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ABSTRACT 

This thesis describes the synthesis, optimization and systematic characterization of rare 

earth (La, Ce, Er, and Eu) doped Calcium phosphate glasses as well as these glasses' 

incorporation with silver nanoparticles. The high-purity raw ingredients were weighed and 

mixed according to the molar composition. A series of glass samples in the composition of 

50P2O5-(50-x) CaO-xREI (0.0 ≤ x≤ 5.0 mol% and rare earth ions (REI) = La, Ce, and Er), 

50P2O5-(50-x) CaO-xEr2O3-4Ag2O-SnO (0.0 ≤ x ≤ 5 mol% ) and 50P2O5-49CaO- 1REI-

4Ag2O-SnO (REI=Eu
3+

 and Er
3+

)  were synthesized using melt-quenching technique and 

subsequent heat treatment applications. The Taguchi approach of DOE with orthogonal array 

was used to optimize the process parameters of glass preparation utilizing the melt quenching 

technique. The impact of rare earth ion addition and co-doping of Silver nanoparticles on the 

structural, physical, and optical characteristics of calcium phosphate glass were analysed 

using different techniques. The samples were thoroughly characterized using X-ray 

diffraction, Density measurements, Transmission electron microscopy (TEM) and SAED, 

Fourier transform infrared, ultraviolet-visible (UV-Vis) absorption, photoluminescence (PL), 

FESEM, and EDAX. XRD confirmed the samples' amorphous nature. Utilizing TEM image 

micrographs and ImageJ software, the average size of AgNPs was estimated to be about 

12nm. Its images manifested the nucleation of homogeneously distributed spherical silver 

(Ag) nanoparticles in the glass matrix. Using Fourier transform infrared (FTIR) spectroscopy, 

the vibrational mode of these glasses was examined. FTIR spectra revealed the bonding 

vibrations for P-O bonds, P-O-P linkages, and PO2 units. The primary metaphosphate glass 

structure had not been affected by the production or development of silver nanoparticles, 

according to Fourier-infrared (FTIR) spectroscopy. The absorption spectrum of rare earth 

oxides doped P2O5-CaO glasses with and without incorporating Ag nanoparticles was 

analysed for band gap and Urbach energy. The optical properties of glasses containing rare-

earth ions and noble-metal nanoparticles were examined to determine whether there were any 

ways to increase the luminescence efficiency of rare-earth ions. 

Keywords: Phosphate glass, Rare earth ions, AgNPs, Melt-quenching technique, 

Physical, Structural, Optical, Heat treatment, Taguchi method, DOE, optimization 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to glass 

Glass is an amorphous substance that has existed in many forms for thousands 

of years and has been made for human use since 12,000 BC(Shelby 2020; Varshneya 

and Mauro 2019b; Zanotto and Mauro 2017a). The American Society for Testing and 

Materials (ASTM) defines ‗Glass as an inorganic fusion product cooled to a rigid 

state without crystallization‘ (Yamane and Asahara 2000). 

Glass is a substance that may be produced in various ways and can be inorganic, 

organic, or metallic. Although not all amorphous solids are glasses, they are all 

amorphous solids. Glasses frequently have an unstable structural environment that 

lacks long-range order. Even though a liquid's atoms or molecules might undergo 

considerable displacements, glass only experiences thermal vibrations at an average 

constant position(Shelby 2020; Varshneya and Mauro 2019d). 

Glass belongs to the oldest artificial material in the history of humankind. From 

glass windows and containers to lenses and optical fiber, glass has been proven to be 

essential material for developing modern human civilization. It has also been the 

focus of intensive current research since the positive influence of glass on our world 

continues to grow as new glass products and processes developed to address global 

challenges in energy, the environment, health care, information/communication 

technology, etc. (Varshneya and Mauro 2019b). Glasses now play an increasingly 

important role in modern technology, which enters into increasingly sophisticated 

applications in high-tech devices that include lasers, optical fiber communications, 

energy conversions, optoelectronics, medicine, etc., due to the indelible impact of 

glass on modern society(Morse and Evenson 2016). 

Optically transparent composite materials research has grown in importance due 

to modern technological applications(Shelby 2020; Venkateswara Rao and Shashikala 

2015; Yamane and Asahara 2000). Optical materials such as glasses, which have 

excellent optical transmission range from visible to infrared wavelength areas, have 
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aroused a lot of interest in the disciplines of lasers, optoelectronics, 

telecommunication, remote sensing, and wave guiding. They surpass other materials 

due to several unique features, including excellent optical transparency, compositional 

flexibility, structural rigidity, and adaptability to property tailoring. These 

characteristics of glasses enable the incorporation of nanoparticles of various crystals, 

metals, semiconductors, oxides, and other materials into glass matrices, resulting in a 

wide range of glass composites with novel yet unknown properties(Varshneya 2013). 

Glasses have significant properties such as the ability to accommodate various 

types of dopants, such as rare earth ions, transition metal ions, metal nanoparticles, 

etc. A foreign atom can easily find a place to occupy inside the glass because of its 

random network structure. Glass can be made with excellent homogeneity in various 

forms and sizes, from tiny fibers to meter-sized pieces. Furthermore, it can be doped 

with rare-earth ions and micro crystallites, and a wide range of properties can be 

chosen to meet the needs of various applications(Yamane and Asahara 2000). 

Despite its long history, glass continues to be one of the most intriguing 

inorganic materials science topics to research. Glass has a long and distinguished past 

and a promising future. It is a significant material in many applications due to its 

remarkable characteristics and adaptability(Kohli et al. 2022). 

1.2 Glass Transitions 

The progressive and reversible change in an amorphous material's condition as 

the temperature rises from a rigid, somewhat brittle "glassy" state to a fluid or rubbery 

one is known as the glass transition(Shelby 2020; Varshneya and Mauro 2019c). 

Glass is an amorphous substance that shows the glass transition. Vitrification is the 

reverse transition, accomplished by super-cooling a viscous liquid into the glass state. 

Alternatively, the glass transition (or transformation) range is the temperature range 

during which a given system gradually converts from a supercooled liquid state to a 

glassy one as it cools(Varshneya 2013; Zanotto and Mauro 2017b). A glass with an 

irregular atomic arrangement over a long distance has higher configuration entropy 

and thus more free energy than a crystalline material of the same composition. In 

other words, glass is a thermodynamically metastable material that cannot be changed 
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to its most stable state because of atomic rearrangement impediment during the glass 

formation process. As the temperature is raised, amorphous materials gradually shift 

from a complex and moderately brittle "glassy" state to a viscous or rubbery 

state(Shelby 2020; Varshneya and Mauro 2019d; Yamane and Asahara 2000). Figure 

1.1 shows the dependence of Enthalpy on temperature. Metals are crystalline, so they 

have a well-defined melting temperature, but amorphous substances like glass don‘t 

have a sharp melting temperature. Instead, they have a range of temperatures (from 

glass transition temperature, Tg to melting temperature, Tm) over which they melt. The 

range of temperatures at which this glass transition takes place is defined by the 

material's glass-transition temperature Tg. If a crystalline form of the material exists, it 

is always lower than the melting point, Tm. The reversible transformation from a glass 

to a viscous liquid also takes place if the glass is heated to a temperature above Tg 

(Yamane and Asahara 2000). 

 

Figure 1.1 Temperature effect on the Enthalpy of glass-forming melt(Shelby 2020) 

The effect of cooling rate on glass formation is illustrated in this enthalpy-

temperature diagram depicting the creation of crystalline and glassy materials. The 

glass transition occurs due to an increase in viscosity, and the growth rate in viscosity 
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depends on the cooling rate, so Tg is not the same for the glass of the same chemical 

composition. Rather it depends on the cooling rate, too(Shelby 2020; Varshneya and 

Mauro 2019d). So rapid cooling causes a quick increase in viscosity and results in a 

glass transition at a higher temperature. 

Compared to silicate and borate based glasses, alkaline earth phosphate glasses 

have better thermal expansion coefficients, lower glass transition temperatures, and 

higher electrical conductivities, making them significant materials for 

technology(Velli et al. 2005).Liang and his colleagues synthesized glasses containing 

calcium metaphosphate and lanthanum  using the traditional melt quench technique 

and  found that glass transition temperature Tg of the samples in the region 540  

     (Liang et al. 2011). Similarly in another research work the glass transition 

temperature measured by using differential scanning calorimeter (DSC),  Tg values of 

alkaline earth metaphosphate glasses were reported to be in the region of 470 to 540  

(Parsons 2021).   

1.3 Glass Formation 

Oxides were divided into glass formers and non-glass formers by Zachariasen 

(1932). Glass production necessitates the creation of a vitreous network. As a result, 

Zachariasen studied the structural configurations that could result in such a network. 

Structural Theories of Glass Formation are lumped together theories based on the type 

of chemical bonding and the shape of the structural unit(Shelby 2020). Random 

network theory was proposed by Zachariasen and consisted of four fundamental laws 

that an oxide must follow to create a glass. 

i) An oxygen atom can only be connected to two cations at a time. 

ii) Cations must be surrounded by a limited number of oxygen atoms (3 or 4 ). 

iii) The oxygen polyhedra share corners, not edges or faces, with one another. 

iv)  If the network is three-dimensional, at least three corners in each oxygen 

polyhedron must be shared. 

The formation of complicated oxide glasses defied the criteria mentioned above. 

As a result, Zachariasen tweaked the original principles to account for the creation of 

glasses containing non-glass producing oxides. The following are the updated rules: 
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i) A large fraction of cations surrounded by oxygen triangles or tetrahedral should be 

present in the material. 

ii) Only the corners of polyhedra connect them. 

iii) Some oxygen atoms establish just two bonds with these cations and do not create 

further connections with other cations. 

According to the above statements, sufficient network cations must be present 

to build a continuous structure. Because a network is an open structure, there must be 

enough bonds connecting the network polyhedra to make a continuous network 

structure. Glass-forming cations or other cations that can substitute isomorphically 

may be present. Any cation that isn't glass-producing is referred to as a network 

modifier. They introduce non-bridging oxygen into the completely connected 

continuous random network structure. Zachariasen's model was well-received and 

helped to explain the formation of oxide glasses. However, the discovery of glasses 

with no oxygen, such as chalcogenide glasses, glassy metals, and heavy metal fluoride 

glasses, changed the information about how glass was formed. Because processing 

techniques were used to control the formation of these glasses, kinetics of formation 

became crucial. As a result, the Kinetic Theory of Glass Formation was used to 

explain the formation of non-oxide glasses(Shelby 2020; Yamane and Asahara 2000). 

1.4 Glass components 

Commonly studied oxides in glasses are classified as 

i) Glass former 

ii) Network modifiers 

iii) Intermediate  

Glass formers 

SiO2, P2O5 , GeO2, B2O3, and As2O3 are all oxides that can easily form glasses 

on their own. These oxides form the interconnected backbone of the glass network. 

They are known as network formers(Brow 2000; Shelby 2020; Yamane and Asahara 

2000). They have random networks with well-defined oxygen coordination 

polyhedral. 
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Network modifiers 

They are present as ions to alter the glass network and are compensated by non-

bridging oxygen (NBO) in oxide glasses, and usually reduce glass network 

connectivity(Brauer and Möncke 2016). The oxides BaO, CaO, MgO, ZnO, Al2O3, 

and B2O3 are examples of modifiers.  

Intermediate  

The oxides such as TeO2, SeO2, MoO3, WO3, Bi2O3, Al2O3, Ga2O3, and V2O5 

can function as network formers or modifiers depending on glass composition and are 

known as intermediates or conditional glass formers, as they do not form glasses on 

their own(Yamane and Asahara 2000). Still, they can be made into glasses by melting 

with a suitable oxide. 

1.5 Types of Glasses 

Depending on the network former used, glasses can be classified as silicate, 

borosilicate, aluminosilicate, borate, phosphate glasses, chalcogenide glasses, etc. 

Large varieties of glasses are obtained by varying the composition of the batch. They 

are      

i) Chalcogenide glasses, ii) Halide and oxy-Halide glasses, iii) Oxide 

glasses(Shelby 2020; Yamane and Asahara 2000) 

Oxide Glasses  

Silicate Glasses 

Silicate glasses are commercially essential and extensively studied in oxide 

glass systems. In silicate glasses, SiO2 is the glass former(Brauer and Möncke 2016). 

Due to their chemical and weathering stability, these glasses have plenty of 

applications in the semiconductor industry, photolithography, and optoelectronic 

devices.  

Borate Glasses 

Borate glasses consist of BO3 triangles and BO4 tetrahedra, which are formed by 

combining alkali, alkaline earth oxides, etc.(Brauer and Möncke 2016; Varshneya 
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2013). They show high compatibility with rare-earth elements, the most crucial 

feature of borate glasses for application in optical and optoelectronic fields. Borate 

glasses have also been used widely as solder glasses for glass-to-glass and glass-to-

ceramic bonding because of their low softening point. 

Phosphate Glasses 

The network former in phosphate glass is P2O5 (Brow 2000; Huang and Jiang 

2022:2). Phosphate glasses consist of P-O-P chains of four-fold coordinated 

phosphorous(Brauer and Möncke 2016; Hoppe 1996). Crystalline P2O5 exists in sheet 

form at low temperatures and in molecular form P4O10 at high temperatures. 

Phosphorous oxide (P2O5) is a glass-forming oxide free of additives. P2O5 is, 

however, a very hygroscopic molecule, which has historically hampered the 

manufacturing of phosphate glasses(Brow 2000; Mountjoy 2022; Shelby 2007). The 

ability to produce stable phosphate glasses requires the proper addition of either a 

network modifier or another network former. Certain cations find the phosphate 

network an excellent host, resulting in great consequences. Phosphate glasses can 

have significant rare earth concentrations, which gives them unique feature. 

Phosphate glasses are one of the most common types of oxide glasses, and the 

cation P
5+

 forms them. Even though the silicate and borosilicate glass families are the 

most studied and produced, the phosphate glass family is of tremendous scientific and 

technical importance for specific applications. Phosphate glasses for lasers, biological 

applications, and nuclear waste vitrification are just a few examples(Mountjoy 2022). 

The phosphate glass network is dominated by a pattern of the linkages between 

the PO4 tetrahedra(Brow 2000). In the case of vitreous P2O5, these groups are 

connected to adjacent units by three of their four vertices; one place is occupied by a 

terminal, double-bonded oxygen atom (DBO). Adding metal oxide leads to 

depolymerization of the network with oxygen atoms breaking the P-O-P links. The 

present work will be on Phosphate glasses. 

1.6 Structure of Phosphate Glasses 

Glasses and other noncrystalline solids differ structurally from crystalline solids 

in that they lack the periodicity, symmetry, and long-range order that constitute 
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crystalline solids(Presti et al. 2022). Phosphate glasses, like silicate glasses, have no 

long-range order or substantial symmetry in their atomic arrangement but exhibit 

short-range order(Brauer 2012; Hoppe 1996; Varshneya 2013). As figure 1.2 shows, 

P2O5 is the glass-forming component in phosphate glasses. The orthophosphate 

(PO4
3−

) tetrahedron, a phosphorus atom surrounded by four oxygen atoms, is the basic 

unit in the phosphate glass structure. Only the three other oxygen atoms can operate 

as 'bridges' to other orthophosphate tetrahedra because one of the oxygen atoms is 

connected to the phosphorus atom by a double bond. Covalent P-O-P bonds can 

connect individual orthophosphate tetrahedra by building such bridges. Bridging 

oxygens are the oxygens found in these P-O-P connections. As a result, 

orthophosphate tetrahedra can be organized into chains, rings, or networks. 

 

Figure 1.2 Phosphate glass formations with a basic phosphate tetrahedron(Brauer 

2012) 

Phosphate glasses are cross-linked and chain-like structures similar to a network 

of polymer chains. They are generally considered to be polymeric. However, these 

chains are much shorter than those of organic polymers. Furthermore, an alkali metal 

cation aids in network formation(Brow 2000; Zachariasen 1932). 

A fundamental work by Zachariasen (1932) introduced the theory of phosphate 

glass structure. This study describes phosphate glasses as composed of a three-

dimensional structural network produced by the reaction of glass-forming phosphorus 

pentoxide (P2O5) compounds. 
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Figure 1.3 Represents a three-dimensional random network of covalently 

bonded P-tetrahedrons for a simple vitreous P2O5 glass (v-P2O5) as described by 

Zachariasen(Zachariasen 1932) 

 

Figure1.3 Polymerisation of the phosphate anion giving rise to various 

polyphosphate anions linked via  (a) oxygen bridges which may be linear or 

branched (b) a combination of the both (Brow 2000). 

The corresponding structure of a phosphate glass network is typically classified 

under the Q
n
 terminology, where n represents the number of bridging oxygens (BOs) 

per tetrahedron (Figure1.4). This terminology was initially devised for silicon glasses 

but has been applied to phosphates. 
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Figure 1.4 The corresponding structure of a phosphate glass network is typically 

classified under the  Q
n
 terminology(Brauer 2012; Brow 2000) 

Depending on the [O]/[P] ratio set by glass composition, phosphate glasses can 

have a variety of structures ranging from a cross-linked network of Q
3
 tetrahedra 

(vitreous P2O5) to polymer-like metaphosphate chains of Q
2 

tetrahedra to invert 

glasses based on small pyro-Q
1
 and orthophosphate (Q

0
) anions(Brow 2000). 

In a pure P2O5 system, the glass is a 3-dimensional network of branching Q
3
 

units with three bridging oxygen atoms and one doubly bonded oxygen per tetrahedral 

unit. The addition of modifying alkali or alkaline earth cations replaces Q
3
 units with 

Q
2
 units, the cations creating ionic cross-links between the phosphate units. At a P2O5 

concentration of approximately 50 mol%, the Q
3
 units disappear, and the structure 

consists of only Q
2
 units in the form of linear phosphate chains. Further addition of 

modifying cations at concentrations greater than 50 mol% begins to convert Q
2
 units 

to Q
1
 units and finally Q

0
 units(Brow 2000; Hoppe 1996). 

1.7 Glass Preparation Techniques  

There are different techniques used to prepare materials in an amorphous state. 

Three commonly used methods are:  

i) melt quenching 

ii) chemical vapor depositions(CPD), and 

iii) sol-gel process 

Melt-quenching process 

The melting-quenching technique is a standard glass preparation technology. 

More than 90% of practical glasses in both volume and number of types are prepared 

by the melt-quenching process(Murugasen, Sagadevan, and Shajan 2015; Shelby 

2020; Varshneya and Mauro 2019d). 
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A batch mixture is prepared by precisely weighing and thoroughly mixing 

calculated amounts of fine powdered crystalline raw materials to get glasses with the 

desired property. After that, the initial powders are melted in a high-temperature 

furnace under room temperature in a suitable crucible (silica, alumina or platinum, 

etc.) and then quenched in hot metal moulds in air or water. The formed glass sample 

is then annealed near the glass transition temperature to remove any thermal stresses 

developed during the formation due to the low thermal conductivity of the glass. The 

advantages of the melt–quenching technique compared to the other methods are: 

i) The high flexibility of the geometry of a glass - It is advantageous in obtaining 

material of large size required for the preparation of glasses with unique 

properties  

ii) The large flexibility of composition- Preparation of glasses with a wide variety 

of compositions consisting of several constituents at various ratios is possible 

because simple melt quenching does not require stoichiometry among 

constituents. The doping or co-doping of active ions like rare-earth or 

transition metal at a few percent or less is possible, which is essential for 

producing glasses with unique properties. 

iii) The production process is simple, the technology is relatively mature and 

reliable, the cost is low, the types of noble metal introduced into the glass are 

varied (salt, acid, oxidate, halide, sulfide, etc.), and the prospect of 

industrialization is very bright(Shelby 2020; Yamane and Asahara 2000). 

The melt-quenching method has some disadvantages, like difficulty in preparing 

glasses of ultra-high purity. Phosphate glasses often melt at lower temperatures than 

bioactive silicate glasses, between 800  to 1300 , depending on the glass's 

composition. When the material has completely melted, it is immediately quenched 

between two metal plates or poured into water to cool(Brauer 2012; Murugasen et al. 

