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ABSTRACT 

Zinc borophosphate (NBZPB) glasses embedded with various Pr3+ ion concentrations 

were formed through a melt quenching procedure. Thermal, structural, optical, and 

photoluminescent (PL) features of those glasses were thoroughly studied in detail. Differential 

scanning calorimetry (DSC) analysis was employed to assess the thermal stability of the glass 

host composition. X-ray diffraction (XRD) profiles were utilized to verify the non-crystalline 

nature of the formed glasses. The optical qualities of the formed NBZPBPr glass matrices were 

computed with the help of the optical absorption profiles. Furthermore, when stimulated with 

blue radiation of 446 nm wavelength, the emission profiles of the formed NBZPBPr glasses 

exhibit an intense orange-red emission (602 nm) in the visible region. The chromaticity 

characteristics, including color coordinates (x, y), color purity (CP) and correlated color 

temperature (CCT), of the optimized glass were examined under selected blue excitation. 

Moreover, the temperature dependent photoluminescence (TDPL) analysis demonstrated that 

the titled glass matrix has excellent thermal stability. The findings mentioned above confirm 

that the formed NBZPBPr glasses could be a potential candidate for optoelectronic 

applications. 
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Chapter-1: Introduction 

 

 

1.1. Introduction and Motivation 

With the advancement of modern civilization, the rapidly growing demand for energy 

consumption and its environmental effects, including greenhouse gas emissions, have 

concerned researchers for a long time [1]. About 1900 million tonnes (Mt) of carbon dioxide 

(CO₂) emissions are caused by lighting annually. About 80% of these emissions connected to 

lighting are caused by the production of electricity. However, about 20% comes from burning 

paraffin and oil-based fuels directly, which are mostly used by the 1.6 billion people who do 

not yet have access to electricity worldwide. Approximately 650 Mt of primary energy is 

consumed globally for lighting, and lighting technologies are responsible for more than 20% 

of global electricity consumption and 7% of global CO2 emissions. In order to lessen the 

environmental impact of traditional lighting systems, these figures highlight the pressing need 

for more ecologically friendly and energy-efficient lighting technology [2-4].  

Solid‐state lighting represents a transformative paradigm shift in illumination 

technologies, characterized by the replacement of conventional incandescent and fluorescent 

sources with devices based on semiconductor principles such as light‐emitting diodes (LEDs) 

and organic light‐emitting diodes (OLEDs) [5, 6]. SSL has emerged in response to global 

energy challenges and environmental concerns, primarily due to its significantly lower power 

consumption, extended lifetime, and superior spectral control when compared with traditional 

lighting sources [7, 8, 9]. The evolution of SSL technologies has been driven by the twin 

incentives of reducing greenhouse gas emissions through lower electrical energy consumption 

and providing a sustainable solution for both residential and commercial settings [10]. Solid 

State Lighting based on semiconductor light emitting diodes (LED) offers long-lasting life, is 
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highly efficient, gives high quality colour rendering and lower energy consumption compared 

to traditional lighting methods such as incandescent lamps and fluorescent lamps [11-14]. 

Nowadays, LEDs can achieve more than 50% energy to light conversion[15, 16]. 

Commercially acclaimed are the solid-state White light emitting diodes (WLEDs) and in 

commercial W-LED lighting, a combination of Y3Al5O12: Ce3+ yellow phosphor with blue LED 

chip and epoxy resin is typically utilized to produce white light [17-19]. WLEDs based on the 

phosphor conversion model require epoxy resin or silica gel as binding materials at the 

interface of the chip-phosphor [18, 20]. These epoxy resins are made up of polymer/organic 

materials that have many disadvantages, including rapid wear, poor colour index, low heat 

dissipation efficiency, reduced transmissivity due to uneven refractive index, yellowing and 

carbonization of phosphor caused by heating and ageing [21]. Their deterioration at elevated 

temperatures demonstrates lower thermal stability, leading to additional declines in both the 

colour rendering index and luminous efficiency of LEDs and however, achieving the right 

balance of the three coloured phosphors is quite challenging, and the production cost could be 

significantly elevated [22]. Therefore, Luminescent glasses are introduced as a new substitute 

material for phosphor. Luminescent glasses are in an advantageous position in good thermal 

stability, excellent luminescent efficiency, high uniformity, and elevated doping concentration 

of rare-earth ions (RE ions)[19, 23, 24]. Eliminating the need for epoxy resin lowers production 

cost, simplifies the manufacturing process, has high luminous efficacy, lower correlated colour 

temperature (CCT) and high colour rendering index (CRI) properties and achieves good 

transparency [18,25, 26]. Luminescent glasses have the potential to act as encapsulating 

material for the generation of white LEDs [19, 24].  

In an effort to develop a superior luminescent material, rare earth (RE) doped composites have 

recently been the subject of intensive investigation . RE ion emissions generally originate from 

optical transitions within the f-manifold [27]. The triple-ionized state of RE ions causes them 
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to stimulate electromagnetic radiation in the visible to near-infrared (NIR) spectrum [28]. 

Among all the trivalent RE3+ ions, praseodymium (Pr3+) ions are the most preferred for 

simultaneously exploiting visible emissions (blue, orange, and red) and specific infrared 

regions, due to the presence of discrete emitting energy levels, such as metastable levels like 

1G4, 
1D2, and 3P2,1, 0, etc. [29-32]. 

1.2. History 

LED technology development represents a long and arduous scientific journey that 

transformed early findings of electroluminescence into a versatile, high-performance, energy-

efficient light source. Early pioneering experiments in the 1900s with materials such as silicon 

carbide ignited the first interest in studying light emission from semiconductors. The 

development of functional p–n junctions, the separation between direct and indirect bandgap 

materials, and the development of the first visible LEDs in the 1960s set the basis for the 

modern era.  

 

Fig. 1.1. Timeline of LEDs. 
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Developments in producing high-quality GaN-based blue LEDs by scientists such as 

Akasaki, Amano, and Nakamura triggered great leaps in device efficiency and production 

scalability, hence enabling the commercialization of white LEDs and the solid-state lighting 

revolution. Advances in epitaxial growth techniques, innovative chip architectures, and 

innovative packaging methods have continued to improve LED efficiency and intensity. The 

integration of LEDs into many applications, general lighting, dental photopolymerization, 

agriculture, and biomedical imaging, demonstrates the profound impact of LED technology on 

many aspects of life today. As the field continues to develop, continued advancements in device 

engineering and materials science will likely uncover new uses and enhance the performance 

of these already revolutionary devices [33-35]. 

1.3. Definition of glass 

Glass is conventionally defined as when a melt is cooled quickly enough to avoid 

crystallization, the liquid state is arrested into a stiff, disordered form, resulting in glass, which 

is traditionally defined as an amorphous solid with no long-range periodicity in its atomic 

structure [36]. Transparency, toughness, chemical inertness, and heat resistance are just a few 

of glass's advantageous qualities. Because of these qualities, it can be used in a variety of fields, 

such as electronics, art, packaging, and construction. Once primarily considered an optical and 

passivating medium, glass can be utilized to create active devices such as switches, sensors, 

solar cells, etc [37]. Although traditional definitions such as those by ASTM emphasize glass 

as an inorganic product formed by fusion and cooled without crystallization, modern scientific 

perspectives extend this definition to include organic or metallic glasses produced by a variety 

of methods, thereby focusing on the inherent amorphous state and the observable glass 

transition phenomenon rather than solely on the method of synthesis .  
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1.3.1. Components of Glass 

The functions and properties of glass are significantly influenced by its constituent parts. 

