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General introduction

From windows to screens for electronic devices and fiber optics, oxide glasses have
been used in a variety of applications [1]. They are used in a wide variety of fields, such as

glazing (windows), domestic utensils (glasses etc.), eyeglasses or lighting.

Antimony oxide glasses are suitable for laser sources and optical amplification in
telecommunications because they have low phonon energy (600 cm™) [2, 3], high refractive
index [4, 5], high thermal and chemical stability, and superior corrosion resistance. Antimony
oxide glasses have large transmittance windows of around 0,4-6 um and a near-infrared
transmission cut-off of up to 8 um. Antimony oxide has been added to a variety of glass
compositions due to its various applications [5-7]. The strong third-order nonlinearity of
antimony-borate or antimony-phosphate glasses has been demonstrated, making them
particularly attractive for all-optical switching, 3D optical storage, and holographic data storage
[8-11].

Phosphate glasses have many advantages over traditional silicate and borate glasses due
to their better physical characteristics, such as high coefficients of thermal expansion, low
melting and softening temperatures, and high ultraviolet and far infrared transmission [12].
They are also the materials of choice for high-power laser applications. Many phosphate glasses
are susceptible to crystallization or devitrification during processing or when used in
applications requiring prolonged exposure to high temperatures. In recent years, much research
has been conducted to improve the physical characteristics and chemical endurance of
phosphate glasses, such as their low chemical durability and high hygroscopicity, by inserting
a variety of glass formers and modifiers into the phosphate glass network, such as TiO2, V20s,
Al203, WO3, M0O3, Cr203, Ta203, Sh20s, etc [13, 14]. We would also like to note that, aside
from its use in optical devices, phosphate glasses can also be used for biomedical applications
[15].

Since antimony oxide is included, greater chemical stability and some physical qualities
are provided because pure phosphate glasses are unstable. Enhancements in photosensitivity,
AC conductivity, and nonlinear optical (NLO) characteristics are all found in antimony
phosphate. So, we can say that the addition of different heavy metal oxides to phosphate glasses,

such as antimony oxide, makes them suitable for NLO devices [15, 16].
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Franco et al., [17] also showed that the incorporation of WO3 in Sb203-SbPOs-WO3
glasses improves thermal stability and increases the glass transition temperature (Tg), and a
photosensitive response under laser irradiation [18] and affects the redox behavior of the

different oxidation states of tungsten W®*, W or W#*,

As a result, tungsten oxide is widely employed in smart windows, anti-glare mirrors,
non-emissive displays, optical recording devices, semiconductor gas sensors, and non-linear
optics [19].

The electro-chromic and photochromic characteristics of tungsten oxide WO3 have also
been extensively researched [20, 21]. The concept of this effect is based on the ability of the
element to vary its degree of oxidation and therefore its color under stimulation. It is a reversible
phenomenon. As a result, several research studies on the characterization of amorphous WOs3
films formed on glass substrates have been conducted [22]. Extension of WQO3 to the vitreous
network optimizes chemical stability and resistance to devitrification, as well as the ability to

add a third, fourth, or even fifth component to the mixture [23].

In reality, large modulus of elasticity is still desirable in the fabrication of thinner, stiffer
substrates for thin-film electronics or smart phone displays, among other applications. Elasticity
is a material characteristic that is used to explain a variety of physical properties of vitreous
materials, including thermal shock resistance and fracture toughness. Thus, when a material is
charged with a specific force value, it produces an atom displacement, which results in a
reaction in the form of strain, which gives a broad perspective on the mechanical behavior of
the material [12].

Glass-doped RE ions can be helpful in the manufacturing of photonic devices such as
lasers, optical broadband amplifiers, fiber lasers, LEDs, planar waveguides, small microchip
lasers, etc. Sm®* is one of the RE ions that can activate other RE ions to create luminescence in
the visible and near-infrared (NIR) spectrum. Additionally, because of their strong orange/red
emission light, Sm* doped glasses are highly sought after for applications in high density
optical storage, undersea communication, color displays, and visible solid state lasers.
Generally, the emission spectra of Sm203 doped glasses show four emission peaks at 565, 602,
648 and 709 nm, which correspond to the * Gs/ 2—° Hsyz, ® Hzz2, © Horz and ® Hiayz transitions,
respectively. The highest emission transitions at # Gs;,—° Hz2 are allowed magnetic dipole
(MD) and electric dipole (ED) transitions [23-25].
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The thesis is structured into five chapters, starting with a general introduction.

4 The first chapter is devoted to general notions about glasses. Its purpose is to give an
overview of these materials, their properties, their structures and their photonic
applications.

+ In the second chapter, we present the details of the experimental techniques used in this
work.

+ Throughout the third chapter, we present a description of the experimental conditions
for the synthesis of glasses of the Sb203-WOs-NaPOs system. Thus, we have explored
new antimonite glasses in the ternary system based on the association of antimony oxide
with phosphate and tungsten oxides. Two series of AN and BN samples were chosen to
highlight the effect of the incorporation of NaPO3z oxides with several physical
properties. Thermal characteristics are carried out by differential scanning calorimetry
to determine the characteristic temperatures of these glasses and to follow the evolution
of the thermal properties and stability according to the vitreous compositions. Elastic,
mechanical and other characteristics were also carried out.

+ The fourth chapter gathers the structural studies of these glasses by the use of infrared
vibrational spectroscopy FTIR, Raman and the optical properties (such as transmittance
spectrum in the fields of UV-Vis and NIR region, Eg and Ey, etc.).

+ The fifth chapter is devoted to the study of the photoluminescence properties of the Sm**
ion in the SWN glassy matrix. This study takes into account the effect of the
concentration of the Sm®* ions on the physical, thermal, structural, optical and PL
(excitation and emission spectrum in the UV-Vis region and decay curves (lifetime))

properties of the SWNSm glasses.

Finally, the thesis is closed with a general conclusion, which highlights all the most

significant results of this work.
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1.1 Introduction

In recent years, heavy metal oxide glasses, or HMOGs, have been the subject of much
research compared to conventional glasses. The development of these materials is linked to
their interesting physical and optical properties. These glasses can be said to be characterized
by low phonon energy, a higher refractive index, and a wider infrared transmission spectrum.

They also possess nonlinear optical properties to be used as materials for active optics.

Glass is an amorphous material that exhibits a glass transition phenomena and is also
known as disordered materials or non-crystallized. The arrangement of atoms, observed by X-
ray diffraction, is as disordered as in a liquid; the long-range order found in crystals no longer
exists; there is only an order on the scale of the interatomic distance (it presents a short-range
order). Glass on crystalline materials is characterized by a viscous state, a property that

crystalline solids do not possess.

Among the desirable uses of glass found in windows, household utensils, glasses,
bottles, or light bulbs, photonic applications have drawn the attention of many scientists for
their uses in fields such as optical fibers, laser emission, optical amplifiers, and LEDs. Glass
fibers have enabled humans to make major improvements in communications, medicine, and
pollution detection. The exploration of new glass materials has always attracted the attention
of scientists to improve the performance of glass and open new avenues of photonic
applications. Lanthanide-doped glasses, in the form of bulk components, planar waveguides
or fibers, have become promising options for optical amplification and Laser and LED

emission [1-6].

The new research has turned to research glass competing with silica glass. Glass made
from heavy elements, such as antimonite glass, is a promising line of research for applications

in infrared and NLO applications, etc., due to its high refractive index [6, 7].
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1.2 Glass definition

To the knowledge of most people, glass is a fragile and transparent material. From the
scientific side, we can say that glass is a non-crystalline solid, presenting a glass transition
phenomenon (figure 1.1). "Amorphous solid to X-rays, that is to say, like that of a solidified
liquid and illustrates the phenomenon of vitreous transition”. For vitreous materials, this
phenomenon is caused by a sudden change in the thermodynamic properties (heat capacity,
expansion coefficient) derived from crystals to those of liquids [8].

From a physico-chemical point of view, glass is a frozen supercooled liquid. It has a
disorganized structure devoid of long-range order, and there is no periodicity in the
arrangement of atoms, but it exhibits short-range order. This definition is confirmed
experimentally, whether by X-ray diffraction or by transmission electron microscopy (TEM),

but it bears an arbitrary aspect since it depends on the size of the base pattern [8-10].

%

by

'

(a) (b)

Figure 1.1: Schematic representation in 2D of the ordered structure of a silica crystal (a), and

of the disordered structure of a silica glass (b) [10].

1.3 Glass production
A non-crystalline solid is a glass that can be obtained essentially three different ways:
by preserving the structural disorder of a liquid phase, by taking advantage of the disordered

character of a gaseous phase, or by disorganizing a crystalline phase (fig 1.2).
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Figure 1.2 : The interaction of physical states.

1. Starting from a gaseous phase by the condensation of the gas (vapor), which gives
glass in the form of thin layers, this method is applicable to metals, semi-conductors,
from Si to Ge and metal alloys.

2. From a solid phase, by the deformation of the crystalline structure under the effect of
radiation or mechanical actions.

3. From a liquid phase, this technique is the most commonly used in the synthesis of
glass; it is based on melting the main materials until a homogeneous liquid is obtained,
which is followed by very rapid cooling (fast enough cooling speed) to avoid

recrystallization [11].

1.4 Glass transition

The classic way to produce glass is to cool a liquid fast enough that crystallization
does not have time to occur. The thermal behavior of glass can be described by the evolution
of thermodynamic variables such as specific volume or enthalpy as a function of temperature
[12].
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Figure 1.3: Thermodynamic variation of the specific volume V (H) as a function of

temperature T; characterization temperatures [13].

Starting from the high temperature liquid phase, the molar volume Vwm (or the enthalpy
H) decreases with the temperature. At a temperature lower than the fusion temperature, for a
treatment of infinite duration, the liquid will be transformed into a crystal whose molar
volume (or enthalpy) is much lower than that of the corresponding super-cooled liquid (see
figure 1.3).

However, if the cooling is continuous and rapid from the stable liquid state to a very
low temperature, the liquid passes into a temperature range where it is in a super-cooled state.
It is this meta-stable state which will gradually freeze to give rise to glass at room
temperature.

As the temperature decreases, the super-cooled liquid becomes more and more viscous
and the atomic rearrangements take place with longer and longer relaxation times. Unlike the
crystal, the variation of the molar volume between the two states is continuous over this
temperature interval.

The glass transition temperature Tg is one of the fundamental characteristics of glass.
This is a “reference” temperature. It is defined by Scholze as being the temperature at which

the viscosity of the material reaches 10*2 [Poise] is defined as the intersection of the curves

10
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extrapolated from the liquid and the glass. This domain extends over a temperature range
depending on the nature of the glass and the cooling rate. The higher the cooling rate, the
higher the transformation takes place at a high temperature. The reverse is true for slow
cooling (figure 1.3).

The glass is in a meta-stable or non-equilibrium state. It is distinguished from the
crystal by two essential aspects: a thermodynamic aspect characterized by an excess of energy
and a geometric aspect characterized by an absence of order at a long distance, even if it
appears to have a conservation of order at a short range.

By continuing the cooling, the viscosity of the liquid increases exponentially and the
super-cooled liquid becomes almost solid. When it reaches 10* [poises], the rigidity prevents
local microscopic movements and a change in the slope of the enthalpy is observed (the slope
becomes almost the same as that of the crystallized compound). The temperature at which this
change occurs is called the glass transition temperature, Tg. For a temperature lower than Tg,
the material is a solid with a structural disorder close to that of a liquid: it is a glass. The
disorder, and therefore the entropy, is higher in a glass than in a crystal. From a
thermodynamic point of view, the glass is in a meta-stable state, the minimum energy state
being the crystallized state. The glass transition temperature Tg is an intrinsic property of
glass. It depends on the one hand on the nature of the material and, on the other hand, on its
history of formation (temperature and pressure conditions). In particular, it depends on the
cooling rate used during quenching: the faster the liquid is cooled, the higher the temperature
Tg.

1.5 Glass formation

To explain the formation of glasses, several very empirical approaches have been
proposed. They are based on crystallographic and thermodynamic criteria or on
considerations concerning the nature of the bond (Goldschmidt, Poulain and Zachariasen
models, etc.).

In 1932, Zachariasen [14] put forward the hypothesis of a disordered lattice of oxide
glasses. According to the structural role they play during vitrification, the cations involved in
the composition of oxide glass are classified into three categories: network formers, network

modifiers and intermediaries.

11
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1.5.1 Formative elements
Lattice formers (SiO2, B203, GeOz, As203, P.Os) are elements that can form a glass on

their own by constructing to each other by “bridging” oxygen with purely covalent bonds (See

figure 1.4) [15].

Figure 1.4: A two-dimensional glass network of composition A2O3 (after Zachariasen 1932).
Dark circles are A atoms and light circles are O atoms. Note that the network is fully
connected with all O atoms being shared between 2 A atoms. In addition, different sized rings

can be observed [14].

1.5.2 Modifiers elements
Lattice modifiers (or non-formers) are elements that cannot form glass on their own.

These are mainly the alkalis (Li.O, Na,O and K:O), the alkaline earths (CaO, BaO) and

certain transition elements or rare earths.
Their introduction into the glass network has the effect of depolymerizing the vitreous

network by breaking bridges to form entities.

7 \
—\S|— O—-SiI — —Si— O Na*
\ /

/

Oxygen, carrying an excess electronic charge, no longer establishes the connection

between neighboring tetrahedrons. It is "non-bridging™ oxygen.
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The lattice-modifying oxide cation lodges in a cavity close to the filled bonds to compensate

for the excess charge (figure 1.5).

Bridging Oxygens
Na* l / & Network Modifier
@ o-So & xS
-/ e i \ -
0-Si o-si Si—0 0 ’
\ s +(|)- :
O\ /O 3 o Network Former
Si—0—Si | &
- ? 4 AN 6 /Si\ &
O\ /O y \ 0 Q
i ) o’Si/O\s'\ \
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Si~q Si~o-Sl _ nat _ g oo on-bridging
0 LI Oxygens
(8] /Si’o ’ 0] 0
0

Figure 1.5: Two-dimensional schematic representation of the structure of a (Si.O-Na;0) glass [16].

They are generally bulkier (larger ionic radius) than lattice formers, weakly charged,
and their bonds to oxygen atoms are more ionic than those established by formers. They can
have two very different structural roles: either as true network modifiers or load
compensators.

 True lattice modifiers break the bonds between the polyhedrons of the vitreous lattice,
causing deploymerization of the latter. They then transform bridging oxygens, which link two
network-forming elements, into non-bridging oxygens, linked to a single network-forming
element.

* Charge compensators, on the other hand, compensate for a negative charge on a lattice-

forming polyhedron, allowing it to be stable in this configuration.

1.5.3 Intermediate elements

The best known intermediate oxides are: Al20s, Fe203, PbO, TiO2, ZnO, M0O3z, WOs.
Depending on the composition of the glass, they behave either as network formers in the
presence of charge compensators, or as modifiers in the absence of charge compensators (they
will break the bridging bonds to form their polyhedrons), or neither of these functions but
have an intermediate role such as coloring substances which are generally oxides of cobalt,
chromium, iron, rare earths, sulphides, and metals (Cu, Ag, Au...) (fig 1.6) [10].
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Figure 1.6: The role played by the different constituents of glass (soda-lime): Si, former, true

modifier Na, Ca, charge compensator, Al, intermediate [10].

1.6 General characteristics of glass chemical compositions

1.6.1 Antimony oxide Sb203

According to Zachariasen [14], antimony oxide (Sb2O3) was predicted to be a glass

former. It is found naturally as an ore, stibine Sb»Sz, and as an oxide, Sb2Os [17], and can

exist as Sh,O3 or Sh20s. Table 1.1 brings together some characteristics of antimony oxide ores

[18, 19].
Table 1.1: Physical constants of inorganic constituents [19].

Formula Molar Color Density Tt Tc Refractive  solubility

mass incrystalline form (g/cm3®)  (°C)  (°C) index
Cervantitis  307.5 White powder 5.82 - - 2 water,
Sh204 nitric and
Senarmontit  291.5 White powder 5.2 656 1550 2.087 sulfuric
e a-Sh203 acids
Valentinite ~ 291.5 Color 5.67 656 1550 2.18,2.35

3-ShoO3
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Antimony oxide glasses are attractive because of their wide use [19, 20], this

importance of (Sb203) is due to:

v
v
v

Wide forbidden band (indirect) Eg = 3.3 eV [21].

Solubilize RE oxides in glass [18].

Low synthesis temperature is 700-900°C compared to silica oxide glasses at
1700°C.

The synthesis of air glasses is compared to fluoride glasses, which go through
several stages.

Chemical durability.

Transmissible up to 8 pm in the infrared spectrum [22], which leaves room
for several applications as active or passive materials: laser, amplifier.

Low phonon energy (about 600 cm™ due to low Sh-O-Sb band stretching
vibrations and high refractive indices [19, 23]), and also have extensive IR
transmission, which makes Sb2Os glasses suitable for studying them in the IR
region [24].

They have potential applications in nonlinear optical devices such as ultra-

fast optical switches, power limiters, and broadband optical amplifiers [23].

Antimony oxide exists in several forms depending on the oxygen content. Sb2O3 oxide

has two allotropic forms (fig 1.7):

» 0-Sh203: senarmontite is cubic in shape (stable at low temperatures).
> B-Sh20s: valentinite (stable at high temperatures) [12, 19, 20, 25].

(a) (b) ()

Figure 1.7: The structures of: (a) a-Sb203, senarmontite, (b) f-Sb203, valentinite, and (¢) a-

Sh204, cervantite [12].
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Sh,0s participates in the glassy lattice with the structural unit SbOs and can be
considered as tetrahedra with three corner oxygens and a single pair of antimony electrons
(Sb®") in the fourth corner, located in the third equatorial direction of the Sbh atom. The
deformation of this pair is responsible for the high order 3 nonlinear optical susceptibility of

antimony oxide glasses [19].
1.6.2 Tungsten trioxide WOs

Tungsten trioxide (WO3) has gained importance in the industrial sector because of its
electrical, catalytic and photochromic properties [26]. The principle of this effect is based on
the possibility of the element to change its degree of oxidation under excitation and therefore
change color. This phenomenon may be reversible. Therefore, many studies have been
performed on the characterization of amorphous WO3 films deposited on glass substrates [19,
27]. All these benefits are because of WO3:

¢+ Sensitive to visible light [28].

¢+ Corrosion resistivity [29].

++ Forbidden band of 2.7 eV [19].

++ Insulation at room temperature [30].

Its crystallographic structure is cubic ReOs type [31-33], slightly deformed. The W®*
cations are in an octahedral WOs environment [34]. Tungsten trioxide WOs exists in several
crystal forms. In all cases, the structure is composed of a three-dimensional assembly of WOs
octahedra linked together by the vertices. Each oxygen atom therefore belongs to two
octahedra, hence the chemical formula WOs2 or WO3 of this oxide. This three-dimensional

assembly of octahedra is shown in figure 1.8 [26].

tungsten(VI) oxide

Figure 1.8: Crystal structure of tungsten oxide WO3[19, 26].
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1.6.3 Phosphate

Phosphate glasses have numerous benefits over traditional silicate and borate glasses
due to their better physical characteristics, such as high thermal expansion coefficients, low
melting and softening temperatures, and strong ultra-violet and far infrared transmission.

They're also the preferred materials for high-power laser applications [6].

Phosphate compounds have several structures and can form three-dimensional or
linear networks. These networks are based on the arrangement of PO4 tetrahedra. The PO4
tetrahedron forms five covalent bonds with four oxygens (three single bonds and one double

bond). o

O —P—0

O

Oxygen having a single bond with phosphorus can then be terminal (P-O) or bonded
to another phosphorus atom (P-O-P). It is the number of terminal and bridging oxygens that
will determine the nature of the phosphorus site. There is a nomenclature to describe the PO4
tetrahedron [26, 35]. This tetrahedron is called Q", where n is the number of bridging oxygen
atoms. There are therefore four possible types of Q" tetrahedra (fig 1.9):

Q3 Q2 Q! Qo

Figure 1.9: Schematic representation of phosphate groups and their denomination in terms of

Q"[36].

The bridging oxygen atoms are bound to PO4 groups and the non-bridging oxygen
atoms have their negative charge neutralized by a cation.
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1.6.3.1 Tetrahedra Q3
The three oxygen atoms forming a single bond with phosphorus are bridging, i.e.
bonded to another phosphorus. In this case, the arrangement of PO4 tetrahedra forms a three-
dimensional network and the compound formed is called ultraphosphate. Only phosphorus
pentoxide (P.Os) forms this type of network. This ultraphosphate compound contains two
distinct types of phosphorus-oxygen bonds:
e terminal P=0 double bonds.

e The single bridging P-O bonds connect the PO tetrahedra (P-O-P bonds).
O O @)

|
O—P Oo—P=—O=—P —0 ]

O O O

1.6.3.2 Tetrahedra Q?

In this case, among the three oxygens forming a single bond with phosphorus, two

oxygens are bridging and one oxygen is terminal. The arrangement of PO, tetrahedra then
forms a one-dimensional chain and the compound is called metaphosphate. In this case, the
cations stabilize the negatively charged terminal oxygen. This is the case, for example, of
sodium metaphosphate (NaPOs). These chains can have very variable dimensions, and it is
generally customary to give the average length of the chains. The compound is then described
by (NaPOsz) n, n being the average number of tetrahedrons included in these linear chains.
This compound also has two types of phosphor oxygen bonds:
e bridging P-O links.

e Terminal P-O bonds.

