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ABSTRACT 

In present study, Lanthanide ions doped oxide and oxyfluoride phosphate glasses were 

prepared through melt quenching technique. Subsequently, properly cut and polished 

samples were studied through XRD, FTIR, density, refractive index, absorption spectra, 

photoluminescence spectra, X-rays induced luminescence spectra, JO analysis, lifetime 

study and CIE coordinates analysis.   

The recorded XRD pattern show broad bands without any sharp peaks which show that these 

glasses are amorphous in nature. The FTIR results show that the band corresponding to OH 

vibrations decrease in oxyfluoride glass samples compared to the oxide glasses. The decrease 

in the intensity of OH group bands, is due to the decrease of amounts of OH in the glass 

composition by reaction with fluorene to produce HF.  

The measured density shows the overall increasing trend with increase in the rear earth 

concentrations and also the densities of oxide glasses are higher than the oxyfluoride glasses 

which show that the structures of oxide glasses are more compact than the oxyfluoride 

glasses.  

The absorption spectra (Uv-Vis-NIR region) contain the corresponding doped rare earth ions 

transitions peaks. For Dysprosium (Dy3+), Samarium (Sm3+) and Europium (Eu3+) ions doped 

glasses most intense peaks correspond to 6H15→
6H9/2+

6F11/2, 
6H5/2→

6F7/2 and 7F0→
5L6 

transitions, respectively. The positions of the absorption bands are slightly change with 

change in the glass compositions.  

Similarly, the recorded excitation spectra of present glasses have corresponding Sm3+, Eu3+ 

and Dy3+ transition peaks along with the Gd3+ ions transitions peaks. Subsequently, the 

recorded emission spectra show the energy transfer from excited Gd3+ ions to Dy3+, Sm3+ or 

Eu3+ ions present in glass compositions. The transitions 8H5/2→
6P3/2, 

7F0 →
5L6 and 6H15/2→ 

4M15/2 + 6P7/2 are the hyper sensitive transition for Dy3+, Sm3+ and Eu3+ respectively. The 

emission spectra recorded at the respective wavelength observed for hypersensitive 

transitions in excitation spectra demonstrate that the oxyfluoride glass samples show 

comparatively higher emission intensity. The emission intensities increase with increasing 

RE3+ ions concentrations up to 1 mol% in the case of Dy3+ and Sm3+ ions doping there after 



viii 
 

start decreasing. While in the case of Eu3+ ions, the emission intensity upsurges and no 

luminescence quenching observed in 0.0 to 2.0 mol% concentration range. It is believed that 

the concentration quenching occurs due to non-radiative energy transfer among the RE3+ ions 

through cross relaxation channels. 

In X-rays induce luminescence spectra studied in present work show same trend and number 

of emission peaks as that of photoluminescence emission spectra but with different intensity 

and slightly different peaks positions due to the different irradiation sources. Several 

radiative properties i.e., Branching ratio, quantum efficiency, radiative lifetime, stimulated 

emission cross sections and radiative transition probabilities were calculated with JO theory.  

Lifetime of present glasses were recorded with respective emission and excitations 

wavelength and it is found that lifetime decrease with increasing concentration of Dy3+ and 

Sm3+ ions, while for Eu3+ ions no significant variations observed in lifetime values. 

Moreover, lifetime curve shows single exponential nature at lo wer concentration of rare 

earth and deviate from the single exponential behavior as the concertation of rare earth 

increase. This non-single exponential behavior of lifetime curves are fitted in the framework 

of Inokuti-Hirayama (IH) model to understand energy transfer mechanism involved in 

respective case.  

Subsequently, the color of emitted light was compared with 1931 CIE (Commission 

International de I’Eclairage) chromatic color coordinates.  
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Chapter 1 

Introduction 

1.1.  Introduction 

Solid-state lighting (SSL) is a promising energy efficient technology, with high potential 

to fulfill the growing needs of lighting for illumination purposes. Extensive research is in 

progress around the world to make SSL devices suitable to meet the general illumination 

requirements [1]. Along with being energy efficient system, SSL have other advantages 

such as good color rendering effect of emitted light, easy to use, safe, have long lifetime 

and less maintains requirements [2]. 