Glass displays a distaste for crystal in a random network. Glass components are categorized 

into three classes: network modifiers, glass network formers, and intermediates, each with 

varying binding strengths. Some other important components are flux, colorant and fining 

agent. Understanding the components of glass is essential for both fundamental research and 

the development of applications ranging from consumer products to high-technology devices. 

Glass, despite its amorphous nature, is constructed from a mixture of chemical oxides and 

additional modifiers that define its short-range and intermediate-range order in the absence of 

long-range periodicity. 

• Glass Formers: Glass formers are materials or components that can form glass when 

cooled from a molten state without crystallizing. They are essential components of glass 

because they provide its characteristic non-crystalline or amorphous structure. Glass 

formers such as SiO2, B2O3, P2O5, V2O5, As2O3, PO4, GeO2, Sb2O5, and others are 

widely utilized and significant. The glass skeleton can be formed by these oxides alone. 

In glass network formers, the cations-oxygen coordination number is typically four. 

• Network modifiers: Glass modifiers break the normal link between oxygen and glass-

forming ingredients by loosely attaching themselves to oxygen atoms. The primary 

function of the network modifiers is to alter the features of the glass. Most glass 

modifiers consist of alkali oxides. Alkaline oxides and network modifiers alter the 

characteristics of glass.  A few significant network modifiers are the oxides K2O, Li2O, 

Na2O, BaO, SrO, CaO, and MgO. Choosing the right cation-oxide modifier was 

necessary for the most recent uses of glasses, including bioactive materials, sensors, 

optoelectronics, lasers, and lighting systems.  
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• Intermediates: In order to connect with the core glass network and preserve structural 

continuity, glass intermediates, mostly metal oxides, are added. The intermediaries are 

positioned between the glass formers and the modifiers. Some significant examples of 

intermediates include the oxides Al2O3, TiO2, CdO, PbO, BeO, and ZnO. The words 

"glass formers," "intermediaries," and "modifiers" are typically used to describe the 

specific oxides in a multicomponent glass host system. Based on the composition of the 

glass host matrix, the intermediate oxides in the glass can act as both network formers 

and network modifiers.  

• Colorent: The final glass's color is controlled with colorants. Colorants are typically 

oxides of either the 4f rare earths or the 3d transition metals. Gold and silver are also 

used to produce colors via the formation of colloids in glasses. Colorants are often 

present in small quantities and are only utilized when control over the glass's color is 

wanted.  

To encourage the elimination of bubbles from the melt, fining agents are added to batches of 

glass being formed. Arsenic and antimony oxides, potassium and sodium nitrates, NaCl, 

fluorides like CaF, NaF, and Na, AlF, and many sulfates are examples of fining agents. These 

substances are typically found in extremely small amounts (less than 1 weight percent) and are 

typically handled as though their impact on the finished glasses' characteristics is negligible. 

Nonetheless, they are necessary for the production of many commercial glasses, which would 

be unaffordable without the use of fining agents to lower the amount of undesirable bubbles in 

the finished product [38]. 

 Glass Transition: Every glass that forms within the temperature range called the "glass 

transformation region" exhibits time-dependent behavior in glass transformation. Glass 

Transition Temperature (Tg) is a fundamental thermal parameter that characterizes the 
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temperature range over which amorphous materials, such as polymers, food matrices, and other 

non‐crystalline substances, transition from a hard, glassy, brittle state to a softer, rubbery, or 

viscous state as temperature increases [39]. The rate at which each substance cools produces a 

different glass. Glass is produced when a material is rapidly cooled from a supercooled liquid. 

The substance is lowered below the so-called glass-transition temperature to produce an 

amorphous solid. After that, when the atoms begin to move more slowly in a molecular pattern, 

the substance begins to transform into glass. Although the newly formed non-crystalline 

structure is less ordered than a crystal, it is nevertheless more ordered than a liquid. When a 

liquid is cooled below its melting point without undergoing crystallization, it enters a 

supercooled state. In this state, the atomic structure of the liquid continues to reorganize as the 

temperature drops, but no sharp drop in enthalpy occurs because there's no sudden structural 

change. As cooling progresses, the liquid's viscosity increases significantly. Eventually, the 

viscosity becomes so high that the atoms can no longer fully rearrange into their equilibrium 

positions within the time frame of the experiment. As a result, the structure begins to lag what 

would be expected under equilibrium conditions. 

At this stage, the enthalpy starts to diverge from the equilibrium path, following a curve 

with a progressively decreasing slope. This continues until the enthalpy is determined solely 

by the heat capacity of the immobilized structure. At this point, the liquid’s structure is 

effectively "frozen", no longer dependent on temperature and behaves as a glass. The 

temperature range between the equilibrium liquid's enthalpy and that of the rigid, non-

equilibrated structure is referred to as the glass transition region, and the resulting material is 

called a glass. 

The temperature at which the enthalpy diverges from the equilibrium path is influenced 

by the liquid’s viscosity, a kinetic factor. If the cooling rate is reduced, the system has more 

time to approach equilibrium, allowing the enthalpy to follow the equilibrium curve down to a 
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lower temperature. This shifts the glass transition region to a lower temperature, and the 

resulting glass will have a lower enthalpy compared to one formed through rapid cooling. 

Consequently, the atomic structure of the more slowly cooled glass corresponds to the 

equilibrium liquid structure at a lower temperature than that of the rapidly cooled one.  

          

Fig. 1.2. General volume changes associated with heating and cooling in systems susceptible 

to glass formation. 

1.3.2. Glass Preparation Methods 

Depending on the planned application of the glass sample and the intended analysis or 

experiment, different preparatory stages may be required. 

• Thermal Evaporation 

• Melt Quenching  

• Sol-gel Method 

• Chemical Vapor Deposition 
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• Chemical Reaction  

• Electrolytic Deposition 

The Melt Quenching is the easiest and widely utilized procedure. 

1.4. Luminescence 

Luminescence is caused by non-thermal processes that occur at normal and lower 

temperatures[40, 41]. It is distinct from incandescence, which is light generated by the energy 

of heat [40]. Luminescent materials are materials that exhibit this phenomenon [40].  

Luminescence is a process in which energy excites an electron from the ground state into 

an excited or higher state; then the electron thus emits optical radiation (in the visible spectra 

region or the infrared region) with lower energy (down-converted)  [40, 41].  

Luminescence originates when electrons are excited from lower energy states (often the 

valence band in inorganic solids) to higher energy states, such as the conduction band or 

discrete excited states provided by impurity levels or trap centers, and then return to the ground 

state through radiative recombination. 

1.4.1. Types of Luminescence: 

• Electroluminescence: light generated when an electric field is applied in a gas or solid 

by emitting visible photons. Source: Electric field. 

• Chemiluminescence: energy released by chemical reaction causes light emission. 