O O O
| | |
O P =0 Pe==Q=—=P —0
| | |
o~ o~ o~
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Indeed, we consider the double bond P=0O and the terminal single bond P-O identical

because there is resonance between the two bonds.

o—P—o]— — -[o—P —0

1.6.3.3 Tetrahedra Q!

Of the three oxygens forming a single bond with phosphorus, one oxygen is bridging
and the other two are terminal, negatively charged and stabilized by cations.
These tetrahedrons are then called pyrophosphates and are sometimes denoted PO3?. There
are then two possibilities: the Q* tetrahedron is placed at the end of the metaphosphate chain
and therefore linked to a Q?, or it is linked to another Q?, then forming a P.O7* dimer. It is
therefore present, for example, in the sodium metaphosphate NaPO3 at the end of the chain or
only in the form of dimers, for example in the sodium pyrophosphate NasP>O-.

Pyrophosphate tetrahedra also have two types of phosphorus-oxygen bonds: terminal
P-O bonds and bridging P-O bonds.
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1.6.3.4 Tetrahedra Q°

In this case, all the oxygens bound to the phosphorus atom are terminals, so the PO4
tetrahedron is isolated. These compounds are called orthophosphates and the tetrahedra are
sometimes denoted PO4>. This is the case, for example, of sodium orthophosphate (NasPO4).
Orthophosphate tetrahedra have only one type of phosphorus-oxygen bond because the

double bond is resonant with all oxygens [26, 34-36].

1.7 Rare earth ions

The lanthanide group of fifteen elements, together with scandium (Sc) and yttrium
(Y), are collectively referred to as rare earth elements. When placed into a host material, rare
earth ions in particular act as luminescence centers. For use in fiber lasers, optical amplifiers
and telecommunication, as well as high density optical memory, glasses are renowned as

good host materials for rare-earth ions.

The primary source of these ions' characteristics is the shielding provided by the 552
and 5P® orbitals, which mostly cover the 4f orbitals fully. The valence electrons are thus only
slightly perturbed by the surroundings, and their electronic transitions result in thin and
intense lines [37, 38].

1.7.1 Samarium ions

In glasses, samarium ions can be found in a divalent or trivalent form. The glasses that
have been made using traditional glass melting processes are the ones where these ions are
most stable in their trivalent condition. Sm ions' electrical structures are displayed in Table 1.2
[37]:
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Table 1.2: Electronic configuration of samarium ions [37].

Trivalent rare earth ion  Electronic configurations

Sm [Xe] 4f° 652

152 25? 2p® 3s? 3p°® 4s? 3010 4pb 552 4010 5pb 6s? 4f°
Sms* [Xe] 4f°

1s2 25? 2p° 3s? 3p°® 4s? 3010 4p° 55 4010 5pb 4f°
Sm2* [Xe] 4f°

152 25? 2p® 3s? 3p® 4s? 3010 4pb 552 4010 5pb 4f°

The Sm®" ion's electronic structure is [Xe] 4f°, and its free ion ground state is ® Hs2. As
a Kramer's ion, Sm®* is thought to contain an odd number of electrons in the 4f shell, which
results in double degeneracy in this ion's energy levels due to the ligand-field. The lowest
excited state for the Sm?* ion's [Xe] 4f® electron configuration is ” Fo. These ions are not
Kramer ions since they contain an even number of electrons in their 4f shell. As a result, there

are several doublet and singlet energy levels.

Sm®*" jons exhibit four emissions corresponding to # Gsz —® Hsp, 72, o2, and 1112
transitions that correspond to luminescence bands at about 563, 598, 644, and 705 nm,
respectively [37, 39, 40]. Also, Sm?* ion's photoluminescence has the emission corresponding
to the transitions (> Do— 'Fj; J= 0, 1, 2, 3, 4), which have luminescence maxima at
wavelengths of 683, 700, 724, 760, and 810 nm, respectively [37].

N. Deopa and A.S. Rao.,[41] studied the excitation and emission spectrum of Sm** in
LiPbAI glasses. Samarium ions are excited from the ground state of ®Hs, to different levels of
transition and swiftly relax through a non-radiative transition to the energy level of *Gsp. The
excitation spectrum of LiPbAIB glasses exhibits nine prominent bands at 344, 361, 374, 388,
401, 416, 439, 463 and 477 nm corresponding to the transitions  Hs/2 _* Hoz + 4 D712, * Daja, 8
P72, * Lisiz, 4 Farz, (6 P, # P)si2, # Gorz, # lizrz and # 11172 respectively (see fig 1.10). It has a
prominent excitation peak at 401nm, which corresponds to the ®Hs, — *F7 transition. Fig
1.10 shows the excitation spectrum (at A em=597 nm), emission (at A ex= 401 nm) and energy
level diagram of Sm®* ions in LiPbAIB glass [41]. Additionally, the substantial energy
difference between the upper * Gs;, level and the lower ° Fi12 level is a major factor in the

multiphoton relaxation. In fig 1.10, the potential cross-relaxation channels for LiPbAIB
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glasses doped with Sm®* ions are depicted. When the absorption and emission transitions

coincide with each other, a process known as cross-relaxation takes place.
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Figure 1.10: (A) Emission spectra, (B) excitation spectrum, and (C) energy level diagram of

Sm® ions in LiPbAI glass with cross-relaxation channels [41].
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1.7.2 Effect of RE doping on the glass structure

The incorporation of RE ions is more practical in glasses with a large concentration of
non-bridging oxygen, such as phosphate glasses. In the glass matrix, RE®* ions (such as Sm®*)
replace a network modifier (such as Na* and Sr?*), and are surrounded by structurally
bridging oxygen and non-bridging oxygen (figure 1.11) [42]. When non-bridging oxygen is
decreased in glasses like borate, phosphate or pure silica, RE ions cluster, which lowers the

radiative transitions.

Li*

g
P

Figure 1.11: The proposed model for the structure of Sm** doped Li,O-SrO-B,03 glass [42].

1.8 Photonic applications

Glasses are a potential material for the photonics applications, which includes LEDs,
lasers, optical fibers for telecommunication, ultrafast optical switches, power limiters, etc.,
(fig 1.12) [43]. Because our glass array included samarium ion doping, which is well-known

for its uses in red-orange light, we'll mention some of LED applications [41].
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[ Photonic applications ]

! ’
& s

[ LED ] [ Laser ] [ Fiber optic ] [ Integrate circuit ] [ Power limiter ]

Fiber Optic Cable

(

Figure 1.12: Some application in photonics.

+ Lighting technologies were born out of the need to supplement sunlight. From
prehistory to the present day, three types of technology have been successively developed:
combustion lamps; incandescent lamps; and discharge lamps. Among the criteria for
classifying these different light sources is the energy efficiency of light/electricity conversion,
which remains low. A considerable global effort is devoted to this field of research with the
aim of reducing electricity consumption. The latest advance is the discovery of white light-
emitting diodes (LEDs) to replace traditional lighting (incandescent lamps and fluorescent
tubes) thanks to their better performance and longer life.

+* LEDs are increasingly present in our daily lives, for viewing and transmitting
information, lighting in televisions and mobile phones, etc. As we will see, for each of these
applications, the use of LEDs is based on well-considered choices (economic, aesthetic, etc.)
[44].
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Chapter 11 Experimental technique of characterization glasses

I1.1 Introduction
This chapter outlines the many characterization procedures used on glasses in our

investigation:

4 Differential scanning calorimetry (DSC) is used to identify the typical temperatures of
glasses.
4 Physical properties.

&

Mechanical and elastic properties.

4 Optical properties: calculates several optical parameters using absorption in the UV-
Vis and NIR spectrometers and studies luminescence with the spectrofluorometer.

4 Infrared spectroscopy (IR) and FTIR as well as Raman spectroscopy provide

information on the local internal structure of the material, in particular impurities.
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11.2 Characterization techniques
We will examine the thermal, mechanical, optical, and structural characteristics of our

manufactured glasses through experimental instruments matched to each feature after creating

Structural
characteristics

the ternary Sbh.03-WO3-NaPOs glasses (see Figure 1. 1).

Optical
characteristics

Physical and mechanical
characteristics

Thermal
characteristics

iHR 320 Horiba
monochromatic

Differential OHAUS Zwick/Roell Pulse-echo | Perkin Elmer Horiba Perkin-Elmer s elc?{arr(r)]rir;ter
Scanning Adventurer Microhardness method Lambda 35 FluoroMax®-4 FT-IR coFr)nbin ed with
Calometry AX type UV-Vis-NIR type SPECtrum TWO | i cority UV-VIS

DSC Labsys hydrostatic Spectrometer | spectrofluorimeter | Spectrometer
evo 1600°C weigher CCD camera

Figure 11.1: Difference characterization techniques used in our work.

11.3 Thermal characteristics

To perform the thermal analysis of a material, there are two experimental techniques:
differential thermal analysis (DTA) and differential scanning calorimetry (DSC) [1, 2]. The
typical temperture of our glasses was determined by employing Differential Scanning

Calorimetry (DSC). Figure I1. 2 shows the Labsys evo Tg/ DSC 1600 °C device.

Figure 11.2: Differential Scanning Calorimeter (DSC) device labsys evo 1600°C.
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Differential Scanning Calorimeters come in two types (DSC). The heat flux DSC is
the 1% kind (on the left in figure 11.3), where sample and reference are in the same chamber
powered by the same heat source. The 2" type of DSC (on the right in figure 11.3) is the
power-compensated DSC, for which sample and reference are in separate chambers equipped

with an autonomous heating system.

a) b)
Led L= L= L=
A —— | —— —
* -
— | ——— Sar”
1 individual heating source
Single heating source

Figure 11.3: Schematic diagram of the DSC [2].

a) Heat flux and b) Power compensation.

In this case, the temperature of the sample is maintained equal to that of the reference
by varying the power of the ovens. The experimental principle is as follows: the vitreous
samples are placed in a sealed capsule, introduced into the DSC cell and heated with a regular
temperature rise rate. The heat flux released or absorbed by the sample is then recorded.
Changes in heat capacity or enthalpy of the sample (E) cause a relative temperature difference
between the reference and the sample to be recorded. It is possible to trace enthalpy variations
through calibration experiments. Finally, it gave DSC curves (see fig 11.4).The DSC curve of
a glass makes it possible to determine the characteristic temperatures of the material (Tg, Tx
(or T¢), Tpand Ty) [3, 4] .

Crystallization
TP

Heat flux
(nw)

Glass

transition Melting

— Exo

Temperature (°C) =

Figure 11.4: Spectra of DSC [2].

31



Chapter 11 Experimental technique of characterization glasses

The SC curve gives information about he studied material. For example, in the glass, it

is distinguished from the rest of materials by the presence of the glassy transition phase.

The characteristic temperatures are therefore used to define stability criteria:

- Thermal stability [4]: AT =Tx-Tyg (1.1)

- Factor of Saad and Poulain [5] defined us: S = [(T”"T"T);Tx"“’)] (11.2)
: . _ (Tx=Ty)

- Factor of Hruby [6] defined us : Hf = -— (1.3)
(Tf Tx)

Tg: Glass transition temperature.

Tx: Crystallization start temperature (or Te).
Tp: Maximum crystallization peak temperature.
Tr. melting temperature.

11.3.1 Experimentation equipment

The vitreous samples were ground into a powder, then weighed and introduced into an
aluminum crucible (75 pl). The analyses are carried out with an Ar gas sweeping to avoid any
reaction of the material to be studied with the furnace's. The characteristic temperatures were
measured by DSC (Labsys evol600°C). With these characteristic temperatures, we can
calculate the stability factor (AT), etc. The measurements were carried out between 20°C and
500°C with a temperature heating rate of 10°K/min. The measurement error is estimated to be

within £2°C for Tgand Txand £ 1 ° C for Tp (see fig 11.5).
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Figure 11.5: DSC devise operation principal used in our work.
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11.4 Physical and mechanical properties
11.4.1 Density

The density of glass is an essential physical property that may be used to compute a
variety of material qualities. The Archimedes technique was used to determine densities in a
solvent (water), in this case, distilled water. The measurement principle is relatively simple:
the sample is weighed in air and then in the solvent (water). Its density is then determined by

the following relationship [7]:

P= e — X Pwater (“-4)

Mgjr—M water
With: m ir = mass of the sample in air (g).

M water = Mass of the sample in water (g).

Pwater = the density of water at T°C (known between 25-30°C) equals (1 g/cm?®).

11.4.1.1 Experimental equipment

The density measurements were carried out according to the Archimedes method
(OHAUS adventurer AX type). Each density resulted from an average calculated over 5
consecutive measurements carried out on the same sample, with an error equal to +0.0005

g/cmd. The density assessment process is depicted in figure 11.6.

Weight glass in air

N—

Weight glass
in water

Figure 11.6: Scale equipped with a hydrostatic weighing device (OHAUS Adventurer AX
type) [7].
11.4.2 Elastic properties
There is a non-destructive and simpler method based on the measurement of the
longitudinal V. and transverse Vr propagation velocities of an ultrasonic wave in the material
studied. Ultrasonic waves are mechanical vibrations with a frequency between 10 KHz and a

few hundred Mhz. In our measurements, the transducers used have a frequency of 10 MHz.
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Any material can be schematized by a network of elementary masses (atoms)
connected to each other by springs (interatomic forces). If the bonds are rigid, the movement
of the wave will be transmitted instantaneously, and all the atoms will move in phase. The
presence of elastic bonds leads to a time lag which increases with distance and reveals a wave
propagation speed directly related to the rigidity of the interatomic bonds.

The measurements of the elastic moduli were carried out by reflection using
piezoelectric transducers (transmitters and receivers). This method is called Pulse-Echo.
Through a gel, the transducer submits a mechanical excitation pulse to the material. The
response of the latter is visualized on an oscilloscope by a series of echoes of decreasing
amplitude corresponding to the successive reflections of the sound wave on the face of the
sample opposite to that in contact with the transducer.

There are two types of waves which can propagate with different speeds in an infinite
and isotropic homogeneous (figure 11.7):

4 Longitudinal waves (traction-compression waves) correspond to a displacement of the
particles parallel to the direction of propagation of the wave (figure 11.7a).
4 Transversal waves (shear waves) correspond to a displacement of particles

perpendicular to the propagation of the wave (figure 11.7b).

TR

Direction of pr opagatmn
of the ultrasonic wave

Particle vibration
dir ecnon

gy

Figure 11.7: The different types of propagation wave in a homogeneous and infinite medium

8].

We can calculate the propagation speed of the wave using the following relationship:

(11.5)

V= 2*1

T
V: propagation speed of the wave.
I: the thickness of the sample.

7: The time taken by the wave.
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The measurement of the elastic moduli E, G, K, L and v is deduced from the
longitudinal V. and transverse V1 velocities of propagation according to the following
expressions [8, 9]:

- Young's modulus

_ o2 3VEi-avZ
E =pV#% VT (11.6)
- Shear modulus
G =p.V2 (11.7)

- Longitudinal module

L =p.V?2 (11.8)
- Volume modulus
K=2@3V] -4V} (11.9)

- Poisson coefficient

_ Vi-2v%

v = m (11.10)

With: the elastic moduli E, G, L and K in [GPa]
VL: longitudinal propagation velocity [m/s].
V/1: transverse propagation velocity [m/s].

p : density [g/cmq].
11.4.2.1 Experimental apparatus

The device used is ultrasonic echography to measure the elastic moduli. It is a non-
destructive method, based on the determination of the speeds V. and V1 of an ultrasonic wave
propagating through of the material. Ultrasonic measurements were performed using a high-
power ultrasonic pulse receiver (Olympus NDT, 5900 PR) using X-cut and Y-cut quartz
transducers each with a frequency of 10 MHz and a digital storage oscilloscope (figure 11.8).
On the oscilloscope screen, we see a signal consisting of a series of echoes with diminishing
amplitudes, which correspond to consecutive reflections of the sound wave on the face of the
sample opposite the transducer. The measurement of the delay t (time taken by the wave to go

back and forth between two successive echoes) makes it possible to calculate the propagation
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speed of the wave from relation (I1.5) and deduce the elastic moduli E, G, K, L in [GPa] and

V.

Figure 11.8: Pulse-Echo device equipment: Immersion transducer with an Olympus Model
5800RP generator, coupled to a 20GHz oscilloscope (HAMEG type).

11.4.3 Micro-hardness

The hardness of a material when exposed to a localized plastic deformation (for
example, a tiny indentation or scratch) is used to determine the behavior of a material when
subjected to a force (brittle or ductile behavior). Among the many methods proposed, we have
opted to determine the hardness of our glasses by diamond impression with the Vickers
pyramid (micro-hardness).

The micro Vickers hardness (Hv) of a material is defined as the pressure exerted by a
load (with a square-based pyramid-shaped diamond with an apex angle of 136°) on the
surface of the material and is measured by the ratio of this load on the contact area formed
between the indenter and the indented surface of the material [10-13].

Figure 11.9: Zwich/Roell (Indentec) micro-hardness tester.
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11.4.3.1 Experimentation equipment

The measurements were taken using a direct-reading Zwich/Roell (Indentec) micro-
hardness tester (figure 11.9). A very small load of 50 g is applied for a time of 10 seconds. For
the same sample, the hardness values always show some dispersion. This device allows the
study of a localized area of the surface. To access the Vickers hardness, the length d of the
diagonal of the square base of the indentation must be measured. Each length d is the result of
an average calculated from 5 consecutive measurements taken on the same sample. The
measurement uncertainty AHv is equal to 1%. In practice, the average value of the lengths di1
and d; of the two diagonals (see figure 11.10) is measured and allows the device to directly

calculate the hardness according to the equation (11.11) [12, 13].

.2
F _2Fsin(y) _ 0,1891F

H, = = =
V"981s  981d2 d?

(11.11)

With: F: Applied load (N).
S: surface of the indentation (mm?).
d: Average value of the diagonal ((di+d2)/2).
0: Angle at the top of the indenter (6 = 136°).

Square-based
pyramidal ]
indenter
¥ - 01 »
” %
— d;
_di L
/ impression
Sample

Figure 11.10: The Vickers test principle [13].

11.5 Optical and structural characteristics

11.5.1 UV-Vis and IR spectroscopy
We can say that the most fundamental property of glass is its field of transparency,
which depends on the chemical composition and the elements present in the glass, and

38



Chapter 11

Experimental technique of characterization glasses

through which we will determine the field of application of this glass. The transmission

window or transparency of a glass is delimited by two boundaries in the electromagnetic
spectrum.

+ The band gap boundary (at short wavelengths (UV-Vis)): corresponds to the
absorption of light by electronic transitions from the BV to the BC of the material.

+ The multi-phonon boundary (at long wavelengths (IR)): is due to the vibrations of
chemical bonds and their harmonics.

These two types of absorption are said to be intrinsic to the material, they depend
directly on the chemical elements that make it up. Figure 11.11 presents the schematic

transmission spectra of the three main families of glass, namely oxide glasses, such as silica,
halides, mainly consisting of fluoride glasses, and chalcogenide glasses [7, 8].

Bandgap border

Multi-phonon boundary
£
c
S y
é Chalcogenide
&
c 4
g
20!.
0 ! !'- 4 + * + —
0: B, L 10 15 20
. “ou,, oiy, Wavelength (um)
.". e Wavelength (nm)
20 % 500 1000 2 ""'--._.4090 8000
I aE ~ '
Uv Vis NIR

Figure 11.11: Transparency domains of the three main families of oxide, halide, and

chalcogenide glasses |7, 8].
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11.5.2 Optical characteristics

Optical methods make it possible to characterize a large number of parameters. Optical
absorption is based on the interaction of electromagnetic radiation with matter in the UV-
visible and near-infrared spectral range. The absorbance of molecules depends on electronic
transitions [8, 14, 15]. This transition corresponds to the passage of electrons from one
electronic level to another electronic level of higher energy under the effect of radiation.
However, the absorbance of matter in the UV and visible domains is intensively exploited in
quantitative analysis by the application of the Beer-Lambert law. Figure 11.12 illustrates the

typical operating principle of a transmission spectrophotometer.

Perkin Elmer
Lambda 35 UV-Vis-
NIR Spectrometer

o
Light
source
Detector D
Monochromator | m | %
\ Va T = 0T | Beer lambert's law ‘
| Beam I=1Iy astis
splitter " 4

Figure 11.12: Typical UV-Visible spectrophotometer operating.

First, polychromatic light from a light source (UV-Vis-NIR) passes through a
monochromatic. The monochromatic beam is then split into two arms. The first corresponds
to the reference line and ends with a detector which makes it possible to automatically correct
the measurement signal by the intensity fluctuations of the light source lo. The second arm
crosses the glass sample to be characterized and ends with a detector 1. therefore, it measures
the intensity of the light (I) passing through a sample and compares it to the intensity of the

light before this passage (lo).