2015).  

Recently, a large number of researchers(Alqarni et al. 2020; A.V. et al. 2018a, 

2019a; Bhattacharya and Shashikala 2018; Du et al. 2022; Jiménez 2016; Lysenko et 
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al. 2006; Mrabet, Cherbib, and Khattech 2020:22202; Narayanan and Shashikala 

2015a; Shakhgildyan et al. 2022) have synthesised oxide glasses (phosphate, silicate, 

and borate) utilising the melt-quenching approach for a variety of applications. 

1.8 Optimization using design of experiments 

Optimizing process factors that directly or indirectly affect material properties 

can lead to the development of outstanding material properties(Montgomery 2017). 

Taguchi's Design of Experiment (DOE) is a statistical approach created by Genichi 

Taguchi (1980s)(Narayanan and Shashikala 2014; Narayanan, Shashikala, and 

Manjaiah 2015) to improve product quality by reducing variation in a process through 

a robust design. Design of Experiment is a statistically-based method for analyzing 

the relationship between various controllable process parameters, which aids in 

determining the contribution of each process parameter to the desired properties and 

identifying the most critical factor influencing the response parameter(Narayanan et 

al. 2015). The Taguchi technique relies on process parameter optimization to obtain 

the highest quality material without raising costs(Narayanan et al. 2015). This is 

because optimizing process parameters can enhance performance, and the Taguchi 

method's optimal process parameters are resistant to changes in the environment and 

other noise sources. In essence, traditional process parameter design is challenging to 

use(Narayanan and Shashikala 2014). The flowchart of the Taguchi Process is 

depicted in figure 1.5. 

A critical stage in the experiment design is deciding which parameters impact 

the product's attributes. Taguchi's experimental design includes orthogonal arrays to 

organize the process's influencing parameters and the levels at which they should be 

altered and a robust test design to limit process volatility(Narayanan and Shashikala 

2014). 
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Figure 1.5:   The flowchart of the Taguchi Process  

Using orthogonal arrays, the Taguchi technique determines the parameters that 

affect the process and the levels at which they should be modified. Before optimizing 

a design to reach mean objective values for output characteristics, the Taguchi method 

is one of the most influential experimental procedures for decreasing variance in 

design parameters. It uses orthogonal arrays to evaluate all design issues with the 

fewest possible experiments. As three process parameters and three levels are selected 

for optimizations, the L9 orthogonal array is chosen in the current work. 

Taguchi‘s method converts the acquired values of the response parameters' 

signal-to-noise (S/N) ratios at various levels of process parameters. The (S/N) ratios 

describe the variation in response characteristics across several experimental levels of 

process parameters‘ circumstances. The optimal situation for testing is at the process 

parameter level when the response parameter has the highest S/N ratio and lowest 

variable features(Mandal et al. 2011; Narayanan and Shashikala 2014). 

1.9 Special properties of Phosphate glasses 

Unlike other oxide glasses, Phosphate glasses exhibit unique thermal and optical 

features, such as a low melting temperature, a low glass transition temperature, a low 
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softening temperature, a high thermal expansion coefficient, a high refractive index, 

and a high ultraviolet (UV) transmission. Optical fibres, solid-state lasers, nuclear 

waste disposal, solid-state batteries, solar energy concentrators, glass-to-metal sealing, 

and biomedical applications are all possible. Their wide range of technological 

applications is limited by their hygroscopic nature, poor chemical durability, and 

inferior thermal stability(Brow 2000; Dutebo and Shashikala 2020; Edathazhe and 

Shashikala 2018a; Shelby 2007). 

The addition of oxides like alkali and Alkaline earth oxides to phosphate glasses 

may result in the formation of new bonds, linking PO4 structural units with covalent 

bonding oxygens, and condensation of the phosphate network, improving the 

chemical durability, thermal stability, and water resistance of the glass network on the 

one hand, and increasing the water-resistance of phosphate glasses on the other(Liu et 

al. 2016a; Saddeek et al. 2017). 

The chemical composition flexibility of glass allows for the doping of specific 

ions or active elements for the development of special colors, emission of fluorescent 

light, strong nonlinear susceptibility, photochromism, and other properties. Doping 

transition metal ions, rare-earth elements, noble metals, and semiconductor 

compounds into glasses produce a variety of colors and properties(Kreibig and 

Vollmer 2010; Shelby 2020; Yamane and Asahara 2000). 

Inorganic glass systems have received much attention recently due to their 

exciting features and potential uses as fibers and optical broadband amplifiers, lasers, 

optical temperature sensors, and white light generators. The structural, optical, and 

physical properties of glass systems are all influenced by the composition of the glass 

host matrices. 

Phosphate glasses have been researched among the various inorganic glass 

systems for a variety of industrial applications as well as a wide range of optical 

applications in the visible and infrared luminescence ranges. Glass materials 

containing rare-earth ions due to their superior luminescent characteristics have 

potential uses as fibers and optical broadband amplifiers, high power lasers system, 
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optical temperature sensors, and white light generators(Kuwik, Pisarska, and Pisarski 

2020; Othman, Arzumanyan, and Möncke 2016). 

Phosphate glasses are technically and structurally crucial due to their unique 

properties compared to silicate and borate glasses: They have the following 

properties(Brow 2000; Cramer et al. 2013; Jiménez and Sendova 2014; Shelby 2020; 

Shi et al. 2019; Wen et al. 2019; Yamane and Asahara 2000).       

 Low melting and low softening temperature, 

 The large glass-forming region 

 Low glass transition temperatures,  

 High optical characteristics,  

 High transparency from the deep ultraviolet to the near-infrared,  

 High Thermal expansion,  

 High metal solubility,  

 Potential to accommodate large concentrations of active ions, Rare earth 

ions, metal nanoparticles, etc., 

1.10 Rare-earth ion-doped glasses containing noble metals 

Lanthanum and the f-block elements, cerium through lutetium, are examples of 

Rare earth elements (REE)(Atwood 2013). Scandium and yttrium are included in this 

group because their ionic radii are close to those of the lighter f-block elements and 

occur in the same ores. Compared to other metals in the periodic table, where two 

neighbouring elements in a period usually have dramatically different chemical 

properties, the 17 REE are unique due to their chemical similarities. This makes it 

difficult to separate the REE from one another, while there are minerals that 

concentrate the lighter (La–Eu) and heavier (Y and Gd–Lu) REE(Atwood 2013). 

However, this commonality has aided REE research because compounds and 

materials made with one REE may typically be duplicated with one or more REEs. A 

summary of Rare earth elements selected for the current work is shown in table 1.1. 
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Table 1.1 a summary of Rare earth elements selected for the current work   

Rare Earth 

Elements 

Symbol Atomic 

number(Z) 

Ground state 

configuration 

Atomic weight 

Lanthanum  La  57  [Xe]5d
1
6s

2
  138.905 

Cerium  Ce 58  [Xe]4f
1
5d

1
6s

2
 140.116 

Europium Eu 63  [Xe]4f
7
6s

2
 151.964 

Erbium Er 68 [Xe]4f
12

6s
2
 167.259 

 

Rare earth ions (REIs) have 4f
n
 electronic configurations, resulting in multiple 

electronic levels and excited state levels with long lifetimes (10
-6

-10
-2

 s), allowing 

them to produce absorbing transition and radiation throughout a broad spectrum range 

from Ultraviolet to Infrared (UV-VIS-IR). Furthermore, the outer 5s and 5p electrons 

of RE ions protect the 4f electrons, decreasing the outside effect from electric, 

magnetic, and ligand fields, resulting in spectra of RE ions doped in host materials 

that are identical to those of a free ion or atom (Hu et al. 2013).  

The most prominent active ion in the RE family, trivalent erbium (Er
3+

), has 

been utilized in many glasses for applications in solid-state lasers and optical 

amplifiers due to its favorable energy level structure(Soltani, Hraiech, Horchani-

Naifer, Elhouichet, et al. 2016). The interest in erbium as a RE doping ion in a host 

glass medium stems from the fact that its radiative transition (
4
I13/2 → 

4
I15/2) at 

1530nm coincides with the third optical communication window, which corresponds 

to minimal attenuation (0.2 dB/km) in silica glass, and is located in an eye-safe 

spectral region(Pugliese et al. 2016). 

When Er
3+ 

ions are optically pumped at roughly 980 or 1480 nm and then 

radiate light at 1530 nm in stimulated emission, Erbium-doped glasses or crystals can 

be employed as optical amplification media. This approach produces an unusually 

mechanically easy laser optical amplifier for fibre optic signals. Because conventional 

single-mode optical fibres have little loss at this wavelength, the 1530 nm wavelength 

is essential for optical communications. 

Crystal matrix and glass matrix are the most common solid host materials 

nowadays. Although crystal is the first solid material to realize laser output, it has 



17 

 

some drawbacks, including difficulty in preparing optically uniform and large-size 

crystals, narrow absorption spectrum lines, and low doping concentration and optical 

parameters of RE
 
ions in the crystal, among others. These have severely hampered the 

development of crystal substrate conversion materials. Although it cannot completely 

replace the crystal in some ways, glass matrix luminescent materials have the 

potential to overcome the flaws mentioned earlier and become a hotspot for research. 

Due to the possible uses in fields like lasers, optical fibers and amplifiers, the Up-

conversion of infrared to visible by rare earth ions(REIs) doped glasses have been 

intensively explored over the past decades(Hu et al. 2013). 

Regarding matrix selection, phosphate-based glass hosts are gaining popularity 

due to their high REIs solubility, making them promising photonic materials(Jiménez 

et al. 2011).Phosphate glasses are the oxide glasses used to develop noble metal 

nanoparticles without oxidation or contamination from the environment. The size, 

shape, and distribution of nanoparticles in a cluster and the dielectric properties of the 

surrounding matrix all impact the optical, physical, and structural properties of 

glasses. Photonics, optical limiting, optical switching, nonlinear optics, and other 

fields have benefited from developing composite materials like these. 

Calcium-based phosphate glasses have attracted the curiosity of materials 

scientists for various applications ranging from biomaterials to optics. Adding noble 

metals (Au, Ag, Cu) to a glass matrix is particularly interesting in this study because 

the amorphous materials that develop can have unique features. Depending on the 

nature of the noble metal and its oxidation and aggregation states, these glasses can be 

antibacterial, luminous, or nonlinear optical materials(Jiménez 2016; Venkateswara 

Rao and Shashikala 2015). Because of its importance in developing optoelectronic 

devices like lasers, light converters, sensors, high-density memory, optical fibers, and 

amplifiers, Rare earth Ions(REIs) doped crystals and glasses have been extensively 

studied(Ahmadi, Hussin, and Ghoshal 2018). 

In an era of photonics and integrated optics difficulties, research and 

development in novel optical materials are becoming increasingly vital(Shakhgildyan 

et al. 2022). Rare earth (RE) ion-containing glasses exhibit sound optical emission 
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and fluorescence capabilities, making them a good choice for glass lasers, optical 

amplification, photonic devices, and solid-state illumination(Du et al. 2022).  

The following work is being undertaken in response to a growing demand for 

robust materials and a better knowledge of the characteristics and structure of metal 

nanoparticles and rare earth oxide inside phosphate glasses. Rare-earth ions doped 

binary calcium phosphate glasses with and without silver and tin oxide are prepared. 

Their physical, structural, and optical properties are investigated in this study. 

1.11 Scope and objective of the research 

1.11.1 Scope 

The necessity to develop noble materials for various applications – from 

decorative objects, optoelectronic devices, and military facilities, to medical 

interferences such as drug- deliverers and artificial bones – has motivated the 

materials engineers and scientists to demand new materials with low cost, high 

efficiency, long durability, and recyclability. In this regard, glasses are one of the 

crucial candidates of materials. 

The study and synthesis of glasses with special properties are active research 

areas because of the need for technological developments in photonics, optical 

telecommunications, green renewable energy, information processing, nuclear waste 

management, etc. These studies depend critically on the development of improved 

glass materials. They have essential advantages like optical transparency, mechanical 

strength, chemical durability, dimensional stability, and low product cost. These 

glasses can accommodate various dopants such as rare earth ions, transition metals 

ions, and metal nanoparticles (Au, Ag, Cu, Pt.…). 

Since the positive impact of glass has grown, new glass products and methods 

have been developed to meet global concerns in energy, the environment, health care, 

information and communication technology, and other fields. 

Among all oxide-based glasses, Phosphate glass has attracted significant 

attention in the last few decades due to its unique structural and optical properties 

such as low melting temperature, high transparency from UV to NIR, and good 
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thermal and mechanical stability. Structurally, they also have tremendous importance 

because they accept many dopants like rare-earth ions, transition elements, and metal 

nanoparticles without losing their main properties. This makes them suitable for high-

power solid-state batteries, solar energy concentrators, data transmission, nuclear 

waste vitrification, glass metal seals, etc. 

The disadvantage of Phosphate glasses, like poor chemical durability and 

hygroscopic nature, are challenging to extensive practical applications. Still, efforts 

were made over the last decades by adding different metal oxides and a small amount 

of fluorine-containing components to the starting batch materials. 

Calcium and Barium metaphosphate glasses are optically transparent dielectric 

materials usually used to prepare noble metal nanoparticle-embedded glasses due to 

their high metal solubility(Kreibig and Vollmer 2010; Uchida et al. 1994). Rare earth 

(RE) ions, called Lanthanides, are the active constituents of many optical materials. 

The REI's unique properties and interdependence with the embedding glass matrix 

enable much of today's optical technology and emerging innovations. 

Incorporating metallic nanoparticles in rare-earth-doped oxide glasses has been 

an exciting method to enhance optical properties. Controlling the size and shape of 

metallic nanoparticles is a challenging issue that depends strongly and ambiguously 

on the concentration, time, and temperature of heat treatments(Amjad, M. R. Sahar, et 

al. 2012; Dousti and Amjad 2016). The effects of metals on REIs remain 

controversial, and several problems related to these effects remain unaddressed(Jiao et 

al. 2015).  

Detail knowledge regarding the structural, physical, and optical properties of 

solid-state lasers, waveguides, optical amplifiers, and light-emitting materials is 

required to obtain insight into their properties. 

Therefore, further study is necessary to investigate the properties of the co-

doping effects of rare-earth ions and metal nanoparticles in Phosphate glasses for 

different applications. The main objective of this research is to ―Synthesize and 
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characterize rare earth doped alkaline earth Phosphate glasses with metal 

nanoparticles and study their different properties.‖ 

1.11.2 Objectives 

 To synthesize rare-earth ions doped alkaline earth phosphate glasses using 

melt quenching technique 

 To synthesize metal nanoparticles embedded in alkaline earth Phosphate 

glasses using melt quenching technique and subsequent heat treatment 

 To synthesize rare earth doped alkaline earth Phosphate glasses with noble       

metal particles using melt quenching technique and subsequent heat 

treatment 

 To study the structural characterization of synthesized glass system

 using XRD, SEM, TEM, and FTIR 

 To study the physical, optical, structural, and luminescence properties of 

the   synthesized glasses 

1.12 Thesis Structure 

  The following is a breakdown of the current thesis 

Chapter1 provides an overview of oxide glasses and glasses with unique 

features. This chapter also contains an overview of glass formation principles, glass 

preparation procedures, glass system classification, and optimization techniques. This 

chapter also includes a synopsis of research on the structure and behavior of 

phosphate-based glasses doped by rare-earth ions and noble metal nanoparticles. 

Furthermore, at the end of this chapter, the scope and objectives of the current 

research activity and the organization of the present thesis are provided. 

Chapter2 gives details on the materials and synthesis procedures employed for 

the fabrication of Phosphate glasses, Rare-earth doped glass, and glass-metal 

nanoparticle composites in the current research. It also contains a summary of the 

various characterization techniques utilized to investigate the structure and properties 

of prepared samples at different phases of study. The methods and ideas for analyzing 
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sample qualities and optimizing rare-earth doped Calcium phosphate glasses' 

numerous performance aspects are also described. 

Chapter3 discusses the effects of (Er
3+

, La 
3+

, Ce
4+

) additions on the physical, 

optical, and structural aspects of binary Calcium Phosphate Glasses. Additionally, 

efforts are being made to correlate the examined properties with structure and 

compositions, which will aid in developing better glasses with superior properties. 

Chapter4 illustrates the Statistical optimization of melt-quenching process 

parameters of rare-earth ions doped calcium phosphate glasses using the Taguchi 

method. Response tables and main effect plots are used to investigate the effect of 

process parameters such as Rare earth ion (La
3+

, Ce
4+

) content, melting temperature, 

and melting time on the response parameters of (50-x)CaO–xRE–50P2O5 (x = 1, 2, 3 

mol%) glasses prepared according to Taguchi's standard orthogonal array 

experimental layout. 

Chapter5 includes the effect of rare earth ion doping on the physical, structural, 

and optical properties of silver oxide-containing calcium phosphate glasses 50P2O5 - 

(50-x) CaO-xEr2O3-4Ag2O-4SnO (where x=0 to 5mole%). In addition, data from 

characterization studies carried out such as X-ray diffraction (XRD), FTIR, density 

measurement, and UV-Vis on these glasses are discussed.  

Chapter 6 details the effects of heat treatment on optical, physical, and 

structural properties of rare-earth (Er
3+

, Eu
3+

) ion doped metal nanoparticles 

embedded in 49CaO–1REI–50P2O5 glasses at various annealing times and 

temperatures above the glass transition temperature. TEM and optical spectroscopy 

are used to examine precipitated nanoparticles' size, shape, and distribution. 

Chapter7 summarizes the significant findings and conclusions of the current 

research activity. This chapter also discusses future research opportunities in the field 

of glass science. 
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CHAPTER 2 

MATERIALS AND METHODS 

Overview 

In this work, a series of phosphate glasses were prepared, and an extensive 

analysis was carried out. This study used the Melt-quenching technique to make a 

series of calcium phosphate glasses with rare-earth ions (REI) and silver nanoparticles 

or oxide. To investigate the influence of adding REI (Lanthanum, Cerium, Erbium 

ions) to binary Calcium phosphate glasses, 50P2O5-(50-x)CaO- xREI, where the 

values of x vary from 0 to 5 mol.% and  REI= La 
3+

, Ce
4+ 

, and Er
3+

 were synthesized 

using the melt-quenching technique. The Taguchi method of Design of Experiments 

(DOE) with an L9 orthogonal array was adopted in Rare earth (La
3+

, Ce
4+

) ions doped 

glasses 50P2O5 - (50-x) CaO-xREI (where REI represents the added Rare earth ion 

and x=1 to 3mole%) to optimize the process parameters of glass preparation. Using 

these glasses examined the impact of process variables such as composition, melting 

temperature, and melting duration on the response parameter. Erbium ion-doped 

glasses 50P2O5 - (50-x) CaO-xEr2O3-4Ag2O-4SnO (where x=0 to 5mol %) were 

synthesized using melt-quenching technique and optical, physical, structural 

properties were examined. In addition, glasses with the compositions 50P2O5–

49CaO–1REI-4Ag2O–4SnO (Er2O3, Eu2O3), in which spherical silver nanoparticles 

(NPs) of varied sizes were embedded after heat-treatment were synthesized. Silver 

nanoparticle embedded Rare earth doped Calcium phosphate glasses were made by 

standard melt quenching with subsequent chemical reduction performed by controlled 

heat treatment at varying post-annealing durations above the glass transition 

temperature. To avoid material loss during processing due to the hygroscopic and 

volatile nature of   P2O5, ammonium dihydrogen phosphate (NH4H2PO4) was utilized 

as a precursor in the synthesis of all the glasses in the present study.  
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2.1 Materials used for glass synthesis in the present study  

Glasses of compositions 50P2O5-(50-x)CaO- xREI where x = 0, 1, 2, 3, 5 mol.% 

and REI= Er
3+

, La 
3+

,and  Ce
3+

 were synthesized to study the effect of rare earth ion 

additions to calcium phosphate glass. Glasses with composition 50P2O5 - (50-X) CaO-

xEr2O3-4AgO-4SnO where x=0, 0.5, 1, 1.5, 2.5, and 5mol. % were prepared to study 

the effect of Ag2O addition on different Erbium oxide doped calcium phosphate glass 

compositions. Tin oxide (SnO) acts like a reducing agent to reduce Ag ion in AgO to 

Ag
0
. Among these glasses, 50P2O5–49CaO–1Er2O3-4Ag2O–4SnO was selected to 

study the effect of heat treatment in reducing Ag
+ 

to the silver nanoparticle (Ag
0
). 