Source: Chemical reaction 

• Photoluminescence (PL): caused by excitation and de-excitation by absorption of 

electromagnetic radiation or a photon. Source: Photons 
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• Cathodoluminescence: caused by electron beam emission when electron beams excite 

phosphor material. Applications in LCDs, cathode ray tubes and scanning electron 

microscopy (SEM). Source: Electron beam 

 

Fig.1.3. Classification Of Luminescence. 

• Thermoluminescence: when a luminescent material after being excited by radiation is 

thermally heated. Source: Heat 

• Radioluminescence: luminescence produced by the effect of being radiated by ionizing 

radiation for instance x-rays, beta or gamma rays. Source: X-rays 

• Bioluminescence: occurs in deep waters where light is produced by chemical reactions 

by living organisms. Source: Biochemical Reaction 
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• Triboluminescence: Mechanical tension causes luminescence known as 

mechanoluminescence. Source: Mechanical stress to crystals or by the Fracture of 

crystals. 

• Sonoluminescence: luminescence produced by ultrasonic wave excitation. Source: 

Rapid implosion of cavitation bubbles in a liquid, triggered by strong sound waves 

(ultrasound) [42]. 

1.4.2. Photoluminescence: Phosphorescence and Fluorescence 

The well-known photoluminescence is the process by which the activator absorbs the 

energy of electromagnetic radiation as photons, followed by subsequent emission in the visible 

spectrum. Activators are the ions that interact with the luminescence center in the host matrix. 

In general, the photoluminescence occurs in three steps: 

• The activator relaxes to the excited state's lowest energy state;  

• The activator is excited from its ground/lower energy state to a higher energy level. 

• Photons are emitted when activator ions transition from the excited state to the ground 

state. 

There are two approaches to classifying PL according to emission or decay time. 

• Fluorescence: When a substance absorbs energy from an external source, such as 

ultraviolet (UV) radiation, it quickly reemits that energy as visible light. The emission 

rapidly stops when the excitation source is removed. Fluorescence occurs in 

photoluminescence (PL) when emission happens within 10-8 seconds after the 

excitation source is withdrawn. Visible photons are rapidly emitted as electrons move 

from an excited state to a distinct ground state energy level [43] 
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• Phosphorescence: The primary difference between fluorescence and phosphorescence 

is the delay in light emission from the phosphor even after the excitation source has 

been turned off. After being absorbed as light over an extended period of time, the 

material continues to radiate energy when the excitation source is removed. After some 

time spent near a light source, glow-in-the-dark stickers and other phosphorescent 

materials continue to produce light. Phosphorescent materials emit a glow that can last 

from a few minutes to several hours as the excited electrons gradually return to their 

ground state. Thus, phosphorescence is another name for the delayed fluorescence 

process .  

Process:  

• Absorption: When incident light with energy equal to or greater than the 

semiconductor's bandgap is absorbed, electrons from the valence band are promoted 

into the conduction band, forming hole-electron pairs or excitons. This process starts 

with photon absorption [44]. 

• Excitation: Electrons are excited from the ground or defect states to either discrete 

excitonic states in low-dimensional systems or to delocalized conduction band states 

[45]. 

• Non-Radiative Relaxation: Upon excitation, excess excited carriers rapidly lose 

energy through non-radiative processes, such as phonon emission, surface or defect 

state interactions, before radiative recombination occurs [46]. 

• Emission- Radiative recombination is the process by which electrons and holes 

recombine to release their excess energy in the form of photons, manifesting as the 

photoluminescence signal [47]. 
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1.5. Rare-Earth Elements 

Rare earth ions, also known as lanthanoid ions, exhibit a unique combination of 

chemical, optical, magnetic, and catalytic properties that underpin their critical role in advanced 

materials science and modern technology. Their shielded 4f electron systems confer narrow 

absorption and emission bands, long luminescence lifetimes, and stable redox behavior 

independent of the host matrix. Rare earth elements, comprising the fifteen lanthanides along 

with scandium and yttrium, are distinguished by their nearly identical chemical behavior and 

unique electronic configurations, which arise from the partially filled 4f orbitals shielded by 

filled 5s and 5p subshells. This electronic shielding is responsible for the narrow, well‐defined 

optical transitions that are minimally affected by the host environment and provide exceptional 

luminescence properties [48]. 

 

Fig. 1.4. Rare earth ions and their electronic configurations. 

Because of their essential 4f–4f electronic transitions, RE element-embedded luminescent 

materials are in high demand across a range of applications, including solid-state lasers, 

illumination, optical fiber amplifiers, and small microchip lasers. Lanthanide elements in the 

periodic table are called rare earth elements because they occur sporadically in nature. The 

group of elements known as lanthanides includes from lutetium (Lu, Z = 71) to lanthanum (La, 
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Z = 57).  Although their chemical makeup is identical, their color, optical characteristics, and 

magnetic properties are different. Because the 4f electrons are protected by the 5s2 and 5p6 

orbitals, there is a chemical resemblance. Recent studies draw attention to rare earth ions (also 

known as Lanthanoids), which could be used as amplifiers and emitters in the IR to Visible 

spectrum [49-51]. In doped with luminescent glasses, rare earth ions can be subjected to an 

increase in emission efficiency and enhancing the suitability in solid state lightning applications 

[28]. There are numerous photonics uses for trivalent RE ions. Neodymium (Nd), erbium (Er), 

and praseodymium (Pr) ions are well-known for their applications in telecommunications 

systems. Other elements, besides these RE ions, are the subject of extensive research. Full-

color displays use the red, green, and blue light produced by europium (Eu), terbium (Tb), and 

cerium (Ce). Thulium (Tm) and holmium (Ho) lasers have garnered significant attention in the 

past decade due to their suitability for a variety of applications. These applications include 

medicine and eye-safe remote sensing systems, such as laser ranging, coherent Doppler lidar 

for wind sensing, and wind-shear detection, among others [52].  

1.5.1. Characteristics of Rare Earth Ions 

• Unique electronic configuration: The partially occupied 4f orbitals shielded by 5s/5p 

electrons result in sharp, stable f–f transitions that are minimally affected by the host 

environment. 

• Narrow spectral lines and hypersensitive transitions: Judd–Ofelt theoretical 

formulations explain the precise and sensitive nature of the electric dipole transitions, 

which are critical for laser and photonic devices. 

• Influence of local symmetry: Variations in ligand geometry and crystal field strength 

affect the splitting of multiplet energy levels, leading to hypersensitive transitions and 

tunable emission properties that serve as sensitive probes of the host matrix. 
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• High quantum efficiencies and long excited state lifetimes: Doped RE ions exhibit 

strong luminescence, often enhanced by the absence of nonradiative quenching groups 

like OH–, making them ideal for optical applications [53]. 

• Catalytic and sensing utility: The reversible redox behavior and strong affinity for 

ligand coordination allow RE ions to enhance catalytic reactions and selective chemical 

sensor performance [54]. 

In complex material applications, rare earth ions are essential due to their unique 

combination of electrical, optical, structural, and magnetic capabilities. They are excellent 

candidates for lasers, light-emitting devices, up-conversion phosphors, chemical sensors, 

and magnetic imaging agents due to their distinct 4f energy levels, restricted emission 

bandwidths, long luminescence lifetimes, and strong integration into a variety of host 

matrices. In addition to defining the intrinsic optical transitions of RE ions, the interplay 

among their electronic structure, local coordination environment, and bonding properties 

offers numerous ways to adjust their luminescent and magnetic behaviours for a variety of 

applications. 