40



Chapter 11 Experimental technique of characterization glasses

The ratio 1 / lo is called transmittance, and is usually expressed as a percentage (T%).
From the transmission spectrum T, the optical density (OD) can be calculated by the
following equation [16]:

DO=A=-log— (11.12)
0

Where A is the absorbance or optical density, which has a wavelength. From the
absorbance spectrum, we can determine: the absorption coefficient, the optical band, the

refractive index, etc.
11.5.2.1 Experimentation equipment

Transmittance is measured using a Perkin Elmer Lambda 35 UV-Vis-NIR
spectrometer. The sample is in the form of polished glass and a few millimeters thick. This
device, controlled by a computer using Winlab UV software, makes it possible to study
absorption over a wide spectral range extending from 200 nm (ultraviolet) to 1100 nm (near
infrared) (figure 11.13).

Polished
glass

RSy p—

Figure 11.13: Typical operating principle of a transmittance spectrophotometer in the
UV-Vis and NIR range.
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11.5.2.2 Determination of the forbidden band width (Eg) and the Urbach energy (Eu)

From the transmittance spectra, we deduced two important parameters: the optical
band gap Eg and the parameter E, (Urbach energy), which gives an evaluation of the width of

the band tails of the states located in the gap.
+ Determination of the forbidden band width

Firstly, we must to determine the absorption coefficient (a), we used the Beer-
Lambert relationship (relation 11.14). If we express the transmittance, T, as (%)

T = exp(—ad) (11.13)
The optical absorption coefficient (a) is given by the following (approximate) formula:
1 100

This approximate relationship is established, neglecting the reflection at all the
interfaces; air/glass. Knowing the thickness of the glass, d, one can calculate the absorption
coefficient for each value of the transmittance that corresponds to an energy. By sweeping the
entire energy domain on (see figure 11.14) [16-18], we have plotted the typical variation of the

absorption coefficient (a?) as a function of the energy of the incident photons (hv).

1.2x10™

9.0x10°

6.0x10"

Absorption coefficient(c?)
§
%

00 |
1 1 1 1 1 1

15 20 25 3.0 3.5 4.0 45

Energy(eV)

Figure 11.14: Variation of the absorption coefficient (a?) as a function of hv [18].
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In the high absorption range (a > 10%* cm™), a is expressed as a function of the gap
(E 4) according to the following equation [16-18][16-18]:
(ahv)" = A(hv — E,)) (11.15)

It is then possible to determine the nature of the gap:

v" for n = 1/2 the transition will be indirect.
v" for n = 2 the transition will be direct.

Where: A: constant, Eg: optical gap in eV, h: the energy of a photon.

hc 12400
E=hy =t 12 (11.16)

Then we plot (ohv)" as a function of the photon energy (hv ). We extend the linear

part of (a¢hv) ™ to the abscissa axis, we obtain the value of Eg as shown in figure I1.15.

100

(21}
Q
L

(ahfau)
3
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0 15 20 Axw25 3.0
hv (eV)

Figure 11.15: Determination of the energy gap [18].

The optical gap for the different glasses is obtained by plotting (ahv)™2 : indirect
transition as a function of hv as shown in figure |1.15. By extrapolation of the linear part of

the curves, the value of the optical gap is obtained.
+ Determination of the Urbach energy

The parameter that characterizes the disorder of the material is the Urbach tail
energy(Eu). According to Urbach's law, the expression of the absorption coefficient is of the
form [18, 19]:

a = agexp Z—v (1.17)
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a is constant.

E,, : Urbach energy (or simply E).

The energy values of Urbach Eu were calculated from the extrapolation of the linear
portion of the curves In (a) with respect to hv. they were obtained from equation 11.18 and
represented in figure 11.16. By plotting (In @) as a function of (hv), we can determine the

value of (Ey) by using the following formula.

Ina = In(ag) + (3) (11.18)

Ln(a)
X1/E,

Energy hv (ev)

Figure 11.16: Variation of In(a) as a function of hv [18].

11.5.3 Infrared spectroscopy (FTIR)

Because it is a generally non-destructive and sensitive characterization approach, IR
spectroscopy is one of the most extensively utilized ways to analyze a material's molecular
bonds. Indeed, the position of the absorption bands is directly related to the bond strength
constant between the atomic nuclei [20]. It will therefore be possible to return to the structural
groups present in the vitreous matrix and to obtain precise information on the structural

organization of the materials.

Infrared transmission is generally limited by multi-phonon cutoff, which is mainly due
to fundamental vibrations of chemical bonds or harmonics of vibrations. The absorption

wavelength A of these energies is expressed by the following relationship [7, 21]:

A= ch\/% (11.19)
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With : c: The speed of light in vacuum.
w: The reduced mass of vibrators or atomic groups concerned two atoms.
K: The strength constant of interatomic bonds.

p=-"z (11.20)

my+my

So as with other types of energy absorption, molecules are excited to a higher energy

state when they absorb infrared radiation. The absorption of infrared radiation is, like any

other absorption process, a quantitative process. A molecule only absorbs a selected

frequency of incident radiation. The position of the absorption bands in the infrared

absorption spectrum of a sample therefore makes it possible to determine the chemical bonds

present in the material. It is important to remember that a bond can vibrate in different ways.

It is said to have different modes of vibration. One can distinguish the modes of elongation

and the modes of deformation of the chemical bonds. Each of them also has a symmetrical
vibration mode and an anti-symmetrical vibration mode (see figure 11.17) [7, 21].

/\('%232&

Symmetric Antisymmetric Angular

. . . Twist
elongation elongation deformation

Figure 11.17: Same vibrations mode [7].

In an infrared spectrometer, the infrared beam coming from the IR source is directed
towards the interferometer. The generation of the latter occurs upon recombination of the
beams from the fixed mirror, and the rest passes through the splitter and is directed onto the
moving mirror, which moves at a fixed frequency. The beam then arrives at the detector to be
transformed into an electrical signal. The detector appears as an interferogram, i.e., a
signature of the intensity as a function of the position of the mirror, and it is possible to

convert the interferogram by the Fourier transform [7, 22].

There are two main types of devices. Their differences lie mainly in the system of

wavelength selectors:

@ Dispersive spectrometers (by UATR techniques of the Perkin Elmer

spectrophotometer).
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@ Fourier transform spectrometers (FT-IR) (non-dispersive): This device ((FT-
IR) (non-dispersive)) is the interferometer for measuring all frequencies
simultaneously. It includes a light source, the device, the sample compartment,

the detector, and the analog-digital converter (fig 11.18(a)).

While the UATR consists of an optical base on which the crystal plate is fixed, the
latter is a solid diamond that is set in a stainless steel plate to ensure the best mechanical and
chemical resistance. The glasses are placed on the stainless steel plate and start the analysis
(fig 11.18(b)). The detector measures the amount of energy for each frequency that passes
through the sample. The diamond stage is fully recognized by the software, which identifies
the number of reflections, the number series, and the nature of the crystal. As a function of
wavenumber, this information is collected with each intensity spectrum. Finally, the stainless
steel plate can be cleaned with a dry cloth or cloth soaked in distilled water or ethanol after

analysis [23].

a)

Figure 11.18: a) FT-IR spectrometer Spectrum Two. b) Perkin Elmer spectrophotometer
UATR techniques.

11.5.3.1 Experimental equipment

The transmission spectra of the glasses are recorded using a Perkin-Elmer FT-IR
Spectrum Two spectrometer. This gadget, which is operated by a computer and runs on
Winlab UV software, allows researchers to investigate absorption across a broad spectral
range, ranging from 4000cm* to 400 cm* (for UATR technology) and 1,5-8um (for FTIR
technology) (see fig 11.19).
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or

Polished
glass

Figure 11.19: Device operation principle Spectrometer: Perkin EImer Spectrum Two.

11.6 Fluorescence spectroscopy

Fluorescence spectroscopy is a type of electromagnetic spectroscopy that analyzes the
fluorescence of a sample. It involves the use of a ray of light which will excite the electrons of
the molecules of certain compounds and cause them to emit light.

Luminescence constitutes “the emission of light, ultraviolet, visible, or infrared, by
certain substances under the effect of various excitations”. These substances can be solids,
liquids, or gases. The advantages of PL analysis lie in the simplicity of optical measurement
and the power to provide information about the electronic properties of the material [7, 21].

Figure 11.20 presents the principle of the photoluminescence phenomenon with three levels: 0,

1and 2.
2 2 ) Ai
Excitation T Non Ecitati Emission
I:> radiative xcitation

(source hv) (source hv)

’11?‘ 1 1
Emission ’11?‘
0 0 A 4 0 A 4
An intense beam of light, These electrons excite F)n level 2 and Itis pos§ible that the electrons
tuned to the transition 0 — retlax up tto Ie\{tel Il. FII T)albly, th?tst(? return directly from level 2 to
2, excites the system., ~ C ooirons FEr 10 fevel Dby emitting level 0 by emitting photons of
a photon of energy equal to the energy equal to that of the
energy difference between levels 1 transition 0 — 2, also, called
and 0. An emission of light, called photoluminescence

photoluminescence

Figure 11.20: Diagram of the principle of photoluminescence phenomenon [21, 24].
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11.6.1 Experimental equipment

The emission, excitation and lifetime spectra were recorded on a Horiba FluoroMax®-
4 type spectrofluorimeter (see fig 11.21) controlled by means of the origin® program. The
excitation source is a 450 W Xenon lamp (laser excitation source), which allows continuous
excitations from 200 nm to 800 nm. The lamp is mounted vertically to increase stability and
reduce lamp life. The source lamp focuses on the use of an elliptical mirror. The reflective
surface effectively collects all wavelengths and focuses them onto the entrance slit of the
excitation monochromator. Before the excitation light reaches the sample, a photodiode
reference detector measures the intensity as a function of time and wavelength. It provides
information on the electronic properties of the material, it explores the long-term average
fluorescence of a glass subjected to UV and visible radiation. Emission spectra are recorded
from the optical converter at wavelengths above 300-850 nm and excitation spectra between
200 nm and 750 nm.
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Figure 11.21: Schematic of the spectrofluorimeter equipment used for recording excitation,
emission, and lifetime spectra.
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11.7 Raman spectroscopy

Raman spectroscopy [21] is a non-destructive technique for determining a material's
molecular composition and structure, as well as chemical bonding. It's been designed
specifically for studying vitreous materials. The light-matter interaction causes Raman
scattering, which allows access to molecular and crystalline vibrations (phonons) [25, 26].
This technique is complementary to infrared spectroscopy, which also makes it possible to

study the vibrational modes of a material.

The principle of the technique follows the interaction between a sample and a laser
beam: The Raman spectrum is due to the elastic or inelastic scattering of a monochromatic
beam of laser light of frequency vo acting on a molecule. The frequency differences between
incident and scattered radiation constitute the Raman spectrum. The diffusion mechanisms

can be represented by the diagrams in figure 11.22.

+ In Raman Stokes scattering: a photon with energy hvo interacts with a
molecule in the fundamental vibrational state Eo, leading in an intermediate
state E; (which is not necessarily an energy level of the molecule) and being
scattered with energy h(vo-vw) where w is the vibrational frequency
corresponding to the transition E1-E2=hwv.

+ In anti-Stokes Raman scattering, in the case where the photon interacts with
the molecule at the excited vibrational level E», the scattered photon can, by
falling from the intermediate level E; to the fundamental level Eo, have an
energy h(votw) larger than the incident photon, giving rise to anti-Stokes
Raman scattering.

+ In Raman Rayleigh scattering, if the incident photon undergoes a purely
elastic collision, it will be scattered with the same frequency vo, giving rise to

the Rayleigh radiation.

Thus, a Raman spectrum unambiguously represents a signature containing both the
chemical composition and the crystalline organization of the material. A Raman spectrum
represents bands whose position is linked to the frequency of the mode of vibration
considered and whose intensity is linked to the number of photons corresponding to this mode
of vibration. The spectrum represents the intensity of the scattering (in a.u.) in relation to the

wave number of the vibrations (in cm™). The Raman spectrum is essentially dominated at low
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frequencies by the presence of the “boson peak”, resulting from the presence of acoustic

vibrations [2, 21].
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Figure 11.22: Dispersion mechanisms of Stokes, Rayleigh and Anti-Stokes [21].

To produce the Raman spectrum, the Stokes lines are used. The Raman spectrum

contains various information; each line or band can be characterized by:

« Its position in the spectrum can be linked to the frequency of a vibration mode.

* Its intensity is linked to the number of diffusing molecules as well as to the mode of

vibration considered.

« Its state of polarization, which provides information on the symmetry of the

corresponding mode.

* Its profile, which allows the study of movements or interactions in condensed phases

or certain determinations of temperatures in the gas phase.

A schematic of potential Raman microscopy setup is shown in figure 11.23. An

objective lens for a microscope is used to focus laser light onto the sample surface and gather

backscattered light. After passing through notch or edge filters, which filter out Raman-shifted
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photons, they are then fed into a grating spectrometer where a charge-coupled device (CCD)

camera detector may simultaneously detect wavenumbers in a chosen spectral range [27, 28].
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Figure 11.23: Schematic of an upright Raman microscope [27].
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11.7.1 Experimental equipment

Analysis of our samples was performed using an IHR 320 Horiba monochromator
spectrometer with a UV-VIS CCD camera (2048 x70,14 um) and a laser excitation source
equal to 532 nm (laser beam) was used for excitation in the range of 10-1400 cm (see figure
I1.24). The experiments were carried out thanks to the collaboration with M. Toufik. Soltani
and D. de Ligny from the institute of Glass and Ceramics, department of Materials Science

and Engineering, University of Erlangen-Nuremberg, Germany.

Figure 11.24: Microscope connected to an IHR 320 Horiba monochromator with a UV-VIS
CCD camera.
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Chapter 111 Physical properties of glasses in the ternary system Sb203-WO0O3-NaPO3

I11.1 Introduction

The objective of this work is to synthesize and characterize glasses based on antimony
oxide (Sb20s) with large vitreous domains and better characterization for photonic
applications. For this reason, we have chosen the following new glass system: Sb,O3-NaPOs-
WOQOs,

In the first part, we will present the description of the synthesis glass in the vitreous
system Sbh203-NaPO3-WOs.

The physical, thermal, mechanical and elastic properties of these glasses in the
vitreous system (90-x) Sb203-10WO3-xNaPOs, x varies from 10 to 80 and (80-x) Sb20Oz-
20WO3-xNaPOg, x varies from 10 to 70, were studied in the second part of this chapter. Also,
we compared the experimental and theoretical elastic modulus with Makishima and
Mackenzie's theory. The physical properties of the studied glasses turn out to depend directly

on their structure and composition.
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111.2 Production of glass

The synthesis of vitreous samples depends on many important parameters that must be
taken into consideration by: the type of glass we want to obtain; the choice of starting
materials and their purity; and the appropriate crucible. Subject to conditions necessary for
manufacture, etc.

111.2.1 Choosing a crucible

The choice of crucible was dependent on the chemical nature of the starting materials
and the melting temperature of the reaction mixture. Soda-calcic crucibles (tubes) were used
during the first stage of exploration of the vitreous state (determination of the vitreous zone)
for each system studied. Then we used a silica-crucible for massif study glasses. Silica

crucibles resist high temperatures well and are more expensive than soda-calcic.

111.2.2 Starting materials
These glasses were synthesized by the conventional melt-quenching-annealing method

and were prepared by using the following starting materials:

Table 111.1: starting materials of the Sb203-WO3-NaPOs ternary system.

Sb20s3 WOs3 H2NaPOg4
Properties i -
P Antimony oxide Tungsten oxide sodium hydrogeno
phosphate
Provider Aldaich Alfa Aesar Aldaich
Purity (%) ~99 ~99.998 P.Os> 60
Molecular weight (g/mol) 291,52 231,837 137,99
111.2.3 Synthesis

The synthesis of our glasses is carried out in the air, in a soda-calcic or silica tube. We

are calculated the weight of the initial components by the following relationship:

m
m, =X, X 222 x M, (111.2)

glass

Where xx: The stoichiometric coefficient, Mx: The mole mass of a raw material, mgiass: the
mass of the glass, Mgiass: The molecular weight of the glass and the molecular weight of the

raw materials.
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Example: for the ternary system 50 Sb203-10 WO3-40 NaPOs
With the molar weight: Mg;,,o,= 291.52 g/mol, My,,= 231.84 g/mol and M, yqp0.,= 137,99

g/mol.

-We can calculate the weight of each raw material (as Sh20z3) by using:

Mglass

Msp,0; = Xsb,05 X Mgtass X Msp, 0, (n2)

-The weight of glass: m giass=5 g

Mgiass = (Xsb,0, X Msp,0,) + (xwo, X Mwo,) + (Xu,naros X Mu,naro,)
Mgass= (0.5x291.52) + (0.1 x231.84) + (0.4 x137.99)

Mgq5s= 224,14 g/mol

5
224,14

me203 = 0,5 X X 291,52

Mgy, 0, 3,2515 g

So, by the same way we calculate myo, and my,yapo,: Mmwo,= 0, 5172 g and

mHZNapO3:1, 2313 g

We mixed these powders in appropriate proportions to give about 5g and put them in
soda-calcic or silica tubes. Then, the batch was melted at 900 °C to 1100 °C for 10 min to 20
min on a burner flame to obtain a homogeneous and clear liquid. The melted glass was cast in
a brass mold that had been preheated below the glass transition temperature (T=Tg-20°C) and
was left at this temperature for 6 hours (this is the annealing of the glass), followed by a slow
cooling to room temperature to eliminate mechanical stresses.

The glasses were polished using abrasive paper (240-800-1200-4000) after they had
been annealed and cooled. These samples were submitted to a variety of physical tests,

including thermal, elastic and mechanical properties, in this study (see fig I11.1).
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Figure 111.1: Elaboration assembly from our glass.
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111.3 Vitreous domains

In this chapter, we will study the glass field of the binary and ternary systems of glass
produced from antimony. We studied the binary systems (Sb203-WOs3), (Sb2.03-NaPO3),
(NaPO3-WOs3), and ternary systems of Sb203-WO3-NaPOs. The two lines with a constant
proportion of 10% and 20% of tungsten oxide were chosen to evaluate the effect of NaPOs
inclusion on the characteristics of SWN glasses.
111.3.1 Binary systems

Fig I11. 2 shows the glassy areas observed in the binary systems (Sb203-WO3), (Sb20s-
NaPOs3) and (NaPO3z-WO3).

B0 OO0 @O+ "~ g

0 10 20 30 40 50 60 70 80 90 100
% mole of WOs3

@ Ceramic
007 |—@O—O—O0—0—0O0—0O0—O0—0O0-0O—-0O o
0 10 20 30 40 50 60 70 80 90 100
% mole of NaPOs
NaPO3 | | | . WO
O—0O—O0 000 01— i |
0 10 20 30 40 50 60 70 80 90 100

% mole of WOs3

Figure I11. 2: The vitreous domain of the studied binary systems.

111.3.1.1 (100-x) Sb203-xWO3 and (100-x) NaPOs- xXWOs3 binary systems

The inclusion of WOs3 in NaPOs is easier than that of antimony oxide since the
maximum concentration of WO3 is (60NaPOs — 40WQO3). Gael et al. [1], prepared glasses
containing up to 80 mole% of WOs3 by quenching on steel plates. This glass is difficult to
synthesize because the melting temperature and the required glass transition temperature are
too high and the liquid mixture remains difficult to homogenize. The authors suggest that this
increase in Tg is due to the formation of tungsten oxide groups (WO4 and/or WO3), which
form a linear chain with the tetrahedral phosphate, leading to the reinforcement of the glass
network, and that this is linked to the presence of P-O-W connections.

On the other hand, the binary system (100-x) Sh>0Os—x WOs3 synthesis forms glasses
with a maximum concentration of (55 Sbh.03—45 WO3z). However, even if in this case, the
melting temperature is very high and the glass unstable (it must quench very quickly). There
are literature reports from M. Nalin et al. [2] on the preparation of glasses containing up to

60% moles of WO3 by quenching between two pieces of brass heated to 20 °C.
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111.3.1.2 In the binary system (100-x) Sb203 — x NaPOs3

Unlike the previous binary, the Sb,O3:—NaPOs binary system shows a very large
vitreous domain since virtually all compositions can vitrify because both components are
formers (forming glass). Another advantage of this binary system is that the necessary melting
temperatures are lower because the melting temperature of NaPOsz (Tm=610°C) is
approximately low compared to Sb20:s.
111.3.2 The ternary system

Our research consisted of exploring new glasses. We chose the ternary system (Sb203
- NaPOs - WO:s) as the vitreous matrix. It can be seen in figure I1l. 3 that the selected of our
ternary system Sh>03-WO3-NaPOs shows a wide range of the glass-forming region. We know
that NaPOs ploy-phosphate glasses have the disadvantage that they absorb water from the air
(material hygroscopic), but by including it in the Sb2O3-WOs3 binary system, a stable glass is
obtained and it can be stored in atmospheric conditions for weeks and months without

noticing the appearance of corrosion.

5,0, n Glass |
! Ceramic

0 10 20 30 40 5 6 70 8 9 100

Figure 111.3: Glass forming domain of our ternary system Sh,O3-NaPO3-WOs.
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Table 111.2: Composition, density p, characteristic temperature, thermal stability AT and the

color of samples of glasses from the Sh203-WO3-NaPOs ternary system.