Similar studies were carried out on 50P2O5–49CaO–1Eu2O3-4Ag2O–4SnO also. Table 

2.1 shows Chemicals/Reagents used with their purity level (%).  Table 2.2, Table 2.3, 

and Table 2.4 show the glass compositions employed in this study, along with the 

sample code. 

Table 2.1 Chemicals used in the present study 

Sl. No. Chemicals/Reagents Purity (%) Provided  by 

1.  NH4H2PO4 >98.00 Alfa Aesar 

2.  CaCO3 >99.50 Alfa Aesar 

3.  Er2O3 >99.99 Alfa Aesar 

4.  La2O3 >99.99 Alfa Aesar 

5.  CeO2 >99.99 Alfa Aesar 

6.  Eu2O3 >99.99 Alfa Aesar 

7.  Ag2O >99.80 Alfa Aesar 

8.  SnO >99.00 Alfa Aesar 
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Table 2.2 Batch composition of 50P2O5-(50-x) CaO- xREI (REI = La
3+

, Ce
4+

, and 

Er
3+

) glasses. 

Glass Code Batch compositions (mol %) 

P2O5 CaO REI(La
3+

, Ce
4+

,  Er
3+

) 

CP 50 50 0 

CPRE1 50 49 1 

CPRE2 50 48 2 

CPRE3 50 47 3 

CPRE5 50 45 5 

 

Table 2.3 Effect of Erbium Concentrations on Calcium Phosphate glasses with 

Silver and Tin oxide 

Glass Code Batch compositions (mol %) 

P2O5 CaO Er2O3 Ag2O SnO 

CPAS 50 50 0 4 4 

CPEAS.5 50 49.5 0.5 4 4 

CPEAS1 50 49 1 4 4 

CPEAS1.5 50 48.5 1.5 4 4 

CPEAS2.5 50 47.5 2.5 4 4 

CPEAS5 50 45 5 4 4 
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Table 2.4 Effects of heat treatment on rare earth ion (Eu
3+

, Er
3+

) doped Calcium 

Phosphate glasses with Silver and Tin oxide 

Glass 

Code 

Batch compositions (mol %) 

P2O5 CaO Er2O3 Eu2O3 Ag2O SnO 

CPAS 50 50 0 0 4 4 

CPEAS1 50 49 1 0 4 4 

CPASEu1 50 49 0 1 4 4 

2.2 Experimental procedure 

The chemicals were accurately weighed in determined molar proportions 

(Shelby 2020) using a Contech analytical balance with a 0.1 mg accuracy and mixed 

with a pestle in an agate mortar. A batch of 20gm of each mixture was weighed and 

thoroughly mixed. Melt quenching was used to make all the glasses. To remove the 

water, ammonia, and carbon dioxide molecules from NH4H2PO4 and CaCO3, the 

finely mixed and powdered batch was placed in a silica crucible and calcined at 

400°C for 2 hours in a muffle furnace. Using a high-temperature furnace, the calcined 

batch was melted in silica crucibles at 1200, 1250, and 1300°C for 0.5hr, 1hr, and 1.5 

hours at room temperature. The homogenized melt was poured onto copper plates. 

Quenched glass samples were annealed in a muffle furnace at 550°C for 3 hours to 

reduce thermal stresses created during quenching, then allowed cooling at ambient 

temperature in the furnace. 

To avoid moisture attacks from the atmosphere, annealed glass samples were 

kept in a vacuum desiccator. XRD measurements were performed on powdered 

materials. To get flat surfaces suitable for testing physical and optical properties, 

prepared samples were ground and polished with emery sheets of various grit sizes 

(80–2500) and alumina powder (0.05μm) solution. Figure 2.1 depicts the preparation 

and characterization flowchart for CPRE and CPEAS glasses. By preparing samples 

according to Taguchi's orthogonal array's (OA) experimental arrangement, the 

performance characteristics of Rare earth doped Calcium phosphate glasses were 
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optimized. The glass samples were prepared using a high-temperature furnace 

depicted in Figure 2.2.  The representative images of synthesized glasses are shown in 

Figure 2.3. 

 

Figure 2.1 Flow chart of the preparation and characterization of CPRE and 

CPEAS glasses  
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Figure 2.2 Furnace used for glass preparation  

 

 

Figure 2.3 Images of synthesized glasses of CPEAS system. 
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2.3 Preparation of CPAS, CPEAS1 and CPASEu1 glasses 

As host matrices for CPAS, CPEAS1, and CPASEu1 samples, glass powders 

with compositions of 50P2O5–50CaO, 50P2O5–49CaO-1Er2O3, and 50P2O5–49CaO-

1Eu2O3 were chosen. After calcination, four mol.% Ag2O (silver nanoparticle 

precursor) and an equal amount of SnO (reducing agent) were added and melt-

quenched to precipitate silver nanoparticles in the host matrix. A slightly modified 

synthesis procedure was used to prepare these glasses instead of following the 

standard technique of mixing all the oxides and melting them all at once, all the 

precursors and raw materials in the required proportions were mixed thoroughly by 

grinding in an agate mortar and calcined at 400 /2hrs in a muffle furnace. The 

calcined batch was finely mixed with the requisite amounts of Ag2O and SnO in an 

agate mortar and melted at 1200  in a PID-controlled high-temperature furnace. The 

melt was kept at that temperature for 1 hour to achieve the required homogeneity. The 

homogenized melt was cooled to room temperature using the same quenching 

technique mentioned earlier. To remove residual thermal stresses created during 

quenching, quenched samples were annealed at 550°C for 3 hours in a muffle furnace 

and then cooled to ambient temperature. As-quenched and annealed samples were 

transparent for CPAS, CPASEu1, and CPEAS1 glasses. To develop glass samples 

embedded with silver nanoparticles of variable mean particle size and distribution, 

annealed samples were heat-treated (post-annealed) at a fixed temperature with 

varying heat treatment duration. 

Figure 2.4 depicts the flow charts of synthesizing and characterization process 

of CPAS, CPEAS1, and CPASEu1 glasses. For Erbium ion doped glass system, 

CPEAS1-0, CPEAS1-3, CPEAS1-10, CPEAS1-25, and CPEAS1-50 are the sample 

codes given to samples that were heat-treated at 550°C for 0hrs, 3hrs, 10hrs, 25hrs, 

and 50hrs, respectively. Similarly, for Europium ion-doped samples CPASEu1-0, 

CPASEu1-3, CPEAS1-10, CPASEu1-25, and CPASEu1-50 represent the glasses heat 

treated at 0hrs, 3hrs, 10hrs, 25hrs, and 50hrs respectively. Figure 2.5 shows the 

images of the synthesized glass sample CPAS, CPEAS1, and CPASEu1 heat treated 

for a different duration.  
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Figure 2.4 Flow chart of sample Preparation of heat treatment and 

characterization of CPAS, CPEAS1, and CPASEu1 

 

Figure 2.5 The image of the synthesized CPASEu1 series  

2.4 Polishing of the Glass samples 

To achieve optically flat surfaces suitable for studying optical properties, 

prepared host glasses and nanoparticle embedded glasses were ground and polished 

on both sides using silicon carbide sheets of different grit sizes and alumina powder 
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suspension. Glasses were initially ground and polished for around five minutes per 

side using silicon carbide emery papers with successive grit sizes ranging from 80, 

180, 320, 400, 600, 800, 1000, 1200, 1500, and finally with 2500, using distilled 

water as a coolant. Then, cloth polishing with alumina powder (0.05 micron) 

suspension gave optically smooth polished surfaces of glasses. Motorized polishing 

equipment was used to grind and polish the glasses (BAiNPoL, Chennai Metco, 

Grinder-Polishing machine). To remove any remaining polishing compounds, glass 

surfaces were cleaned with acetone and then gently dried with a hair dryer. Samples 

with thicknesses of 1.5mm to 2 mm and optically smooth surfaces could be obtained 

by following the above mentioned steps. 

 

Figure 2.6 Polishing machine employed in the polishing of glass samples 

2.5 Design of experiments for optimization 

The design of experiments is a valuable strategy for determining the best inputs 

and parameter levels for a high-quality product. The selection of parameters 

impacting the product's qualities is a crucial stage in the experiment design. To detect 

non-significant parameters as soon as feasible, as many parameters as possible should 

be incorporated into the design(Mohan, Ramachandra, and Kulkarni 2005). Previous 

studies in glass research have mainly focused on the effects of batch composition 

changes on the qualities of glass samples, using either simulation or the traditional 

trial and error method.  
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In the present work, the effect of processing parameters: melting temperature, 

melting time and rare-earth oxide composition on density as response characteristic 

has been investigated. The influence of process parameters impacting the response 

parameter was shown by an analysis of variance (ANOVA)(Narayanan and 

Shashikala 2014) directed at the signal-Noise(S/N) ratio of the response parameter. It 

was predicted that the best condition for the contribution of process parameters 

impacting the response parameter would be found. Previous studies used traditional 

trial and error approaches to obtain optimum glass samples, which necessitated many 

tests. In this study, using Taguchi's conventional L9 orthogonal array, only nine 

samples of rare-earth oxide-doped calcium phosphate glasses were prepared 

experimentally and the processing parameters could be optimized.  

The Taguchi technique relies on process parameter optimization to obtain the 

highest quality material without raising costs(Narayanan et al. 2015). This is because 

optimizing process parameters can enhance performance, and the Taguchi method's 

optimal process parameters are resistant to changes in the environment and other 

noise sources. In essence, traditional process parameter design is challenging to use.  

Depending on the experimental design of Taguchi's orthogonal array, the batch 

materials were weighed put into a silica crucible and melted in a PID-controlled high-

temperature furnace for 30–90 minutes in the temperature range 1200–1300°C. After 

being quenched in the air on copper plates, the homogenized melt was cooled to room 

temperature in the furnace and then annealed at 550°C for 3 Hours to remove thermal 

stresses created during the quenching. 

A critical stage in the experimental design was deciding which parameters 

impacted the product's attributes. In the current design, there were a total of eight 

degrees of freedom (DOF) connected with three process parameters, each of which 

had three levels.  The L9 orthogonal was an excellent option since it complied with the 

design of experiments (DOE) guideline that the number of experimental trials in an 

orthogonal must be more than the sum of the degree of freedom. Taguchi's 

experimental design includes using L9 orthogonal arrays to organize the process's 

influencing parameters and the levels at which they should be altered, as well as a 



32 

 

robust test design to limit process volatility. The process parameters used in this 

experiment, as well as their levels listed in table2.5. 

Table2.5 Process parameters used in the experiment 

Process Parameters Symbol High medium Low 

Compositions (mol.%)  A 3 2 1 

Melting 

temperature(T) , °C 

B 1300 1250 1200 

Melting time (Time), min C 90 60 30 

2.5.1 Taguchi Method 

Using orthogonal arrays, the Taguchi technique determines the parameters that 

affect the process and the levels at which they should be modified. Before optimizing 

a design to reach mean objective values for output characteristics, the Taguchi method 

was selected as one of the most influential experimental procedures for decreasing 

variance in design parameters. It made use of orthogonal arrays to evaluate all design 

issues with the fewest possible experiments. After selecting the L9 orthogonal array 

the factors impacting the operation and the levels at which they should be modified 

were organized using them. With a minimum trial, the Taguchi technique collected 

the required data to establish which aspects affect product quality the most, saving 

time and resources(Macioszczyk et al. 2015). 

Using Taguchi's method, the acquired values of the response parameters‘ were 

converted to signal-to-noise (S/N) ratios at various levels of process parameters. The 

(S/N) ratios described the variation in response characteristics across several 

experimental levels of process parameters. The optimal situation for testing was at the 

process parameter level for which the response parameter had the highest S/N ratio 

and lowest variable features. Analysis of variance (ANOVA) was used to uncover 

particular factors that substantially impact the response parameter using the data 

generated from the Taguchi design of experimentation.  
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Table 2.6 Taguchi L9 Orthogonal arrays of (La
3+

, Ce
4+

)
 
doped Phosphate glass 

samples 

 

The total degrees of freedom (DOF) of process parameters were used to choose 

orthogonal arrays for grouping the parameters. In the current scenario, the total 

degrees of freedom associated with three process parameters with three levels were 6 

(i.e., 3x2). For this investigation, a L9 orthogonal array with degrees of freedom equal 

to 8 was chosen. The statistical software Minitab 19 was utilized to select orthogonal 

arrays and the ANOVA. The experimental design of the current investigation is 

shown in Table 2.6. Experiments were run randomly to exclude the influence of 

uncontrollable factors, and each experiment was repeated three times and the average 

value of three trials was considered. 

2.6 Techniques for Glass characterization 

Glass characterization has a long history and is widely regarded as essential for 

the design, manufacture, and application of glass in technical applications. A 

complete discipline of glass characterization has grown from the earliest days of 

creating high-quality glass for scientific apparatus and optical applications to 

Sample 

code for 

La
3+

 

Sample 

code for 

Ce
4+

 

Compositions 

(mol.%) 

Melting  

Temperature(°C) 

Duration 

Time 

(min) 

T1 E1 3 1300 90 

T2 E2 3 1250 60 

T3 E3 3 1200 30 

T4 E4 2 1300 60 

T5 E5 2 1250 30 

T6 E6 2 1200 90 

T7 E7 1 1300 30 

T8 E8 1 1250 90 

T9 E9 1 1200 60 
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understanding how to detect and manage fundamental qualities of glasses such as 

optical transmission and thermal expansion(Kohli et al. 2022). 

For structural investigations, X-ray diffraction (XRD), Fourier transform 

infrared (FTIR) spectroscopy, Field emission Scanning electron microscopy 

(FESEM), and transmission electron microscopy (TEM) were used to characterize 

prepared glass samples. Energy Dispersive X-ray Spectroscopy (EDS) in conjunction 

with SEM was used to determine the elemental makeup of the samples. UV-Visible 

spectroscopy, refractive Index (RI) measurements, and photoluminescence 

spectroscopy were used to investigate optical properties. Density measurements were 

used to study physical parameters. 

2.6.1 X-ray diffraction study 

X-ray powder diffraction (XRD) is a quick analytical technique that can offer 

information on unit cell dimensions and is mainly used for the phase identification of 

crystalline materials (Cullity 1956). By comparing collected data with patterns from 

the Joint Committee on Powder Diffraction Standards (JCPDS) and the Inorganic 

Crystal Structure Database (ICSD). It is based on Bragg's law, according to equation 

2.1.  

                                                                                             (2.1) 

where n is the order of reflection (considered 1 in this work), d is the inter-planer 

distance and θ is the angle formed by the wave vector of the incident beam  with the 

lattice planes.  

Powder XRD was employed in this investigation to confirm the amorphous 

nature of the quenched glasses and identify the phases present in the heat-treated 

glasses. A Raigaku Miniflex 600 X-ray diffractometer with Cu-Kα radiation was used 

for the XRD experiments. The X-ray tube was operated at a voltage of 40 kV and a 

current of 30 mA at a scanning rate of 2  per minute. The samples were scanned with 

Cu-Kα radiation of 1.542Å through 2  ranging from 10  to 80 . 
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 Figure 2.7 Raigaku Miniflex 600 X-ray diffractometer  

2.6.2 Density and Molar volume  

To get insight into the structure of prepared glasses, the density of glasses, 

which was related to molar volume and atomic packing density, was examined. Low 

reactive liquid  xylene, was used as immersion liquid for glass density studies since 

many glasses easily react with water on contact(Shelby 2000). Glass samples were 

weighed with a 0.1 mg precision on a very sensitive weighing balance. The samples' 

density(ρ) was determined at room temperature using Archimedes' 

principles(Chowdhury, Mandal, and Ghosh 2019) using a Contech analytical balance 

and density kit which are shown in Figure 2.8. The immersion media was O-Xylene 

(C8H10, 99% -Alfa Aesar). As xylene (
 
      

 
   ⁄ ) was found to be less 

reactive to the phosphate glass sample. Equation 2.2 was used to compute the density 

of the bulk samples(Edathazhe and Shashikala 2018b; Narayanan and Shashikala 

2015b). 

                    ()  
(   )

(  ) (    )
 (

 
)                                                             (2.2) 

where   ,   , and     are the weight of the specimen in air, density of xylene, and 

weight of the specimen  in xylene respectively. 
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Figure 2.8 Contech analytical Microbalance with density kit 

For each composition, the densities of at least three samples were tested, and the 

average value was recorded. Equation2.3 was used to calculate the molar volume (  ) 

from the measured density data and the error in density measurement was calculated 

using the standard deviation of the mean (SDOM). 

                    ∑
     

 
                                                                                           (2.3) 

  Where    and     are each component's molar fraction and molar weight, 

respectively(Narayanan and Shashikala 2015b).  

Physical characteristics like ion concentration (N), Polaron radius (  ), 

internuclear distance (  ) and field strength (F) for the produced glasses were 

estimated using equations (2.4-2.7)(Dutebo and Shashikala 2020). 

Ion Concentration (N) (ions/cm
3
) is given by 

  
               

                            
                                                                              (2.4) 

Where    is Avogadro's number, 
 
 is the density of the sample, and N is ion 

Concentration 
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  Polaron radius (  )   in (Ǻ)  is given as 

         
 

 
 √

 

  

 
                                                                                                       (2.5) 

 Internuclear distance (   ) in (Ǻ) 

          √
 

 

 
                                                                                                             (2.6) 

Field Strength (F) in (cm
-2

) 

            
 

   
                                                                                                            (2.7) 

Where Z is the atomic number  of Rare earth oxide(Alqarni et al. 2020; Dutebo and 

Shashikala 2020) 

2.6.3 Fourier transform infra-red (FTIR) spectroscopy 

FTIR spectroscopy (Fourier Transformed Infrared Spectroscopy) is a technique 

for obtaining an infrared spectrum of absorption or emission of a solid, liquid, or gas. 

The FTIR spectrometer simultaneously collects high resolution data over a wide 

spectral range. A Fourier transformation is necessary to convert the raw data to the 

real spectrum. Fourier Transformed Infrared Spectroscopy is the name given to this 

method. The vibrational spectroscopic technique of FTIR is one of the techniques 

used to analyze the structure of glasses. Specific vibrational modes in glasses are 

related to the arrangement of their structural bonds, which is dependent on their 

composition. The vibrational energies of compounds that are IR active are measured 

using FTIR spectroscopy. There must be a change in the molecule's dipole moment 

during the vibration for a transition to be IR dynamic. The molecular structure is 

shown by the absolute intensity and frequency of lines corresponding to IR active 

transitions. The FTIR spectra of oxide glasses can be improved by mixing the glass 

powder with a fixed ratio of potassium bromide (KBr) to form a pellet. 

In the present work, structural bands in the glass network were identified and 

confirmed by recording transmission spectra using a Bruker ALPHA-200952 
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Spectrometer. The materials were investigated utilizing the KBr pellet method in the 

wave number range of 400-4000 cm
-1

 with resolution of 0.2cm
-1

. 

 

Figure 2.9   FTIR Spectrometer ( Bruker ALPHA-200952 Spectrometer) 

2.6.4 Field Effect Scanning electron microscope (FESEM)  

Unlike optical microscopy, scanning electron microscopy offers images of a 

sample with higher magnification, higher resolution, and an immense depth of focus. 