The energy consumed for lighting applications around the world results in the emissions 

of greenhouse gases around 1900 mega tons (Mt) of CO2 per year [2]. The mention amount 

is equal to the 70% of the CO2 emissions from the world’s passenger vehicle and thrice the 

gases emissions from aviation [2]. The demands for lighting devices are rising rapidly 

throughout the world and as a result, the release of these harmful gases respectively 

increasing. Therefore, energy efficient lighting devices are the effective way to control the 

rate of release of these gasses to air. [3].  

Since the first high-efficiency light-emitting devices were developed in 1960s, now the 

SSL sources are believed to be a fundamental part of rapidly advancing research and 

development in the areas devoted to lighting and displays devices [4]. Light Emitting 

Diodes (LEDs) emit almost monochromatic light; therefore, LEDs are highly efficient for 

colored lighting purposes for example traffic signals. However, it is also possible to 

combine different type of LEDs on a cluster to generate all type of colors including white 

light.  

There are two proposed schemes which can produce white light, one RGB color model 

which based on mixing the light of three different color (red, green and blue color) LEDs 

[4]. However, this method is hardware-intensive, because it involves three LEDs, and it 

likely renders pastel colors unnaturally and hence produce bad quality light. The second 

option is the phosphor converted-white LEDs (pc-WLEDs), which use phosphor to 

generate white light through down conversion of blue or UV light [5-6]. Pc-WLED 
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involved blue die covered with yellow or green-red phosphor to generate white light. The 

Pc-WLEDs are intensively used in general lighting application because Pc-WLED systems 

are more energy efficient, show prompt response, have good CRI and comparatively 

economical. The high luminous efficiency allows pc-WLEDs to replace the majority of 

lighting sources for domestic and non-domestics lighting application [7]. The high 

luminous efficacy (how well a light source produces visible light) upto150 lm/W is 

possible with pc-WLED under proper designing and operating conditions [7]. At the 

present time, commercially available pc-WLEDs usually make use of 450-470 nm blue 

InGaN LED chip coated with yellowish phosphor (Y3Al5O12:Ce3+(Ce: YAG)) [8]. For 

homogeneous depression of phosphors on LED chips matrix materials are necessary to 

hold phosphor particles. To the date, curable silicone having high transmittance and low 

processing temperature is the well admired matrix materials. But, due to low glass 

transition temperature these materials are unstable at high temperature up to 150ºC; 

therefore, relatively strong radiations coming out of LED chips normally alter the structure 

of curable silicone [8]. The structure modification due to the strong radiation introduces 

bands defects and decreases the phosphors, and as a result, affects the optical performance 

of pc-WLEDs.  

The use of vitreous materials, specially glasses containing rare earth (RE3+) are the 

interesting alternative options for replacing the crystalline phosphors [9], because these 

materials have several advantages as compared to the crystalline phosphors such that high 

transparency, high thermal stability, comparatively easy to prepared and economical [9- 

10]. The typical old form of encapsulation can be substitute with glass encapsulation; glass 

may work as a shielding cover with no extra encapsulation [10]. 

1.1.1. Solid State Lighting Devices (SSL)  

The SSL is a broad phrase relate to semiconductors, combined in the way to convert 

electrical energy to light used for common lighting purposes. According to International 

Illumination Engineering Societies, the term “SSL” symbolizes the application of white 

light-emitting diodes (WLEDs) for light generation. Basically, “solid-state” is the title for 

semiconductor solids employed in LEDs to differentiate it from early “gas-filled and 

vacuum cylinders. SSL generally use the light-emitting diodes (LED) for generation of 
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light.  At present, LEDs are extensively used as lighting sources, plus transmitters in 

various communications systems in a visible and infrared scope [11].  

1.1.1.1. Red LEDs 

The Figure 1.1. shows the cross-section and operation of Red LED. In red LEDs, N-type 

gallium phosphide (GaP) is used as a substrate. On top of this substrate sequentially first 

apply gallium phosphide (N-type) layer and then gallium phosphide (P-type) layer. 

 

 

Figure 1.1. Schematic diagram of the Red LEDs [12] 

 

When electric current passes through ohmic contacts, radiative emission (λ~700 nm) take 

place as result of recombination of holes from the P-type and electrons from the N-type at 

the P-N junction. When the P-N junction operates forward bias, charge carriers from one 

side diffuse to the other side of neutral region and emit photons by the recombination with 

the opposite charge carriers. The diagram show, the photons emission at the P-N junction. 