Characteristic

Composition
temperatures (°C) Photos of
Line p (g/cm?)
Tg  Tx Tp AT samples
szOs WOs NaPO3
+2°C  #2°C #1°C  +4°C
80 10 10 290 377 390 87 51256 (s\w‘w
70 10 20 300 401 418 101  4.975 (i ‘,
4
/,-,W
60 10 30 312 417 437 105  4.827 {SWNﬁ
»/"a'a‘i\\
50 10 40 315 - - - 4,580 [SWN40 )
o}
2 (o
= |40 10 50 327 - - - 4.325 {[swnso)
S /."
(7N
30 10 60 333 - - - 4.078 Swneo |
20 10 70 336 - - - 3.725 SWNTO
10 10 80 338 - - - 3.328
70 20 10 300 403 432 103  5.1932
(;) 60 20 20 303 434 466 131  4.9055
o
N
50 20 30 336 438 476 102  4.8844
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40 20 40 337 - - - 46106 @
e
30 20 50 340 - . . 4.4029
20 20 60 356 - - - 4.1012 B6
10 20 70 371 - - - 3.654 =
€5
60 30 10 334 450 483 116  5.3740
50 30 20 342 462 490 120  5.2099 &
40 30 30 351 - ; . 5.0311 c30 )
g
S 30 30 40 360 - - - 4.7388 <c'$»
20 30 50 377 - ; . 4.5248 R
>
i‘;;;)\\
10 30 60 380 - ; . 4.0235
&
50 40 10 352 458 474 106  5.4491
40 40 20 361 468 488 107  5.3002
S |30 40 30 366 - - - 5.1224
=
o
Q
20 40 40 370 - ; ; 4.8570
10 40 50 385 - ; ; 4.4084
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The incorporation of NaPOz into the Sb.O3-WO3 binary system leads to an increase in
the viscosity of the glass, which means that the lattice shrinks, and this is what we observed
during the casting process of the melt in the brass mold, which increases the hardness and

durability of our manufactured glass.

From table 111.2, thermal analysis for the same tungsten oxide line revealed a
significant increase in glass transition temperature (Tg), crystallization onset (Tx), maximum
crystallization peak (Tp), and crystallization parameter. The thermal stability parameter (Tx —
Tg) is increased by the incorporation of NaPOs in the vitreous matrix, which causes an
increase in the vitreous chain and an increase in the thermal stability parameter (Tx-Tg). We
record the absence of the crystallization curve for some sample glasses with the increase of
(WO3 or / NaPOg), which means high resistance against devitrification. The decrease in the
density of these glasses is due to the lower molecular weight of NaPOs compared to the other
oxides, NaPOs and Sh20Os (for the same line of WO3).

Our glasses showed considerable variation in their color, which is highlighted in table
I11.2. These color changes (yellow-colorless-blue) may be related to metal-glass interface

effects and the oxy-reduction process.

Due to its multivalent properties, antimony oxide oxidizes by taking up oxygen from

the air, as seen below:
Sh,03 + Oz = Shy,0s5

The change from colorless to yellowish tint of SWN glasses as antimony oxide content
increases is due to host uptake caused by the transition between HOMO (Sb 5s + O 2px) and
LUMO (Sb 5p) [3].

For higher values of tungsten oxide, the color of this glass becomes blue. The blue
coloration observed in certain compounds is in fact attributed to the simultaneous presence of
W°* and W**. In particular, it is due to the transition of the poles between two non-equivalent
sites [1].

In all our investigations, we have studied the two red lines in fig I1l. 3, which contain
(10% and 20% molar of WO3). The formula of the ternary system study is (90-x) Sh.Oz - x
NaPOs -10WOs3 with x varying from 10 to 80 and (80-x) Sh203 - x NaPO3s -20WO3 with x
varying from 10 to 70.

63



Chapter 111 Physical properties of glasses in the ternary system Sb203-WO0O3-NaPO3

111.4 Physical characteristics
111.4.1 Density, molar volume, oxygen molar volume and oxygen packing density

The density(p) is an important physical parameter and was measured by the
Archimedes method at room temperature using distilled water as the immersion liquid. The
principle of the measurements is simple. We weighed the samples in air rather than in water.

Its values are calculated using the following relationship [4, 5]:

W,
P (111.3)

p:

where W, and W), are the weights of glass in air and distilled water respectively, and pp the
distilled water’s density (pp=0.998 g/cm?3)

-Theoretical values of the density were estimated using the following relation [4]:

Ptheo = X PtheoiXi = Ptheo(Sb303)Xsb305 T Ptheow03)Xwos t Ptheo(NaP03)XNapo; (111.4)

-The molar volume (Vm) of the glasses is calculated using the following relation [4-6]:
_ X xiM; — Mglass
Vi = =, (11.5)

-The oxygen molar volume (Vo) for all glasses can be calculated by means of these formula
[4-6]:

Vy = Mglass( 1 ) _ Mgiass (111.6)

p \Ixin P(3XXsh,03+3XXWwo5+3XXNaP03)

-Oxygen packing density (OPD) is given by the equation [6]:

OPD = 1000C (M” ) (111.7)

glass

Where ptheoi , Mi and X; are the theoretical density, the molecular weight and the mole
fraction of each component, respectively, p is the density of the glass, ni is the number of
oxygen atoms in each constituent oxide, and C is the number of oxygen atoms per formula

unit.
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e In the series (90-x) Sb20s3 - x NaPOs -10WO3

Table 111.3: The theoretical density (ptheo), experimental density (pexp), molar volume (Vm),

molar volume of oxygen (Vo) and oxygen packing density (OPD).

Ptheo Pexp Vm Vo OPD

o Photo
Code. N (g/em®)  (glem®)  (cm¥mol)  (cm¥mol)  (mol/l)

AN10 5,006 5,256 50,722 16,907 59,145
AN20 4,751 4,975 49,777 16,592 60,269
AN30 4,496 4,827 47,376 15,792 63,323
AN40 4,241 4,580 45,792 15,264 65,513
AN50 3.986 4.325 44,109 14,703 68,013
ANG0 @ 3,731 4,078 42,236 14,079 71,029
\\\/ '
AN70 SWN70 3,476 3,725 41,037 13,679 73,106
ANSO ‘\S.Zvilis—“) 3,221 3,328 40,236 13,412 74,560
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e In the series (80-x) Sb20s3 - x NaPO3s -20WO3

Table 111.4: The theoretical density (ptheo), experimental density (pexp), molar volume (Vm),

molar volume of oxygen (Vo) and oxygen packing density (OPD).

COde No PhOtOS ptheo pexp Vm Vo OPD
(g/cm®)  (g/cm?®) (cm¥mol)  (cm¥mol)  (mol/l)

BN10 5,217 5,462 47,717 15,906 62,871
\BNIO
BN20 f/" 4,962 5,212 46,369 15,456 64,699
“\ano 3
BN30 4,707 4,954 44,954 14,985 66,736
BN30
BN40 , 4,452 4,693 43,422 14,474 69,089
& BN40
BN50 T 4197 4,403 41,974 13,991 71,473
" BNS0 \
BN60 ’ » \ 3,942 4,181 39,666 13,222 75,632
{BN60 /
BN70 — 3,687 3,927 37,406 12,469 80,201

BN70

Several physical properties of the synthesized samples were collected using suitable
formulas and are listed in tables [11.3 and I11.4. The density and molar volume of AN samples
(10% WOs) gradually drop with the addition of NaPOs, from 5.256 to 3.328 (g/cm®) and
50.722 to 40.236 (cm®mol), respectively (see fig 111.4). The same observation for BN
samples (20% mole of WOs3) shows that density and molar volume gradually decrease with
the addition of NaPOs from 5.462 to 3.927 (g/cm®) and from 47.717 to 37.406 (cm3/mol),
respectively (shown in fig I11.5). The V, results of the AN and BN glass samples decreased
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from 16.907 to 13.412 (cm®mol) and 15.906 to 12.469 (cm®mol), respectively, with the
increase of NaPOs content. On the other hand, the OPD values of the AN and BN glasses
increased from 59.145 to 74.560 (mol/l) and from 62.871 to 80.201 (mol/l), respectively (see
fig 111.6 and fig 111.7).

The experimental density values were consistent compared to their theoretical values.
The decrease in density value of our SWN glasses (AN and BN glasses) with the addition of
NaPO3z could be explained by the low density values of NaPOs, and also by the variation in
molecular weights and atomic radii of constituent components [6, 7]. The decrease in order
(MNaro3=101.96  (9/mol)<Mwo3=231.85(g/mol) <Msp203=291.52(g/mol)) and (rps+ =
0.017nm < rye+ = 0.065nm < rg 3+ = 0.076nm < rgy- = 0.14nm) was caused by

decline in oxygen atom levels, which have the highest ionic radius in the glass structure[8, 9].
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Figure 111.4: The variation of p and Vi with the content of NaPOs in (90-x) Sb203-10WOs3-
XNaPO3 glasses.
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Figure 111.5: The variation of p and Vm with NaPOs content in glasses (80-x) Sb203-20WOs-

XNaPQOs.

As a consequence, it can be concluded that decreasing the oxygen content in the glass

composition resulted in a decrease in molar volume (Vm) with the addition of NaPOs to the

glass matrix, implying a possible contraction in the existing glass network. The fact that the

molar volume of these glasses has decreased shows that their structure is less chaotic. This

produces a decrease in bond length or interatomic space between the atoms due to an increase

in the stretching force constant of the bonds inside SWN (AN and BN) glasses [6].
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Figure 111.6: The variation of V, and OPD with the content of NaPOgz in AN glasses.
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Figure 111.7: The variation of Vo and OPD with NaPOs content in BN glasses.

In tables I11.3 and 4, the oxygen molar volume (Vo) increases in the opposite way to
the oxygen packing density (OPD), whereas the Vo decreases with rising OPD values of the
SWN glasses with rising NaPOs concentration. It might be attributed to a decrease in NBOs
while maintaining strong connections in the glass network, implying that the glass structure
has become more compact and rigid, necessitating a considerable amount of energy to break
the network link [10, 11].

I11.5 Thermal properties by DSC

The glass compositions, typical glass temperatures, and the stability parameters are
summarized in table I11.2 (Tx-Tg). The stability parameter is a commonly used metric for
determining the thermal stability of glasses in the face of devitrification. The glass transition
temperature and thermal stability AT of AN glasses (10% mole of WQO3) vary between 290°C
— 338°C and 87°C — 105°C, respectively. Also, the glass transition temperature and thermal
stability AT of BN glasses (20% mole of WOs3) vary between 300°C — 371°C and 102°C —
131°C, respectively.
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Figure 111.8: DSC curves of glass samples in the (90-x) Sb203— x NaPO3 -10WO3 ternary
system (AN series).
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Figure 111.9: DSC curves of glass samples in the ternary system (80-x) Sb203 -xNaPOs -
20WO3 (BN series).
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Figure 111.10: Evolution of Tg and AT for (90-x) Sh203-10WO3-xNaPOs glass samples.
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Figure 111.11: Evolution of Tg and AT for (80-x) Sh203-20W0O3-xNaPOs glass samples

According to the DSC curves (fig 111.8 and fig 111.9), we can see two spots of interest
on the produced SWN sample (AN and BN glasses).
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The 1%t point The 2" point
For a composition (x > 30) of NaPO3 in AN The glass transition temperature
and BN glasses and a heating rate and the thermal stability increase
a=10°K/min, the crystallization peak (Tp) is linearly, with the addition of
not observed in the range 200-500 °C (see NaPOs (figs I11.10 and I11.11).
figs 111.8 and 111.9), which indicates that the | - !
crystallization does not occur. It is not - . . A
manufactured at this rate. That is means that the vitreous
\ / network is much stiffer

v N J
Note: However, these analyzes did not show any phenomena, so we suggest
using alumina crucibles in each field of the device for its ability to withstand
temperatures without reacting to make sure that the crystallization temperature
does not exist (in the range up to 1600 °C).

These results suggest that the incorporation of NaPOs into the matrix makes the
vitreous network much stiffer. In other words, this incorporation would have the effect of
increasing the viscosity of the glasses. This can be confirmed by a simple visual observation:
during the synthesis of glasses and more precisely during the casting of the molten mixture, it
was observed that the viscosity at the same temperature of the liquid increased with the
NaPOz content. Some authors have suggested that this increase in the glass transition
temperature is due to the fact that the tungsten oxide groups (WO4 and WOs) or antimony
oxides Sh>Os form a single network with the phosphate tetrahedral. These groups would enter
the phosphate network. This means that the reinforcement of the vitreous network would be
linked to the presence of P-O-W or/and P-O-Sb bonds [12, 13]. This possibility needs to be
verified by structural investigations. Moreover, the presence of MO, polyhedra with a high
coordination number such as WQOs could also be at the origin of the increase in Tg due to the
increase in the average connection of the network. However, we must remain cautious about

the possible causes of the increase in Tg because this magnitude depends on many factors.

We can generally say that the matrix (90-x) Sh>0Os —x NaPOs-10 WO3 gives glasses
stable against devitrification (for 10<x<80), since the stability factor AT>100 °C and the
crystallization peak is not observed for (30<x) in AN glass samples. Well, for the matrix (80-
X) Sh203 —x NaPO3-20 WO3, we can observe the peak of crystallization just of BN10, BN20
and BN30, which means a high thermal stability against crystallization with the rise of NaPOs
and tungsten oxide. It would be very easy to produce fiber optics from these samples because

crystallization is not occurring and they have high thermal stability.
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-The Debye temperature (6p) is an important parameter for solids. We can calculate (6p) a

correlation with the relations [6, 14]:

-1/3
_h 3p~an)” °L (&+3)
eD_K(41tM 3 V2+V% (111.8)
Where h is Planck’s constant, K is Boltzman’s constant, Na is Avogadro’s number and n is the

number of atoms in the unit formula.

Anothor’s important parameters are the thermal expansion coefficient (a,) and

acoustic impedance (Z) determined by [15] :

-The thermal expansion coefficient

a, =23.2(V, - C) (111.9)
With C is a constant and equal to 0.57457.

- Acoustic impedance

Z=(Vip) (111.10)

The Debye temperature, acoustic impedance and the thermal expansion coefficient are
illustrated in table 111.5. It can be observed that the Debye temperatures, acoustic impedance,
and the thermal expansion coefficient increased in AN and BN glasses with the augmentation
of NaPOz. The increase in Debye temperature is ascribed to an increase in the number of
atoms in the glass' chemical formula due to the production of BO atoms as a direct result of
the addition of NaPOs [16]. The rise in thermal coefficient (ap) in the SWN (AN and BN)
glasses demonstrates an increase in the number of bonds per unit volume and the stiffness of

the glass structure.
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Table 111.5: Acoustic impednce (Z), Thermal expention ceoficient (ap) and Debay

temperature (0p).

S.n° Z*100 @, (10°KT) 0p(K) | S.n° Z*100 o (10°KY)  0p (K)
AN10 1,467 5141 127,87 | BN10 1,468 5,284 133,42
AN20 1506 5,688 13343 | BN20 1,721 6,537 134,40
AN30 1,437 5575 139,25 | BN30 1,635 5,490 142,04
ANA40 1508 6,304 151,43 | BN40 1,652 6,921 152,73
ANS0 1546 6,960 152,48 | BN50 1,501 6,589 168,25
ANG0 1518 7,327 168,22 | BN6O 1,489 7,115 180,61
AN70 1,466 7,795 180,50 | BN70 1,544 7,789 187,31
ANSO 1,493 8,643 191,09

111.6 Elastic properties

111.6.1 Elastic modulus experiment

The following formulas were used to compute elastic constants, Young's modulus E,

shear modulus G, longitudinal modulus L, bulk modulus K, the Poisson ratio v and fractal

bond connectivity d [17]:
- Young's modulus:

2 3VZ-4V2
TV

Eexp=pV
- Shear modulus:

G exp=p.V%

- Longitudinal modulus:
L exp=p.V2

- Bulk modulus:

Kep =23V} -4V}
- Poisson coefficient :

v = vi-2v§
e = 207vE)
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4Gexp

-Fractal bond connectivity [18] d = (111.16)

Kexp
With: the elastic moduli E, G and K in (GPa), V.: longitudinal propagation speed (m/s), V:

transverse propagation speed (m/s) and p the density (g/cmq).

In general, the behavior of elastic moduli (Eexp, Gexp, Kexp, @nd Lexp) and Poisson ratio
(vexp) IS expected to increase by the rise of sodium metaphosphate in SWN glasses (AN and
BN glasses) (see tables 111.6 and 111.7). We can say that the value of Young's modulus of this
glass is similar to phosphate glasses [19].

Table 111.6: Physical and experimental elastic properties of the ternary system (90-x) Sbh20s-
XNaPOs3-10WOs.

S.N° pexp(g/Cm?’) Eexp(GPa) Kexp(GPa) Gexp(GPa) Lexp(GPa) d Vexp

AN10 5,256 36,754 20,554 15,289 40,930 2,98 0,156
AN20 4,975 38,362 25,012 15,414 45,564 2,47 0,195
AN30 4,827 38,303 21,591 15,902 42,794 2,95 0,158
AN40 4,580 42,708 26,503 17,340 49,624 1,62 0,182
AN5S0 4,325 44,494 34,014 15,939 55,267 1,87 0,247
ANG60 4,078 45,446 32,966 17,888 56,818 2,17 0,220
AN70 3,725 46,730 33,023 18,482 57,666 2,24 0,214
ANB0 3,471 47,730 39,700 18,362 64,180 1,85 0,250
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Table I11.7: Physical and experimental elastic properties of the ternary system (80-x) Sh20s-

XNaPO3-20WQOs3.

S.N° pexp(9/cm®)  Eexp(GPa)  Kexp(GPa)  Gexp(GPa) Lexp(GPa) d Vexp

BN10 5,148 38,590 20,067 16,359 41,878 3,26 0,136
BN20 5,073 40,212 38,130 15,183 58,374 1,59 0,276
BN30 4,850 41,325 33,905 15,933 55,149 1,88 0,247
BN40 4,642 44,324 35,935 17,121 58,763 1,91 0,244
BN50 4,396 46,634 25,144 19,579 51,250 3,11 0,146
BN60 4,088 48,984 26,925 20,465 54,211 3,04 0,151
BN70 3,927 49,655 34,434 19,710 60,713 2.29 0,209

111.6.2 Elastic moduli and Poisson’s ratio by Makishima-Mackenzie's theory

Makishima and Mackenzie's model proposed a theoretical approach to calculating the

elastic moduli of oxide glasses with consideration of the chemical composition (xi) of the

constituting oxide, packing factor (V;), and their corresponding dissociation energies per unit
volume (Gj) [20, 21].

For I'"" component oxide in the form of AxOy, the values of Vi and Gi can be determined by:

-Packing factor:

Vi

-Dissociation energy per unit volume :

_ 4ntNa
T3

_ Pi
Gi =4V,

(XRE'A + yR%)
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Table 111.8: Molecular weight, Density, packing factor of oxide and dissociation energy per
unit volume of Sb203, WO3 and NaPOs.

Oxide Mi (g/mol)  pi(g/cm?3) Vi [22] (cm3/mol) Gi [22] (kcal/cm?)

Sb20s 291,52 5,05 22.97 8,43
WOQOs 231,85 7.16 21,45 16,22
NaPO3 101,96 2,50 20,77 8,79

The packing density (Vt), and the dissociation energy (Gt) were calculated by the next
equation[22-24]:

-Packing density : V, = 2 3 V;x; (111.19)

-The dissociation energy per unit volume : G, =) G;x; (111.20)

Where Ra and Ro are the respective ionic radius of metal and oxygen atoms,
respectively [8, 9], Na is Avogadro's number and U is the dissociation energy per mole (molar
dissociation energy) of the ith component, Mi is glass molecular weight, p is glass density, xi
is the ith component’s molar fraction, Gj and V; are the respective dissociation energy per unit

volume and packing factor of the ith component (table 111.8).

In the theory of Makishima and Mackenzie [20, 21], Young’s modulus (E:), bulk
modulus (K), shear modulus (Gt), longitudinal modulus (L) and Poisson ratio (vi) for oxide

glasses are calculated as follows [24]:

-Young’s modulus:

E:=8.36V:Y Gix: (111.21)
-Bulk modulus:
K, = 10V?G, (111.22)

-Shear modulus:

3K,

Gt = m (|||23)
-Longitudinal modulus :
L, =K, + (%) (111.24)
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-Poisson’s ratio :

v, =0.5— (7_21Vt) (111.25)

On the other hand, all the theoretical values of the moduli of compression, shear,
Young and longitudinal are very close to the experimental values. This shows a good
agreement between these values (for AN and BN glasses).

Figure 111.12 shows an increase in experimental elastic moduli in AN glasses with the
addition of NaPOs; Young's modulus ranged from 36.754 to 47.730 (GPa), shear modulus
from 15.289 to 18.362 (GPa), compression modulus from 20.554 to 39.700 (GPa) and
longitudinal modulus from 40.930 to 64.180 (GPa).

Similarly, for the theoretical moduli of elasticity of AN samples (fig 111.13), the
Young's modulus varied from 34.47 to 43.39 (GPa), the shear modulus from 15.55 to 18.60
(GPa), the compression modulus from 18.39 to 28.37 (GPa) and the longitudinal modulus
from 39.12 to 53.17 (GPa).
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Figure 111.12: Experimental moduli of elasticity of AN glasses containing NaPOs.
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Figure 111.13: Theoretical moduli of elasticity of AN glasses containing NaPOs.

Table 111.9: Theoretically calculated compositional and elastic properties of AN glasses

based on the Makishima-Mackenzie theory.