SEM gives structural and chemical information on a specific surface region of a 

specimen that can endure the vacuum chamber pressure and electron beam 

bombardment(Cullity 1956). An energy-dispersive X-ray spectrometer (EDS) 

connected to a scanning electron microscope (SEM) is a tool for determining the 

elemental composition of materials under investigation. SEM combined with EDS 

would be an excellent way to get qualitative data on glass surface characteristics and 

elemental composition. An electromagnetic gun may produce a significantly more 

intense electron beam, effectively providing a better image with higher resolution. A 

Field-Effect Scanning Electron Microscope is one such microscope (FESEM). 

In the present work, the surface morphology and elemental composition of glass 

samples were investigated using a FESEM [7610FPLUS, Jeol, Japan] and scanning 

Electron Microscope (SEM) coupled with an Energy Dispersive X-ray Spectrometer 
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(EDS). All-glass samples were polished and then gold-sputtered before SEM analysis 

to avoid the charging effect on non-conducting surfaces under electron beam analysis. 

 

Figure 2.10 FESEM [7610FPLUS, Jeol, Japan] microscope, CRF-NITK 

2.6.5 High Resolution Transmission Electron Microscope (HRTEM) 

The transmission electron microscope (TEM) is a versatile microscopic tool for 

studying the morphology and structure of nanomaterials and nanocomposites. TEM 

examination is frequently performed on relatively thin samples that allow electrons to 

pass through them. SAED patterns, which vary depending on the structure of the 

samples, often exhibit a sequence of rings for randomly oriented microcrystals and 

sharp points, for example, with a single crystalline domain. 

The size, shape, and distribution of nanoparticles implanted in the glass matrix 

after heat treatment were interpreted using TEM images with very high magnification 

and resolution (better than 10 A°). At the same time, the structure of nanocrystallites 

was determined using the SAED pattern using a JEOL JEM 2100 transmission 

electron microscope. HRTEM operated with a 200 keV acceleration voltage was used 

in the study. The finely powdered sample is ultrasonically dispersed in acetone 

medium for 15 minutes before being dropped on a carbon-coated copper grid using a 

micropipette. The particle size and structural analyses were done using TEM 

micrograph and ImageJ software. 
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2.6.6 Index of Refraction (n) measurements   

Due to their remarkable transparency to light in the visible and near IR regions, 

glasses belonging to the oxide systems have been used as essential materials for 

different optical components(Yamane and Asahara 2000). Their chemical 

composition largely determines glasses' most critical optical properties, such as 

refractive index, dispersion, transmission, and absorption. 

One essential property that defines the optical characteristics of glasses is the 

refractive index. The polarizability of the ions coordinated with anion, the field 

strength of the ions, quantity of non-bridging oxygen atoms, and other factors 

influence the refractive index of glasses. The refractive index of glass samples 

increases as the electron density or polarizability of ions in the glass matrix 

increases(Shelby 2020). An Abbe refractometer is a bench-top instrument for 

measuring the index of refraction with high precision. The critical angle concept 

governs the operation of an Abbe refractometer. The sample is sandwiched between 

two prisms that measure and illuminate it. Light entering the sample through the 

illuminating prism, is refracted at a critical angle at the bottom surface of the 

measuring prism. Then the position of the border between bright and light areas is 

measured using a telescope. The sample's refractive index can be estimated using the 

angle and refractive index of the measurement prism. 

The Abbe Refractometer(MAR-33), illustrated in Figure 2.10, was used to 

determine the refractive index (n) of all the samples of fine polished materials at room 

temperature with a 0.001 precision in this study. As previously mentioned, the 

average was taken from refractive indices of three different fine polished glass 

samples of the same composition. The contact layer between the glass and the 

refractometer prism was mono-Bromo naphthalene. 

The Lorentz Lorenz equation (Dimitrov and Komatsu 2010), mentioned as 

equation 2.8, was utilized to analyze the metallization propensity of the samples. 

                                         
  

  
 
    

    
                                                  (2.8) 
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Rm denotes molar refraction, Vm represents molar volume, and n is the refractive 

index of glasses. 

 

Figure 2.11 Abbe refractometer 

If one starts with a material with a very high refractive index in a gaseous 

condition and condenses it until it solidifies and density increases to the point where 

  

  
 approaches unity, the right-hand side of equation 2.8becomes          , 

according to Herzfeld's theory of metallization(Dimitrov and Komatsu 2010). Only 

when the value of n reaches infinity this is possible. This means that in the solidified 

state, the valence electrons that were quasi-elastically attached to their atoms in the 

gaseous state are now free to travel, transforming the solidified material into a 

metallic conductor. Based on this theory, a prediction of the material's metallic or 

insulating behaviour can be made. The metallization criterion is the difference shown 

in equation 2.9. 
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     (
    

    
)                                                                 (2. 9) 

According to the Herzfeld theory of metallization(Herzfeld 1927), materials 

with a metallization requirement close to 1 are typical insulators. Materials having a 

lower metallization criterion value, which is closer to zero, show metallic properties. 

So, using measured refractive index of the glass, its metallization criterion value has 

been determined in the present work. 

2.6.7 UV-ViS-NIR/UV-Vis spectrometer 

UV-Visible absorption spectroscopy is used to calculate the intensity of 

attenuation of light after it passes through a substance over various wavelengths. The 

amount of light absorbed by a sample is calculated by dividing the intensity of 

incident radiation (I0) by the intensity of transmitted radiation (I). The amount of light 

absorbed by a sample is measured interms of absorbance or transmittance. The 

absorption spectrum of samples is determined by plotting the absorbance against the 

wavelength or frequency of incoming radiation. 

UV-Visible spectroscopy measures light intensity attenuation over a wavelength 

range after it passes through or reflects off a sample. UV-Visible absorption spectra 

are formed when an electron in a molecule transits from a lower energy level to a 

higher energy level after absorbing ultra-violet radiation of frequency. Because of the 

lack of long-range order, the conduction and valence bands in amorphous materials 

such as glasses have band tails rather than sharp cut-offs, so there is no sharp 

absorption edge for glasses. 

To examine the electronic band structure of glasses, optical transitions, direct or 

indirect, occurring at the fundamental optical absorption edges are investigated. The 

absorption constant at the optical absorption edge is used to study optically induced 

electronic transitions. When a light wave interacts with a valence electron in a direct 

transition, the electron's wave vector remains unaltered and is lifted across the energy 

gap to the conduction band. However, in an indirect transition, the electron's wave 

vector interacts with lattice vibrations, causing a shift in the wave vector. 
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The optical absorption spectra of amorphous and crystalline materials can reveal 

information about their band structures(Tauc and Menth 1972).  Tauc proposed in 

1966 that the absorption coefficient α( ) can be connected to the optical band gap 

energy (Eopt) using a power law at the high energy area of the absorption edge. Davis 

and Mott gave this power-law a more generic expression in 1970, which is expressed 

as 

                              ( )   
(       )

 

  
                                                      (2.10) 

where   is absorption coefficients,     is photon energy,       is band gap energy, B 

is a constant, and   is an index that takes the values 1/3, 1/2, 2, and 3 depending on 

whether the transition is direct forbidden, direct allowed, indirect allowed, or indirect 

forbidden, respectively(Rao and Shashikala 2014a). For amorphous materials like 

glasses, the index value   =2, which corresponds to indirect permitted transitions, is 

commonly chosen since measured absorption data fits the equation 2.10. Taking the 

square root of both sides of equation 2.10 may be rewritten as: 

               (   )
 

    
 

 (       )                                                           (2.11) 

Equation 2.11 is the equation of a straight line with the optical band gap energy 

as its x-intercept. As a result, extrapolating the straight-line section of the graph to the 

x-axis at y = 0 yields the sample‘s band gap energy, Eopt(Bhattacharya and Shashikala 

2018). 

Due to the disorder in the material, many localized electron states are extending 

into the band gap, which appears as an exponential tail known as the Urbach Tail, 

which is described by the Urbach empirical rule as stated in equation 2.12, the linear 

variation in UV absorption, which follows an exponential behavior obeying Urbach's 

empirical relation(Anigrahawati et al. 2015a) 

 ( )       (
  

  
)                                                                 (2.12) 

Where    is a constant and    is the Urbach energy  
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By applying the natural logarithm to both sides of equation 2.12.we get  

                         ( )  (
 

  
)                                                                  (2.13) 

It is in the form of a straight line with a gradient. The Urbach Energy Eu is the 

reciprocal of the slope of the linear section of the graph of  (   ) versus photon 

energy(  ). 

In this work, the absorption data was recorded at room temperature from 200 to 

800nm using UV-Vis-NIR spectrometer which is shown in Figure 2.12. (Central 

research Facility, NITK) [Lambda 950, Perkin Elmer, Singapore]. 

 

Figure 2.12 UV-Vis-NIR spectrometer (from Central research Facility, NITK) 

[Lambda 950, Perkin Elmer, Singapore]. 

2.6.8 Photoluminescence (PL) study 

When a molecule absorbs a photon in the visible spectrum, one of its electrons 

is excited to a higher electron energy state. As the electron returns to a lower energy 

state, a photon is emitted from the molecule. This process is known as 

photoluminescence(Righini and Ferrari 2005). 

The intensity of released photons as a function of either the excitation 

wavelength or the emission wavelength can be recorded to produce sample's 
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photoluminescence (PL) spectra. The emission spectrum is obtained by recording the 

intensity of emitted radiation as a function of wavelength after exciting the samples at 

a fixed wavelength and varying the excitation wavelength. Excitation spectra are 

typically acquired to determine the appropriate excitation wavelength for recording 

emission spectra for quantitative or qualitative analysis. 

Rare-earth ion–doped glasses are a significant class of materials that can be 

productively explored utilizing PL methods(Righini and Ferrari 2005). Their 

influence is primarily due to the advancement of optical communications and the 

current demand for expanding optical fiber systems' bandwidth capacity. 

In this work, the emission spectra of rare-earth-doped calcium Phosphate glass 

containing silver nanoparticles were recorded using Fluoromax-4 spectrofluorometer 

(Figure 2.13) and analyzed.  

 

Figure 2.13 Fluoromax-4 Photoluminescence spectrometer (PL) 

2.7   Error Analysis 

No matter how thoroughly a measurement is done, there will always be some 

uncertainty(Taylor 1997). Since measurements are a necessary component of 

scientific investigations, it is critical to evaluate these uncertainties and reduce them 

as much as possible. In order to make the mistakes as modest as possible, error 
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analysis is thus used to investigate and evaluate these inescapable experimental 

uncertainties. 

The standard deviation of the mean (SDOM) of all the measurements was used 

to determine the inaccuracy in the observed values in the current experimental 

measurements.  

2.7.1 Standard Deviation of the Mean (SDOM) Calculation 

The best estimate for the amount x is determined by taking the average or mean 

 ̅ of "N" measurements of that quantity done using the same instrument and process, 

such as "x1, x2,....., xN." 

Here, the calculation for   ̅is 

              ̅  
             

 
  

∑    

 
                                                             (2.14) 

By calculating the standard deviation of the mean or the standard error of the N 

measurements, one may determine the degree of uncertainty in a variable, ̅, as shown 

by the equation (2.15) 

                 ̅  
  

√ 
                                                                               (2.15) 

where   ̅ represents the mean's standard deviation and    represents the average 

measurement's uncertainty. Equation (2.16) provides the standard deviation     value 

   √
 

   
∑   

 
  =√

 

   
∑ (    )                                                        (2.16) 

where, the divergence of the i
th

 measurement xi from the mean value x is given by xi - 

x = di. The measurement will be accurate if these discrepancies are extremely modest. 

Averaging the variances may not provide accurate measurement uncertainty since 

some deviations may be positive and some may be negative. In order to achieve a 

quantity with the same unit as the measurements, deviations are first squared to 

generate a set of positive numbers, and then the square root of the average of the set 

of positive numbers is obtained. The standard deviation, abbreviated as x, or root 
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mean square (RMS) deviation of the measurements is found to be beneficial in 

describing the accuracy of the measurements. 

To acquire uncertainty in the value of x, standard deviation of the mean (  ̅) is 

recommended over standard deviation (  ). Due to the existence of factor √  in the 

denominator,    will provide more accurate uncertainty in the final result as the 

number of measurements grows. But when the number of measurements increases,    

will not vary significantly. The final result (X) of N measurements is written as  

                                         X=  ̅     =  ̅ + 
  

√ 
                                                       (2.17) 
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CHAPTER 3 

INFLUENCE OF (Er
3+

, La 
3+

, Ce
4+

) ADDITIONS ON PHYSICAL AND 

OPTICAL PROPERTIES OF 50CaO-50P2O5   GLASSES 

Overview  

In this chapter, the effect of increasing the rare earth (La2O3, CeO2, Er2O3) ions 

content on the structural, physical, and optical characteristics of melt-quenched 

calcium phosphate glasses in the series 50P2O5- (50 - x)CaO-xREI (x = 0 to 5 mol%) 

were examined. Density measurements, X-ray diffraction (XRD), Fourier transformed 

infrared (FTIR) spectroscopy, Ultraviolet-Visible spectroscopy (UV-Vis), and Abbe 

Refractometer were utilized to examine the effect of the addition of rare-earth ions on 

physical, optical, and structural features. The X-ray diffraction method confirmed the 

synthesized glass samples to be amorphous. To calculate the optical band gap energy 

Eopt, UV-visible absorption spectra have been obtained. When rare earth oxides 

(Er2O3, La2O3, and CeO2) were added to the host glass with different concentrations, 

the band gap energy slightly decreased. According to FTIR data, the glass network 

was primarily made up of metaphosphate (Q
2
) units arranged in chains and rings, with 

smaller number of ultra-phosphate and pyrophosphate units. The density of prepared 

glasses was measured using the Archimedes method, and related parameters were 

calculated. These values are compared with the un-doped metaphosphate glass. 

Various physical characteristics have been studied, including Ion Concentration (N), 

Inter-nuclear distance (ri), Polaron radius (rp), Field Strength (F), and Metalicity 

Factor (Mc). Based on measured density, the concentrations of added rare-earth ions 

were calculated. With the increase in ion concentration, the inter-nuclear distance 

decreased, increasing field strength. With the inclusion of RE ions, optical band gap 

energy was slightly reduced. Due to its extremely high solubility of laser-active rare 

earth (RE) ions, phosphate glass has recently shown to be a promising alternative to 

the more conventional silica glass as a host material for solid-state laser oscillators 

and amplifiers. 
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3.1 Introduction 

The present chapter deals with the synthesis and property studies of La2O3, 

CeO2, and Er2O3 added calcium phosphate glasses. This study helps in understanding 

the effect of different rare earth oxide additions on structure, density, refractive index, 

and band gap energy of the synthesized glasses.   

3.2 Results and discussion 

A series of rare-earth (La
3+

, Ce
+4

, Er
3+

) ions added phosphate glasses were 

prepared with the compositions listed in Table 2.2. The subsequent investigation was 

performed on the influence of adding REI on CPRE glasses with changes in the 

structural, physical, and optical properties of rare-earth ion doped calcium phosphate 

glasses of the series  50P2O5 - (50 - x) CaO-xREI (x = 0, 1, 2, 3, and  5 mol.%). 

3.2.1 XRD Analysis  

The X-ray diffraction analysis of the samples has been done to check their 

amorphous nature. The X-ray diffraction patterns of synthesized glass samples with 

Lanthanum, Cerium, and Erbium ions are shown in Figure 3.1(a), (b), and (c), 

respectively. The hump observed near 20-30ᴼ is due to the short-range order of the 

glass network and is typical of all phosphate glasses (Shelby 2007; Venkateswara Rao 

and Shashikala 2014c). The prepared glasses were confirmed to be amorphous in 

nature. 

 

Figure 3.1(a) XRD pattern of the prepared samples of 50P2O5 - (50 - x) CaO-

xLa2O3 (x = 0, 1, 2, 3, and 5 mol. %) 
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Figure 3.1(b) XRD pattern of the prepared samples of 50P2O5 - (50 - x) CaO-xCeO2 

(x = 1, 2, 3, and 5 mol. %)   

 

Figure 3.1(c) XRD pattern of the prepared samples of 50P2O5 - (50 - x) CaO-xEr2O3 

(x = 1, 2, 3, and 5 mol. %)   

 



51 

 

3.2.2 Density and Molar volume  

The annealed  glasses' densities were measured using the Archimedes method 

with a 0.001 g precision(Anigrahawati et al. 2015b; Effendy et al. 2017; Shelby 2007) 

as presented in chapter 2 of this thesis, by weighing them while submerged in O-

Xylene and in air at room temperature. The molar volume of the samples has been 

calculated using equation 2.3 given in chapter 2 of this thesis and it depends on the 

molar mass of the samples and density measured. Table 3.1(a), (b), and (c) show the 

measured values for density (ρ) and molar volume (Vm) for all the examined glass 

samples, and Figure 3.2 illustrates the variation of the glasses' density with rare-earth 

oxide content. It can be observed that the samples' densities increased when the rare 

earth ion concentrations in the glass matrix increased.   

It can be seen from table 3.1(a) that the measured density of the calcium 

phosphate glass increased from 2.5991 g/cm
3
 to 2.8420 g/cm

3
 an increase of 8.54% on 

addition of 5 mol. % of La2O3.From figure 3.2(a) it can be observed that the increase 

in density is more up to 3 mol. % and not much between 3 mol. % and 5 mol. %. 

Similarly, the molar volume increased from 38.085 to 39.577 cm
3
 (3.76%), when the 

La2O3 content in the calcium phosphate glasses steadily increased from 0 to 5 mol. %. 

Table 3.1(b) shows that the addition of 5 mol% CeO2 increased the density of 

the calcium phosphate glass from 2.5991 g/cm
3
 to 2.7321 g/cm

3
, an increase of 

4.86%. Figure 3.2(b) shows that the rise in density is more pronounced up to 3 mol% 

and barely noticeable between 3 mol% and 5 mol%. It can be seen from figure 3.2(b) 

molar volume decreasing up to 1 mol. % of CeO2 and started to increase slightly from 

38.085 cm
3
 to 38.575 cm

3
 after 2mol. % addition which is 1.27% increment.  

It can be seen from table 3.1(c) that the measured density of the calcium 

phosphate glass increased from 2.5991 g/cm
3
 to 2.837g/cm

3
 an increase of 8.38% on 

addition of 5 mol. % of Er2O3.From figure 3.2(c) it can be observed that the increase 

in density is more up to 3 mol. % and not much between 3 mol. % and 5 mol. %. 

Similarly, the molar volume increased from 38.085 to 40.641 cm
3
 (6.28%), when the 

Er2O3 content in the calcium phosphate glasses steadily increased from 0 to 5 mol. %. 
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     The heavier rare-earth (La
3+

, Ce
+4

, and  Er
+3

) ions with an atomic mass of  

138.90, 140.126, and  167.26 g/mol, respectively, that were introduced to replace the 

lighter calcium ions (atomic mass = 40.078 g/mol.) may be the cause of the increase 

in density(Ahmed, Youssif, and Elzelaky 2019a). It is evident that the density is a 

valuable indication for examining the level of structural compactness and addition of 

rare earth ions causes the phosphate chains to depolymerize(A.V. et al. 2018b; Im et 

al. 2010; Liang et al. 2014) and the creation of NBOs, which expand the system's free 

spatial distances and increase the molar volume of the glass system(Mahraz et al. 

2013). It can also be observed from figure 3.2 that the addition of rare earth oxides 

more than 3 mol. % does not increase density much. But in the case of Ce
4+

 added 

glasses, not much increase in density has been observed above 1 mol. % .  

The presence of rare-earth ions helps to decrease the bond length or inter-atomic 

spacing between the atoms which may be attributed to the increase in the stretching 

force constant of the bonds inside the glass network. The development of non-

bridging oxygen (NBO), which extends the network structure of Calcium-phosphate 

glass, may be accountable for the samples' increased molar volume. This might be 

caused by the inclusion of rare earth ions with larger radii than other glass matrix 

ingredients, which leads to the creation of non-bridging oxygens. Other researchers 

have also noted similar behaviour in Soda-Lime-Silicate  and  Boro tellurite glasses  

(Chimalawong et al. 2012; Damas et al. 2012). 