1.6. White Light LEDs 

However, luminescent glasses, which are less expensive, more chemically and thermally 

stable, and devoid of epoxy resin, are set to substitute phosphor in the near future [15]. They 

are the potential candidate for w-LEDs famed by excellent properties such as easy 

manufacturing procedure, better transparent materials in the visible region and higher solubility 

of RE ions (Rare Earth) [18, 24, 25]. These rare-earth-doped luminescent glasses have profound 

benefits such as good brightness, less energy consumption, higher doping range, and improved 

chemical and thermal stability as well as modifiable size and shape [12, 23]. Their application 

varies from lasers, photovoltaics, telecommunications, and wavelength converters to 

optoelectronic device applications [13, 19, 28].  



16 | P a g e  

 

Commercially acclaimed, an amalgamation of inorganic yellow phosphor (Y3Al5O12: Ce3+) 

with a blue LED chip (InGaN) in the organic epoxy resin. White LEDs based on phosphor 

conversion require epoxy resin as a binding material between the chip and phosphor interface 

[13, 18, 20]. These epoxy resins are made up of polymer/organic materials that have many 

disadvantages due to the constant heat generation leading to depletion of organic resin 

ultimately resulting in less thermal stability and lower color rendering index, further drawbacks 

comprising of rapid wear off, low heat dissipation efficiency, and lower transmissivity due to 

variation in refractive index [23-25]. 

1.6.1. Methods to Generate White Light 

 

Fig.1.5. Three common ways to generate White light. 

The methods to generate white light in modern lighting applications can be succinctly 

summarized as follows:  

• Multi-chip (RGB) LED combinations 

• Blue or near-UV LED-driven phosphor conversion (partial or full)  

• Use of transparent glass-ceramic phosphors for stability  

• Down-conversion via colloidal quantum dots  

• Single-phase white light emitters based on coordination assemblies and MOFs  
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• Broadband emission from layered halide perovskites based on self-trapped excitons 

• Phosphor-free approaches using nanostructured InGaN heterostructures  

• Down-conversion using advanced nitride, oxynitride, and fluorosulfide phosphor 

systems 

• Composite approaches such as laser-driven phosphor conversion and phosphor-in-

glass/ceramic designs [35, 55]. 
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Chapter -2: Experimental and Characterization Techniques 

 

 

2.1. Selection of Host Materials 

Phosphate-based glasses are regarded as a technologically promising candidate for host 

materials among the various RE (Rare Earth) doped glass matrix (modifiers and formers) 

because of their properties, which include transparency, low scattering, low viscosity, UV 

transmittance, isotropic refraction index, and due to laser properties, as well as higher solubility 

for RE ions [49, 56]. The addition of borate structures provides advantages such as improved 

chemical durability, increased thermal stability, and an expanded range for adding a significant 

amount of modifier oxides as compared to pure phosphate as well as pure borate systems [57]. 

The pure Borate and pure Phosphate glasses can account for their structure for their deficiencies 

in pure borate glasses, stretching vibration of borates cause high phonon energy (1300 cm-1) 

resulting in nonradiative relaxation [58] while the hygroscopic nature of pure phosphate causes 

decreased structural stability than borate glass exhibiting low phonon energy (1100 cm-1) [56]. 

The benefits of borophosphate glasses have shown results in better ionic conductivities and 

extended glass forming abilities, optical properties combining than both of pure glass hosts 

range [12, 59]. Zinc borophosphate glass is utilized in w-LEDs, in semiconductor quantum dots 

as an excellent dielectric host, and in optoelectronics [60]. In borophosphate glasses, ZnO can 

be utilized as a glass network modifier by improving chemical durability, enhancing glass 

stability, and promoting low glass transition temperature, thus advancing the glass matrix in 

terms of stability in structural and thermal properties [61, 62]. It’s non-toxic, accompanied with 

wide direct band gap as well as huge binding energy, intrinsic emission property and 

hygroscopic nature makes ZnO suitable for both glass modifier as well as glass former abilities 

[60]. The Na2O components (Na+ ions) act as intermediate/modifier oxides, stabilizing glass 

during melting and forming non-bridging oxygen atoms, resulting in the development of a BO4 
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tetrahedral unit and the expansion of borate networks[63]. It can also increase the moisture 

resistance ability of the borate glass network thus minimizing the hygroscopic nature of the 

glass [28, 64]. Barium Oxide (BaO) being a heavy metal oxide is utilized to increase the density 

of the glass to further improve glass structure. BaO has the properties to absorb thermal 

neutrons and ionizing radiation and provide increased durability in glass structures [65].  

2.2. Synthesis Procedure 

Melt Quenching Procedure: In this current work, a set of transparent Pr3+ doped zinc 

borophosphate (NBZPBPr) glasses of composition (40 – x) B2O3 + 20 P2O5 + 15 ZnO + 15 

BaO + 10 Na2O + x Pr6O11 were formed via applying melt quenching method. The prepared 

glasses were labelled as NBZPB, NBZPBPr0.05, NBZPBPr0.1, NBZPBPr0.5, NBZPBPr1.0 and 

NBZPBPr1.5 representing undoped and Pr3+ embedded concentrations (x) of 0.0, 0.05, 0.1, 0.5, 

1.0 and 1.5 mol%, respectively. The raw materials such as boric acid (H3BO3, 99.0%), 

ammonium dihydrogen phosphate (NH4H2PO4, 99.0%), zinc oxide (ZnO, 99.0%), sodium 

carbonates (Na2CO3, 99.0%) and praseodymium (III, IV) oxide (Pr6O11, 99.99%) were utilized. 

The raw constituents were weighed as per the stoichiometric proportion and mixed 

systematically in an agate mortar for an hour using acetone as a wetting agent for a 

homogeneous smooth blend. Then, the mixture was placed in a container of alumina and heated 

at 1000 °C for 60 minutes in a programmed electric muffle furnace. The uniform melt was 

poured onto a preheated brass metal plate and suddenly quenched to form NBZPBPr glass by 

compressing it with another brass plate. This was further annealed at 300 °C for four hours to 

reduce internal residue stress and air bubbles formed during the procedure of quenching. The 

obtained transparent glass samples have been utilized for further characterizations, such as 

XRD, PL, and TDPL. 
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Fig. 2.1. Melt Quenching method Diagram. 