S.N° Vi Gt (kcal/lcm?®)  Etneo (GPa) Kineo (GPa) Gineo (GPa) Lineo (GPa) ¥ theo
AN10 0,45 9,25 34,47 18,39 15,55 39,12 0,189
AN20 0,45 9,28 34,92 18,80 15,71 39,75 0,191
AN30 0,47 9,32 36,47 20,43 16,23 42,07 0,203
AN40 0,48 9,35 37,51 21,52 16,58 43,63 0,210
ANS0 0,49 9,39 38,69 22,82 16,99 45,48 0,218
AN60 0,51 9,43 40,16 24,48 17,49 47,80 0,227
ANT0 0,52 9,46 41,06 25,50 17,81 49,25 0,232
AN80 0,45 9,25 43,39 28,37 18,60 53,17 0,246
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Table 111.10: Theoretically calculated compositional and elastic properties of BN glasses

based on the Makishima-Mackenzie theory.

S.No Vt Gt (kcallcm3) Etheo (G Pa) Ktheo (G Pa) Gtheo (G Pa) Ltheo (G Pa) V theo
BN10 0,45 10,02 37,97 20,58 17,05 43,31 0,193
BN20 0,46 10,06 38,51 21,10 17,24 44,09 0,197
BN30 0,48 10,10 40,29 23,00 17,84 46,79 0,209
BN40 0,49 10,13 41,51 24,33 18,26 48,67 0,217
BN50 0,51 10,17 42,93 25,93 18,74 50,92 0,225
BN60 0,52 10,20 44,69 28,00 19,34 53,79 0,235
BN70 0,54 10,24 45,88 29,42 19,76 55,76 0,241
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Figure 111.14: The theoretical moduli of elasticity of BN glasses containing NaPOs.
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Figure 111.15: Experimental moduli of elasticity of BN glasses containing NaPO:s.

Also, for the theoretical moduli of elasticity of BN samples (fig 111.14), the Young's
modulus varied from 37.97 to 45.88 (GPa), the shear modulus from 17.05 to 19.76 (GPa), the
compression modulus from 20.58 to 29.42 (GPa) and the longitudinal modulus from 43.31 to
55.76 (GPa).

Figure 111.15 shows an increase in experimental elastic moduli in BN glasses with the
addition of NaPOgz; Young's modulus ranged from 38.590 to 49.655 (GPa), shear modulus
from 16.359 to 19.710 (GPa), compression modulus from 20.067 to 34.434 (GPa) and
longitudinal modulus from 41.878 to 60.713 (GPa).

Frequently, structural changes in the glass network are related to changes in its
physical and elastic properties. With the addition of NaPOs in the AN and BN glass samples,
the elastic moduli demonstrate a tightening of the structure and an increase in the stiffness of
the glass.

An increase in NaPOs concentration leads to more bridging oxygen atoms (BO),
which reduces the atoms (NBO) and improves network connectivity. The addition of NaPOs
caused the deploymerization of PO4 units and created BO bonds such as P-O-Sb, and P-O-W,
which helped to increase the connectivity of the glassy matrix, which is confirmed by the high
values of Tg. It will increase the chemical durability and thermal stability of SWN glasses.

This strong bond makes the glass network strong in its resistance to mechanical deformation.
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This agrees with the different physical properties (p, Vm, Vo, OPD) of these glass samples,

which support this discussion [6].

Figure 111.16:
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Poisson's ratio of AN glasses as a function of fractal bond connectivity.

The connectivity of fractal bonds (d) is an extensive parameter used to indicate

changes in the dimensionality of the network and the elastic properties of the material [18].

Figs 111.16 and 111.17 display the variation of the Poisson ratio with the connectivity of fractal
bondS (d = 4Gexp/ Kexp).

Figure 111.17:
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Poisson's ratio of BN glasses as a function of fractal bond connectivity.
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It has been proposed that the value of d (d=3: three-dimensional networks, d=2: two-
dimensional layer structures, and d=1: the one-dimensional chain) [6, 18]. The decrease in d
from 2.97 to 2.23 in AN glasses and from 3.26 to 2.29 from 10 in BN glasses with increasing

NaPOs content means that the lattice of these glasses gradually changes from a 3D structure to

a 2D layer.

Coefficient de Poisson
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Physical properties of glasses in the ternary system Sb203-WO0O3-NaPO3
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Figure 111.18: Theoretical and experimental Poisson's ratio of AN glasses as a
function of NaPO3 (mol%).
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Figure 111.19: Theoretical and experimental Poisson's ratio of BN glasses as a
function of NaPO3 (mol%).

The value of d (d=3: 3D, d=2: 2D, and d=1: 1D chain) has been considered. The (v)
increased from 0.202 to 0.297 and 0.136 to 0.209 for AN and BN glasses, respectively (see fig

83



Chapter 111 Physical properties of glasses in the ternary system Sb203-WO0O3-NaPO3

I11.18 and fig 111.19), denoting an increase in the crosslink density of the glass network and an
increase in connectivity in the glass structure, as well as an increase in rigidity [25].

There is a link between the Poisson's ratio and the structure of glasses. When the value
of (v) approaches 0.25, the glass has been deformed due to structural unit elongation,
stretching, or compression. If (v) is smaller than 0,25, the outcome part of the energy results
in a tetrahedral deformation (SiOgs, for example). When the Poisson’s ratio (v) is larger than

0.25, when combined with the lattice distortion, there is a deformation of the ions [26].

I11.7 Micro- Hardness

The micro-hardness Vickers Hy is expressed by the measurement of the dimension or
the depth of the indentation made by indentation tests on a pyramidal shaped diamond. The
resultant values of AN glasses are illustrated in fig I111.20. We can include Hy from the length

of the projected indentation diagonals (d) from the following relationship [27]:
Hy = 1.8544 % (111.26)

with P is the peak load equal to 4.905N (= 50g) and d is the length of the projected

indentation diagonals
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Figure 111.20: Values of temperature of glass transition, Young modulus and micro-hardness
of AN glasses.
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Fig 111.20 exhibits the micro-hardness, Tg, and Young modulus E of the ternary
glasses (90-x) Sh20O3-xNaPOs3-10WOs3 against NaPOz concentration. They demonstrate
increases in these parameters with NaPO3z content. Micro-hardness is proportional to the
dilatometric softening point T4, which is proportional to the glassy transition temperature
(Tg). As a result, the micro-hardness and Young module change in a manner similar to the Tg.

Micro-hardness expresses the required stress to eliminate the free volume
(deformation of the network) of the glass. The increase in micro-hardness indicates an
increase in the rigidity of these glasses, which demonstrates that these sample glasses can be

used in the fiber optic process [6, 26].
111.8 Conclusion

Makishima and Mackenzie's theoretical evaluation of the elastic moduli of the SWN
(AN and BN glasses) samples revealed an increase in the elastic moduli, as evidenced by the
data presented. The physical results indicate that increasing NaPO3 concentration in a glass
structure leads to an increase in OPD, Tg, Hy and elastic modulus values, while decreasing the
density, molar volume and molar volume of oxygen values. The trend increases the oxygen
packing density, and glass transition of SWN glasses, and it is related to the compaction and
strengthening of cross-links between phosphate chains, as measured by density and DSC. All

this demonstrates that these sample glasses can be used in the fiber optic processes.
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Chapter IV Optical and structural study of SWN glasses

1V.1 Introduction

In this present work, we show the optical and structural properties of the ternary
systems (90-x) Sb203-10WO3-xNaPOz and (80-x) Sh.03-20W0Os-xNaPOs as potential optical
materials for NLO application. Linear optical properties are studied via transmittance spectra,
indirect and direct optical band gaps, and Urbach energy. We calculated their optical
coefficients to reinforce the application of these materials as photonic materials. The behavior
of the structural changes such as cross-link density, number of bonds per unit volume, IR,
FTIR and Raman investigations has been discussed with regard to the amount of phosphate
concentration. The chemical bonds that are present in our glasses may be identified by
measurements of FTIR absorption and Raman scattering. Only well-known structural
references will be used to compare these conclusions. In particular, vibrational spectroscopy
enables the detection of M-O-M bridging or M-O" terminating bonds (with M = P, W, Sb,
etc.), providing information on the vitreous network's degree of connectivity.

IV.2 Optical characteristics
IV.2.1 Band gap energy and Urbach energy

UV-Vis spectra can also be used to determine the optical bandgap of our glasses,
which is an intrinsic property of each solid. The bandgap (or energy gap) of a material can be
defined as the amount of energy you need to transfer an electron from the valence band to the
conduction band. The relationship between absorption coefficient a (o) and Eg is provided
according to the Davis and Mott theory by [1, 2]:

(ehv)"= A(hv-EQ) (IvV.1)

Where a = (1/d) In (100/T%). Here a is the absorption coefficient, d is the thickness
of the sample (in cm), (%T) is the quantity percent of transmittance, A is constant depending
on the type of material, hv is incident photon energy and Eg is the optical band gap. The
values of n are 2 and 1/2 for direct and indirect transitions, respectively. We can obtain
indirect optical band gap energies by extrapolating the linear section of the curve to cross the
photon energy axis at zero absorption. The slope of the linear component of the plot (ahv) *

and (ahv) 2 vs hv is intersected to obtain the Eg values (in eV).
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Figure IV.1: Transmittance spectra in the UV-visible, and NIR ranges of the (90-x) Sbh20s-
10WQO3-x NaPOs ternary system.
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Figure 1V.2: Transmittance spectra in the UV-visible, and NIR ranges of the (80-x)
Sbh203-20W03-x NaPOs ternary system.

Figs IV.1 and 1VV.2 show the transmission limits of SWN (AN and BN) glasses in the
UV-Visible and NIR region range of 200 to 1100 nm. The addition of NaPOgz shifted the
transmission limit of the material towards the lower wavelengths from the visible to

ultraviolet spectrum. That is why our samples with the highest concentration of NaPO3 have
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turned transparent. In the BN70 sample, we observed a large absorption band between 600 nm

and 700 nm. This absorption is attributed to the partial reduction of W®* to W°*,
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Figure 1V.3: Plot of (ahv)Y2versus hv curve to estimate the band gap (EQ indirect) Of AN glasses.
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Figure 1V.4: Plot of (ahv)Y?versus hv curve to estimate the band gap (EQ indirect) Of BN glasses.
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The Eg direct and indirect values in the AN glasses both rise from 2.76 to 3.07 eV and
from 2.47 to 2.81 eV, respectively (see figs I'\V.5 and 1V.3). When the concentration of NaPOs
grows, the Eg direct and indirect increase from 2.74 to 3.02 eV and from 2.60 to 2.79 eV,
respectively, in the BN glasses (see figs I\VV.6 and 1V/.4).

The structural changes in SWN glasses are caused by the replacement of Sh>Os with
NaPQs, and also the presence of W or W®" ions is predicted to aid in the de-polymerization
of bonds such as W-O-W, Sb-O-Sb etc [3]. Phosphate creates stronger linear chains like P-O-
Sb and P-O-W linking, which means the glass matrix has fewer bonding defects and NBO
atoms (the glass structure becomes more ordered). As a result of the reduction in NBO atoms,
the number of donor centers in the glass matrix decreases, causing the optical band gap to

grow.

Lna (cm™)

Energy (ev)

Figure IV.7: In(a) as a function of hv for AN glasses to estimated E, values.
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Figure 1V.8: In(a) as a function of hv for BN glasses to estimated E values.

The parameter which characterizes the disorder of the material is the tail energy of
(Urbach). The band tail can be estimated by using the Urbach rule [4]:

a = agexp (?) (v.2)

u

where ap is a constant and E, is the width of the band tails of the electron states in the

forbidden band gap; it is also known as the Urbach energy.

The Urbach energy (Ey) [5-9] is used to calculate variations in imperfections in the
glass complex, and it can also be defined as the width of localized states that corresponds to
the optical transition between localized tail states in the adjacent valence band and the

extended state in the conduction band lying above the mobility edge [10].

It is measured by using the logarithmic equation (1V.2) and by taking the reciprocal of

the slope in the linear part of a plot between In (o) versus hv.

Ina = lnay + ? (1v.3)

u

The E, values predicted by the reciprocal slope of Ino versus hv are shown in Figs
I\V.7 and 1\VV.8. The Ey is inversely proportional to the Eg. The Urbach energies (Ey) of AN
samples decrease up to 60% of NaPOsz content from 0.144 to 0.121 ev than increases from
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0.153 to 0.168 ev for AN70 and ANB8O glasses, respectively. While, the Ey values of BN
samples decreased up to 50% of NaPOgz content and from 0.124 to 0.121 ev than increases
from 0.126 to 0.147 ev for BN60 and BN70 glasses, respectively.

This drops in Ey values indicates a decrease in the bonding defects and NBOs in the
glass network, which causes a reduction in the degree of localization of electrons and the
donor centers of the glass matrix. On the other hand, random internal electric fields caused by
short-range arrangement or defects in amorphous materials may cause energy levels to expand

in the tail region and vice versa [11].

IVV.2.2 Calculation of optical properties
A theoretical equation can be proposed to calculate the refractive index (no) of the
studied glasses by using the expression [12]:
ny = X Xin; (1V.4)
Where X; is the amount of the component i of the glass sample and n; is the refractive
index of its component, which is given by
n; = —In(0.102Ay) (IV.5)
where Ay is the difference in the electronegativity between the anion and the cation
of the glass sample component i (Ay = x, — x.)- Ax was calculated and equal to 1.6, 1.8 and
2 for Sh203, WO3 and NaPOs, respectively. From Eq. (IV.5), the values of n; for Sb203, WO3
and NaPOs are presented in Table I\VV.1. Therefore, the estimated refractive index of the

present glasses can be obtained from eq. (1V.4).

Table 1V.1: Electronegativity, Refractive index, Optical basicity and ionic polarizability of
oxides (ao-2) values of Sb203, WOz and NaPOs oxide.

Oxides electronegativity Refractive index Optical basicity ao-2
Sh203 1.6 1.8128 1.18 3.429
WOs3 1.8 1.6950 1.045 2.670
NaPOs3 2.1 1.5408 0.47 1.35
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Table 1V.2: Some calculated physical properties of the AN samples.

Sample n° /property value

Property

AN10 AN20 AN30 AN40 AN50 ANG6O AN70 ANSO
EQ indirect (€V) 2,47 2,53 2,65 2,69 2,75 2,77 2,78 2,81
Eu(eV) 0,144 0,142 0,122 0,123 0,123 0,121 0,153 0,168
Refractive index, n 1,779 1,756 1,734 1,711 1,689 1,667 1,644 1,622
Molar refraction, Rm (cm®¥mol) 21,253 20,407 18,986 17,922 16,843 15,717 14,865 13,586
Total molar polarizability, 8,428 8,093 7,529 7,107 6,679 6,233 5,895 5,388
am(A?’)
Total molar polarizability of 1,794 1,574 1,354 1,134 0,914 0,694 0,474 0,254
cation, Y am(A%)
Polarizability of oxide ions, aoz- 2,211 2,173 2,058 1,991 1,922 1,846 1,807 1,711
(A
Optical basicity from refractive 0,915 0,901 0,859 0,831 0,801 0,766 0,746 0,694
index, A(n)
Optical basicity from optical 1,225 1,221 1,197 1,187 1,174 1,160 1,155 1,155
band gap, A(Eg)
Theoretical optical basicity, Aw 1 096 1,025 0,954 0,883 0,812 0,741 0,670 0,599
Metallization criterion(M) 0,581 0,590 0,599 0,609 0,618 0,628 0,638 0,648
Dielectric constant, € 3,164 3,084 3,006 2,929 2,853 2,778 2,704 2,631
Transmittance T 0,854 0,860 0,866 0,871 0,877 0,882 0,888 0,893
Reflectivity R 0,079 0,075 0,072 0,069 0,066 0,063 0,059 0,056
Optical electronegativity () 1,470 1452 1,395 1,358 1,318 1,271 1,244 1,176
Electronic susceptibility (49) 0,172 0,166 0,160 0,154 0,148 0,142 0,136 0,130
Third order nonlinear 13,091 10,775 7,510 6,795 5,913 5,638 5,415 5,093

susceptibility y®x10?

96



Chapter IV

Optical and structural study of SWN glasses

Table 1V.3: Some calculated physical properties of the BN samples.

Sample n° /property value

Property

BN1I0  BN20  BN30 BN40 BN50 BN60 BN70
EQ indirect (€V) 2,60 2,63 2,65 2,68 2,73 2,75 2,79
Eu(eV) 0,124 0,120 0,118 0,115 0,121 0,126 0,147
Refractive index, n 1,767 1,744 1,722 1,700 1,677 1,655 1,633
Molar refraction, Rm (cm¥mol) 19,767 18,786 17,795 16,777 15813 14,555 13,352
Total molar polarizability, 7,839 7450 7,057 6,653 6,271 5,772 5,295
(lm(A3)
Total molar polarizability of 1,587 1,367 1,147 0,927 0,707 0,486 0,266
cation, Y am(A%)
Polarizability of oxide ions, ac,. 2084 2,028 1,970 1,909 1,855 1,762 1,676
(A)
Optical basicity from refractive 0-869 ~ 0846 0,822 0,795 0,770 0,722 0,674
index, A(n)
Optical basicity from optical 1,194 1,186 1,178 1,169 1,158 1,138 1,115
band gap, A(Eg)
Theoretical optical basicity, Am 1082 1,011 0,940 0,869 0,798 0,727 0,656
Metallization criterion(M) 0,586 0,595 0,604 0,614 0,623 0,633 0,643
Dielectric constant, & 3,122 3,043 2,966 2,889 2,813 2,739 2,665
Transmittance T 0,857 0,863 0,869 0,874 0,880 0,885 0,891
Reflectivity Ry 0,077 0,074 0,070 0,067 0,064 0,061 0,058
Optical electronegativity () 1408 1,379 1,346 1,310 1,276 1,213 1,148
Electronic susceptibility () 0,169 0,163 0,156 0,150 0,144 0,138 0,133
Third order nonlinear 8,728 7,894 7,555 6,977 6,188 5,895 5,307

susceptibility y®x10712
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The molar refraction (Rm) is calculated using the Lorentz-Lorentz Equation [13] as follows:

R, = ("‘2"1) Vo (1V.6)

2
ny+2

The molar polarizability (am) of a compound is related to molar refraction [13, 14] and by

using the Lorentz-Lorenz relation given by:

3
T 4mNy, M

@, (IV.7)

where no is the linear refractive index and Vm is the molar volume, where Na is the

Avogadro's number with om in (A%), Eq. (IV.7) can be transformed into:

a, = R (1V.8)

180 o r— 2
1 ¢ efractive Index
184§ o 5 |-21'8’5
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Figure 1V.9: Variation of n, Rm and am against NaPOs % content of AN glasses.
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Figure 1V.10: Variation of n, Rm and am against NaPO3 % content of BN glasses.

The refractive index (no) of the (90-x) Sb203-10WO3-xNaPOs and (80-x) Sh2Os-
20WO03-xNaPOs glass systems ranges from 1.779 to 1.622 and 1,767 to 1,633, respectively.
Molar refractivity’s (Rm) and the molar polarizability (am) for AN glasses range from 21.253-
13.586 cm®/mol and from 8.428x1024-5.388x107%* cm?, respectively. Well, in BN glasses,
molar refractivity (Rm) and the molar polarizability (am) range from 19.767-13.352 cm®/mol
and from 7.839x1024-5.295x10 24 cm?, respectively. All of these parameters decrease when
the concentration of NaPOs rises, as seen in figs 1.9 and 1\V.10. This is due to the fact that
P>* jons have lower polarizability than Sb®* ions.

Another significant application of the Lorentz-Lorentz equation and refractive index is
in the prediction of metallic or non-metallic behavior of solids, based on the ratio of Rm: Vm
explained by Dimitrov and Komatsu [15]. According to the Herzfeld theory of metallization,
if (Rm/Vm) < 1, the material is transformed into non- metal and if (Rn/Vm) >1, the material is

changed into metal.

As a result, the metallization criterion (M) is given by the following equation [15]:

M=1-22 (1V.9)
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The metallization criterion (M) of AN and BN glasses is in the range of 0.581-0.648
and 0.586-0.643, respectively (as shown in table 1\V.2 and table 1\/.3). The positive values of
M suggest that these glasses exhibit non-metallic behavior. From these results, we can say
that our obtained glasses are useful in non-linear optical applications. Because the
metallization criterion of oxide glasses with excellent optical non-linearity ranges from 0.30
to 0.45 [16]. In other words, larger metallization criterion values indicate a large band gap
between the band of valence and the band of conduction [17].

The optical transmission coefficient (T) and the reflection loss (R.) from the glass
surface are obtained using Fresnel's formula according to the refractive index (no) as reported
in [18]:

_ no—1 2
R, = (n0+1) (1V.10)
T =22 V.11
T n241 ( . )

When the quantity of NaPOs rises, T increases and Re drops (tables I\VV.2 and 1VV.3) in
SWN glasses. That is, due to the addition of more P*° ions to the glass series, the increment of

T makes the glasses more transparent in the UV-Vis region [19, 20].

Electronic oxide polarizability (ay2-) of examined glass samples is measured by using

no and given by [9]:
Ap2- = (am— X “cat)/NOZ— (IV.12)

where om is the molar polarizability of the sample, Y ocat indicates molar cation polarizability
and No»- represents the number of oxide ions. For the ternary glass system XAiOm- yBnOo-
2CpOgq, the (3 acat) and (No2-) can be found as

Y Ucqr = Xlay + ynog + zpog (IV.13)
and
Ny2- =xm + yo + zq (1v.14)

Here aa=agy+s=1.111, og=ay,+s=0.147 and ac=ap+s=0.021 A3values [21, 22].