Table 3.1(a) Density (), Molar volume (Vm), Band gap Energy (Eopt) and 

Refractive Index (n) of 50P2O5 - (50 - x) CaO-xLa2O3 (x = 0, 1, 2, 3, and 5 mol. %)   

Sample code Density 

(g/cm
3
)  

( 0.001) 

Molar volume 

(cm
3
) 

Band gap 

Energy (eV) 

Refractive 

Index(n) 

( 0.001) 

CP 2.5991 38.085 3.49 1.543 

CPL1 2.7105 37.515 3.66 1.5311 

CPL2 2.7652 37.749 3.29 1.5412 

CPL3 2.8068 38.151 3.32 1.5491 

CPL5 2.8420 39.577 3.17 1.6502 
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Table 3.1(b) Density (), Molar volume (Vm), Band gap Energy (Eopt) and 

Refractive Index (n) of 50P2O5 - (50 - x) CaO-XCeO2 (x = 0, 1,  2, 3, and 5 mol. %)   

Sample code Density 

(g/cm
3
)  

( 0.001) 

Molar volume 

(cm
3
) 

Band gap 

Energy (eV) 

Refractive 

Index(n) 

( 0.001) 

 

CP 2.5991 38.085 3.49 1.543 

CPC1 2.6877 37.262 3.64 1.524 

CPC2 2.7027 37.484 3.43 1.529 

CPC3 2.7260 37.589 3.59 1.531 

CPC5 2.7321 38.575 3.53 1.538 

 

Table 3.1(c) Density (), Molar volume (Vm), Band gap Energy (Eopt) and 

Refractive Index (n) of 50P2O5 - (50 - x) CaO-xEr2O3 (x = 0, 1, 2, 3, and 5 mol. %)   

Sample code Density 

(g/cm
3
)  

 0.001) 

Molar volume 

(cm
3
) 

Band gap 

Energy (eV) 

Refractive 

Index(n) 

( 0.001) 

 

CP 2.5991 38.085 3.49 1.5430 

CPE1 2.6694 38.305 3.03 1.5151 

CPE2 2.7378 38.541 2.94 1.5191 

CPE3 2.8003 38.846 2.87 1.5201 

CPE5 2.837 40.641 2.76 1.5221 
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Figure 3.2(a) Variation of the density and molar volume of glasses in relation to the 

amount of La2O3 

 

Figure 3.2(b) Variation of the density and molar volume of glasses in relation to the 

amount of CeO2 
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Figure 3.2(c) Variation of the density and molar volume of glasses in relation to the 

amount of Er2O3 

3.2.3 Refractive Index and Metallization Criteria  

In general, the index of refraction of a material is related to the optical density 

and the ability of speed of light in that material. Table 3.1(a), (b), and (c) provide a 

list of all the samples' refractive indices, as determined by the Abbe Refractometer. 

Generally, when glass density increases, the glass network becomes denser, the 

structure becomes more compact, and light propagates through the glass more slowly. 

As a result, the refractive index increases. As can be seen from Table 3.1, the index of 

refraction of Lanthanum oxide doped phosphate glasses has a higher value of 1.6502 

compared to samples CP (1.543), CPE5 (1.5380), and CPC5 (1.5221). In general, the 

refractive index of a glass increases with its density. However, there does not exist an 

overall linear relationship between the refractive index and the density(Shelby 2007). 

The Lorentz Lorenz equation(Dimitrov and Komatsu 2010) presented as equation 2.9, 

described in chapter 2 of this thesis, was utilized to assess the samples' tendency for 

metallization, which can be used to estimate the material's metallic or insulating 

behavior based on this idea. Table 3.2 also includes a list of the values of Mc. Every 

sample has an Mc value greater than 0.63. The calculated theoretical values of the 

Metalicity factor (Mc) of Lanthanum doped glasses (0.6905 to 0.6351), Cerium doped 
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(0.6949 to 0.6872), and Erbium-doped (0.6984 to 0.6949) show that they are nearing 

unity rather than zero. This demonstrates that all samples tend more toward insulators, 

consistent with each sample's band gap being within the normal insulator range, as 

shown in Table 3.1. 

3.2.4 Physical Parameters 

For the prepared glasses, the concentration of RE ions(N),  Polaron radius (   ), 

inter-nuclear distance (ri), and field strength (F) were calculated using the equations  

2.4 - 2.7 as presented in chapter 2 of this thesis, and the values are tabulated in Table 

3.2. From table 3.2 for the prepared samples, it can be seen that the value of ion 

concentration of rare earth ions is increased with increase ion concentrations. This 

may be due to the molecular mass of the rare earth oxides. It can be seen that the 

values of ion concentration (N) and field strength (F) increases as rare-earth ion 

content increases. In contrast, polaron radius (rp) and inter-nuclear distance (ri) act in a 

decreasing manner. The field strength (F) values are computed and shown in Table 

3.2(Ahmed et al. 2019a). In general increase in ion concentration in a sample 

decreases the inter-nuclear distance leading to an increase in field strength. Similar 

variation is observed in the present work. 
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Table 3.2 Ion Concentration (N), Inter-nuclear distance (ri), Polaron radius (rp), 

Field Strength (F), and Metalicity Factor (M) of sample  50P2O5 - CaO-REI  

(where REI= La. Ce,  Er) 

Sample 

code 

Ion 

Concentration(N), 

*10
22

  (ions/cm
3
) 

Inter 

nuclear 

distance(ri), 

Ǻ 

Polaron 

radius 

(rp), Ǻ 

Field 

Strength(F),   

*10
18

   cm
-2

 

Metalicity 

Factor(Mc) 

a) 50P2O5 - (50 - X) CaO-XLa2O3 (X = 0, 1, 2, 3, and 5 mol. %) 

CP - - - - 0.6847 

CPL1 5.23 2.67 1.33 0.49 0.6905 
CPL2 10.41 2.13 1.06 0.77 0.6856 
CPL3 15.42 1.86 0.92 1.01 0.6818 
CPL5 24.83 1.59 0.78 1.39 0.6351 

b) 50P2O5 - (50 - X) CaO-XCeO2 (X = 1, 2, 3, and 5 mol. %) 

CPC1 2.77 3.31 1.08 0.33 0.6994 
CPC2 5.50 2.63 0.85 0.52 0.6955 
CPC3 8.23 2.30 0.75 0.67 0.6915 
CPC5 13.41 1.96 0.64 0.93 0.6872 

c) 50P2O5 - (50 - X) CaO-XEr2O3 (X = 1, 2, 3, and 5 mol. %) 

CPE1 6.02 2.55 1.03 0.64 0.6984 

CPE2 12.01 2.03 0.82 1.02 0.6964 

CPE3 17.83 1.78 0.71 1.33 0.6959 

CPE5 28.31 1.52 0.61 1.81 0.6949 

3.2.5 FTIR studies  

 Fourier Transform Infrared (FTIR) Spectroscopy in the wave number range 

400–4000 cm
–1

 was carried out to investigate the modifications in the glass structure. 

Fourier Infrared transform spectrum of glasses is beneficial for qualitatively 

identifying glass-forming structural units. The Fourier transform infrared (FTIR) 

transmittance spectra of 50 mol. % P2O5 - (50-x) mol. %CaO-x mol. % REI (REI= 

La2O3, CeO2, and Er2O3) glasses are shown in Figure 3.3(a)-(c).  The bands of 1588 

cm
−1

,1589 cm
−1

,1559 cm
−1

 and 1591 cm
−1

 are due to the P-OH or water(Ahmed, 

Youssif, and Elzelaky 2019b; A.V. et al. 2019b; Narayanan and Shashikala 2015c; 
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Shi et al. 2019; Venkateswara Rao and Shashikala 2014c). The other bands around 

1332 cm
−1

 and  1406 cm
−1

  are assigned as P=O asymmetric stretching mode of 

phosphate tetrahedra and  P=O stretching mode of the phosphate tetrahedra, 

respectively(Rai et al. 2011). The bands 1266 cm
−1

  to 1284 cm
−1

  are assigned to the 

asymmetric stretching vibrations of non-bridging oxygen of O-P-O in Q
2
 species or 

PO2 groups (Ahmed et al. 2019b; Li et al. 2019a; Rai et al. 2011; Venkateswara Rao 

and Shashikala 2014a). The bands near 1057 cm
−1

 to 1125 cm
−1

 show the presence of 

symmetric stretching vibrations of non-bridging oxygen of O-P-O linkage of (PO2)
−
 

groups in Q
2 

units(Li et al. 2019a). The other bands around 870, 887, 855, and 

911 cm
−1

 of the sample glasses of  CP, CPL5, CPC5, and CPE5, are assigned as the 

asymmetric stretch of P-O-P, Vs(P-O-P) linked with linear metaphosphate chain, 

while the bands at 749 cm
−1

,706 cm
−1

  and  760 cm
−1

  CP, CPL5 and CPE5 can be 

ascribed to symmetric stretching vibrations of P-O-P in the Q
2
 tetrahedra  Vs(P-O-P) 

(Li et al. 2019a; Qian, Liang, et al. 2012a). The band recorded at 540 cm
−1

 for 

Lanthanum doped calcium phosphate glasses may be attributed to the bending mode 

of O-P-O linkage in the Q
1
 structure (Li et al. 2019a; Qian, Liang, et al. 2012a)and  

643 cm
−1

 (CPC5) and  649 cm
−1

 (CPE5)   bands are due to bending mode of PO4 in 

the Q
1
 structure.  
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Figure 3.3(a) The FTIR spectra of 50P2O5- (50-x)CaO-xLa2O3  glasses 

 

 

   Figure 3.3(b) The FTIR spectra of 50P2O5- (50-x)CaO-xCeO2 glasses 
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         Figure 3.3(c) The FTIR spectra of 50 P2O5- (50-x) CaO-xEr2O3 glasses 

The observed FTIR spectra peaks corresponding to the bonds and groups of the 

studied glasses show that adding Rare earth oxide does not change the basic calcium 

phosphate glass structure. 

The observed FTIR spectra peaks corresponding to the bonds and groups of the 

studied glasses and their assignment are presented in Table 3.3.  
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Table 3.3 The FTIR spectra peaks of CP, La-doped, Ce-doped, and Er-doped glass 

samples with band assignments. 

Wave numbers(cm
-1

) Band  assignment References  

CP La-

doped 

Ce-

doped 

Er-

doped 

- 540 - - Bending mode of  O-P-O linkages in the 

Q
1
 structure 

(Li et al. 2019a) 

- - 643 649 Bending mode of  PO4    in the Q
1
 

structure 

 

710-

788 

701-

711 

734 760  Symmetric stretching vibrations of 

P−O−P in the Q
2
 tetrahedra   νs 

(P―O―P) 

 (Li et al. 2019a; 

Qian, Liang, et al. 

2012a) 

821-

919 

884-

890 

857 911 Asymmetric stretching vibrations of 

P−O−P linked with linear 

metaphosphate chain  

(Li et al. 2019a; 

Qian, Liang, et al. 

2012a) 

984-

1030 

983-

1022 

966-

1005 

- νs (PO3)  symmetric  (Rai et al. 2011) 

1091-

1112 

1088-

1113 

1057 1125 symmetric  Stretching vibrations of 

non-bridging oxygen of  O―P―O   

linkage  of  (PO2)
- 
groups in  Q

2
 Units

  

(Li et al. 2019a; 

Rai et al. 2011) 

1266 1261 1262-

1284 

1263  asymmetric  Stretching vibrations of 

non-bridging oxygen of  O―P―O   

linkage  of  (PO2) groups in  Q
2
 Units 

(Li et al. 2019a; 

Rai et al. 2011) 

1332 1328 1335 1333 P = O   asymmetric Stretching mode of  

the Phosphate tetrahedra 

(Rai et al. 2011) 

1588 1589 1559 1591 P-OH bonds,   Bending vibration of H-

O-H group 

(A.V. et al. 2018a; 

Qian, Liang, et al. 

2012a; Shi et al. 2019) 
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3.2.6 UV-Vis spectroscopy study 

At room temperature, the prepared glass samples' UV-Vis absorption spectra in 

the wavelength range of 200–800 nm were recorded using Ocean optics uv-vis 

spectrometer. Figures 3.4(a), 3.5(a), and 3.6(a) display the absorption spectra as a 

function of wavelength for 50P2O5 - (50 - x) CaO-x REI  (REI = La2O3, CeO2, and 

Er2O3)  glass samples. Using the fundamental absorption edges of the absorption 

spectra, the optical transition and electronic band structure of crystalline and non-

crystalline materials were investigated(Tauc and Menth 1972). Davis and Mott's 

theory (Anigrahawati et al. 2015b; A.V. et al. 2018b; Hraiech et al. 2013a)has been 

utilized to calculate the optical band gap energy of the samples. 

The Tauc(Tauc and Menth 1972) plot of optical absorption spectra for the 

samples of (Lanthanum, Cerium,  Erbium oxide) doped series of calcium phosphate 

glasses is shown in Figures 3.4(b), 3.5(b), and 3.6(b), respectively. The optical 

absorption, α (ν) at higher energy (≥10
4
 cm

-1
) above the exponential tail follows the 

power law given by Davis and Mott(Anigrahawati et al. 2015b) 

                               ( )  
 (     )

 

  
                                                                (3.1) 

Where n is 2 or ½, either indirect or direct, Eg optical band gap energy,  ( )  is 

absorption coefficient 

 The band gap energy values are shown in Table 3.1(a), (b), and (c). Table 

3.1(a-c) show Eg values to decrease when RE ion concentrations increase. The 

indirect band gap energy of the series La oxide-doped  varied from 3.66 to 3.17eV, Ce 

oxide-doped varied from 3.64 to 3.43 eV, and Er oxide -doped varied 3.49 to 2.76 eV 

as shown in Tables 3.1. The increase in non-bridging oxygens in the glass network 

causes this decrease.  
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Figure 3.4 The UV-Vis spectra of 50P2O5- (50-x)CaO-xLa2O3  glasses  (a) 

absorbance and (b)  optical band gap energy obtained from Tauc plots. 

 

Figure 3.5 The UV-Vis spectra of 50P2O5-(50-x)CaO-xCeO2  glasses  (a) 

absorbance and (b)  optical band gap energy obtained from Tauc plots. 
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Figure 3.6 The UV-Vis spectra of 50P2O5- (50-x)CaO-xEr2O3  glasses  (a) 

absorbance  (b)  optical band gap energy  obtained from Tauc plots 

 3.3 Conclusions  

 Rare earth (Er
3+

, La
3+

, Ce
4+

) ions added to calcium phosphate glasses were 

synthesized by melt quenching. The influence of rare-earth oxide doping on the 

physical, optical, and structural properties of calcium phosphate glass was 

investigated.  The FTIR study showed that adding up to five mol. % of rare earth 

(Lanthanum, Cerium, and Erbium) oxides added to the calcium phosphate glass did 

not affect the primary phosphate glass network. Results from XRD showed that the 

glasses remain amorphous after addition. The densities of samples increased by 

replacing the CaO with La2O3, CeO2, Er2O3, which could be due to rare earth ions 

higher molecular weight than the other oxides in the glass matrix and cation field 

strength. NBO production causes an increase in molar volume. The optical absorption 

edge shifted to longer wavelengths with increased REI content, and the optical band 

gap decreased. More non-bridging oxygens are produced as the REI content increases, 

enhancing the refractive indices. With the increase in ion concentration, the inter-

nuclear distance decreased, increasing the field strength. 
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CHAPTER 4 

STATISTICAL OPTIMIZATION OF MELT-QUENCHING PROCESS 

PARAMETERS OF RARE-EARTH IONS DOPED CALCIUM PHOSPHATE 

GLASSES USING TAGUCHI METHOD 

Overview 

In this chapter, usage of the Taguchi method of Design of Experiments is 

examined. For this purpose, the melt-quenching approach was used to synthesize rare 

earth (La
3+

, Ce
4+

) ion doped glasses 50P2O5 - (50-x) CaO-xREI, where REI stands for 

the added rare earth ion and x=1 to 3mol.% as L9 orthogonal array. The amorphous 

nature of the generated glasses was established using X-ray diffraction (XRD). The 

Taguchi method of Design of Experiments (DOE) applied to L9 orthogonal array to 

optimise the process parameters of glass preparation utilising the melt quenching 

technique is explained in this chapter. It was investigated how the response parameter 

was affected by process variables such as composition, melting temperature, and 

melting duration. The controllable process parameters with the greatest influence on 

the response parameter (density) were identified using ANOVA on S/N ratios of 

physical or optical components. Using Minitab software, main effects plots and 

response tables were used to identify the ideal process parameter circumstances that 

would result in the most palatable and ideal values of the response parameter 

(density). Analysis of variance (ANOVA) revealed that REI content was the sole 

factor significantly affecting a number of performance indicators, with a 95% 

confidence level. The estimated value and the empirically determined value of the 

density of glass synthesised under optimal conditions were more closely related to the 

ideal set of predicted value. 

4.1 Introduction 

An effective method for choosing the ideal inputs and parameter settings for a 

high-quality output is experiment design. An important part of the experiment design 

is choosing the variables that have an impact on the product's attributes. As many 

parameters as possible should be used in the design to quickly identify non-significant 

parameters(Mohan et al. 2005).. Using simulation or the conventional trial-and-error 
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method, previous investigations in glass research have primarily concentrated on the 

impact of batch composition changes on the characteristics of glass samples. Using 

orthogonal arrays, the Taguchi technique determines the parameters that affect the 

process and the levels at which they should be modified. Before optimizing a design 

to reach mean objective values for output characteristics, the Taguchi method is one 

of the most influential experimental procedures for decreasing variance in design 

parameters. It uses orthogonal arrays to evaluate all design issues with the fewest 

possible experiments. As three process parameters and three levels are selected for 

optimizations, the L9 is chosen in the current project. The factors impacting the 

operation and the levels at which they should be modified are organized using 

orthogonal arrays(Macioszczyk et al. 2015).  

4.2 Results and discussion  

Glasses were made in accordance with the experimental design described in 

Table 2.5 of chapter 2 of this thesis. The produced samples' amorphous nature, short-

range structure  were examined using  X-ray diffraction and the Archimedes method 

is applied for density measurements with xylene(       
 

   
 ) as the immersion 

liquid. 

4.2.1 X-ray Diffraction study 

Figure 4.1(a) and 4.1(b), show X-ray diffraction pattern of synthesized glass 

samples obtained  using a Rigaku Miniflex 600 x-ray diffractometer, at a scanning 

rate of 2  per minute. The samples were scanned with Cu-Kα radiation of 1.542Å 

through 2  ranging from 20  to 80 . The broad hump seen in Figure 4.1 in the region 

20 -30  is caused by the glass network's short-range order, which is common in all 

phosphate glasses(Dutebo and Shashikala 2020; Narayanan and Shashikala 2015a; 

Shelby 2007) indicating the synthesized samples to be amorphous in nature. 
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  Figure 4.1 Patterns of X-ray diffraction in (a) La
3+

 doped and (b) Ce
4+

 doped 

samples prepared for optimization                           

4.2.2 Application of Design of experiment (DOE) Taguchi Method to glasses     

synthesized as L9 orthogonal array 

By using design of experiments (DOE) to optimise the parameters that affect a 

material's properties, one can produce a material with improved 

properties(Montgomery 2017; Narayanan et al. 2015). The statistical design of 

experiments is a vital tool for understanding the relationships between the various 

controllable parameters and for locating the crucial factor that affects a material's 

properties. 

 The process parameters used in this experiment, as well as their levels, are 

listed in Table 4.1. 
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Table 4.1: Melt-quenching Process parameters used in the experiment 

Process Parameters Symbol High medium Low 

Compositions (mol.%)  A 3 2 1 

Melting 

temperature(T) , °C 

B 1300 1250 1200 

Melting time (Time), min C 90 60 30 

 

Using orthogonal arrays, the Taguchi technique determines the parameters that 

affect the process and the levels at which they should be modified. For optimizing a 

design to reach mean objective values for output characteristics, the Taguchi method 

is one of the most effective experimental procedures for decreasing variance in design 

parameters. It uses orthogonal arrays to evaluate all design issues with the fewest 

possible experiments. As three process parameters and three levels of them are 

selected for optimizations L9 orthogonal array is chosen in the current project. 