2.3. Characterization Techniques 

The thermal properties of the NBZPB glass were investigated using DSC measurement with a 

Setaram Labsys EVO instrument, conducted under an argon atmosphere with a 10°C per 

minute heating rate from 200 to 1050 °C. The structural characteristics of the NBZPB host and 

NBZPBPr glasses were observed with a Bruker; D8 advance X-ray diffractometer, which is 

equipped with a Nickel filter and employs Cu Kα (λ = 1.5406 Å) radiation in the 2𝜃 scale range 

of 10° to 70°. Optical absorption analysis of the NBZPBPr glasses was carried out in the 

wavelength range from the near-UV to the NIR region (350 to 2250 nm) using a Jasco V-770 

spectrophotometer. The photoluminescent properties of the NBZPBPr glass samples were 

investigated using a Shimadzu RF-5301 PC spectrofluorophotometer with a Xenon (150 W) 

bulb as the excitation source. Additionally, temperature-dependent photoluminescence (TDPL) 

studies were performed using an Ocean Optics (FLAME-S-XR1-ES) spectrophotometer. 
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2.3.1. Thermal Analysis 

Differential scanning calorimetry and thermogravimetric analysis are two examples of 

thermal analysis techniques that use controlled heating or cooling of materials to measure 

changes in temperature, heat flow, weight, or other characteristics. This is helpful in 

determining the rates of breakdown, phase transitions, thermal behavior, and thermal stability 

of a material. DSC is a thermal analysis procedure that assesses the movement of heat into or 

out of a sample as a function of temperature or time. When a sample is chilled or heated, it 

provides details about the physical and the chemical reactions occurring within it. In DSC, a 

sample and the fixed reference material are heated or cooled to the same temperature. By 

comparing the heat flow between the sample and the reference, which logs any variations, 

phase shifts, melting temperatures, crystallization, and other thermal events can all be 

identified. Melting points, phase transitions, thermal stability, decomposition kinetics, glass 

transition analysis, and crystallinity can all be determined using DSC.  

 

Fig. 2.2. The Setaram Labsys Evo instrument. 
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Weight variations in samples that are heated or cooled under exact temperature control can be 

analyzed using TGA. It provides information about the materials' composition, deterioration, 

and thermal stability. In TGA, a sample is heated or cooled while being continuously weighed 

at a constant speed. Weight gain or loss is monitored as a function of temperature or time, 

indicating thermal phenomena like breakdown, oxidation, desorption, or changes in moisture 

content. TGA is helpful for analyzing breakdown and weight loss, as well as determining heat 

stability and degradation kinetics. The DSC TGA was performed by using the Sataram Labsys 

Evo instrument. 

2.3.2. X-ray diffraction (XRD) 

X-ray diffraction analysis is a method of defining the arrangement of atoms within a crystal. 

X-ray diffraction analysis (XRD) involves exposing the substance to incoming X-rays and 

examining the intensity and scattering trajectory of the radiation. 

 

Fig. 2.3. Bragg’s Diagram. 

 The length between lattice planes in crystalline materials and the X-ray wavelengths are of 

comparable magnitude. The atoms' surrounding electron clusters will distribute the X-rays 
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when they enter the substance. The X-rays' constructive interference is caused by the 

periodicity of planes within the lattice, and a plot of the intensity of the scattered X-rays versus 

angle 2θ shows Bragg's law. Bragg's law as shown by the equation  

𝐧=𝟐𝐝 𝐬𝐢𝐧 𝛉                                            (2.1) 

 here n depicts the integer, λ is the wavelength of the X-rays, d is the interplanar spacing causing 

the diffraction, and 𝛉 is the diffraction angle [66].  

                                     

                                        Fig.2.4. High-resolution X-ray diffractometer. 

2.3.3. Fourier Transform Infrared (FT-IR) Spectroscopy 

Fourier transform infrared spectroscopy is a highly versatile, rapid, and non-destructive 

analytical technique that has become indispensable in numerous scientific and industrial fields. 

Its fundamental principle—measuring the absorption of IR radiation corresponding to 
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molecular vibrational transitions—enables the generation of unique spectral fingerprints that 

are critical for qualitative and quantitative analyses. 

The technique takes advantage of the quantized vibrational energy levels present in all 

molecules. These vibrational modes produce distinctive absorption bands when they are 

stimulated by infrared (IR) radiation. These bands can be carefully categorized into spectral 

regions to enable qualitative and quantitative analysis for a variety of applications. 

 

Fig.2.5. Schematic Working Diagram of FT-IR. 

Fourier Transform Infrared (FTIR) spectroscopy operates by transmitting a broadband source 

of infrared radiation through a sample, wherein specific frequencies are absorbed due to 

molecular vibrational transitions. The resultant signal, known as an interferogram, is converted 

into a spectrum through Fourier transformation. The x-axis of the FTIR spectrum is typically 

represented in wavenumbers (cm⁻¹), which are directly proportional to vibrational frequency 

and inversely proportional to wavelength. Each absorption band observed in the spectrum 

corresponds to a distinct vibrational mode of molecular bonds—such as stretching, bending, 

twisting, or rocking. These characteristic vibrational frequencies are influenced by bond type, 
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atomic mass, and molecular environment, thereby enabling the identification of functional 

groups and providing a unique spectral "fingerprint" for molecular identification [67]. 

FTIR instruments are typically equipped with an interferometer, a broadband IR source, 

detectors capable of rapid data acquisition, and computer algorithms that execute the Fourier 

transform. 

FTIR Spectral Regions: 

1. High Wavenumber Region (Approximately 4000–2500 cm⁻¹) 

2. Mid Wavenumber Region (Approximately 2500–1500 cm⁻¹) 

3. Fingerprint Region (Approximately 1500–400 cm⁻¹) 

2.3.4. Optical Absorption Spectral Analysis 

Measurements of the samples' transmission, reflectance, and absorption of light were 

made using a UV/VIS/NIR spectrophotometer. A light source that generates light in the UV to 

NIR (200 to 1500 nm) range affects the sample in spectroscopy, and the light that is transmitted 

is captured at the sample's other end. The light that was supplied includes the optical data of 

the sample after it has interacted with them. In UV-VIS spectroscopy, this method is used to 

measure the optical studies of various organic and inorganic materials [68].  

UV/VIS spectrum makes use of the Beer-Lambert equation. The Beer-Lambert equation states 

that the amount of radiation striking an absorbing solution and the solution's concentration both 

affect how quickly the intensity of the radiation drops as the thickness of the solution is 

changed. The mathematical equation for absorbance (A) is mentioned as:  

 𝐴 = log10 (𝐼𝑡/𝐼0) (2.2) 

where, Io and It denotes the incident light intensity and transmitted light intensity, respectively.  
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Fig.2.6. V-770 UV-Visible/NIR Spectrophotometer up to 3200 nm. 

In a UV/VIS/NIR spectrophotometer, a converged beam from the light source enters the 

monochromator. The matching UV and NIR light sources were deuterium and tungsten lamps. 

The light is scattered by the monochromator's grating and leaves through the exit slit. Using a 

sector mirror, this light is split into two streams, one of which strikes the reference sample (like 

solvent) and the other the sample being measured. The light from the sample or reference 

sample passes through the detector and is incident upon it. A detector photomultiplier tube is 

used to record the spectrum. After that, software was utilized to examine the recorded spectrum 

and create a wavelength-scale spectrum.  

2.3.5. Photoluminescence (PL) Spectroscopy 

Photoluminescence (PL) spectroscopy is an optical characterization technique that provides 

detailed insight into the electronic and optical properties of semiconductor and nanostructured 

materials by analyzing the light emitted from a sample after it absorbs photons from an external 

excitation source [69]. When the sample is exposed to light whose photon energy surpasses the 

material's band gap, electrons are excited from the valence band to the conduction band. This 

results in non-equilibrium electron–hole pairs that eventually recombine radiatively, emitting 

photons with energies and intensities typical of the material's intrinsic properties and defect 

states. This is the fundamental physical principle underlying photoluminescence (PL). 
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Fig.2.7. Shimadzu RF-5301 PC spectrofluorophotometer with a Xenon (150 W) bulb. 