Duffy and Ingram [23] established optical basicity as a criterion for determining the
acid-base characteristics of glass in terms of the electron density transported by oxygen. It

measures the average electron donation capacity of oxide (II) species in the medium after
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component cations have polarized their electron charge clouds. The optical basicity (A) [24,

25] of glass can be obtained by using a,z- with the following relation:

A=1.67 <1 S ) (1V.15)

6{02_

The strength with which an ion attracts electrons in oxide glasses is known as
electronegativity (x). If the ions ‘electronegativity is stronger, it will attract the linked oxide
ions more strongly, resulting in tight ion network bonding. As a result, the material acquires
covalent properties. Electronegativity (y) and electronic susceptibility (ye) [24, 26] are

calculated using the following relations:

x = (55 +0.25) (1V.16)
xe = (B) (IV.17)

The theoretical (ideal) optical basicity (Atw) is calculated according to the expression
[9, 19]

A = L xiA; (1V.18)
For SWN glasses, Eg. (IV.18) can be transformed into:

A¢h = Xs5p,05,A5b,05 T Xwo,Awo,; + XNapo;ANapos (1V.19)

where Xsb203), Xwo3) and Xnaro3) are the equivalent fractions based on the proportion of
oxygen, and Asbh203) = 1.18, Awosz) = 1.045 and Anaro3) = 0.47 are the basicity of each oxide
[27].

The electronic oxide polarizability (ye) and the electronegativity (y) of glasses have
been found to change as the quantity of NaPOs rises, and the theoretical optical basicity (Atn)
of glasses has also been examined (in table 1VV.2 and table 1\V.3). Due to the decreasing
quantity of (NBO) in the glass system, low values of no, At and polarizability are anticipated
[28]. This means that the oxide ions’ ability to transfer electrons to nearby cations is reduced.

The result is consistent with our samples’ metallization criterion (M) values.

The third order nonlinear susceptibility ¥® can be calculated from the Eg values as
follows [29]:

(1.4x10711)

x® =
(E4—1.96)(E4—1.31)(E4—0.65))

(1V.20)
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Tables I\V.2 and 1\/.3 illustrate that the values of ¥ are greater than those of pure SiO;
glass (2.8x1012 e.s.u), indicating that all of the SWN samples tested are suitable materials for
nonlinear optical devices with rises in antimony oxide. In addition, it is established that
raising NaPOs concentration increases the optical energy gap (Eg), leading to a decrease in
the ®, and vice versa with the addition of Sb203 [29].

V.3 Structural properties

IVV.3.1 Number of network bonds (n;) and average cross-link density (n,)

We calculated the n. and np, of our AN and BN glasses by using the formula in refs
[30-32]. The mean cross-link density, n., of AN and BN glasses rose from 1.37 to 2.84 and
1.56 to 2.89, respectively, while the number of links per unit volume, np, of AN and BN
glasses increased from 41,65 to 73.35x 10%'cm™ and 47,96 to 80.51x 10%'cm™3, respectively.
Since antimony oxide is substituted by glass former NaPOs, which has a higher cationic
coordination number than Sh>0s (nfnaro3) = 4) and therefore creates a BO site, the network
has become stiffer and more linked in SWN glasses. With the increase in NaPO3

concentration, both n. and n, values improve enhancement (see table 1\/.4).

Table 1V.4: Values of average cross-link density (n.) and number of bonds per unit volume

(nv) of glasses in the AN and BN glass samples.

S.n° n, np(x10%cm3) | S.n° n, Nb(x10%tcm3)
ANIO 137 4156 BN10 1,56 47,96

AN20 158 4477 BN20 178 51,96

AN30 179 4958 BN30 200 56,27

AN4D 200 5393 BN40 2,22 61,03

AN50 291 5872 BN50 2,44 66,01

ANBO 242 6417 BN6O 2,67 72,89

ANT0 253 6898 BN70 289 80,51

AN80 284 7335
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IV.3.2 Average interionic separations(de-r), the single bond strength (Bm-o)

The average (<d p.p>) interionic separations can be calculated as follows [33]:

v \/3
dp_p = : ) (IV.21)

where Na, Vm and X are the Avogadro's number, molar volume and molar fraction of

phosphate, respectively.

Table 1\V.6 illustrate that with an increment in NaPOs, the average phosphate-
phosphate separations of AN and BN glasses decreased from 0,186 to 0,112 nm and from
0,194 to 0,119 nm, respectively. This led to the lower ionic radius and molar volume of
phosphate, which resulted in an applied decrease in the density. As a result, the glass network
exhibits an increasing tendency to contract, implying that the addition of NaPOsz causes the

lattice to compress significantly.

Based on their dissociation energy Eq, which may be defined (Eq) as the energy
necessary to break the oxide into its component gaseous atoms, Sun et al. [34] presented

extensive data on the strength of the Bm-o single bond for a variety of simple oxides.

Table 1V.5: The value of coordination number, CN, single bond strength, Bum-o of Sb20s,
WOs3 and P20s oxide [34-36].

Oxides CN Bwm-o (KJ/mol)

Sbh20s3 3 228.9
WOs3 6 672
P20Os 4 464

A method for determining the single bond strength Bm-o has been put out by Dimitrov
and Komatsu [22]. For example, the equation for the (90-x) Sb.O3-10WO3-xNaPOs3 ternary

system might be proposed

BM—O = (90 - x)BSb—O + 1OBw_0 + pr_O (|V22)

where x is the molar fraction of sample glasses and Bsp.0, Bw-o and Bp.o are the single bond
strengths of Sb-O, W-O and P-O bonds in SbO3z, WOg and PO4 units, respectively.
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SWN glasses (Bm-o) exhibit a tendency toward increasing single-bond strength with
increasing P°* concentration. In reality, the development of linear chains of PO4 units makes it
possible for the substitution of Sb by P in the glass network to produce a significant quantity
of BO oxygen. The development of P-O-W units, which have greater ionicity, may be the

cause of this stiffness.

According to Gael and al [37], the solid state in the binary system NaPO3-WO3 and at
low concentration of WOz, NMR and Raman structural investigations have shown that the
sole tungsten oxide entities are octahedral and serve as covalent chain intermediates (WOs).
Low WOs concentrations allow isolated WOs to be incorporated into phosphate chains,

generating strong P-O-W connections and improving the host matrix's cross-linking.

The calculated values of average phosphore-phosphore separation and single bond Bwm-
o of AN and BN glasses with augmentation of NaPOs are provided in table 1'\V.6.

Table 1V.6: Average phosphore-phosphore separation, single bond Bm-o, a(OH) and OH
content (ppm) of AN and BN glasses.
S.n° dp.p Bwm-o (I(OH) OH S.n° dp.p Bwm-o (I(OH) OH

(hm)  (KImol) (em) P () (Kmol) (om)  EO0EN

AN10 0,186 296,72 2,108 63,241 | BN10 0,194 341,03 1,691 50,725

AN20 0,150 320,23 1,961 58,844 | BN20 0,157 364,54 1,445 43,345
AN30 0,135 343,74 2,625 78,752 | BN30 0,140 388,05 1572 47,174
AN40 0,126 367,25 2,701 81,022 | BN40 0,130 411,56 1,296 38,870
AN50 0,120 390,76 2,420 72,587 | BN50 0,124 435,07 1,276 38,276
ANGO 0,116 414,27 1,902 57,059 | BN60 0,121 458,58 1,773 53,181
AN70 0,112 437,78 2,895 86,850 | BN70 0,119 482,09 2,392 71,773

AN8O 0,112 461,29 4,803 144,076
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IV.3.3 IR and ATR spectroscopy

The ATR spectra of the raw powder used in glass preparation is shown in fig 1\V.11.
From looking at fig I\V.11(a), we see that there are many bands of senarmontite and
valentinite combined together in the raw powder of Sb>Os used to make our glasses. Fig
I\V.11(a) displays several small bands at 525, and 466 cm™ due to symmetric and asymmetric
bending modes of valentinite form of SbOs trigonal pyramids, respectively. The two band at
689, 624 cm™ are led to symmetric and asymmetric stretching vibration modes of valentinite
form of SbOs unit. It exhibits a small peak at 872 cm™ corresponding to Sh-O stretching
vibrations of the senarmontite form of SbOs. The small peak at 748 cm™ corresponds to the
symmetric stretching vibration mode of the senarmontite form of SbOs. This affirms once
more that the starting material of Sh.Oz contains both forms of the senarmontite and

valentinite form of SbO3 unit [38, 39].

A=l b (W-O-W) b (W-0-W)
WO - Z /
3 W-
t
v PO NG PO g b

© b (PO),inQ! ‘

e L L (PO inQ ¢ ‘

g T T T "‘ I‘ T T T T

£ @ N 3 e g

& |sb,0 u £ 8

o 273 b=t = 10 A

[ 2 = A=
g B S 5
2 8\ 9 5 S
9 £\s8 /[ fo
8 2\.S/ © g
- > : o Th
g 0°

T T T T T T T a9 B T
1400 1200 1000 800 \Uim 600 400

Wavenumber (cm™)

Figure IV.11: ATR transmittance spectrum of the raw materials ((a) Sb203, (b) NaPO3 and
(c) WO3) in the region 1500-400 cm™.

IVV.3.3.1 IR spectra (1,5-8pum)

The techniques used to characterize the glass structure of our glasses in the (90-x)
Sbh203-10W0O3-xNaPOs and (80-x) Sh203-20WO3-xNaPOs ternary systems have proven to be
very complementary and have made it possible to obtain precise information on the structural
changes according to the compositions. The infrared spectra of AN and BN glasses is

illustrated in the region of 1.5-8um and shown in figs 1VV.12 and IV.13. These glasses are
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transparent at limit 7 um, which is characteristic of antimony glasses. The IR transmission
spectra illustrates three major regions. The first wide band is around 3000cm(3,33um), and
is due to the hydroxyl (OH) groups. These broad and strong absorption bands indicate the
presence of the amount of water in the SWN (AN and BN) glasses. The second band around
2500cm™ (4 um) is due to a harmonic of the fundamental vibration of the P-O bonds in the
PO, tetrahedra. The third group of bands, which occurs at 1900cm™ (5.2um) is due to the
fundamental vibration of Si-O bands, which stems from the silica crucible used during the
melting processes. The fourth group of bands at 1492cm™ (6.7um) is attributed to the
contributions from Sb-O bond vibration. We observed the same samples small transmission

disturbance at 4.2um, which is due to the CO- present in the measuring cell [39, 40].
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Figure 1V.12: IR transmittance spectra of AN glasses in the region 1,5-8um.
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Figure 1V.13: IR transmittance spectra of BN glasses in the region 1,5-8um.
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The hydroxyl group (OH) concentration of glasses may be determined using the IR
spectra. The approach provided by Ebendroff-Heidepriem et al. [41] can be used to determine
the OH content of the glasses. Using the following relationship, the absorption coefficient o at
3259cm™ (3,068um) in SWN glasses can be used to determine the OH concentration in our

glass.

oy = =Ln (%) (IV.23)

where To is the highest transmission at ~1.5 pm, T is the transmission of the glass at 3259cm™
(3,068um) and d is the thickness of the glass samples (cm). The OH content can be calculated
using the above relation and according to the following oy [41].

OH content(ppm) = 30 X agy(cm™1) (1V.24)

It is widely known that the presence of a significant quantity of OH content in the
glasses increases non-radiative losses, lowering the quantum efficiency of the glass materials.
The presence of higher OH content is indicated by the high intensity of the OH band found on
SWN glasses. The OH content is calculated using the coefficient of OH vibration aon) at
3000cm™ (3,33um). Table 1V.6 enlisted the corresponding OH content of several of the
samples investigated. The concentration of OH in SWN glasses rises as the concentration of
NaPO3 increases. These results are similar to those of fluorophosphate [42] and calcium
metaphoshate [43]. Consequently, these OH groups might have come from both the raw
material HoNaPO4 or/and the environment (phosphor materiaux hygroscopic). Because these
glasses have a relatively high OH content, they are unsuitable for efficient lasers with high

non-radiative losses.
IV.3.3.2 ATR spectra (1600-400cm™)

ATR spectra from 400-1600 cm™ are presented in figs 1\V.14 and V.15 (the
assignment wavenumber bands illustrated in table 1\/.7). The first weak absorption bands at
508-544 cm™ and 550-583 cm™ correspond to deformation vibration modes of O—P—O in Q2
tetrahedra and asymmetric stretching of Sb-O from Sb2Os, respectively [44-46]. The second
absorption band around 605-635cm™ is due to the symmetric and asymmetric stretching
vibration mode of the Sb—O-Sb bond of Sh,0s, or assigned to the asymmetrical stretching P—
O-Sb bridge of SbPO4 [45-48]. The third band at 714-730 cmis assigned to symmetrical
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stretching vibrations of P-O-P bridges or P-O-M linkages (M=Sb or W), which increase
with increasing NaPOs content and also may be due to symmetric stretching vibrations of the
W-O-W linkages [45, 47]. The fourth peak around 830-871 cm™ is attributed to the
asymmetric stretching vibrations of the W-O-W linkages mode of WOs units, and
asymmetric stretching of the P-O—P bridge [48]. The intense band at 900-967 cm™ is due to
stretching vibration of W-O and W=0 in structural units WO4 and WOe. The maximum
phono energy of these glasses is defined by the highest intensity peak at 915 cm™, which is a
significant finding that reveals the predominance of W—-O bonds and therefore the glass
structure [45, 48]. The last band at 1058-1083 cm™ is assigned to symmetrical stretching
vibrations of the PO,™ terminal group in Q?tetrahedra. The band at 1107-1194 cm™ is assigned
to asymmetrical stretching vibrations of the PO3s> terminal group (tetrahedral mode Q%). The
band at 1240-1360 cm™ is assigned to asymmetrical stretching vibrations of the PO, terminal
group (tetrahedral mode Q?) [45].

The existence of the strong P-O-W bonds in SWN glasses probably leads to the
interaction between highly polarizing ions: PO3s? tetrahedral anions and W®* or W°*cations,

which increases the connectivity of the glass network [40].

Table IV.7: Assignment of the ATR transmittance bands of AN and BN glasses.

Wavenumber (cm™)  Vibrational mode

508-544 5 (O—P-0) in Q? tetrahedra
550-583 Vas (Sb-O) valentinite from Sb203
605'635 Vs (Sb'O'Sb) Valentinite and Vas (Sb'O'Sb) Valentinite bOﬂdS Of Sb203 or Sb'

O-P bridge of SbPO4

714-730 vs (P-O-P)in Q? mode or P-O-M linkage or vs (W-O-W) linkage
830-871 vas(W-O-W) and vas(P-O-P)

900-967 stretching vibration of W-O" and W=0 in structural units WO4 and WOQs
1058-1083 vs( PO2) in Q?tetrahedra ((P-O) or (P=0))

1107-1194 vas( PO3%) in Q! (tetrahedral) ((P-O) or (P=0))

1240-1360 vas (PO2) in Q?tetrahedral ((P-O) or (P=0))
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Figure 1V.14: ATR absorption spectra of AN glasses in the region (1600-400cm™).
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Figure 1V.15: ATR absorption spectra of BN glasses in the region (1600-400cm™).
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1V.3.4 Raman spectroscopy

The Raman spectra of the vitreous samples of system (90-x) Sbh203-10WO3-xNaPOs
with x varying from 10 to 80, is shown in fig I'\V.16.
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Figure 1V.16: Raman absorption spectra of system (90-x) Sh203-10WO3-xNaPOs with x
varying from 10 to 80 glasses.

The attributions of the bands of the observed Raman absorption spectra are illustrated
in table 1\VV.8. It is clear that it comprises a significant number of elemental absorption bands

that are difficult to distinguish. As a result, we can only make de-convoluted peak Raman

spectra of our samples (see fig I'\V.17).
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Figure 1V.17: Deconvolution analysis of the Raman spectra of AN glasses.
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Vi.

Vii.

viii.

The very strong peak at around 45-57 cm™ is identified as the Boson peak, a feature
characteristic of the vitreous state. In general, we can accept that the origin of the
Boson peak can be related to long-range spatial correlations in the structure. This peak
shifts to a higher wavenumber when we add NaPO3 to the glass network (the atom of
Sb with the highest molecular weight is replaced by the lowest atom of P).

The two-weak band near 230 and 330 cm™ leads to the deformation of WQOs octahedra,
Sbh2O3 0or PO4 tetrahedra. It is increased with the increase of NaPOs [37, 45, 46].

The large band near 440cm™ is caused by the vsymsbeos) OF the SbOs pyramidal unit
[46] or by the bending vibration of the PO4 structural unit, and it decreases as the
NaPO3z concentration increases [49].

The symmetric and asymmetric stretching vibration modes of the Sh-O-Sb bond of
Sh,03 or P-O-Sh linkage are responsible for the two weak broads at 600 and 680 cm™.
It rises when the concentration of NaPOsrises [47, 50, 51].

With increasing NaPOs (mole%), the intensity of two weak shoulders closed at 330
and 280 cm rises, with the first band attributable to the bending vibration of WQOg and
the second band to the bending vibration of the (W-O)tband in WOs [52, 53].

The asymmetric and symmetric stretching vibrations of the W-O-W linkage are
responsible for the characteristics near 820 and 720 cm™, respectively. The bands near
820 cm! decrease in intensity with increasing NaPOs content, while the strong band at
930 cm is caused by (W-O)7 or (W=0) terminal bonds in WOg octahedra [37, 45, 52,
53].

Two shoulders near 880 and 730 cm™, on the other hand, are caused by stretching
vibration of the (P-O) terminal bond in (POs) tetrahedra linked with WOe and
symmetric stretching vibration of P-O-P bridges or P-O-W stretching, respectively. It
is exclusively seen in AN70 and AN80 samples, and gets stronger with NaPOs.

It has three weak bands centered at about 1240, 1160, and 1010 cm™, which
correspond to the asymmetric and symmetric stretching vibration of the terminal (P-
0)  bond in Q? and the symmetric stretching vibrations of the terminal (P-O) bond in
Q! tetrahedra, respectively [37, 45, 49].

A progressive reduction in the degree of disorder in the glass network is indicated by a

rise in the concentration of the Q? tetrahedra (owing to the symmetric vibrations of PO,) and

P-O-P modes with a simultaneous slight reduction in the Q* bands. The structure of the lattice

can be estimated since Q! is focused on the extremities of the linear chains, whereas Q2
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produces numerous linear chains in the interior of the glass network and the number of Q2

increases with the addition of NaPO3 (mole percent).

P-O-Sb linkage ~ P-O-P linkage

W-O-W'linkage p-O-W linkage

Figure 1V.18: Suggested of structural of SWN glasses with high concentration of NaPO:s.

The bond about 700 cm™ did not appear for a NaPO3 concentration of less than 50%
mol, but then it noted a growth in this band for AN50, AN60, AN70 and AN80 samples. This
band lead to the connection of the vs (W-O-W) and vs (P-O-P) in Q? mode or P-O-W bridging.
The P-O-W bridging links are formed, which strengthens the glass network and makes the
glass structure more compact. The formation of the P-O-W linkage is expected because both
W and P atoms have comparable electronegativity and can therefore substitute for each other.
This strengthens in the glass network, implying a link between the network and results in the
growth of Tg values of SWN glasses, which is supported by the rise in viscosity of the
viscous mixture during cooling. As a result, the amount of NBO in our glasses is extremely

low, and this is the reason why the glass is stiff and connected.

With the addition of NaPOgs, we include a rise in the bridging P-O-M bond while the

number of (W-O); bonds is reduced.
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In conclusion, the stiff vitreous of the SWN samples is responsible for the formation
of P-O-P, W-O-W, P-O-W, and P-O-Sb bonds, etc. As a result of the increased of NaPOs
rising the glass transition temperature and the NBO atoms are reduced (see fig 1'\V.18).

Table 1V.8: Assignment of the Raman absorption bands (10-1400 cm™) of AN glass.

Bands n° Wavenumber Vibrational mode

(cm™)

1 35-50 Peak Boson

2 190-234 3 (SbO3) )

3 270-283 3(WOes)onor bending vibration of phosphate
polyhedra

4 310-330 O—P—O0 bending.