Taguchi‘s method is used to convert the acquired values of the signal-to-noise 

(S/N) ratios of the response parameter at various levels of process parameters. The 

(S/N) ratios describe the variation in response characteristic across several 

experimental levels of process parameter circumstances. The optimal situation for 

testing is at the process parameter level when the response parameter has the highest 

S/N ratio and lowest variable features. 

S/N ratios are classified as smaller- is- better, larger- is- better, or nominal is the 

best, depending on the desired performance features. Larger is better for glass density 

in this study is chosen, which is ideally suited for many technical applications. The 

density of the synthesized glasses has been chosen as a response parameter in the 

present work as it is one of the basic physical properties that have to be qualified for 

the glass application.                                                     
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4.2.3 Melt-quenching process parameter statistical optimization 

For each factor level combination, mean value of density which is an average of 

three trials of the same composition and the (S/N) signal-to-noise ratios are 

determined. In the present work, a larger is a better condition for density is considered 

due to the fact that the most glass technologies demantg dense and stronger glasses for 

various applications. 

The following is the formula for the larger-is-better S/N ratio for the response 

parameter (Mohan et al. 2005): 

 

 
       {

 

 
∑  

   
 
   }                                               (4.1) 

Where yi  is the average density of i
th

 experiment and n is the total number of 

experiments  

The mean density values of (Lanthanum, Cerium) ion-doped Phosphate glasses, as 

well as their S/N ratios, are shown in Table 4.2.         

After calculating S/N ratios with the larger is better formula, response tables, 

and the major effect of each level of process parameters (compositions, 

melting/socking temperature, and durations of melting) on density were created. Table 

4.3 and Table 4.4 are the response tables for S/N ratio for larger is better and the mean 

of response parameter, density. The main effect plot for the S/N ratio of density is 

depicted in figure 4.2. 
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Table 4.2 S/N ratio and mean values of a measured density of (La
3+

, Ce
4+)

 doped 

Phosphate glass  

Exp.  La
3+

 doped Exp.  Ce
4+

 doped  

Mean  Value S/N ratios Mean value  S/N ratios 

T1 2.7370 8.74550 E1 2.7230 8.70095 

T2 2.8130 8.98339 E2 2.7270 8.71370 

T3 2.7290 8.72007 E3 2.7150 8.67540 

T4 2.7015 8.63210 E4 2.6430 8.44194 

T5 2.7230 8.70095 E5 2.6810 8.56594 

T6 2.7630 8.82762 E6 2.6570 8.48783 

T7 2.6590 8.49437 E7 2.6100 8.33281 

T8 2.7210 8.69457 E8 2.6920 8.60150 

T9 2.7130 8.66900 E9 2.6910 8.59827 

 

Table4.3 (a) Response table for Signal- to- Noise(S/N) ratio for larger is better 

characteristics of Lanthanum oxide doped sample    

Level La
3+

 compositions (mol%) Temperature (C) Time   (min.) 

 A B C 

1 8.619 8.739 8.638 

2 8.720 8.793 8.761 

3 8.816 8.624 8.756 

Delta 0.197 0.169 0.123 

Rank 1 2 3 
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Table4.3 (b) Response table for Signal- to- Noise(S/N) ratio for larger is better 

characteristics of Cerium oxide doped sample   

    

Table 4.4 (a) Response table for means of density of Lanthanum oxide doped  

 

 

 

 

 

 

 

 

 

 

Level Ce
4+

 Compositions 

(mol. %) 

Temperature(°C) Time (min) 

 A B C 

1 8.511 8.587 8.525 

2 8.499 8.627 8.585 

3 8.697 8.492 8.597 

Delta 0.198 0.135 0.072 

Rank 1 2 3 

Level La
3+

 compositions 

(mol. %) 

Temperature 

(°C) 

Time 

(min.) 

 A B C 

1 2.698 2.735 2.704 

2 2.729 2.752 2.742 

3 2.760 2.699 2.740 

Delta 0.062 0.053 0.039 

Rank 1 2 3 
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Table 4.4 (b) Response tables for means of density of Cerium oxide doped 

 

 

Figure 4.2(a) Main effects plots for Signal-Noise ratio of the density of Lanthanum 

oxide doped glass 

 

Level Ce
4+

  compositions 

(mol. %) 

Temperature 

(°C) 

Time 

(min) 

1 A B C 

2 2.664 2.688 2.669 

3 2.660 2.700 2.687 

4 2.722 2.659 2.691 

Delta 0.061 0.041 0.022 

Rank 1 2 3 
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Figure 4.2(b) Main effects plots for Signal-Noise ratio of the density of Cerium 

oxide doped glasses  

The Delta value shown in table 4.3 is obtained by finding out the difference 

between the maximum and minimum values of mean    ⁄  ratios of a particular 

response parameter at a particular level. Since the larger the better condition is 

chosen, the maximum delta value is awarded rank 1 and so on. Table 4.3a, Table 4.3b, 

and Figure 4.2 reveal that the rare earth ion composition has the greatest effect on the 

density signal-noise-ratios (rank1), while the duration of the socking time has the least 

effect (rank3). Similar delta values obtained and rank awarded for average densities 

are shown in table 4.4. The major effect plot in figure 4.2 demonstrates, that 

compositions (A, rank 1, level 3), melting temperature (B, rank2, level2), and 

durations(C, rank3, level2) have a maximum value of   ⁄  ratios satisfying larger-the 

better conditions. 
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So, A3B2C2 combination is the ideal setting for experimenting to produce a 

larger density for Lanthanum oxide doped Calcium phosphate glasses, on the other 

hand, A3B2C3 combinations correspond to cerium doped glass samples.  

The Signal-Noise ratio of the density is subjected to Analysis of Variance 

(ANOVA) using the software Minitab19 to identify particular elements that have a 

substantial impact on the response parameter. The composition of both Lanthanum 

(La
3+) 

and Cerium (Ce
3+

) ions has a substantial impact on the density of the glass, as 

indicated in ANOVA results in Table 4.6 with a 95% confidence level. The major 

parameters collected by ANOVA are utilized to forecast the ideal density value. 

Table 4.5 Analysis of Variance (ANOVA) for Transformed Response a) Lanthanum 

oxide doped glasses and b) Cerium oxide doped glasses 

a) La
3+

-doped glasses  

Source DF Seq SS Contribution Adj SS Adj MS F-

Value 

P-Value 

La
3+  

Composiotion 

(mol%) 

2 0.005687 40.99% 0.00568

7 

0.00284

4 

6.63 0.131 

Melting 

Temperature(c) 

2 0.004440 32.00% 0.00444

0 

0.00222

0 

5.17 0.162 

Time(Min.) 2 0.002890 20.83% 0.00289

0 

0.00144

5 

3.37 0.229 

Error 2 0.000858 6.19% 0.00085

8 

0.00042

9 

   

Total 8 0.013875 100.00%        
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b) Ce
4+

-doped glasses  

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Ce
4+  

Composiotions 

(mol. %) 

2 0.017122 88.48% 0.017122 0.008561 41.85 0.023 

Melting 

Temperature(°C) 

2 0.001104 5.70% 0.001104 0.000552 2.70 0.270 

Time(Min.) 2 0.000717 3.71% 0.000717 0.000359 1.75 0.363 

Error 2 0.000409 2.11% 0.000409 0.000205     

Total 8 0.019352 100.00%         

 

From Table 4.5a (La
3+

 doped), it can be observed that the contributions of 

compositions, melting temperature, and duration of melting are 40.99%, 32.00%, and 

20.83%, respectively, similarly, from Table 4.5b, it can be seen that the 

compositions(88.48%), melting temperature(5.70%), and duration of melting(3.71%) 

in Cerium doped calcium phosphate glasses according to ANOVA for transformed 

responses. From this reading, it can be concluded that the density of Lanthanum ion-

doped glasses is impacted significantly by compositions and melting temperature 

parameters. But for cerium doped samples the most significant affecting parameter is 

Composition.    

Following equation can be used to estimate optimal response parameter values.  

        ∑(     )

 

   

                                                                   (   ) 

Where                  are the response parameters‘ optimum values, overall mean 

value and mean values at optimal levels, where n is the number of process parameters 

that have a substantial impact on the response. 
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Table 4.6 optimized process parameters and the corresponding density values  

Response Parameters  Density 

 La
3+

-doped  Ce
4+

-doped  

Optimal parameters confirmation  A3B2C2 A3B2C3 

Significant parameters 

(95% confident level)   

A,B A 

Predicted optimum value  2.722 2.673 

Experimental value at an optimum level 2.737 2.672 

 

Table 4.6 illustrates the experimental value of response achieved by repeating 

the confirmatory experiment at the optimum level of process parameters, as well as 

the ideal density value predicted using equation(4.2). The experimental density values 

found by doing the confirmatory experiments at the optimum level for Lanthanum 

oxide doped (A3B2C2) and Cerium oxide doped (A3B2C3) glasses show good 

agreement with the predicted values. 

4.3 Conclusions 

The melt-quenching process was used to make rare earth (La
3+

, Ce
4+

) ions 

doped 50P2O5 - (50-x) CaO-xREI glasses (where RE indicates rare-earth ions and x=1 

to 3mole %). The amorphous behavior of the produced glasses was confirmed using 

X-ray Diffraction analysis. The Taguchi approach of Design of Experiments (DOE) 

with orthogonal array (L9) was used to optimize the process parameters of glass 

preparation utilizing the melt quenching technique. The influence of process variables 

composition, melting temperature, and melting time on the response parameter 

(density) was investigated. The rare-earth ions (Lanthanum, Cerium) composition has 

a vital effect on the density S/N ratio and has a higher percentage of contribution in 

comparison with melting temperature and durations of melting. It has been discovered 

that as the rare-earth ion content rises, density rises as well. Using the primary effect 

plot of the S/N ratio, the ideal condition for density is found to increase the quality of 

the response parameter. 
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CHAPTER 5 

EFFECT OF RARE EARTH ION DOPING ON THE PHYSICAL, 

STRUCTURAL AND OPTICAL PROPERTIES OF SILVER OXIDE-

CONTAINING CALCIUM PHOSPHATE GLASSES 

Overview 

This chapter presents the structural, physical, and optical properties of 50P2O5-

(50-x) CaO-xEr2O3-4Ag2O-4SnO(mol.%) glasses. The composition and nomenclature 

of these glasses are shown in Table 2.4. A series of calcium phosphate glasses with 

erbium oxide containing equal amounts of silver oxide and Tin oxide were 

synthesized using the melt-quenching process. X-ray diffraction (XRD), SEM with 

EDAX, Fourier transform infra-red (FTIR), UV-VIs-NIR, and density measurements 

were used to evaluate the produced glass samples at room temperature. The XRD 

spectra obtained in this study showed that the glass samples were amorphous. Molar 

volume and atomic packing density were derived from observed density to analyze 

structural changes in the glass matrix. The density measurements showed that the 

density increased linearly with the concentration of erbium oxide, from 2.817 to 3.078 

g/cm
3
 indicating that the glass strength increased. Similarly, the molar volume of the 

sample increased from 37.951 to 42.217cm
3
/mol. Due to the presence of erbium ions, 

UV–Vis spectroscopy revealed nine f–f electronic transitions for the examined 

system. With the partial replacement of CaO with Er2O3 in the glass batch, optical 

parameters of synthesised samples, such as optical band gap energy, decreased while 

Urbach energy and refractive index increased. The calculated changes in measured 

optical characteristics were supported by calculations of theoretical optical basicity 

and metallization criteria of glasses. Furthermore, the values of optical band gap 

energy (Eg) demonstrated that when the erbium ion content grows, the Eg values fall, 

owing to the increase in network's non-bridging oxygen atoms. Fourier-transformed 

infrared spectroscopy was used to investigate the glasses' local structure. The results 

revealed that the glass network primarily comprised metaphosphate units, with 

smaller amounts of ultraphosphate and pyrophosphate units.  
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 5.1 Introduction  

Among the various rare earth oxides doped calcium phosphate glasses, Erbium 

oxide doped calcium phosphate glass system was selected to add silver oxide and an 

equal amount of tin oxide as a reducing agent.  

5.2 Results and discussion 

Erbium oxide-doped CPAS glasses with the compositions listed in Table 2.2 

were prepared. Absorption spectra and FTIR spectra were analysed. The following 

sections explain the experimental results of these glasses. 

5.2.1 X-ray diffraction study 

Figure 5.1 shows the XRD patterns for Erbium ion-doped 50P2O5 - (50-x) CaO-

xEr2O3-4AgO-4SnO phosphate-based glass samples. The samples were analyzed 

using a Rigaku Miniflex 600 X-ray diffractometer, and at a scan rate of 2degree  per 

minute, the samples were scanned with Cu-Kα radiation of 1.542Å through 2  ranging 

from 10 to 80 degrees. The hump seen between 20 -30  is caused by the glass 

network's short-range order, which is common in all phosphate glasses(Dutebo and 

Shashikala 2020; Hraiech et al. 2013b; Shelby 2007). The glasses that had been made 

were amorphous 

 

Figure 5.1 Patterns of X-ray diffraction in samples 50P2O5-(50-x) CaO-xEr2O3-

4Ag2O-4SnO    where x=0, 0.5, 1, 1.5, 2.5 and 5mol% 
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5.2.2 Density and molar volume  

Density is a crucial factor in the physical characteristics that affect how compact 

the structure is and how the geometrical arrangements of the glass matrix 

change(Shelby 2007; Varshneya and Mauro 2019a; Zaman et al. 2022). 

Density (ρ) was measured using the Archimedes method given in equation 2.2 

in chapter 2 of this thesis with the precision of (0.001). From Table 5.1 and Figure 

5.2, the density (ρ) and molar volume (Vm) of synthesized glasses were found to 

increase as a function of Er2O3 concentrations. According to the density 

measurements, the density increased with the concentration of Er2O3, from 

2.817(CPAS) to 3.078 g/cm
3
 (CPEAS5), and the molar volume rose from 37.951 to 

42.217cm
3
/mol. The molecular weight of Er2O3 (382.516 g/mol) is higher than that of 

P2O5, Ag2O, SnO, and CaO, which have molecular masses of 141.9, 231.73, 134.71, 

and 56.08 g/mol., respectively. This explains the increased density of the glasses. Due 

to the increase of rare-earth ions, the glass matrix becomes denser(Amjad, M. R. 

Sahar, et al. 2012; Soltani, Hraiech, Horchani-Naifer, Massera, et al. 2016). The rates 

of change in molecular weight and density have an impact on the change in molar 

volume. The development of non-bridging oxygen (NBO), which extends the network 

structure of Calcium-phosphate glass, may be accountable for the samples' increased 

molar volume. This increase might be caused by the inclusion of rare-earth ions with 

larger radii than other glass matrix ingredients, which leads to the creation of non-

bridging oxygens. However, the relative rise in molecular weight outweighs the 

relative increase in density. The increase in Er2O3, which causes the rise in the 

number of non-bridging oxygens is associated with an increase in the molar volume 

of the glass systems (NBOs)(Effendy et al. 2017; Faznny, Halimah, and Azlan 2016). 

Many parameters, such as changes in the bond length of the substituted cations, 

directly impact the molar volume values. As a result, the data acquired revealed the 

increase in molar volume. Similar properties have also been seen in other glass 

systems(Amjad, M. R. Sahar, et al. 2012; Bhattacharya and Shashikala 2018; 

Chimalawong et al. 2012; Damas et al. 2012). 
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Figure 5.2 Density and Molar volume of the 50P2O5-(50-x)CaO-xEr2O3-4Ag2O-

4SnO    x= 0, 0.5, 1, 1.5, 2.5 and 5 (mol.%) 

5.2.2.2 Physical Parameters  

For the prepared glasses, physical parameters like Erbium ion Concentration 

(NEr), Polaron radius (   ), inter-nuclear distance (ri), and field strength (F) were 

calculated using equations 5.1-5.4 (Alqarni et al. 2020; Dutebo and Shashikala 2020), 

and the values are tabulated in Table 5.1. 

Erbium ion Concentration (NEr) in (ions/cm
3
) 

                                   
                    

  
                                                    (5.1) 

Where    is Avogadro's number, 
 
 is the density of the sample, and NEr is Erbium 

ion Concentration 

Polaron radius,   (Ǻ)  is given as 

                                                
 

 
 √

 

    

 
                                                        (5.2) 
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Inter-nuclear distance (   ) in (Ǻ) 

                                                          

   √
 

   

 
                                                              (5.3) 

Field Strength (F) in (cm
-2

) 

                                                              
 

   
                                                          (5.4) 

Where Z is the atomic number of Rare earth elements, and rp is Polaron radius 

Table 5.1 Molecular mass, Density (ρ), Molar Volume, Ion Concentration(NEr),  

Polaron radius (rp), Inter ionic distance  (ri), Field Strength(F),  Index of 

refraction, and Metallicity Factor (Mc) of the investigated glasses 

Physical properties  Sample Code 

CPAS CPEAS

.5 

CPEAS1 CPEAS1.

5 

CPEA

S2.5 

CPEAS

5 

Molecular mass 

(g/mole) 

113.64

64 

115.27

70 

116.9104 118.5390 121.80

90 

129.968

0 

Density ρ (g/cm
3
) 2.817 2.826 2.903 2.947 2.992 3.078 

Molar Volume 

(cm
3
/mol.) 

40.336 40.792 40.272 40.222 40.704 42.217 

Ion Concentration(N), 

10
22

 * (ions/cm
3
) 

- 2.823 5.718 8.588 14.144 27.276 

Polaron radius rp ( Å) - 1.3185 1.0460 0.9134 0.7734 0.6214 

Inter ionic distance  ri ( Å) - 3.2842 2.595 2.2665 1.9192 1.5419 

Field Strength(F),   

10
17

  (cm
-2

) 

- 1.7249 2.7419 3.5958 5.0154 7.769 

Refractive index (n) 1.547 1.512 1.535 1.548 1.564 1.572 

Metallicity Factor(Mc) 0.6838 0.6999 0.6886 0.6824 0.6747 0.6747 
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The above relations(Algradee et al. 2017; Alqarni et al. 2020; Dutebo and 

Shashikala 2020) were used to get the polaron radius (rp), mean inter-ionic distance 

(ri), Erbium ion concentration (NEr), and field strength (F). 

From Table 5.1 for the prepared samples, it can be seen that the value of Erbium 

ion concentration (NEr) increases with erbium content. This may be due to the 

molecular mass of the rare earth oxides. From the table, it can be inferred that a 

general increase in ion concentration in a sample indicates a decrease in the inter-

ionic distance leading to the rise in field strength. Figure 5.3 shows Inter-ionic 

distance (ri) and Field strength interms of Erbium ion content. The observed decline in 

ri with rising Er2O3 is connected to the rising Er-concentration value. This causes the 

Er-O distance to decrease, and as a result, the strength of the Er-O bond increases, 

creating stronger field strength near Er
3+

 ions(Algradee et al. 2017). 

 

Figure 5.3 Inter-ionic distance and field strength variations in glasses as a function 

of Er2O3 concentration 

With an increase in Er
3+

 ion concentration, it can be seen that the average 

molecular weight rises while the interatomic distance falls; this suggests that the 

atoms in the titled glass network are packed more closely. 
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5.2.3 Refractive index and Metallization criterion 

The molar refractivity of a material is a critical quality derived from optical 

(refractive index) and structural (density and average molecular weight) variables that 

describe its polarizability. The electron density, glass composition, density, molar and 

ionic refractivity, and polarizability of the anions in the glass influence the refractive 

index. Oxygen ions provide a significant contribution to the refractive index. Non-

bridging oxygen ions, in particular, are more polarisable than bridging oxygen ions, 

resulting in a greater refractive index. When network modifiers like CaO are added to 

phosphate glasses, the P–O–P linkages are broken, resulting in non-bridging oxygen 

ions and electric dipoles which makes the refractive index to increase(Venkateswara 

Rao and Shashikala 2014b).  