In a typical PL spectrometer procedure, the experimental set‐up is centered around a well‐

organized optical system that comprises several critical components: an excitation source, 

collection optics, a wavelength dispersion unit (generally a monochromator or spectrograph), 

and a sensitive detector such as a charge-coupled device (CCD) or a photomultiplier tube 

(PMT) [70]. 

The applications of PL spectroscopy in luminescent glasses extend beyond academic research; 

they are integral to the development of modern lighting, display technologies, and photovoltaic 

devices. In white LED technology and phosphor-in-glass systems, accurately characterizing 

the emission properties leads to improved color rendering, higher efficiency, and longer 

operational lifetimes [71]. In the field of materials research, PL spectroscopy is a strong and 

adaptable instrument, especially for the identification and description of luminous glasses. 

Emission spectra, decay kinetics, and the interactions between luminescent centers and the 

glass host may all be thoroughly examined because to its non-destructive nature and excellent 

time-resolved and steady-state measuring capabilities. Our basic knowledge of these materials 

is improved by the insights gained by PL spectroscopy, which also drives the creation of next-

generation optical devices including LEDs, solar concentrators, and display technologies [72]. 
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2.3.6. Temperature Dependent Pl Spectroscopy (TDPL) 

Temperature dependent photoluminescence (PL) spectroscopy for luminescent glass is an 

optical characterization technique that measures the changes in the luminescence properties—

such as emission intensity, spectral shape, and sometimes lifetime—as a function of 

temperature [73]. Non-contact optical thermometry is one of the main uses for this temperature-

sensitive technique. Utilizing variations in the photoluminescent emission when the lattice 

environment of a semiconductor or insulator is thermally changed, temperature-dependent PL 

spectroscopy can influence energy band structures and carrier recombination processes. By 

capturing PL spectra throughout a broad temperature range, variations in the bandgap energy, 

excitonic binding, and even trion production may be objectively investigated. 

 

Fig. 2.8. Ocean Optics (FLAME-S-XR1-ES) Spectrophotometer 

The photoluminescence (PL) process is fundamentally governed by the radiative 

recombination of photoexcited electron–hole pairs and is significantly influenced by 

temperature-dependent phenomena. As the temperature increases, lattice expansion and 
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elevated phonon populations enhance electron–phonon interactions, which in turn promote 

nonradiative recombination pathways, resulting in a reduction of PL intensity. Additionally, the 

semiconductor bandgap typically exhibits a narrowing trend with increasing temperature, a 

behavior attributed to both thermal lattice expansion and the temperature sensitivity of 

electron–phonon coupling. This temperature-induced bandgap variation is commonly 

described by the Varshni equation, which provides an empirical relationship between bandgap 

energy and temperature. Temperature-dependent PL spectroscopy is also extensively used to 

characterize phosphors intended for high-power light–emitting diode (LED) applications. 

Detailed temperature-dependent studies reveal that the thermal quenching behavior, Stokes 

shifts, and lifetimes of these emissions vary with the host crystal field strength and electron–

phonon coupling. 

 

Fig. 2.9. Labelled Diagram of TD-PL Spectrofluorometer 

The temperature-dependent PL spectrometer working principle comprises the following key 

aspects:  

• An excitation module that delivers fixed or pulsed wavelengths to reliably generate excitons 

and electron–hole pairs;  



30 | P a g e  

 

• An optical collection system that filters and spatially resolves the emitted light; 

 • Temperature control systems that enable measurements under stable and precisely varied 

thermal conditions, ensuring that the sample reaches equilibrium before data acquisition; 

 • Spectral and time-resolved detection that together provide comprehensive datasets 

characterizing the emission intensity, spectral positions, linewidths, and decay kinetics; and 

 • Data analysis frameworks that extract underlying physical parameters from the temperature-

induced changes in the PL features. 

These elements work together and seamlessly integrate to help researchers understand how 

temperature affects PL processes. This enables them to assess and improve material qualities 

for cutting-edge optoelectronic applications [74, 75]. 
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Chapter 3: Results and Discussion 

 

 

3.1. Thermal Analysis 

The thermal features of the NBZPB glass have been estimated with the help of DSC 

analysis [76]. DSC is a thermo-analytical method that precisely quantifies the difference in heat 

required to upsurge the sample temperature compared to that of a standard reference sample, 

as a function of temperature. Fig. 3.1 illustrates the DSC thermo-graph for the NBZPB host 

glass was captured with a 10 °C/min heating rate in the argon atmosphere, covering temperature 

profiles from 200 to 1050 ºC. The DSC graph depicts two types of transitions, one being 

endothermic and the other being exothermic. 

 

Fig. 3.1. Differential scanning calorimetry (DSC) for the NBZPB glass host. 
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 From Fig. 3.1, the graph exhibits numerous temperature characteristics identified as the 

specific glass transition temperature (𝑇𝑔 = 385 ℃ ), onset crystallization temperature 

(𝑇𝑋 = 489 ℃ ), peak crystallization temperature (𝑇𝑐 = 645 ℃ ) and melting temperature 

(𝑇𝑚 = 947 ℃ ), respectively. The thermal stability (ΔT) factor for the NBZPB host glass was 

computed using the following equation [49, 77]: 

                                                    ∆𝑇 = 𝑇𝑋 − 𝑇𝑔                                                                    (3.1)  

A higher ΔT factor value indicates greater stability of the glass host. According to the literature, 

a ΔT value exceeding 100 °C is considered to be indicative of more thermal stability. In this 

study, the computed ΔT factor was obtained to be 104 °C, surpassing 100 °C, which is higher 

than values reported for other glass matrices in the literature [49]. Therefore, these findings 

suggest that the NBZPB host glass exhibits excellent thermal stability, making it well-suited 

for optoelectronic applications. 

3.2. Structural and Vibrational Analysis 

The diffraction profiles for the formed NBZPB and NBZPBPr0.1 glasses are shown in Fig. 

3.2, with a 2θ range from 10º to 70º.  

 

Fig. 3.2.  X-ray diffraction (XRD) profiles for the NBZPB host and NBZPBPr0.1 glasses. 
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The XRD profiles display a broad hump between 20 º and 40 º with no distinct Bragg’s peaks, 

confirming the absence of crystalline structure in the glass. Moreover, the inclusion of the 

dopant RE3+ (Pr3+) ions into the NBZPB host does not affect its non-crystalline nature. Thus, 

the diffraction profiles affirm the amorphous or glassy nature of the NBZPBPr glass samples. 

Fourier transform infrared (FT-IR) spectroscopy is an essential tool for categorizing various 

functional linkages and structural bonds in the glass matrix.  

 

Fig. 3.3.  FT-IR spectrum for the NBZPB host glass.   