To avoid the absorption of light by P-type region, the P-type region is kept sufficiently 

small and shallow. In the LEDs operation a significant fraction of generated light re-

absorbed by the LED materials and result in generating of heat. Hence, to minimized light 

loss within the LED materials several particular measures need to be taken. The 

encapsulation of LED can be an important future because it protects the LED die and also 

an important feature for collection of LEDs emitted light. Thus, the die is enclosed in a 
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hard and transparent plastic epoxy resin with a reflector cup in hemispherical-shaped. 

Whereas surrounded the LED by the epoxy resin, its body is formed in such a way that 

direct the emitted photons at the junction away from the LED substrate. 

1.1.1.2.  Green LEDs 

The highly-efficient green LEDs are vital for phosphor-free SSL [12]. The green-LEDs 

operating in the ~508-514 nm spectral regions have already been effectively synthesized, 

processed and tested as early as last two decades [13]. The problems such as efficiency 

droop and overall performance reduced their effectiveness in SSL applications. Violet and 

blue LEDs are normally fabricated with c-plane GaN crystals, however attaining efficient 

operation of green devices at wavelengths higher than 500 nm is difficult because the 

radiative recombination rates in the active region decrease by large polarization fields [14]. 

The inefficient LEDs in the green region of light spectrum are acknowledged as the “green 

gap”. These shortages are generally because of the combined effects of high indium 

compositions, polarization fields, and maybe higher Auger recombination [15].  

1.1.1.3.  Blue LEDs 

The blue light is one of the primary colors R-G-B (Red-Green-Blue) which are the basic 

components of white light. White light and any visible light’s wavelength in of light 

spectrum can generate by different combinations of LED of primary color. The blue LEDs 

can be used in combination with available red and green LEDs to produce white light. 

Although at the present white-LEDs rarely use this principle. The materials with direct 

energy band gap comparable to blue light (Eg ~ 2.6 eV) are consider, the perfect materials 

for the emission of blue light. Generally wide band gap semiconductors i.e. indium gallium 

nitride (InGaN) and gallium nitride (GaN) are used to shaped the Blue LEDs [16]. 

1.1.1.4.  White Light Emitting Diodes (W-LEDs) 

Since LEDs primarily emit single wavelength, so producing a true white light emitting 

diode is very demanding task. Similarly, the white color does not appear in the colors 

spectrum so instead producing direct white color; mixing of different wavelengths 

radiations are used. The white light generates by covering blue-emitting InGaN material 

with a yellow light emitting materials. 
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Now the relevant question is that how many of LEDs to be used for white light generation. 

Single LED usually generate single wavelength or a very narrow band of wavelengths. 

Hence the rest of the wavelengths necessary for white light are produce with converting 

some fraction of this light into the remaining section of the white light spectrum. For this 

purpose, usually the wavelength converting phosphors are use. These phosphors absorb 

one wavelength and emit other wavelength by up or down conversion process, shown as 

symbolized in Figure1.2.  

 

Figure 1.2. Phosphors converted (Pc) W-LEDs [17] 

 

The phosphors used are usually down converting single crystal material which absorb the 

shorter wavelength and emit relatively longer wavelength or which produce stokes shift. 

Basically, with this technique light with different wavelength (converted wavelengths) can 

be produce from the system, which are different from the wavelengths originally coming 

from LED. Subsequently combine the original friction of light with the converted part. 

Therefore, this technique is known as wavelength conversion technique. The pc-WLEDs 

is one of the ways to generate white light. The second method is the direct mixing of the 

three primary colors produce by different diodes in the different wavelength range. This 

technique physically follows the ideas of primary colors and tri-chromatic vision. Hence, 

in this method only additive mixing of colors is made and known as color mixing 

technique. The color mixing technique is more efficient as compared to the phosphors 

converted LEDs method because in pc-WLED some portion of energy is lost during the 
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absorption of energy by the phosphors and re-emission. So, the mixing of the color reduces 

the energy lost during the process.  