The Lorentz-Lorenz formula connects two fundamental parameters that affect 

refractive index(n), density, and mean polarizability(Kakiuchida, Saito, and Ikushima 

2004). The refractive index (n) of glasses is a critical optical feature for photonic 

devices, such as fiber optics doped amplifiers. The electron density and glasses' 

electronic polarizability (α) are related to this feature(Gomes et al. 2017; Reddy et al. 

2001). An increase in measured refractive index as a function of Er2O3 content is 

tabulated in the table 5.1. The range was 1.514 to 1.572, with the rise in 'n' being 

proportional to the increase in density. Also, using the well-known Clausius-Mosotti 

relation(Reddy et al. 2001), the electronic polarizability (α) of glasses was 

computed(Gomes et al. 2017). Clausius-Mosotti relation is given below. 

                       (
 

    
) (

    

    
)                                                        (5.5) 

where NA denotes the Avogadro number, n the refractive index, and Vm the volume of 

a molar of glasses. 

The difference in electronic polarizability between the doped erbium ion and the 

host component causes the n variation induced by the dopant at a visible wavelength. 

Furthermore, the dopant may cause a structural change, such as a reorganization of 

the P2O5 tetrahedral network, and this structural change may affect 'n' (Kakiuchida et 

al. 2004). 
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 5.2.4 Metallization criterion 

According to Bhattacharya & Shashikala, (2018b), the metallization criteria of 

material indicate the substance's non-metallic nature based on its bandgap energy. 

According to the Herzfeld theory of metallization(Herzfeld 1927), materials with a 

metallization requirement close to 1 are typical insulators.  

                                             (
    

    
)                                                     (5.6) 

Materials having a lower metallization criterion value, which is close to zero, 

show metallic properties. The values of  calculated metallization factor of the 

prepared glasses are 0.6838, 0.6999, 0.6886, 0.6824, 0.6747, and 0.6747  for different 

compositions of Er2O3 as seen in Table 5.1.  The results indicate that all the 

synthesized glasses tend to be insulators. 

5.2.5 FTIR Analysis 

It is well known that the fundamental building blocks of phosphate glasses are 

PO4 tetrahedra(Brow 2000; Qian, Yang, et al. 2012; Shelby 2007). The Q
n
 notation 

expresses tetrahedral units, where n is the number of bridging oxygens (BOs) that 

connect nearby P-tetrahedra. Q
3
 P-tetrahedra forms a three-dimensional cross-linked 

network with three BOs and one double-bound oxygen in the vitreous P2O5 structure. 

The structural elements Q
3
 and Q

2
 P-tetrahedra are both present in ultraphosphate 

glasses. The modifying cation polyhedra and the Q
2
 P-tetrahedra share two terminal 

oxygens in the metaphosphate glasses. Long chains are formed by the Q
2
 tetrahedra 

linking (or rings). Making phosphate glasses based on pyrophosphate (Q
1
) and 

orthophosphate (Q
0
) is also feasible. 

Phosphate glasses are generally hygroscopic(Brow 2000; Hoppe 1996; Shelby 

2007). It was reported by earlier workers that the addition of CaO, Er2O3, Ag2O, and 

SnO to P2O5  produced connected PO4 structural units. The phosphate network was 

compacted by covalent bonding of oxygens in the newly generated structural units, 

and water resistance, chemical durability, and mechanical qualities were all improved 

by compaction(Saddeek et al. 2018). 
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The Fourier transform infrared (FTIR) transmittance spectra of glasses CP, 

CPAS, CPEAS1, CPEAS2.5, and CPEAS5 are presented in Figure 5.4. The FTIR 

spectra of glasses were measured in the 400–4000 cm
-1 

wavenumber range. The band 

around 1634 cm
-1

 is caused by the P-OH vibration(Saddeek et al. 2018). The 

asymmetric stretching of P=O and the vibration of [PO2] are responsible for the peak 

at 1257–1300 cm
-1

(Saddeek et al. 2018)(Liu et al. 2016b). The symmetrical stretching 

vibration of [PO4] is ascribed to the small band at 1050 cm
-1

. The bending vibration of 

P-O-P causes the band to be around 710–782 cm
-1

. 

As the concentration of Er2O3 grows, the band at 770 cm
-1

, which represents the 

vibration of P-O-P, gradually decreases. This behavior shows that P-O-Er eventually 

replaces P-O-P in the glass structure, potentially lowering the peak's intensity. The 

band near 1300 cm
-1

, caused by the vibration of P=O and [PO2], rapidly decreases as 

the concentration of Er2O3 increases. It means that the P=O in the structure will split 

and produce a new P-O-Er, which improves structure compactness and thereby 

increase the density of the glass.  

As the concentration of Er2O3 increases, the O/P ratio steadily increases from 

3.00 to 3.28, indicating a change in glass structure from Q
2
 chains to Q

1
 species. P-O-

P is substituted with P-O-Er, resulting in a more compact structure(Liu et al. 2016b). 

The bands associated with PO2 group vibrations, the bands related to symmetric 

stretching vibrations of PO4
3
 in Q

2
 units, and the bands associated with H–O appear 

compositionally independent(Saddeek et al. 2018). In addition, three influential bands 

have been observed to expand. As Er2O3 Increases, their position shifts to a higher 

wavenumber, and their intensity increases. These bands are related to asymmetric 

vibrations of P–O–P, symmetric stretching vibrations of P–O–P, and vibrations of P–

O overlapped with structural unit vibrations. 

The addition of Er2O3 polymerized the local structure around atoms by 

shortening the phosphate chain's bond length and increasing the O/P ratio(Saddeek et 

al. 2018). The high value of the bond strength of Er–O correlated with that of P–O can 

also be attributed to polymerization. As a result, the OH content and, as a result, the 

optical losses are reduced, indicating that the investigated network modified by Er2O3 
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is appropriate for optical applications and can provide a chemical environment that is 

quite suitable for Er
3+

. 

 

Figure 5.4 FTIR (Fourier Transform Infrared) spectra of the investigated glass 

system 50P2O5–(50-x) CaO– xEr2O3  -4Ag2O–4SnO  with  (x = 0 to 5 mol%)   

The metaphosphate chains are depolymerized and the quantity of non-bridging 

oxygen atoms is increased as a result of the RE ions, which are implanted in the 

phosphate network and acting as vitreous network modifiers(Elisa et al. 2021). The 

RE-O-P bonds provide non-bridging oxygen, increasing their chemical resistance(Li 

et al. 2014). 

Table 5.2 lists the vibrational modes assigned to the FTIR analysis, which is 

consistent with the literature. The presence of Er
3+

 ions influences the surrounding of 

the P–O bond. According to the FTIR spectra and band assignments, it occupies a 

position by a partial rupture of the phosphate network. 
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Table 5.2 The FTIR spectra bands of CP, CPAS, CPEAS1, CPEAS2.5, and 

CPEAS5 glass samples with band assignments. 

Sample code Band Assignment References 

CP CPA

S 

CPEA

S1 

CPE

AS2.

5 

CPE

AS 5 

- 504-

540 515 

523 513 Bending   mode of  O-P-

O  groups   in the Q
1
 

structure 

(Alqarni et al. 2020; Li 

et al. 2019b; Liu et al. 

2016b) 

710-

788 

733 717 730 744  Symmetric stretching 

vibrations of P−O−P in 

the Q
2
 tetrahedral   ν

s
 

(P―O―P) 

(Dutebo and Shashikala 

2020; Saddeek et al. 

2018; Venkateswara 

Rao and Shashikala 

2014b)  

880-

919 

912 

912 

922 915 Asymmetric stretching 

vibrations of P−O−P 

linked with linear 

metaphosphate chain  

(Li et al. 2019b; 

Narayanan and 

Shashikala 2015a; 

Qian, Liang, et al. 

2012b) 

1266 1261 1262-

1284 

1263 1268  asymmetric  Stretching 

vibrations of non-

bridging oxygen of  

O―P―O   linkage  of  

(PO2) groups in  Q
2
 Units 

(Elisa et al. 2021). 

(Dutebo and Shashikala 

2020) 

1332 1328 1335 1333 1337 P = O   asymmetric 

Stretching mode of  the 

Phosphate tetrahedra 

(Li et al. 2019b; Shi et 

al. 2019; Venkateswara 

Rao and Shashikala 

2014b) 

1384

-

1408 

1385 

1386 

1407 1384 P = O  Stretching mode 

of  the Phosphate 

tetrahedra 

 (Li et al. 2019b; Shi et 

al. 2019; Venkateswara 

Rao and Shashikala 

2014b) 

1588 1634 

1631 

1629 1637 Deformation mode of  

OH groups, water groups 

, H-O-H 

(Chowdhury et al. 

2019; Li et al. 2019b; 

Qian, Liang, et al. 

2012b) 

5.2.6 UV–Vis spectroscopy 

Understanding the electronic band structures of glasses can be accomplished by 

studying optical absorption in the UV region. The fundamental absorption edge is the 

wavelength corresponding to the abrupt increase in absorption coefficient. Glasses 
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will be opaque to electromagnetic radiation over this UV "cut-off" value. When the 

photon energy exceeds the optical band gap between the valence and conduction 

bands at wavelengths less than 200 nm, the majority of oxide glasses become opaque. 

Measuring this band gap in glasses can reveal structural changes and the type of 

chemical bonds present in the matrix(Mallur et al. 2015). 

Table 5.3 Absorption Transitions (From the Ground State, 
4
I15/2 ) to another exited 

states of  CPEAS5 glass 

 

Figure 5.5 shows the absorption spectra of Er
3+ 

doped Phosphate glasses 

containing silver and tin oxide. Considering 5mol% of Erbium ion doped glass sample 

with 4mol% of silver and tin oxides coded as CPEAS5 in Figure 5.4, the spectra 

exhibits approximately nine transitions in the range of 300 to 800 nm. These 

transitions from the ground state to the indicated excited states are observed and 

ascribed to the Er
3+

 characteristic bands 362nm(
4
H9/2), 376nm(

4
G11/2), 406nm(

2
G9/2), 

450nm(
4
F5/2), 486nm(

4
F7/2), 519nm(

2
H11/2 ), 541nm(

4
S3/2), 650nm(

4
F9/2 ), and 

797nm(
4
I9/2) (Ahmadi et al. 2018; Mariselvam et al. 2019; Reddy et al. 2011; Soltani, 

Hraiech, Horchani-Naifer, Massera, et al. 2016).  The samples doped with different 

S.No. Transitions 

4
I15/2→ 

 absorption peaks (nm) 

Present 

work 

References 

CPEAS5 (Amjad, 

M.R. Sahar, 

et al. 2012) 

(Soltani, Hraiech, 

Horchani-Naifer, 

Massera, et al. 2016) 

(Mariselvam, Kumar, 

and Rao 2019) 

1.  
4
H9/2

 
362   360 

2.  
4
G11/2

 
376 375 

 

375 373 

3.  
2
G9/2

 
406 405 405 406 

4.  
4
F5/2

 
450 451  450 

5.  
4
F7/2 486 488 488 487 

6.  
2
H11/2 519 520 520 521 

7.  
4
S3/2

 
542 543  540 

8.  
4
F9/2 650 650 650 651 

9.  
4
I9/2

 
797 808 808 802 
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amounts of erbium ions have almost similar spectra with the intensities of the 

absorption peaks increasing with composition of Erbium oxide in CPEAS5. 

 

 

Figure 5.5 UV-Vis Absorbance of Erbium oxide doped CPAS system 

5.2.6.1 Optical band gap  and Urbach energy 

The bandgap energy is defined as the difference in energy between the valence 

and conduction bands. Optical absorption coefficients have been used to assess this 

attribute in both crystalline and amorphous materials(Gomes et al. 2017; Shelby 

2007). Using the following equations(Tauc and Menth 1972). 

                                          (     )
 
                             (5.7) 

n = 1/2 for direct allowed transition and n = 2 for indirect allowed transition, where   

is the optical absorption coefficient,    refer to photon energy, and n is an index 

number connected to distinctive band gap transition.  
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Table 5.4 Indirect Band gap Energy and urbach energy of synthesized glasses 

Sample Code Indirect Band gap 

Energy (eV) 

Urbach Energy (eV) 

CPAS 3.61 0.37 

CPEAS.5 3.41 0.34 

CPEAS1 3.29 0.33 

CPEAS1.5 3.19 0.32 

CPEAS2.5 3.56 0.36 

CPEAS5 3.05 0.29 

 Band gap energy and Urbach energy are calculated using equations mentioned 

in chapter 2. The calculated values of indirect band gap energy of the samples as 

tabulated in Table 5.3 which is decreasing from 3.61eV (CPAS) to 3.05eV (CPEAS5) 

with Erbium oxide addition, showing that the lattice characteristics have changed and 

that is due to  non-bridging –oxygen(NBO) formation. The increase in non-bridging 

oxygens in the glass network is what causes this decline(Hraiech et al. 2018). 

 

Figure 5.6 Tauc plot of direct bandgap energy of CPAS, CPEAS.5, CPEAS1, 

CPEAS1.5, CPEAS2.5, and CPEAS5. 
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The Urbach energy is calculated using absorption spectra, a technique for 

analyzing optical transitions and electronic band structures(Arifin et al., 2015). The 

exponential character of the absorption coefficient towards the absorption edge is 

indicated by the linear variation in UV absorption, which follows an exponential 

behavior obeying Urbach's empirical relation(Anigrahawati et al. 2015a) 

                                                ( )       (
  

  
)                                                 (5.8) 

where    is constant and    is the width of the localized states in the forbidden 

energy gap 

Table 5.4 lists the Urbach energy values of the prepared samples. The difference in 

particle sizes and shapes is responsible for the variation in Urbach energy when Er2O3 

oxide concentration increases. 

 

Figure 5.7 The  urbach energy diagram of investigated glass system 50P2O5–(50-

x)CaO-xEr2O3  –4Ag2O–4SnO with  (x = 0 to 5 mol%)   

5.2.7 EDAX analysis 

The EDAX analysis gathered detailed information about the predicted elemental 

(chemical) reagents in the glass sample. The representative EDAX spectrum of the 

CPEAS1 glass sample is shown in Figure 5.8. The presence of Calcium (Ca), silver 

(Ag), oxygen (O), tin (Sn), phosphorous (P), and Erbium (Er) elements in the glass 

are confirmed in the EDAX analysis. 
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Figure 5.8 The EDAX spectrum of CPEAS1 glass. 

5.3 Conclusion  

Rare earth (Er
3+

) ions doped CPAS were successfully synthesized by melt 

quenching. The results of the FTIR study showed that Erbium ions doped to the 

CPAS glass did not affect the basic structure of the phosphate glass network. The 

densities of samples increased by replacing the CaO with   Er2O3, which could be due 

to the larger molecular mass and cation field strength. With an increase in ion 

concentration, the internuclear distance decreased, leading to an increase in field 

strength. The values of the Metalicity factor (Mc) showed that they were nearing unity 

rather than zero, implying the samples were more insulating. The optical band gap 

energy decreased as the Er2O3 content in the glass matrix increases, showing that the 

lattice characteristics have changed and that non-bridging –oxygens have formed. The 

prepared glass may be potentially used as a solid state laser host.  
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CHAPTER 6 

THE EFFECT OF HEAT TREATMENT ON THE STRUCTURAL AND 

OPTICAL CHARACTERIZATION OF SILVER NANOPARTICLES 

EMBEDDED IN RARE EARTH (ERBIUM, EUROPIUM) ION DOPED 

CALCIUM PHOSPHATE GLASSES 

Overview 

The current chapter mentions the preliminary investigations on the impact of 

various heat treatment durations on the structural and optical characteristics of glasses 

with embedded silver nanoparticles with the compositions 50P2O5 - 49 CaO-1REI 

(mol%)  (Where REI=Er,  Eu). Glasses co-doped with silver oxide and tin oxide were 

made using the standard melt-quenching method with a modified synthesis path. To 

convert silver ions (Ag
+
) into silver nanoparticles (NPs) (Ag

0
), subsequent heat 

treatment was used, with various time intervals (0, 3, 10, 25, 50 hrs.) at a temperature 

of 550 . X-ray diffraction(XRD), EDX analysis, Fourier transform infrared (FTIR 

spectroscopy), HRTEM, UV-Vis absorption spectroscopy, photoluminescence (PL) 

spectroscopy, and density measurements were used to evaluate annealing time-

dependent structural, physical and optical features of manufactured glass samples. 

The primary metaphosphate glass structure had not been affected by the production or 

development of silver nanoparticles, according to Fourier-infrared (FTIR) 

spectroscopy. In order to investigate the optical characteristics of silver in the various 

oxidation and aggregation states found in the obtained samples, optical absorption and 

photoluminescence (PL) spectroscopy were used. The existence of highly crystalline, 

well disseminated, non-agglomerated silver nanoparticles in the heat treated samples 

was confirmed by TEM images and a selected area electron diffraction (SAED) 

pattern. The increase in density indicates the creation of a densely packed structure 

inside the matrix by the precipitated silver nanoparticles. 

6.1 Introduction 

Glasses with the compositions 50P2O5-49CaO-1REI-4Ag2O-4SnO(mol%)  

(Where REI=Er
3+

 and Eu
3+

) were selected to study the effect of heat treatment 
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duration on reduction of silver ions to silver metal nanoparticles. Presence of 

nanoparticles influences the optical properties of calcium phosphate glasses. 

6.2 Results and discussion 

Phosphate glasses are a unique kind of optical glasses made of metal-based 

metaphosphate. The glass melting process is accelerated, and several unique glass 

qualities are enhanced when rare earth ions are used as dopants in the glass matrix. 

Melt quenching was used to develop a phosphate glass system doped with rare earth 

ions. The current study's objective is to ascertain the impact of various heat treatment 

times at a fixed annealing temperature on reduction of silver ions into silver 

nanoparticles in a P2O5 -CaO-REI glass matrix. These glasses' optical, structural, and 

optical characteristics were investigated using FTIR, UV-Visible spectroscopy, and 

their microstructure using transmission and scanning electron microscopy. 

Table 6.1 the sample code and composition of Erbium oxide and Europium oxide 

doped glasses   

Sample code  Compositions (mol%) Duration of heat 

treatment (hrs.) 

a) Erbium oxide doped system 

CPEAS1-0 50P2O5-49CaO-1Er2O3-4Ag2O-4SnO 0 

CPEAS1-3 50P2O5-49CaO-1Er2O3-4Ag2O-4SnO 3 

CPEAS1-10 50P2O5-59CaO-1Er2O3-4Ag2O-4SnO 10 

CPEAS1-25 50P2O5-49CaO-1Er2O3-4Ag2O-4SnO 25 

CPEAS1-50 50P2O5-49CaO-1Er2O3-4Ag2O-4SnO 50 

b) Europium oxide doped system 

CPASEu1-0 50P2O5-49CaO-1Eu2O3-4Ag2O-4SnO 0 

CPASEu1-3 50P2O5-49CaO-1Eu2O3-4Ag2O-4SnO 3 

CPASEu1-10 50P2O5-49CaO-1Eu2O3-4Ag2O-4SnO 10 

CPASEu1-25 50P2O5-49CaO-1Eu2O3-4Ag2O-4SnO 25 

CPASEu1-50 50P2O5-49CaO-1Eu2O3-4Ag2O-4SnO 50 

6.2.1 X-ray diffraction study 

The XRD pattern for the quenched glass samples CPAS, CPEAS1, and 

CPASEu1 exhibits a broad hump typical of the amorphous state, as shown in Figure 

6.1. 
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Figure 6.1 X-ray diffraction patterns of samples CPAS, CPEAS1, and CPASEu1 

without heat treatment  

 6.2.2 Energy Dispersive X-ray analysis (EDAX) of heat treated samples 

The compositions of a number of glasses were ascertained using energy 

dispersive X-ray analysis (EDAX). The EDAX analysis gathered detailed information 

about the elemental (chemical) reagents in the glass sample. The representative 

EDAX spectrum of the CPEAS1-3 glass sample is shown in Figure 6.2. The presence 

of Calium (Ca), silver (Ag), oxygen (O), tin (Sn), phosphorous (P), and Erbium (Er) 

elements in the glass are confirmed in the EDAX analysis. 

