-sized patterns on the surface of the phosphate glass.
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In the Figure 68 optical microscope photos taken during chromium removal are

presented.
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Figure 68. Optical microscope photos showing pattern at different stages of Cr removal The grating period
equals 12 um.

It can be seen that the pattern after 20s in chromium removal is not fully free of Cr
residues. After 25s there are still some little chromium areas on the pattern surface. After

35s the chromium is succesfully removed from the pattern.

3.3.4 Diffraction grating optical characterization

The fabricated micropatterns on the phosphate glass samples were transparent 2D
surface relief gratings. Thus they exhibited clear diffraction patterns in transmission when

illuminated by a 635-nm-wavelength laser beam, as shown in Figure 69.
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Figure 69. Transmission diffraction patterns of the fabricated phosphate glass 2D square gratings. Left: grating
period = 12 um. Right: grating period = 6 pm. Both gratings were normally illuminated by a 635-nm-wavelength
laser beam. Diffraction orders can be clearly observed; zero order (0,0) and first order (1,0) diffraction modes are

indicated (Right).

The distribution of the incident optical power into the different diffraction orders
depends on dimensional (thickness and lateral dimensions of the squares) and material
optical parameters (refractive index contrast between the grating material and the
surrounding medium) (Ga,85). Therefore, a potential degradation of the phosphate glass
material when exposed to a given fluid could be monitored by measuring the diffraction
efficiency (diffraction order power / total incident power) of one or several diffractions

orders.

In particular, we decided to investigate the effect of deionized (DI) water on the
phosphate glass material by inmersing a micropatterned glass sample in this liquid. Then,
we measured the diffraction efficiencies of the zero-order (0,0) diffraction mode -defined as
(zero-order mode power / total incident power)-, and the first-order (1,0) diffraction mode -

defined as (first-order mode power / total incident power)-, over a period of 65 days.

Figures 70a and 70b show the diffraction efficiencies for the zero-order diffraction
mode and the first-order diffraction mode, respectively, as a function of time. It is seen that
both diffraction efficiencies decrease over time. However, whereas the (1,0) diffraction

efficiency decreases at an approximately constant rate, that for the (0,0) mode exhibits a
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remarkable abrupt decay during the first 5 days. As mentioned before, both diffraction
efficiencies are dependent on the grating dimensional and material parameters. Thus, our
measurements indicate that one or several of these grating paramenters change over time due
to water exposure. It is well known that phosphate glass gets dissolved in aqueous media
(Ga,04); therefore, the observed diffraction efficiency variations could be attributed to
phosphate glass dissolution since this effect would modify the the geometry and dimensions

of the grating.

In addition, glass dissolution in water may alter the refractive index of the liquid in
which the grating is inmersed. Such an index variation could also affect the grating
diffraction efficiencies. In order to determine the precise reasons for the measured decreasing
trend in diffraction efficiency and the abrupt decay observed for the zeroth-order during the
first days, further experiments and detailed theoretical and numerical analyses of the

diffraction grating operation are required, which is beyond the purpose of this work.
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Figure 70. Experimental diffraction efficiencies for (a) zero (0,0) and (b) first (1,0) diffracted orders of the

fabricated 6-um-period phosphate glass square grating over a 65 day time period.
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4 Conclusions

New Er** doped oxyfluorophosphate glasses with the composition (75 NaPO3-25
CaF2)100-x-0.25-(T102/Zn0O/MgO)x, doped with 0.25mol% ErO3, with x=0 and x=1.5 were
prepared and characterized. An increase in the melting temperature leads to a decrease in the
CaF, content. Based on absorption, emission, upconversion and lifetime measurements, an
increase in the melting temperature has no noticeable impact on the sites of Er’" ions.
However, losses in F occurring during the glass melting process can lead to small changes

in the thermal properties and also in the spectroscopic properties of the glasses.

The addition of 1.5mol%, of Ti, Zn and Mg to the glass composition leads to small
changes in the physical, thermal, optical and spectroscopic properties of the glasses. The site
of the Er** is suspected not to be strongly impacted by the changes in the glass composition.
Zn and Mg seem to act as a modifier, leading to a depolymerization of the phosphate network
and to a less cross-linked network. TiO2 doping, leads to creation of 3D networks of P-O-Ti

linkages causing distortion of the glass network.

Secondly, glass-ceramics were produced from the as-prepared glasses using
controlled heat-treatment and characterized. The glasses become milky and bulk
crystallization occurs during the heat treatment. An increase in T, which leads to losses in
F content, increases the tendency of the glass to crystallization as only the glass melted at
1000°C becomes opaque after heat treatment. In this study, we show that it is possible to

prepare transparent glass-ceramics from the investigated glasses.

The same bulk crystallization of CaF; occurs in ZnO, MgO and TiO> doped glasses
upon heat treatment. The changes in the glass composition impact the tendency of the glass
to crystallization, the Zn glass being the least prone to crystallization as compared to the Ti
and Mg glasses. This difference can be related to Zn ions acting as modifiers which leads to
depolymerization of the network. This in turn reduces the amount of nucleation sites and
therefore decreases the crystallization tendency of the glass. The peaks related to the CaF»
crystals start to be visible in the XRD patterns of all the glass-ceramics after 1h of heat
treatment and are thought contain Er’* ions. As the shape of the emission band remains
similar after the heat treatment, it is possible to think that some Er** ions remain in the
amorphous part of the glass-ceramic. Changes in glass composition and melting temperature

could be used to control the crystallization tendency of glasses.



Novel oxyfluoride biophotonic glass-ceramics

Subsequently, the PeL glass-ceramics were prepared by adding 0.25-1.0wgt% of
luminescent microparticles (MPs) SrAlOs:Eu**,Dy** in the melt of the glass with the
composition (75 NaPO3-25 CaF;) (mol%). After stopping the UV irradiation, all the glasses
exhibit green persistent luminescence, the intensity of which depends on the MPs wgt%,
confirming the survival of the MPs. An increase in the PeL microparticles concentration
leads to an increase in luminescence properties. No relation between the intensity of the
peaks and the doping parameters (dwell time, doping temperature) can be seen indicating
that the crystals in the glass do not precipitate using the elements from the decomposition of
the MPs. Ca rich crystals can be seen around the MPs.The PeL glass-ceramic was fully
crystallized with at least three different types of crystals. In the XRD diffraction pattern the

peaks could be attributed to a mixture of different phases which were impossible to identify.

Finally, a recipe allowing patterning of 2D micron-sized gratings onto phosphate
glass surface has been developed. The micropatterning procedure is based on conventional
micro/nano fabrication proccesses, which should facilitate mass production. The fabricated
surface relief glass gratings showed clear diffraction patterns. This has been taken advantage
for monitoring possible phosphate glass degradation due to DI-water exposure by measuring
the optical efficiencies of zero and first diffraction orders of a fabricated glass grating

immersed in DI-water.

The Er** doped and the PeL glass-ceramic properties should be further investigated
for utilization as biomaterial which could be tracked in vivo. Moreover, 2D grating could be
used to investigate the stability and degradation rate of the produced glasses using diffraction

measurements.
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