5 335-380 & (PO4)(Ta)

6 420-440 Vib [SbO3] unit

7 440-480 Vib [SbOs] unit

8 500-530 vs (Sh-O-Sb) and 8as(PO4)

9 530-590 § (P-O-P)

10 623-680 vas (Sh-O-Sb)or Sb-O-P bond

11 710-730 vs (W-O-W) and vs (P-O-P)in Q% mode or P-O-W

12 820-870 Vas(W-O-W)

13 888-890 vas(P-O-P) in Q! mode or P-O-W linkage

14 901-937 v(P-O): in PO4” WithWOs or v(W-O); in WOg units

15 1058-1083 vs(PO) in QL ((P-O) or (P=0))

16 1160 vs(P-0) 7 in Q2((P-O) or (P=0))

17 1270 vas (P-0)7t in Q% ((P-O) or (P=0))

114



Chapter IV Optical and structural study of SWN glasses

IVV.4 Conclusion

The investigation revealed that the density, molar volume, energy of Urbach,
refractive index, molar refractive, molar polarizability, oxide ion polarizability, and optical
basicity decreases with the amount of P>* ions concentration. While the energy of band gap,
metallization criterion, cross-link density, the number of links per unit volume and the third
non-linear susceptibility (y %) increases with the increasing concentration of P°* ions in the
glass network. The high amount of Sb2Os, the high refractive index, high polarizability, and
good optical transparency of the SWN glass system present the glass potential in non-linear
optical applications. The investigation revealed that the concentration of P°* ions decreases
the density, molar volume, energy of Urbach, refractive index, molar refractive, molar
polarizability, oxide ion polarizability, and optical basicity. While the energy of the band gap,
metallization criterion, crosslink density, number of links per unit volume, and third non-
linear susceptibility (x®) increases as the concentration of P°* ions in the glass network
increases, the high amount of Sh20s, the high refractive index, high polarizability, and good
optical transparency of the SWN glass system, present the glass potential in non-linear optical

applications.

The rise of 7c and np values as NaPOs increases indicates the formation of the
bridging oxygen linkage, which might have come from the P-O-W and P-O-P linkages, and
therefore enhances the rigidity and viscosity of the glass network, making these materials

good candidates for fiber optical devices.

In other words, the introduction of NaPOs into the SWN glass leads to the formation
of more linear chains, which reduces the number of NBOs and leads to an increase in the
structural compactness of these glasses. The structural studies of SWN glass supported this
hypothesis by the formation of phosphate obeyed Q? with the modes of Q* and P-O-W linkage
with the addition of NaPOs.

By comparing the previous two series of AN and BN samples, we can say that they
exhibit the same behavior in all the studied properties, but there are some differences that can

be summarized as follows:

For non-linear optical applications, we suggest the sample AN10, which has the
highest value of the ¥ (13,09 e.s.u), which is more than four times the ¥® value of pure SiO>

and has the largest value of the refractive index, etc.
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On the other hand, if we want to use this new series of antimony glasses in optical

fiber applications, it is preferable to choose a BN series that has the highest value of viscosity,

rigidity and high resistance against devitrification.

In general, these new glasses showed good behavior for producing optical fibers and

nonlinear optical applications.
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Chapter V Physical and spectroscopy studies of Sm 3+ ions doped SWN glasses

V.1 Introduction

In this chapter we investigated the physical, thermal, structural, optical and
spectroscopy aspects of SWN glasses matrix after introducing Samarium (Sm3") at various

concentrations.

Other reported have been studied the luminescence behavior of the Sm3* ions in the
various host matrices such as fluoro-phosphate [1], borate [2], lead fluoroborate [3],
borosulphate [4], cholcohalide [5], borotellurite [6], fluoroborate [7], niobate tellurite [8].
Generally, the emission spectra of Sm>Os doped glasses show four emission peaks at 565,
602, 648 and 709 nm corresponds to the * Gs; 2—° Hsp2, © Hzz, ® Hoz and © Hiyz transitions,
respectively. “The highest emission intensity at the transition * Gsp—® Hz is allowed
magnetic dipole (MD) and electric dipole (ED), the * Gs,—® Hs;2 transition is allowed
magnetic dipole (MD) whereas; the # Gs,—° Hap2 transition is allowed electric dipole (ED)
transition”. The emission intensities strongly depend on the Sm®* ion concentration and glass
composition. The Sm3* ion exhibit strong orange—red emission in the visible region which is
useful in high density optical storage, under sea communication, color displays and visible
solid-state lasers, etc. Since, samarium doped glasses emit light in the orange-red region so

they are used in orange-red LED applications [2, 9].

122



Chapter V Physical and spectroscopy studies of Sm 3+ ions doped SWN glasses

V.2 Experimental synthesis

The synthesis of glass with molar compositions of the (40-x) Sb203-10W0O3-50NaPOs-
xSm203 (x = 0.15, 0.30, 0.45, 0.60, and 0.75mol%) glass system is prepared via the melt-
guenching-annealing method. These compositions are taken from the following raw materials:
antimony oxide (Sh203), tungsten oxide (WOs3), sodium hydrogeno-phosphate (H2NaPO4) and
samarium oxide (Sm20z) powders with the appropriate mole % to yield around 5g, then
mixed well and placed in silica tubes. The batch is then melted for 20 min in a burner flame
set at 900 °C to 1100 °C. The molten samples are placed on a warmed brass plate that is kept
at 300 °C, then placed immediately into the annealing furnace, where they are heated for
roughly 6 hours at 300 °C to remove surface imperfections and thermal stress, then slowly
cooled to room temperature. The resulting glasses (Fig V.1) are investigated for various

physical, thermal, mechanical, optical, and structural properties, as described below.

SW/(‘Isosmw“) SW’?IsoSlﬂso%,‘ o 5%»' ngsusmﬁnn,JS“@sﬂSl}l'isof.:}I
A\ — o k ! R —

SWNSmO0,15 SWNSmM0,30  SWNSm0,45 SWNSmO0,60 SWNSmO0,75

Figure V.1: The photos of SWNSm glasses with Sm** ions vary from 0,15 to 0,75 mole %.

Finally, the obtained glasses are polished into desired sizes to obtain a smooth surface
for optical, structural, PL spectroscopy, and decay curves (life time) measurements. Also,
don’t forget that a portion of each sample is ground for differential calorimetry (DSC)

measurement.

V.3 Physical properties

The augmentation in density is due to the higher molecular weight and atomic radii
of Sm203 (Msm203=348.70 g/mol and rg,, 3+ =0.109nm) as compared to other oxides present
in the (40-x) Sb203-10WO3-50NaPO3-xSm203 glass matrix (see Fig V.2 and Table \V.1). The
addition of Sm>O3 causes an increase in p and a decrease in Vm, which results in an increase in
compactness owing to the strong connectivity in the SWNSm glass structure (which suggests
there is contraction in the glass matrix). Also, a reduction in Vm indicates that the structure of
SWNSm glasses is less disordered. The oxygen molar volume (Vo) is dropping while the

oxygen packing density (OPD) is growing (Table V.1). This leads to a drop in NBOs,
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indicating that the strong connections in the SWNSm glass network and the glass structure

has grown more compact and tighter [10].
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Figure V.2: Density and molar volume of (40-x) Sh203-10 WO3-50NaPO3-xSm203

glasses.

Table V.1: Glass composition in mole %, density (p), Molar volume (Vm), oxygen packing

density (OPD), oxygen molar volume (Vo), Young modulus (E:) and Poisson’s ratio (vt).

S.n° Sh20s WO3 NaPOz Sm203 p Vm OPD Vo Et vt
(g/cm®  (cm¥mol) (mol/L) (cm*mol) (GPa)

SWNSm0,15 39,85 10 50 0,15 4,2445 44,966 66,717 14,989 37,88 0,212
SWNSm0,30 39,70 10 50 0,30 4,2577 44,847 66,894 14,949 3791 0,213
SWNSm0,45 39,55 10 50 0,45 4,2617 44,825 66,927 14,942 37,85 0,212
SWNSm0,60 39,40 10 50 0,60 4,2566 44,899 66,817 14,966 37,75 0,212
SWNSmO0,75 39,25 10 50 0,75 4,2701 44,777 66,999 14,926 37,74 0,212
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Table V.2: The number density of Sm** ions (N), the inter-nuclear distance (ri), polaron

radius(rp), field strength (F), number of bonds per unit volume (ny) and cross-link density (1)

and the average antimony—antimony separation(dsp-sb)).

S.n° N(10%ions/cm3)  ri (107cm)  rp(107cm)  F(10%cm?) np (10%'cm?®) n,  dsbsh
(108cm)
SWNSm0,15 0,201 3,679 1,482 28,220 16,010 1,689 3,099
SWNSmO0,30 0,403 2,917 1,175 44,877 15,993 1,694 3,092
SWNSmMO0,45 0,605 2,548 1,027 58,824 15,940 1,698 3,088
SWNSm0,60 0,805 2,316 0,933 71,182 15,868 1,703 3,085
SWNSm0,75 1,009 2,148 0,866 82,749 15,836 1,708 3,079

The various parameters such as p, Vm, Vo, OPD, n. and ny are calculated using a

formula from previous work [10]. In table V.2, both n. and n, show a positive trend with the

augmentation of Sm®" concentration. Antimony oxide (Sb,0s) is replaced with another oxide

(Sm203), which has a cationic coordination number greater than Sb2O3 (nf (sm203) = 6) and

leads to an increase the compactness inside the glass network.

Table V.2 includes a number of measured physical parameters. From the following

formulas [11, 12], the following polaron radius (rp), internuclear distance (ri), and field

strength (F) were calculated using the Sm®* concentration (N) (ions/cm?).

N = Xsm+3XNaXpglass

M glass

=)
@)
6N

T'p:

F =

wﬁ,\,ll\l N |-

(V.1)

(V.2)

(V.3)

(V.4)

Where Xsms+ is the molar concentration of Sm20s, pgiass IS the density of glasses Mgiass IS

average molecular weight of glasses and Z is atomic number of the dopant (Zsm=62).
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As shown in table V.2, the concentration of samarium ions (N) increases with
increasing Sm>0O3 concentration while both polaron radius, r, ("A) and inter-nuclear distance,
ri ("A) decrease in the glass matrix. The polaron radius rp is shortened with the increase in the
Sm®" ijon. This observation is attributed to the overfilling of Sm*3 ions inside the SWNSm
glass matrix. The rise in Sm®" ions (N) increases Sm-O bond strength and leads to the
development of stronger field strength (F) around Sm* and increases the compactness of the
SWNSm glass structure. In fact, the enhanced field strength (F), indicating a strong
correlation in the host matrix with the amount of Sm*', generates a large number of BO. This

might be the outcome of the formation of P-O—W units that have stronger and higher ionicity.

However, incorporation of Sm2Os at a higher level inside the disordered network
structure shortens the antimony—antimony separation (dsb-sn)), implying that SWNSm glasses
are more compact (there is contraction in the SWNSm glass matrix).

The refractive index (no), molar polarizability (om), molar refractivity (Rm) and
reflection loss (R) drop with the addition of Sm>Oz in the SWN glasses as depicted in table
\/.3. The refractive index of the glasses depends on the polarizability of the glasses. This
decrease confirms decrease in the number of non-bridging oxygen's (NBQO's) in the SWNSm
glasses which in turn decreases the refractive index.

The decrease in oxide ion polarizability (co-2) values with the addition of Sm2Oz is due
to the decrease in ng and supports the observed decrease in Vm of the prepared glasses. The
theoretical optical basicity (Aw) is calculated and depicted in table \V.3. It is observed that the
decrease in the (Awm) of SWN glasses with the addition of Sm2O3, leads to lower optical
basicity value of Sm203 (A=0,984) at the cost of Sb2O3(A=1,18) [13-17].

The positive values of (M) suggest that the SWNSm glasses exhibit non-metallic
behavior and our prepared samples are useful in (NLO) applications because of the M values
of SWNSm glasses with excellent (NLO) range between 0.30 and 0.45 (see table \V.3) [15].
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Table V.3: Various physical and optical properties of SWNSm glasses.

Sample n° /property value

Property

SWNSm0,15 SWNSm0,30 SWNSm0,45 SWNSm0,60 SWNSmO0,75
Refractive index, n 1,867 1,867 1.866 1.866 1,865
EQ indirect (€V) 2,837 2,856 2,848 2,859 2,870
Eu (ev) 0,1408 0,1471 0,1500 0,1548 0,1409
Molar refraction, Rm (cm3/mol) 24,921 24,846 24,825 24,833 24,780
Total molar polarizability, om(10-2*cm?) 9,885 9,855 9,846 9,850 9,829
Total molar polarizability of cation, Y am(A%) 0,9246 0,9248 0,9249 0,9251 0,9252
Polarizability of oxide ions, ao2- (A% 2,240 2,232 2,230 2,231 2,226
Optical basicity from refractive index, A(n) 0,925 0,922 0,921 0,922 0,920
Theoretical optical basicity, At 0,8112 0,8109 0,8106 0,8103 0,8100
Metallization criterion M 0,4458 0,4460 0,4462 0,4464 0,4466
Dielectric constant, £ 3,487 3,485 3,483 3,480 3,478
Reflection loss R 0,4532 0,4530 0,4528 0,4526 0,4524
Temperature of transition Tg (°C) 324 326 324 330 339
OH content (ppm) 41,146 33,862 39,402 40,275 46,670

V.4 Mechanical properties
V.4.1 Theoretical elastic modulus

In the theory of Makishima and Mackenzie, and by using table V.4, we can define the

Young modulus (Et) and the Poisson's ratio (vt) of the SWNSm glasses with consideration of

the chemical composition (xi) of the constituting oxide, the packing factor (Vi), and their
corresponding dissociation energies per unit volume (G;) [10, 18].

We realize that there is no noticeable change in the elasticity coefficients (E: and ),
and this is what distinguishes our obtained glass. The more samarium ions inside the glass

lattice, the more value of the stiffness remains high and constant. Also, the Poisson’s ratio (v)
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of SWNSm systems indicates their stiffness (see Table V/.1). The (v) values in this study is
less than 0.3, indicating that the density of cross-linking for the examined glass system is high
[10].

Table V.4: Molecular weight, density, packing factor of oxide, dissociation energy per unit

volume, optical basicity and of Sb203, WOz, NaPOz and Sm20:s.

Oxide Mi(g/mol) pi(glem®)  Vi[10,18] G, [10, 18] A4 17,19, @ (A% [L4, 17,19, 20]
(kcal/cm3)  20]

(cm®mol)
Sh,0; 291,52 5,05 22.97 8,43 1,18 1,111
WOs3 231,85 7.16 21,45 16,22 1,045 0.147
NaPO; 101,96 2,50 20,77 8,79 0,47 0.021
Sm;0O; 348,70 8,35 24,32 5,89 0,984 1,16

V.4.2 Experiment elastic modulus of SWNSm glasses

In general, the theoretical values of the elastic moduli are very close to the
experimental values in the SWNSm glasses. On the other hand, we can say that the value of
Young's modulus of these glasses is similar to phosphate glasses (E=40-50 GPa) and in the
same range of tellurium glasses (E=38 GPa). We realize that there is no noticeable change in
the elasticity coefficients with the addition of samarium ions inside the glass lattice and this is
what distinguishes our obtained glass, the value of the stiffness remains high and constant,
which demonstrates the rigidity and non-deformable of SWNSm glasses. Also, the Poisson's

ratio (v) of SWNSm systems indicates their stiffness of these glasses (see table \V.5).

Table V.5: The experimental elastic properties of the SWNSm glasses.

S.N° Eexp Kexp Gexp Lexp Vexp
(GPa) (GPa) (GPa) (GPa)
SWNSmO0,15 40,783 30,529 15,964 51,814 0,227

SWNSm0,30 37,898 25,348 15,149 45,547 0,201
SWNSm0,45 41,428 29,454 16,367 51,276 0,215
SWNSm0,60 39,318 28,265 15,502 48,935 0,218

SWNSmO0,75 42,467 32,411 16,568 54,501 0,231
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V.5 Thermal properties

Fig V.3 depicts the DSC curves of SWNSm samples measured between 200 and

500°C. This curve illustrates the absence of a crystallization peak, which indicates good

thermal stability against devitrification with a high amount of Sm®* ions in SWN glasses.

Inserting Sm203 into SWN glasses raises the glass transition temperature (Tg) (see Fig V.4),

implying increased stiffness in the host matrix (confirmed by FTIR spectra).
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Figure V.3: DSC curves of (40-x) Sb203-10 WO3-50NaPO3-xSm203 glasses.
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V.6 Structural properties
» IR spectra in the region of 1,5-8um

The IR spectra of SWNSm glasses is illustrated in the region of 1,5-8um and shown in
Fig V.5. The IR transmission spectra illustrates four major regions. The first wide band is
around 3000cm(3,33um), and is due to the hydroxyl (OH) groups. The second group of
bands, which occurs at 2500cm™ (4 um) is due to a harmonic of the fundamental vibration of
the P-O bonds in the POy tetrahedra. The third band, around 1900cm™ (5,2um), is due to the
fundamental vibration of Si-O bands, which comes from the silica crucible used during the
melting processes. The fourth group of bands at 1492cm™ (6,7um) is attributed to the
contributions from Sb-O bond vibration [21, 22].

80 SWNSmO,15
SWNSmMO,30
¥~ W SWNSmO,45
SWNSMO,60
60 SWNSmMO,75
X
|_
40 -
20 -
Sb-’o
o B T T T T T T T
2 3 4 5 6 7 8

Wavelength(um)

Figure V.5: IR transmittance spectra of SWNSm glasses in the region 1,5-8um.

The presence of a large amount of hydroxide content in the glasses increases the non-
radiative losses and reduces the quantitive efficiency of glass materials. In our glasses, we can
observe the lower OH content compared to other glasses such as fluorophosphate [23] and
calcium metaphoshate [24]. SWNSmO0,30 sample have the lowest OH content, which makes
them suitable for efficient lasers with low non-radiative losses. The intensity of the absorption
OH group vibrations decreases (up to Sm0.30%) and then increases (up to Sm0.75%) with the

130



Chapter V Physical and spectroscopy studies of Sm 3+ ions doped SWN glasses

addition of Sm®*" ion content (see Table \/.3), which is also a reason for the occurrence of
luminescence quenching in the prepared glasses [25]. Baazouzi et al [26], study how to
eliminate OH and Si-O absorption bands using an alumina crucible and perform vacuum glass
synthesis to improve the optical properties of glass samples.

> ATR spectra in the region of 4000-400 cm'?

The ATR absorption band (Fig \V.6.a) at 3347 cm™ is due to the O—-H stretching
vibrations and confirms the presence of OH groups in the glass composition. The presence of
hydrogen bonding is indicated by the bands located at 2927 cm™ and 2861 cm™. The bands
located in the interval (2400-1600 cm™) are due to the H2O molecules (with very low
intensity) [21, 23]. Table V.6 illustrates the assignment of the ATR transmittance bands in the
range of 4000-400 cm™ of SWNSm glasses. The UATR spectra of SWNSm samples are de-
convoluted in the frequency range between 1400 and 400 cm™ (Fig \V.6.b).

v, (PO))in Q°

Hydrogen bending
OH group ,/ :

Transmittance

v (P-0-P) and v,(W-0-W) or P-O-M-

v (Sb-O-Sb) or v, (P-O-Sb)

5(0-P-0
‘ 3(Sb-0) D
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure V.6.a: The ATR spectra of SWNSm glasses in the range 4000-400cm
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Figure V.6.b: Deconvolution analysis of the ATR spectra of SWNSm glasses.

A symmetric stretching mode of the two non-bridging oxygen atoms bonded to
phosphorus atoms, the PO (vas(PO2)) units in Q% [11, 27] and the stretching mode of P=0
double bonds [28] are assigned to the band near 1190-1244 cm™. This band deceases with the

addition of Sm*®" ions, which means more BO in the glass matrix. The band at around 1132-
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1149 cm™ is assigned to the vas(PO2) asymmetric stretching mode in Q!, which shows an
augmentation with the addition of Sm** ions. The strong absorption bands at 920-925 cm™
are attributed to the stretching vibrations of WO or W=0, the tungsten-non-bridging oxygen
NBOs portion of WO4 or WOs unit in a chain structure [29-32], with small lowering with the
addition of Sm;Os; concentration. The highest absorption bands near 864-870 cm™ are
assigned to the asymmetric stretching of the vas(P-O—P) and vas(W—O-W) linkages. This
higher intensity increases with the amount of Sm20s, which means an increase in linkage in
the host matrix (formation P-O-P or W-O-W linkage) and this leads to the augmentation of
the rigidity and transition temperature (Tg) of our obtained glasses. The band at 698-703 cm*
is assigned to symmetrical stretching vibrations of P—-O-P bridges (vs(P-O-P)) or P—-O-M
linkages (with M=Sb or W) and may also be due to symmetric stretching vibrations of the
vs(W-0-W) linkages, which means more and more linear bridging atoms (and BOs) increase
with increasing Sm2Os content [29, 30, 33].The absorption peak at around 597-600 cm™ is due
to the symmetric and asymmetric stretching vibration modes of the Sb—O-Sb bond of Sbh,03,
or assigned to the asymmetrical stretching P-O-Sb bridge of SbPO4[30, 34]. The two bands at
around 524-527 and 503-506 cm™* are ascribed to the deformation vibration modes of O-P-O
in Q? tetrahedra (bridging oxygen atoms, BOs) and asymmetric stretching of Sb-O from
Sh203, respectively [11, 22, 27, 35]. The intensity of this band increases with the increase of
Sm20s, which confirm previous results. The band at around 431-440 cm™ is attributed to
deformation modes of SbOs units. The introduction of Sm20Os3 into the glass matrix increases

the BOs, which causes an increase in the rigidity and compactness of our host matrix [28, 36].

‘O\ P/g P-O-Sb |inkage P-O-P link
-0O-P lInKage
o/ \O o-/ Q? g
W
Sb-O-Sb ’Sb’/o N :
.'l sb/» ’ sme
WO O/ \ @ o
linkage )

Figure V.7: The structural suggests of SWNSm glasses.
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In conclusion, the small increase in bridging oxygen atoms (BO) is related to the
formation of linear connections of phosphate chains as P-O-M (with M=W, P or Sb, etc.)
linkages, which confirm the increase in the connectivity and rigidity of the SWNSm host

matrix (see fig \V.7).