 

Figure 6.2 The EDAX spectrum of CPEAS1-3 glass  
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6.2.3 Physical Properties  

Density (ρ) 

The densities of the samples CPEAS1 and CPASEu1 series were calculated 

using the Archimedes technique using Xylene (C6H8) as the immersion liquid. At 

least three samples of each composition were utilised, and the average values were 

reported. Tables 6.2(a) and (b) list the densities of samples of heat treated rare earth 

(Er,  Eu) ion doped calcium phosphate glass with Silver nanoparticles (Ag NPs) that 

were measured and computed using equation (2.4). With Increase in heat treatment 

duration from 0hrs to 50 hrs the density of glasses increased from 2.8783 to 2.8957 

g/cm
3
 for CPEAS1glasses and from 2.8680 to 2.9129 g/cm

3
 CPASEu1glasses. 

According to Som and Karmakar (Karmakar et al. 2010) and Rao and Shashikala(Rao 

and Shashikala 2014), the larger and more evenly distributed precipitated silver 

nanoparticles that create a densely packed structure inside the glass matrix are the 

reason for the rise in density of glasses with increased heat treatment  time. 

Table 6.2(a) Density () and Refractive Index (n) of 50P2O5 - 49 CaO-1Er2O3-

4Ag2O-4SnO (heat treated at 0, 3, 10, 25, and 50hr)   

Sample code Density (g/cm
3
) 

(±0.005) 

Refractive Index(n) 

(± 0.001) 

CPE1 2.6694 1.515 

CPEAS1-0 2.8783 1.529 

CPEAS1-3 2.8805 1.532 

CPEAS1-10 2.8889 1.541 

CPEAS1-25 2.8919 1.543 

CPEAS1-50 2.8957 1.546 
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Table 6.2(b) Density () and Refractive Index (n) of 50P2O5 - 49 CaO-1Eu2O3-

4Ag2O-4SnO (heat treated at 0, 3, 10, 25, and 50hr)   

Sample code Density (g/cm
3
) 

(-/+ 0.005) 

Refractive 

Index(n) 

CPEu1 2.6780 1.510 

CPASEu1-0 2.8680 1.512 

CPASEu1-3 2.8747 1.514 

CPASEu1-10 2.8822 1.515 

CPASEu1-25 2.9121 1.523 

CPASEu1-50 2.9129 1.526 

 

6.2.4 The impact of various heat treatment times on structural investigations 

In this section, FTIR spectroscopy was used to examine changes brought about 

in the local structure of glasses by precipitated nanoparticles in their matrix. In 

addition to that glass samples that had been post-annealed at 550 °C for 0–50 h were 

examined using TEM and XRD to look at the mean particle size and distribution of 

embedded silver nanoparticles. 

6.2.4.1 FTIR Analysis 

        The Fourier transform infrared (FTIR) transmittance spectra of glasses CPE, 

CPEAS1-0, CPEAS1-10, CPEAS1-25, CPEu, CPASEu1-0, CPASEu1-10, and 

CPASEu1-25 are shown in Figure 6.3(a) and (b). The FTIR spectra are measured in 

the region of wave number 400 - 4000 cm
−1

. The respective band assignments are 

shown in Tables 6.3(a), and 6.3(b). 

Similar vibrational bands related with the structure of metaphosphate glass may 

be seen in the FTIR spectra of samples that have been heat treated and those that have 

not been heat treated. This demonstrates that fundamental metaphosphate glass 

structure is not affected by the production or development of nanoparticles, as 

evidenced by the fact that the absorption peaks and line shape of FTIR spectra of 

heat-treated glasses are not significantly different from those of unheated glasses(Kabi 

and Ghosh 2012; Rao and Shashikala 2014b). 
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Figure 6.3(a) Fourier transforms infrared (FTIR) transmittance spectra of the 

CPE1, CPEAS1-0, CPEAS1-10, and CPEAS1-25 glasses  

 

Figure 6.3(b) Fourier transforms infrared (FTIR) transmittance spectra of the 

CPEu1, CPASEu1-0, CPASEu1-10, and CPASEu1-25 glasses  
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Table 6.3 (a) The FTIR spectra peaks of CPE1, CPEAS1-0, CPEAS1-10, and 

CPEAS1-25 glass samples with band assignments. 

Sample code Band Assignment 
CPE1 CPEAS

1-0 

CPEAS1-

10 

CPEAS1-

25 

512 521 
522 

517 Bending   mode of  O-P-O  groups   

in the Q
1
 structure 

738 730 730 739  Symmetric stretching vibrations of 

P−O−P in the Q
2
 tetrahedral   

ν
s
(P―O―P) 

950 920 

931 

949 Asymmetric stretching vibrations of 

P−O−P linked with linear 

metaphosphate chain  

1121 1106 1110 1115 Asymmetric stretch of P-O
−
 groups 

1266 1332 1328 1245  asymmetric  Stretching vibrations of 

non-bridging oxygen of  O―P―O   

linkage  of  (PO2) groups in  Q
2
 

Units 

1634 1638 
1630 

1638 Deformation mode of  OH groups, 

water groups , H-O-H 

 

Table 6.3 (b) The FTIR bands of CPE1u, CPASEu1-0, CPASEu1-10, and 

CPASEu1-25 glass samples with band assignments. 

Sample code Band Assignment 

CPEu

1 

CPASEu

1-0 

CPASE

u1-10 

CPASEu

1-25 

503 500 504 503 Bending   mode of  O-P-O  groups   in 

the Q
1
 structure 

739 730 765 745 Symmetric stretching vibrations of 

P−O−P in the Q
2
 tetrahedral   ν

s
 

(P―O―P) 

890 904 

904 

897 Asymmetric stretching vibrations of 

P−O−P linked with linear 

metaphosphate chain  

1132 1123 1115 1117 Asymmetric stretch of P-O
−
 groups 

1245 1237 1272 1272 asymmetric  Stretching vibrations of 

non-bridging oxygen of  O―P―O   

linkage  of  (PO2) groups in  Q
2
 Units 

1647 1642 
1638 

1647 Deformation mode of  OH groups, 

water groups , H-O-H 
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6.2.4.2 HRTEM Analysis 

The nucleation and growth hypothesis may provide a good explanation for how 

silver nanoparticles develop in the phosphate glass matrix. Tin oxide is added as a 

thermal stabiliser and reducing agent to the glass matrix in the fabrication of the silver 

nanoparticle embedded glass using the traditional melt quenching procedure in order 

to prevent the undesirable homogenous nucleation and crystal development of the 

nanoparticles from the silver oxide(Uchida et al. 1994; Venkateswara Rao and 

Shashikala 2015). Both the reducing agent and the silver are present in the glass 

matrix as dissolved ions at high temperatures during melting. When the melt is rapidly 

cooled and the reduction mechanism that leads to the creation of nanoparticles occurs 

during annealing, the glass system becomes supersaturated with regard to silver. The 

Ag
+ 

ions are converted to Ag
0
 atoms during further post heat treatment at temperature 

of 550°C by the reducing agent Sn
2+

. 

The CPEAS-50 sample's transmission electron micrograph shown in Figure 

6.4(a) reveals non-agglomerated, evenly distributed, spherical silver nanoparticles 

with a narrow distribution. In Figure 6.4 (b), the SAED pattern of the CPEAS-50 

sample shows a variety of circular rings with spots, each of which corresponds to a 

different crystal plane such as to the (111), (200), (220), and (311) planes of the silver 

face centred cubic structure. Figure 6.2(c) displays a histogram of CPEAS-50 sample 

with an average particle size of roughly 12 nm. It is confirmed that the precipitated 

nanoparticles are crystalline by the well-organized and uniform lattice planes visible 

in HRTEM micrographs. Figure 6.4(d) displays one of these planes with d-spacing of 

0.242 nm which is equal to the d111 spacing of the face-centered cubic (fcc) structure 

of silver nanoparticles (Mehtab, Zaidi, and Siddiqi 2018; Robinson et al. 2022).  
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Figure 6.4 The CPEAS-50 (a) TEM micrograph (b) Different silver nanoparticle 

planes are shown in the SAED pattern (c) average particle distribution histogram 

(d) high crystallinity of the silver nanoparticles as shown by a magnified image. 

6.2.4.3Particle Size of CPEAS1 as a function of duration of heat treatment 

Figure 6.5 Shows HRTEM images of glass samples CPEAS1-3, CPEAS1-10, 

and CPEAS1-50 and histogram of nanoparticle distribution of them. Average particle 

Size of CPEAS1 glass series heat treated at 3hr, 10hrs and 50hrs with the resolution of 

20 nm estimated using imagej software and the values are 4.585nm, 5.428nm, and 

9.762nm respectively. The particle size increased with the increase of heat treatment 

duration.  
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Figure 6.5 (a) HRTEM images of  of CPEAS1-3  (b) Histogram of nano particle 

distribution of CPEAS1-3 (c) TEM image of CPEAS1-10, (d) Particle size 

distribution of nanoparticles in CPEAS1-10, (e) HRTEM image of CPEAS1-50, (f)  

shows the size distribution of nanoparticles, of CPEAS1-50 glass samples. 

6.2.5 Photoluminescence (PL) studies 

CPEAS-Series 

The photoluminescence record is taken for the CPEAS1 glass series with 

different excitation wavelength (λex =280nm, 350nm, 370nm, 488nm). There are no 

emission peaks detected for different excitation wavelength used. Only the excitation 

wavelength of 280nm is recorded a prominent emission peaks. 

Figure 6.6 depicts the photoluminescence spectra (PL) of heat treated CPEAS1 

glass series under excitation wave length 280 nm.  
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Figure 6.6 Photoluminescence (PL) spectra of the CPE1, CPEAS1-3, CPEAS1-25, 

and CPEAS1-50 glasses  

It is demonstrated that the peak intensities around 545 and 565 nm have shown to be 

similar for CPE1, CPEAS1-3, CPEAS1-25, CPEAS-50 glass samples. The heat 

treatment duration did not affect the peak intensity. The literature reviews slightly 

supported the present results(Zaman et al. 2022) 

CPASEu-Series 

Strong luminescence in the red spectral region of the trivalent europium ion 

(Eu
3+

) is widely recognized. Figure 6.7 shows the photoluminescence (PL) of 50P2O5 

- 49 CaO-1Eu2O3-4Ag2O-4SnO (heat-treated at 0, 3, 10, 25, and 50hr) glasses in the 

wavelength range between 400 and 750 nm at an excitation wavelength of 397 nm 

recorded at room temperature. Five transitions were visible in each spectrum: 576 nm 

(
5
D1   

7
F2), 590 nm (

5
D0  

7
F1), 612 nm (

5
D0  

7
F2), 652 nm (

5
D0  

7
F3), and 699 nm 

(
5
D0 

7
F4). As shown in Figure 6.8, the relatively integrated intensity of the emission 

band centered at 612 nm, which is more intense than the other transitions, has 

increased at 50 hours of heat treatment. At the same time, the peak with the maximum 

intensity was noticed at 612 nm (red) and was linked to the electric dipole transition 
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Eu
3+

(Danmallam et al. 2019). These peaks can be explained to be existing due to  the 

phonon energy splitting of europium ions (Danmallam et al. 2019). 

 

Figure 6.7 Photoluminescence (PL) spectra of the CPEu, CPASEu1-0, CPASEu1-

3, CPASEu1-10, CPASEu1-25, and CPASEu1-50 glasses  

The observed enhancement and quenching are caused by a rise in NP 

concentration brought on by heat treatment, which reduces the average distance 

between Ag-Ag NPs and, in turn, causes the local field to grow until it reaches 

saturation. The local field effect produced by the SPR of metallic NPs can be a factor 

in the change of fluorescence, and it can also be linked to fluorescence enhancement. 

Second, there is energy transfer between various active centers, particularly when 

annealing time increases (Saad et al. 2017). Applications for glasses doped with Eu
3+

 

ions include light emitting diodes (LED), displays, and visible orange/red 

lasers(Chanthima et al. 2018).  

6.3 Conclusion  

Following an alternative synthesis path, silver nanoparticle embedded CPEAS 

and CPASEu glasses were developed utilising the common melt-quenching technique 

and subsequent heat treatment procedure. The amorphous nature of the generated as-

quenched glass samples were confirmed using the X-ray diffraction method. The 
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production and development of silver nanoparticles had little impact on the glass 

matrix's metaphosphate chain structure, according to FTIR spectroscopy. The particle 

size measurements of rare earth-doped glasses containing silver oxide and tin oxide 

that underwent varying heat treatment times revealed that the production and 

development of nanoparticles were highly dependent on the length of the heat 

treatment. The existence of well-dispersed, non-agglomerated and crystalline silver 

nanoparticles in the heat-treated samples was confirmed by transmission electron 

microscopy (TEM) pictures and a selected area electron diffraction (SAED) pattern.  
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The key findings and conclusions from the current research are outlined in this 

chapter. Additionally, the current chapter includes information on the scope of the 

future work. 

  7.1 Summary and conclusions 

It can be summarised from the findings and discussions in Chapters 3, 4, 5, and 

6 as follows.  

Chapter 3 discusses addition of rare earth has a major impact on the physical, 

structural, and optical characteristics of binary metaphosphate glasses. Through the 

process of melt quenching method, rare earth (Er
3+

, La
3+

, and Ce
4+

) ions were 

introduced to calcium phosphate glasses. Through the process of melt quenching, rare 

earth (Er
3+

, La
3+

, and Ce
4+

) ions were introduced to calcium phosphate glasses. The 

effects of rare-earth doping on the structural, optical, and physical characteristics of 

calcium phosphate glass were examined. The FTIR analysis revealed that adding up 

to five mol. % of rare earth oxides (Lanthanum, Cerium, and Erbium) to the calcium 

phosphate glass had no effect on the network of primary phosphate crystals. The 

glasses continue to be amorphous after addition, according to XRD results. Because 

RE oxide has a larger molecular weight than the other oxides in the glass matrix and 

has a stronger cation field, the densities of the samples rose when CaO was replaced 

with La2O3, CeO2, and Er2O3. With more RE oxide content, the optical absorption 

edge moves to longer wavelengths and the optical band gap reduces. As the RE 

concentration increases, more non-bridging oxygens are created, improving the 

refractive indices. With the increase in ion concentration, the inter-nuclear distance 

decreased, increasing field strength. 

Chapter 4 explains the effect of the rare earth (La
3+

, Ce
4+

) ions addition  to 

50P2O5 - (50-x) CaO-xREI glasses using the melt-quenching method, where x=1 to 

3mole percent and RE stands for rare-earth ions. Utilizing X-ray Diffraction studies, 

the amorphous behaviour of the generated glasses was confirmed. The process 
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parameters of glass preparation using the melt quenching technique were optimised 

using the Taguchi approach of Design of Experiments (DOE) with orthogonal array 

(L9). Investigations were done into how the process variables composition, melting 

temperature, and melting time affected the response parameter (density). The density 

S/N ratio is significantly impacted by the composition of rare-earth ions (Lanthanum, 

Cerium). It has been found that density increases along with the rare-earth ion 

content. DOE assisted in demonstrating that the only parameter that has a substantial 

impact on the various performance aspects is REI content, whereas melting 

temperature and melting time had no bearing. 

Chapter 5 explains the successful synthesise of Rare earth (Er
3+

) ions doped 

CPAS glass by melt quenching method. The results of the FTIR study showed that 

Erbium ions doped to the CPAS glass did not affect the basic structure of the 

phosphate glass network. The densities of samples increased by replacing the CaO 

with   Er2O3, which could be due to the larger molecular mass and cation field 

strength. With an increase in ion concentration, the internuclear distance decreased, 

leading to an increase in field strength. The values of the Metalicity factor (Mc)  show 

that they are nearing unity rather than zero, implying the samples are more insulating. 

The optical band gap energy decreases as the Er2O3 content in the glass matrix 

increases, showing that the lattice characteristics have changed and that non-bridging 

–oxygens have formed. The prepared glass may be potentially used as a solid state 

laser host.  

Chapter 6 discuss  that the synthesis of  glass by using Melt quenching with 

embedded silver nanoparticles (NPs) and rare earth (Er
3+

, Eu
3+

) ions that are doped 

calcium-phosphate. To convert silver ions (Ag
+
) into silver nanoparticles (NPs) 

(Ago), heat treatment is used, with various time intervals above the glass transition 

temperature. To evaluate annealing time dependent structural and optical features, 

XRD, HRTEM, UV-Vis absorption spectroscopy, and photoluminescence (PL) 

spectroscopy are used. Subsequent heat treatment at various temperatures and time 

intervals resulted in the embedding of silver nanoparticles of various sizes. The 

optical characteristics of silver in various oxidation and aggregation states found in 
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the produced samples were examined using optical absorption and photoluminescence 

(PL) spectroscopy. 

7.2 Future work's scope 

The need to develop noble materials has driven materials engineers and 

scientists to seek out new materials with low cost, high efficiency, long durability, and 

recyclability. These applications range from decorative items, optoelectronic devices, 

and military facilities to medical interferences such as drug-deliverers, artificial 

bones, and sturdy dental ceramics. Due to the great variety in their structure and 

elemental makeup, glass and glass-ceramic technology is regarded as one of the most 

significant branches of materials research. This is because these composites can offer 

a variety of optical, chemical, thermal, electrical, and magnetic properties. The glasses 

are commonly utilised as optical materials because they typically exhibit non-linear 

optical absorption and extensive transparency in the ultraviolet (UV) to near-infrared 

(NIR) region, which might be combined with their other promising features to 

produce innovative materials. When the glasses are doped with rare earth (RE) ions, 

they can emit light in a variety of spectral ranges, including ultraviolet, visible, near-

infrared, and far-infrared wavelengths. The host glass, RE ion concentration, co-

doping species, heat treatments, and other engineering techniques can all be used to 

control the intensity, peak wavelength, excited state lifetime, and quantum efficiency 

of those emissions. 

One of the novel approaches to improve the optical characteristics of rare earth 

doped oxide glasses is the use of metallic nanoparticles. The difficult problem of 

controlling the size and structure of metallic nanoparticles is one that significantly and 

ambiguously depending on the heat treatment's temperature, duration, and 

concentration. A possible approach to enhancing the optical characteristics of various 

oxide glasses for a variety of applications, including amplifiers, solid state lasers, 

sensors, etc., is the introduction of metallic nanoparticles. Further study is required to 

fully comprehend the function of metallic nanoparticles on rare earth ion doped 

glasses and manage their size distribution and structure, though. 
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 To examine the special qualities of synthesised glasses that contains integrated 

silver nanoparticles and other rare earth ions, such as their non-linear optical and 

dielectric properties. 

 To develop glasses with various nanoparticle precursor concentrations and 

equivalent amounts of suitable reducing agents (tin oxide or antimony oxide), as 

well as to research the impact of various heat treatment temperatures and times on 

the size and distribution of silver nanoparticles. These efforts will aid in the 

development of glasses with improved properties. 

 To develop rare earth ions and metal nanoparticles (copper and gold) embedded in 

glass matrix utilising a novel synthesis technique for laser applications. 

 Apply Taguchi-based grey analysis to all systems of melt-quenched glasses in 

order to optimise various performance aspects. 

 Effect of different heat treatment Temperature on structural, physical , optical, 

luminescence and surface Plasmon resonance properties for different applications 

Metal nanoparticles /RE co-doped  phosphate glasses  

 Extending different rare earth ions  as a dopant in Phosphate glasses  for LED, 

energy storage, solar cell , telecommunication 

 Mechanical  and Thermal properties of RE and Metal nanoparticles doped oxide 

glasses  

 Adding directly metal nanoparticles to the glasses doped REE and comparing that 

by heat treated/reduction method. 
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