Fig. 3.3 depicts the FT-IR spectrum of the NBZPB glass composition that has been captured at 

ambient temperature within the wavenumber range of 400 to 4000 cm-1. The spectrum of the 

NBZPB host glass features several vibrational shoulders at 525, 706, 973, 1080, 1475, 2766, 

3214, 3581 and 3833 cm-1. The shoulder around 525 cm-1 likely corresponds to the vibration 

of the Zn-O bond in the ZnO4 structure, as well as the harmonic of symmetric P-O-P bending 

vibrations [78, 79]. The vibrational band observed at 706 cm-1 is linked to the B-O-B linkage 

in borate networks, encompassing both the B-O bond and the overlapping vibrations of the 
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bridging oxygen atoms, which interact with the symmetric stretching of the bridging oxygen 

ions in P-O-P vibration [80-84]. The band positioned at 973 cm-1 is associated with the B-O 

bond stretching of the BO4
 tetrahedral borons structures [81]. The band located around at 

wavenumber 1080 cm-1
 may be associated with the asymmetric stretching of the P-O-P linkage 

[86, 87]. The asymmetric stretching vibration of trigonal BO3 structures may be attributed to 

the peak at 1475 cm-1 [81, 87, 88]. The shoulder peak at 2766 cm-1 can be associated with the 

presence of the -OH group and hydrogen bonding [89], while the shoulder peaks at 3581 and 

3833 cm-1 are associated with the stretching vibration of the hydroxyl group [81, 90]. 

3.3. Optical Absorption Spectral Analysis 

 

Fig. 3.4.  Optical absorption spectrum of 0.1 mol% Pr3+ doped NBZPB glass sample in the n-

UV-VIS-NIR region. [Inset signifies the indirect allowed band gap energy of the 

NBZPBPr0.1 glass sample using Tauc’s plot].  

Fig. 3.4 presents the room temperature optical absorption spectrum for the NBZPBPr0.1 glass 

captured within the specific wavelength range of 350 to 2250 nm. The spectrum displays seven 
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distinct absorption peaks at 446, 467, 592, 1014, 1443, 1534, and 1936 nm. The absorption 

peaks in the blue region (446 & 467 nm) correspond to the transitions from the ground level 

(3H4) to excited levels such as 3P2, & 3P1. The single absorption peak in the visible region (592 

nm) is attributed to the 3H4 → 1D2 transition, while four peaks in the NIR region (1014, 1443, 

1534 & 1936 nm) are linked to the transitions from the ground level (3H4) to different excited 

levels such as 1G4, 
3F4, 

3F3, and 3F2, respectively. The assignment and determination of these 

absorption peaks are based on the following procedure specified in the literature by Carnell et 

al. [91]. Among these peaks, the bands at 446 and 1534 nm, corresponding to the 3H4 → 3P2 

and 3H4 → 3F3 transitions are notably more intense than the others and considered as 

hypersensitive transitions [19, 49]. Hypersensitive transitions are highly influenced by the local 

environment of Pr3+ ions in the glass host matrix. To understand the bonding character in the 

prepared NBZPBPr glasses, the nephelauxetic ratio (�̅�) and bonding parameter (𝛿) were 

computed using the standard formulas available in the literature [92]. The estimated  �̅� value 

for the NBZPBPr0.1 glass was found to be 0.996. Additionally, the 𝛿 value for the NBZPBPr0.1 

glass was calculated to be 0.270. The bonding parameters can be either negative or positive 

depending on whether the ligand field around the RE3+ ion exhibits ionic or covalent bonding. 

Based on the findings, the positive estimated value of 𝛿 indicates that the bonding character in 

the prepared glasses is predominantly covalent.  

In non-crystalline materials, the energy band gap is the energy range amid the 

conduction band and valence band. The optical band gap (𝐸𝑜𝑝𝑡) refers to the energy required 

for a photon to be absorbed by the material [93]. The visible absorption edge in the UV range 

is often used to examine energy bands and optical transitions in both amorphous and crystalline 

materials. Davis and Mott’s approach was used to evaluate the 𝐸𝑜𝑝𝑡  for the prepared NBZPBPr 

glass based on the absorption spectral data [19]: 
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(𝛼ℎ𝜗) = 𝐶(ℎ𝜗 − 𝐸𝑜𝑝𝑡)𝑞                                        (3.2) 

In equation (3.2), α implies the absorption coefficient, C symbolizes the constant related to the 

band tailing parameter, ℎ is Planck’s constant, 𝐸𝑜𝑝𝑡  signifies the optical band energy values and 

𝜗 represents the frequency of radiation, respectively. The parameter 𝑞 depends on the kind of 

transition and is assigned as 3 (for indirect forbidden), 1/3 (for direct forbidden), 2 (for indirect 

allowed) and ½ (for direct allowed) transitions, respectively. The 𝐸𝑜𝑝𝑡  values for indirect 

allowed transitions were computed by Tauc’s graph by extrapolating the straight-line region of 

the diagram among the (𝛼ℎ𝜗)1/2 vs energy (ℎ𝜗) and are shown in the inset of Fig. 3.4. The 

estimated 𝐸𝑜𝑝𝑡  values for an indirect allowed transition of the prepared NBZPBPr0.1 glass is 

3.47 eV. Moreover, another parameter i.e., refractive index (n) can be assessed with the help of 

the Dimitrov et al. relation [2, 46] :  

                                            
𝑛2−1

𝑛2+2
= 1 − √

𝐸𝑜𝑝𝑡

20
                                                               (3.3) 

The evaluated value of the refractive index (n) for NBZPBPr is 2.27. 

3.4. Luminescent Studies 

To comprehend the emission profiles of the formed NBZPBPr glasses, it is very much 

essential to recognize the excitation wavelengths of Pr3+ ions. Due to this reason, the ambient 

temperature excitation spectrum of 0.1 mol% Pr3+ embedded NBZPB glass (NBZPBPr0.1) has 

been gauged in the range of 400 to 525 nm via pumping the emission wavelength at 602 nm 

and is presented in Fig. 3.5. The excitation spectrum consists of three intense peaks in the blue 

region, such as 446, 467 and 484 nm corresponding to the transitions 3H4 → 3P2, 
3H4 → 3P1 and 

3H4 → 3P0 of the Pr3+ ions [49, 95]. For all three peaks, the excitation peak around 446 nm (3H4 

→ 3P2) shows the highest intensity as compared to the other two remaining peaks. Henceforth, 
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the peak at 446 nm (3H4 → 3P2) has been selected as the excitation wavelength to measure the 

emission profiles of the series of prepared NBZPBPr glasses.  

 

Fig. 3.5.  PLE spectrum for the NBZPBPr0.1 glass with fixed 602 nm emission wavelength.  

The emission profiles for the prepared NBZPBPr glasses are exhibited in Fig. 3.6. The emission 

profiles have been captured in 525 to 725 nm at an intense blue excitation wavelength of         

446 nm. 

 

Fig. 3.6. PL spectra for the Pr3+ doped NBZPBPr glass samples for excitation at λex = 446 nm. 