Table V.6: Assignment of the ATR transmittance bands (4000-400 cm™) of SWNSm glasses.

Wavenumber (cm™) Vibrational mode

431-440 3 (Sb-0) in ShO3

503-506 asymmetric stretching of Sb-O from Sb203

524-527 3 (O-P-0) in Q? tetrahedral

597-600 vs (Sh-O-Sb) and ves (Sh-O-Sb) bond of Sb203 or Sh-O-P bridge of
SbPO4

698-703 vs (P-O-P)in Q2 mode or P-O-M linkage or vs (W-O-W) linkage

864-870 Vas(W-O-W) and vas(P-O-P)

920-925 stretching vibration of W-Ot and W=0O in units WO4 and WOs

1132-1149 vas( PO3%) in Q* tetrahedral ((P-O) or (P=0))

1190-1244 vas (PO2) in Q% tetrahedral ((P-O) or (P=0))

2400-1600 H20 molecules

2855-2861 hydrogen bonding

2921-2927 hydrogen bonding

3323-3347 fundamental hydroxyl OH stretching vibrations

V.7 Optical properties

Fig VV.8a and Fig V.8b depict the absorption spectra of SWNSm glasses. In addition to
the spin orbit and electrostatic interactions of 4f-4f energy level transitions from the ground
state ®Hs, to various excited states, these spectra include multiple absorption bands with
varied strengths in the UV-Vis and NIR ranges (shown in table \/.7). The absorption spectra

of the prepared glasses are similar to other reported Sm3* doped glasses [20].
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Table V.7: The transition of Sm®" and assignment wavelength correspond to the excited states

from the ground states ®Hs/, to various excited states.

Region  Transition Wavelength (nm)
%Py, 401
1z 461
M 472

2

> “lor2 478

>

> ‘G 480
*Fap 563
*Gsr 570
Fiir 942
®Fg 1076
®F71 1232
®Fs), 1377

as

z ®F3p 1415
®H 15/ 1476
Fuz 1549
®H1a 1916

Wavelength (nm)

Abs (a,u)

F
312 4(;
512

T T T T T
400 500 600 700 800 900
Wavelength (nm)

Figure V.8a: UV-Vis region absorption spectrum of SWNSmO0,30 sample.
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Figure V.8b: NIR region absorption spectrum of SWNSm glasses.

The intensity of all bands improves when the Sm20s content climbs to 0,30% mole,
then drops to 0,75% mol. This rise in intensity causes the cutoff wavelength to increase (see
Fig V.8b)[36].

The optical energy band gap (Eg) of the glasses is computed using the Davis and
Mott theory's connection between absorption coefficient (o) and (Eg) [37, 38]. The indirect
band gap is calculated by extrapolating the linear section of the curve to cross the photon
energy axis at zero absorption ((chv) % =0). The slope of the linear component of the plot
(ahv) * vs hv is intersected to obtain the Eg ingirect Values (in eV) of our glasses (see figure

V.9).

The observed values of the Eg (indirect) are 2.837, 2.856, 2.848, 2.859 and 2.870 eV for
SWNSmO0,15, SWNSmO0,30, SWNSm0,45, SWNSmO0,60 and SWNSmO0,75 samples,
respectively. Also, the value of Ey of our obtained glasses decreases with the addition of
Sm,03 from 0,1408 to 0,1548 eV (see table V.3 and fig \V.10).
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Figure V.9: Plot of (ahv)Y2vs hv curve to estimate the EQ indirect 0f SWNSMO,30 glass.
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Figure V.10: Plot of Ln(a) vs hv curve to estimate the Ey of SWNSmO,30 glass.

The increase in bandgap and decrease in Urbach (E,) band indicate that our glass has
an insulating nature in which the forbidden bandwidth increases with the gradual increase in
the number of oxygen bridges (BO), implying decreased bonding defects in the SWNSm glass
network [39]. As a result, the degree of electron localization is reduced, and the number of

donor centers in the vitreous matrix is reduced.
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V.8 Photoluminescence (PL) study
V.8.1 Excitation spectra

The overlaid excitation spectra of the SWNSm glasses were recorded from the
emission at 596nm and are displayed in fig \V.11. Samarium ions are excited from the ground
state of ®Hs, to different levels of transition and swiftly relaxed through a non-radiative
transition to the energy level of *Gs/, [40]. The SWNSm glasses have a prominent excitation
peak at 402nm, which corresponds to the °Hs; — *F72 transition. The emission spectra are

measured at this wavelength.

The strong excitation peak at 402nm in the SWNSm glasses corresponds to the ®Hs,
— *F712 transition. This wavelength is used to measure the emission spectra. The transitions
corresponding to the excitation of Sm®* from the ground states ®Hs, to various excited states
of SWNSm glasses are illustrated in table \V.8. Fig V.12 illustrates the energy level diagram

of Sm3* stimulated at 402 nm.

Table V.8: The transition of Sm®*" and assignment wavelength corresponding to the excited

states from the ground states ®Hsy, to various excited states.

®Hs/p— Wavelength (nm)
*D1r2 +*Hop 343
*Dap 362
®Ps 375
*Lasr 388
‘Fir 402
%P5/, 416
P52 420
‘Gor 439
4Fs 449
11312 463
11 474
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Figure V.11: Excitation spectra of Sm ** ions doped SWN glasses.
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Figure V.12: Schematic energy level diagram for the Sm **ion: SWNSm glasses.
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V.8.2 Emission spectral

The emission spectra of SWNSm glasses are displayed in fig VV.13. The emission
spectra of all SWNSm glasses demonstrate four transitions in the visible range from the initial
state *Gsy2 to levels “Hen+1y2 With n= 2, 3, 4 and 5, which correspond to the bands at 560nm,
596nm, 643nm and 707nm, respectively. The intense emission bands are observed at 596 nm,
corresponding to the transitions *Gs;, — ®Hz/2 (orange). This orange emission is used in LEDs
and solid-state laser applications, etc [3, 40-42]. The energy level scheme of the emission
mechanism of Sm*®" ions in the glass samples is shown in fig \V.12. From fig \/.13, we can say
that the intensity of the luminescence of emission bands increases until Sm0,30, after which it
drops. The concentration quenching phenomena is to blame for this outcome [3]. The OH
band and energy transfer between the Sm*®" ions are linked to the quenching in emission

intensity via a cross-relaxation process.
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Figure V.13: Emission spectra of Sm 3* jons doped SWN glasses.
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V.8.3 Cross-relaxations and energy transfer mechanism in Sm3* ions

The emission intensity of our glasses increases up to 0,30 mole % of Sm 3* ions then
decreases; this is due to the quenching phenomenon. The luminescence quenching may be
due to the efficient energy transfer between the Sm3*-Sm?** ion sites through a cross-relaxation
mechanism, and the possible cross—relaxation channels are presented in fig \V.14.

Emission channels Absorption channels
I: Ex(* Gsro— ®Fs2) (10551cm™) A1 (® Hse—® F1112) (10615cm™)
I1: E2 (* Gso— ®Frp2) (9691cm™) A2 (® Hsiz—° Fop) (9294cm™)
I1: E3 (* Gsiz— ® Far2) (8567cm™) Az (®Hso—°F72) (8117cm™)
IV: Es4 (* Gsjp— % F1112) (7301cm™) A4 (O Hsp— ®Fsp2) (7262cm™)

Cross-relaxation channels

*Gspo
I: y 1V :
E:=10551cm? E»=9691ecm™ E.=8567cm? | E,=7301cny
6
A 4 Fi2
¥ ®For
F7p
*Fsp2
A
l: 1V :
A=10615cm™ | A,=9294cmt | As=8117cm | A.=T7262cny
Hsy2

Figure V.14: The cross-relaxation channels involved in Sm 3* jons in SWNSm glasses.

For more details, we can say that with the increase in the concentration of the Sm 3*
ion the distance between the RE ion centers reduces, and the contact between them increases
[25].

When we excite the samarium (1) atom, it moves to a higher energy level to become
an unstable atom then emits a photon to return to stability. During its return, this photon is
absorbed by a neighboring samarium (2) atom because the distance between the samarium

ions has become smaller. Thus, each excited atom (Sm) will transfer its energy to the atom
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(Sm) next to it, and therefore some small amount photons, will be captured. Because that we

show decreases in the luminescence intensity [25, 43].

In other words, this cross-relaxation is due to energy transfer from the excited *Gs;
energy state to the nearby Sm3* ions in the ®Hs, ground state. The possible cross-relaxation
channels in the prepared glasses are 1:(* Gsj2, ® Hsz2) — (®Fsi2, ® Fa1r2), 1:(* Gsyz, © Hsi2) — (°
Fa12, 8 Far2), 111:(* Gss2, 8 Hsi2) — (6 Farz, ® F7i2), and IV:(* Gsrz, ® Hsz) — (4 F11i2, 8 Fspo).

This is possible when the energy of the emission transitions closely matches that of the
absorption transitions. In each channel, two Sm ** ions, one in the ground state and the other
in the excited state, swap energies to reach intermediate states and then relax non-radiative [1,
A44-47]. Also, we can say that the increase of OH content in our glass network can be the

reason of decreases the luminescence intensity of emission spectra.

The intensity ratio (E/M) between * Gsz —° Horz (ED) and * Gsz —° Hsz (MD)
transitions suggests the symmetric nature of Sm3* in the host glass [25, 43]. If the intensity
ratio of the electric dipole transition to the magnetic dipole transition (Asymmetry Ratio= *
Gsiz —° Hoz 1 # Gsjz —® Hsp) is high, it exhibits more asymmetry in the nature of Sm** ions in
the network. The (E/M) ratio of the prepared glasses is found to be 3.48, 3.30, 3.35, 3.38 and
3.44 for the SWNSmO0,15, SWNSm0,30, SWNSmO0,45, SWNSm0,60 and SWNSmO0,75,
respectively. In the present work, the spectral intensity of the # Gs;, —° Hg2 (ED) transition of
the Sm 3* ion is more than the * Gsz —°® Hsz (MD) transition, which indicates that the
asymmetric nature is predominant. This asymmetric ratio is high for SWNSmO0,15 glass and
low for SWNSmO,30 glass, indicating that SWNSmO0,15 glass has more local disorder and
SWNSmO,30 glass has less local disorder for the Sm®* ions in the present glass network.

In the present study, “the magnetic dipole transition is more intense than the
electric dipole transition, which suggests that there is deviation from the inversion center, and

it is more asymmetric in nature” [20, 25].
V.8.4 Emission lifetime analysis

The luminescence decay analysis can be studied via the energy transfer process from
Sm* to Sm*and luminescence quenching of RE ions [48]. In all SWNSm glasses, the Sm**
ions are assumed to behave as isolated centers with low concentration of Sm3* ions. with the
high concentration of the Sm 3* ions, the interaction between Sm®" - Sm** ions increases,

which leads to decrease the luminescence intensity. Fig V.15 represents the decay curves
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(lifetime) of our glasses and is obtained by a single exponential fit, given by the equation [49,
50]:

I =Aexp(~t/;) (V.5)

Where | is the luminescence intensity at time t, A is a constant, t is the time after

excitation and tis the decay time of the component (lifetime).

1,0

—— SWNSmMO,15 (r =1,846 ms)
—— SWNSmMO0,30 (z =1,848 ms)
SWNSmMO0,45 (tr =1,833 ms)
—— SWNSmMO,60 (r =1,836 ms)
SWNSmMO,75 (x =1,734 ms)

o
<)
1

o
o
1

o
~
1

Normalize luminescence intensity (a,u)
0
1

o
o

T T T T T
3 4 5 6 7
Time (ms)

o
[
)

Figure V.15: Decay (lifetime) curves of SWNSm glasses.

The odd exponential nature of these decay curves is due either to the faster decay of
the excited Sm*" ions and a probably of interaction between the Sm®* and Sm*®" ions. On the
other hand, with a very large content of Sm®* ions indicate a large interaction between
samarium ions and thus a significant increase in the decay speed due to non-radiative energy

transfer between Sm®* ions through cross-relaxation channels [43, 48-51].

We can say that the cause of lifetime quenching (lifetime drop) is the increase of OH
groups in the prepared glass, as evidenced by the presence of large OH stretching vibrations
in the 3000-3500 cm™ region of the FTIR spectra [43], and this is also due to the probability

of non-radiative relaxation (cross-relaxation channel).

For more details, the natural phonon energy of the antimony glass is around 600 cm™,
but the OH groups produce high energy vibrational modes (~3259 cm™). Through
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multiphonon relaxation, the OH group with high energy vibrations is predicted to quench the

excited Sm®* ions so fast.

Par ex: The 4 i1z _*Gsy, transition is facilitated by the high energy OH vibration by
multiphonon relaxation process. One phonon of OH groups is more effective than the intrinsic
antimony phonons in the SWN glasses, which need at least five phonons of antimony or three

phonons of phosphate to bridge the energy gap between the two energy levels [52].

V.9 CIE chromaticity coordinates

In order to understand the color emitted by the Sm3* ion doped SWN glasses, the
chromaticity coordinate values (x, y) are evaluated from the emission spectra by using the
ColorCalculator-32 program. These coordinates are calculated from the emission spectra
obtained after exciting the SWNSm samples at 402 nm. The chromaticity coordinates x and y

are given in table \V.9 and displayed in the CIE diagram in fig \/.16.

Table V.9: The CIE —chromaticity diagram of Sm3* ions doped SWN glasses.

S.n° SWNSmMO0,15 SWNSmMO0,30 SWNSmO0,45 SWNSmM0,60 SWNSmMO0,75
x-co-ordinate  0,6078 0,6044 0,6060 0,6026 0,6015
y-co-ordinate  0,3913 0,3935 0,3920 0,3932 0,3931
;ﬂ‘-&\iao
Ny = SWNSm0,15 @
N9 '\ = SWNSMmO,30
°M A SWNSmMO0,45
I il SWNSM0,60 A
061 = SWNSmMO0,75
y 1 5%0
o D
01 480
o . :Qn ! ! !0 MacAdam e'Iipse

X

Figure V.16: The CIE coordinates of SWNSm glasses.
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It is observed that the CIE coordinates for all SWNSm studied glasses are in the

orange-red region. A little change in the (x, y) values is observed for the studied glasses from
(0.6078, 0.3913) to (0.6015, 0.3931) and high emission intensity in the orange region of the
chromaticity diagram, which could be useful in orange lighting applications (see fig \V.16 and
table \V.9) under 4., = 402nm.

V.10 Conclusion

The antimony- tungsten- sodium metaphosphate (SWN) glasses doped with Sm>03

show the following conclusions:

1.

The addition of larger quantities of Sm3* ions causes an increase in density and a
decrease in Vi demonstrating their ability to change their structure, contraction
and high compactness within the host matrix.

The DSC curves and the elastic modulus values (E and v) show good thermal
stability and mechanical resistance inside these glasses (the glass is more rigid).
From the FTIR spectra and the structural parameters, we can say that the
compactness inside SWNSm glasses increases.

The M values is range between 0.446 and 0.447, which suggests that the SWNSm
glasses exhibit non-metallic behavior and are useful in NLO applications.

The decrease in Ey, and an increase in Eq are owing to the decline in NBOs and
less disorder in the glass network.

The intensity of the emission spectra rises up to Sm*" 0,30 mole % and then
decreases. This is attributed to the quenching phenomenon.

The lifetime decreased by adding high concentrations of Sm** due to OH groups
also a probability of non-radiative relaxations through cross-relaxation channels
(quenching phenomenon).

The presence of significant OH groups in the produced glasses, which is validated
through IR spectrum investigations, results in a lower experimental lifetime and
relatively lower quantum efficiency.

According to the CIE diagram and (x, y) coordinates, all SWNSm glasses emit
orange light under 4., = 402nm, which makes them useful for the orange LED

applications.
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General conclusion

Two new series of glasses were examined with the formula (90—x) glasses Sb2Os—
10WO3-xNaPOs (x ranging from 10 to 80) and (80—x) Sh2.03-20WO3;—xNaPO3z (x ranging from
10 to 70). Certain thermal, physical, elastic, mechanical, optical and structural properties have
been tested. The DSC curves confirmed the vitreous character as well as the thermal stability
of our glasses. Vickers hardness and modulus of elasticity were tested. The increase in elastic
moduli and physical characteristic parameters is associated with an increase in stiffness and a
modification of the structural network of the glass system with the addition of NaPO3s content
by the formation of a P-O-M bridge (M=P, Sb or W), which increases network connectivity and
contributes to an increase in glass transition temperature and modulus of elasticity. To establish
the similarity between the theoretical and observed results of elastic moduli and Poisson's ratio
in our glasses, Mackenzie's Makishima theory was used. Our system has many colors (yellow,
blue, transparent), which are related to an increase or a decrease (reduction or oxidation) in the

number of electrons in the atomic system of these materials.

In this glass, the transmitting edge shifts to lower wavelengths as NaPO3z concentration
increases, increasing the optical bandgap (Eg) and lowering the Urbach energy (Eu). To evaluate
the dependence of these characteristics on the concentration of P** ions, optical parameters such
as n, Rm and am were calculated. Based on the optical findings obtained, our SWN glasses can
be employed in NLO applications. According to IR spectroscopic analysis, with the addition of
NaPOs, the OH content increases, which increases non-radiative losses and lowers the quantum

efficiency of the glass materials.

From Raman and IR spectroscopy, the average crosslink density and the number of
network bonds per unit volume were increased. These results support the obtained results in the
thermal, elastic and mechanical tests, which suggest the creation of a more linear chain of
phosphate and the strong P-O-W linkage. Also, the optical and structural properties of these
glasses have been found to be generally affected by structural changes in the composition of
the glass due to the formation of linear phosphate chains with Sb.0O3 and WQO3, which increase
the connectivity and stiffness of the glass network. In conclusion, these glasses are good

candidates in photonics, which can be used in fiber optics, NLO applications, etc.

SWN glasses doped with Sm *2 ions in the chemical composition (40-x) Sb203-10WOs3-
50NaP0O3-xSm203 where x = 0.15, 0.3, 0.45, 0.60 and 0.75% in moles were prepared by the

conventional melt annealing technique. The DSC curves highlight the good thermal stability of
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General conclusion

these glasses. In addition, we calculated the Young's modulus (E:) and Poisson's ratio (vt) of
SWNSm glasses using the theory of Makishima and Mackenzie. The density is observed to
increase with an increasing Sm>Os concentration. The decrease in molar volume with the
addition of the samarium content denotes the contraction of the vitreous network due to the
decrease in the d(sb-sn) Separation. The vibrational mode of these materials is evaluated by FTIR
transmission spectroscopy, and the addition of samarium ions boosted the increase in BO
number. The bandgap values (Eg indirect) fOr all these glass samples are in the range 2.84-2.87
eV, affirming the insulating nature of glass. Emission spectra showed a strong transition from
4Gs2—Hs2(561 nm), *Gsz—°®H712(596 nm) “Gs2—°He2(643 nm) and *Gsz— ®Hiyz (707 nm)
are recorded with 402 nm excitation. As Sm*3 content increases, the experimental lifetime of
SWNSm glasses decreases from 1.846 ms to 1.734 ms. The decrease in lifetime value leads to
cross-relaxation channels and an increase in OH groups in present glasses and may be due to
the probability of non-radiative relaxations (presence quenching phenomena). The chromaticity
coordinates (x, y) collected in the orange region make these Sm** doped SWN glasses suitable

for orange LED applications.
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Abstract

This study focuses on the synthesis of new SWN glasses designed primarily for photonic
applications. Physical, thermal, mechanical, optical, and structural tests are performed on the
two series (90-x) Sh203-10WOs—xNaPOz and (80—x) Sb203-10WO3—xNaPOs. The DSC
curves proved our glasses' glassy nature as well as their heat stability. Vickers hardness,
modulus of elasticity, and Raman spectroscopy were all used to evaluate the materials.
Enhanced stiffness and changes in the structural network of the glass system are connected to
improvements in elastic moduli and physical characteristic parameters. By forming a P-O-M
bridge (M=P, Sh, or W), the inclusion of NaPOz content improves network connectivity and
increases Tg and elasticity modulus. This might be due to the glass network polymerizing as a
result of the high concentration of PO4, which acts as a bridge between them, as shown by
Raman spectroscopy. Chemical modifications in the glass composition caused by the creation
of linear phosphate chains with Sb203 and WOs, which improved the connectivity and stiffness
of the glass network. Sm*3 ions doped SWN glasses in the chemical composition (40-x) Sb20s-
10WO3-50NaPO3-xSm,03 where x = 0.15, 0.3, 0.45, 0.60 and 0.75 mol% were prepared by the
conventional melt-quenching-annealing technique. Emission spectra which presented a
prominent transition of *Gs,—°Hs2(561 nm),*Gs2—°H7/2(596 nm) “Gs/2—°Ho2(643 nm) and
4Gs,—®H112(707 nm) have been registered with excitation at 402 nm. As Sm*® content
increases, the experimental lifetime of SWNSm glasses decreases from 1.846 ms to 1.734 ms,
which leads to an increase in OH groups and a probability of NR relaxations in these samples.
The chromaticity coordinates (X, y) are collected in the orange region, making these Sm®* ions
doped SWN glasses suitable for orange LED and laser applications.
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