The inset plot shows the variation of PL intensity of the emission peak (1D2 → 3H4) 

with varying Pr3+ concentration ions in NBZPB glasses. 
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 From Fig. 3.6, it has been noted that the emission profiles consist of two peaks in the 

visible region at 602 and 646 nm associated with the 1D2 → 3H4, 
3P0 → 3F2 transitions of Pr3+ 

ions [76, 95, 96]. The emission peak at 602 nm (1D2 → 3H4) observed in the orange-red region 

of the electromagnetic spectrum exhibits the highest intensity among all emission peaks. The 

emission peak intensity (1D2 → 3H4) increases along with increasing the doping concentration 

of Pr3+ ions from 0.05 to 0.1 mol% beyond that the emission intensity decreases with increasing 

the doping concentration of Pr3+ ions up to 1.5 mol%. This occurs due to the concentration 

quenching mechanism. As seen in the inset of Fig. 3.6, the correlation between the emission 

intensity variation of 1D2 → 3H4 peak and dopant (Pr3+) ion contents.  As the content of dopant 

ions rises, the average distance amid Pr3+-Pr3+ ions diminishes in the host matrix. Consequently, 

non-radiative energy transfer occurs among dopant ions through cross-relaxation channels, 

which leads to concentration quenching. Fig. 3.6 illustrates that as the doping concentration of 

Pr3+ ion increases, a significant red shift is observed for the 1D2 → 3H4 emission transition. The 

peak wavelength of the 1D2 → 3H4 transition in NBZPBPr glasses ranges from 601 to 612 nm 

for Pr3+ ion concentrations of 0.05 to 1.5 mol%, indicating a red shift in this peak. This peak 

may relate to the site distribution of Pr3+ ions in the vicinity of ligand fields [49]. Fig. 7 

illustrates the energy level scheme, highlighting key processes such as excitation, emission and 

other transition mechanisms, including non-radiative and cross-relaxation pathways. Upon 

illumination of the NBZPBPr glass, the Pr3+ ions are excited from the ground state (3H4) to the 

excited state (3P2). The ions in the excited state (3P2) then undergo non-radiative relaxation, 

resulting in the emission from the metastable level (1D2). As a result, NBZPBPr glasses emit 

visible light at wavelengths of 602 nm (1D2 → 3H4) and 646 nm (3P0 → 3F2), respectively. The 

potential cross-relaxation pathways are given below and depicted in Fig. 3.7 [32]. 
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Fig. 3.7.  Partial Energy level scheme for the Pr3+ doped NBZPB glass samples. 

 

CRC01: (3P0 + 1D2) → (3H4 + 3H6) 

CRC02: (3P0 + 1G4) → (3H4 + 1G4) 

CRC03: (3P0 + 3H6) → (3H4 + 1D2) 

CRC04: (1D2 + 1G4) → (3H4 + 3F4) 

CRC05: (1D2 + 3F4) → (3H4 + 1G4) 
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3.5. Evaluation of CIE coordinates, Correlated Color Temperature (CCT) 

and Color Purity 

The evaluation and quantification of a color emitted through the material are shown as 

colorimetry. Commission Internationale de I’Eclairage (CIE) coordinates are crucial for 

determining the color of emitted light through synthesized materials under appropriate 

excitation. Chromaticity coordinates were derived from the emission profiles of the NBZPBPr 

glasses following established procedures in the literature [13]. Under blue excitation, the color 

(x, y) coordinates (0.602, 0.390) for the optimized NBZPBPr0.1 glass have been located in the 

orange-red area of the CIE graph and presented in Fig. 3.8. 

 

Fig. 3.8. CIE chromaticity Plot of the NBZPBPr0.1 glass under 446 nm excitation wavelength. 

 Moreover, the correlated color temperature (CCT) of the prepared NBZPBPr glasses were 

measured via applying the McCamy theoretical relation [13, 97]. The estimated CCT value for 

the optimized NBZPBPr0.1 glass is 1737 K, which is lower than 5000 K. This indicates that the 

prepared NBZPBPr glass emits warm light.  Additionally, the color purity (CP) of the prepared 
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NBZPBPr glasses is determined and the evaluated CP value for the optimized NBZPBPr0.1 

glass is 97.0% [13]. Hence, the aforementioned parameters validate that the NBZPBPr0.1 glass 

can be suitable for use in orange-red components of white LED and other optoelectronic 

applications. 

3.6. Effect of temperature on the emission intensity of the NBZPBPr Glass 

In order to examine the influence of temperature on emission and asses the thermal 

stability of the glass, a study was conducted on 0.1 mol% Pr3+ doped NBZPB (NBZPBPr0.1) 

under the excitation wavelength of 446 nm with varying temperature profiles from 303 K to 

473 K, as shown in Fig. 3.9.   

 

Fig. 3.9. Temperature-dependent PL spectra for the optimized NBZPBPr0.1 glass sample with 

temperature varying from 303 K to 473 K under 446 nm excitation wavelength. [Inset 

represents the relative emission intensity variation with varying temperatures from 

303 K to 473 K. 
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The emission intensity of the NBZPBPr0.1 glass decreases gradually without any change in 

the peak position as the temperature increases from 303 K to 473 K. The temperature 

dependence along with the relative intensity of the prepared glass under blue excitation is 

illustrated in the inset of Fig. 3.9. The emission intensity of the NBZPBPr0.1 glass was 

maintained at 89.53% at 373 K (100 ºC) and 75.17% at 423 K (150 ºC), compared to the initial 

emission intensity at 303 K, which suggest that the prepared glasses have excellent thermal 

stability. Activation energy (∆𝐸𝑎) is also another major parameter used for determining the 

thermal stability of the prepared glasses and can be evaluated with the help of the Arrhenius 

equation as reported in the literature [19].  

 

Fig. 3.10. Linear fitted plot between Ln[(I0/IT) – 1] versus 1/KBT. 

The slope can be determined by analyzing the graph between ln[(I0/IT) – 1] versus 1/KBT from 

Fig. 3.10 and calculating the activation energy. The observed value is found to be 0.205 eV, 

indicating outstanding thermal stability of the glass. 
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Chapter 4: Conclusion and Future Scope of the Work 

 

 

4.1. Conclusions 

Transparent NBZPB glasses with varying Pr3+ ion concentrations were formed through 

the melt-quenching method. In order to comprehend their functionality in optoelectronic 

applications, various characterization techniques, such as DSC, XRD, FT-IR, optical 

absorption, photoluminescence and temperature-dependent PL were deployed. The absence of 

crystalline peaks in the diffraction profiles authorizes the amorphous character of the prepared 

glasses. Whereas, FT-IR spectroscopy assists in determining the various functional linkages of 

the prepared glass host. The optical characteristics (indirect allowed 𝐸𝑜𝑝𝑡  and n) of the 

NBZPBPr0.1 glass matrix were computed with optical absorption data. The emission spectral 

profiles of the prepared Pr3+ embedded NBZPB glass matrices exhibit an intense orange-red 

emission peak at 602 nm in the visible region when excited by a blue wavelength of 446 nm. 

The optimal content of the dopant ions in the formed NBZPBPr glasses has been obtained to 

be 0.1 mol%.  Additionally, the temperature-dependent PL spectral profiles indicate the 

remarkable thermal stability of the NBZPBPr glass, along with a high activation energy value. 

The aforementioned findings validate that the orange-red emitting Pr3+ induced NBZPB glasses 

can be a promising candidate for optoelectronic applications. 

4.2. Future Scope of the work 

• To enhance the photoluminescence properties using co-dopants/flux and to fabricate a 

prototype w-LED using the optimized glass. 

•    To study in detail, the energy transfer studies and various colourimetric/photometric 

properties of the optimized glass for solid-state lighting applications. 
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• Future work can show different dopants/co-dopants improving the thermal stability of 

the glass, which can further improve quantum efficiency. 

•    To publish research papers in internationally reputed scientific journals and present 

papers at International and National conferences. 
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