 

 

Figure 1.3. Multi-color LED mixing W-LEDs 

 

Pc-WLEDs are the appropriate realization of W-LED but despite of vast research works 

still in the color mixing technique, the different LEDs degrade at different rats and different 

times, which results in a non-uniform color output. Similarly, phosphors conversion 

method also has certain problems such that, absorption and emission can’t be tuned, due to 

phosphor films reflection some friction of light reflected back in the direction of the LED 

which produce heating, similarly phosphors response is stronger to the light LED and while 

transmitted the UV radiations which is unsafe for human eyes.  

1.2.  Glasses  

An inorganic product of fusion that has been cooled down to solid form bypassing 

crystallization is traditionally termed as “glass” [18]. Nearly 400,000 compositions of 

oxide glasses with several somewhat new inorganic glasses are reported in the Sci-Glass 

database [18]. To comprehend the important characteristics and nature of glasses, the 

understanding of enthalpy versus temperature plot is very much important in field of glass 

science. The several noteworthy points and regions in enthalpy versus temperature plot 

given in Figure 1.4 can be briefly classified as: 
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a) The stable liquids (L) in thermodynamically equilibrium condition exist above the 

melting point, “Tm”. These liquids never crystallize. 

b) The liquid between melting temperature “Tm” and glass transition temperature, 

“Tg” termed as super cooled liquids (SCL). The SCL is the metastable state  

c) Glasses exist below “Tg” temperature. Under “Tg”, glasses are thermodynamically 

unstable and subsequently tend toward SCL state at some nonzero temperature. The 

glass transition occurs at temperature where the ratio of experimental time to 

observation time (texp/tobs) is comparable to the average structural relaxation time 

(τR) of the SCL. On heating the glass changes to SCL at temperature Tg. In the 

range of positive temperature i.e when the observation temperature is much longer 

than the relaxation temperature (tobs ≫ τR), any SCL finally crystallizes as illustrated 

in Figure 1.4.  

d)  The true solids which are thermodynamically stable below Tm are called crystals 

having ordered atomic structures. 

The glassy materials basically have amorphous or non-crystalline Structure. The arising of 

vitreous “SCL” state between crystalline and molten state, is the one understandable 

distinction between glass and other condensed matter.  

 

 

Figure 1.4. Enthalpy vs temperature plot for a glass-forming substance [18] 

The SCL state always tends to obtained thermodynamically stable state. But high viscosity 

prevents atomic movement and hence glass cannot obtain the thermodynamic steady state. 
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Glasses structure defends upon the melt quenching rate, the different quenching rate result 

in different glass structure. 

This exceptional characteristic of glass is different from the other sate of mater such as 

solid, liquid and gaseous states. The Figure 1.5 shows the difference between the glass and 

crystalline solids that have the same basic building tetrahedral.  The same tetrahedral 

connected regularly in crystalline silicates while irregularly in SiO2 glass. Several oxides 

such as Na2O, Li2O, PbO and CaO etc altered the glass network drastically when added in 

small quantities to glass forming oxides.  

 

Figure 1.5. Schematic structures (cationic polyhedra) of crystals and glasses [18] 

 

Figure 1.6.  Arrangement of ions in a sodium silicate glass [19]. 
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These oxides change the glass network structure and therefore they are called “glass 

modifiers or network modifiers”. Generally, these oxides cannot form a glass by itself, but 

when add to glass former, it forms glass and change the properties of resultant glass. The 

modifier forms non-bridging oxygen (NBO) ions by breaking up the network bonds as 

shown in the Figure1.6.  

1.3.1.  Phosphate Based Glasses  

Among oxide glasses, phosphate-based glasses are important materials for several 

technological applications [20] because of owing several excellent features, i.e. high 

transparency, low refractive index, low melting point and low dispersion [21]. Similarly, 

the fluorophosphate glasses also have high importance because of good optical quality, 

comparatively low melting point and good chemical durability [22].  

The properties that enable phosphate glasses to be used for numerous special applications 

in different technological fields are linked to the molecular-level structures of the glass 

system. The P-tetrahedra is the fundamental units of both crystalline as well as amorphous 

phosphates, which is form from the structure of sp3 hybridized orbital by the “P” outer 

electrons (3s23p3) [23].   

The structures of phosphate glasses involve PO4 tetrahedra, in order to form a polymeric 

structure, these PO4 tetrahedra linked together with P-O-P linkages [24].  

 

Figure 1.7. Phosphate tetrahedral sites that can exist in phosphate glasses [23]. 

 

The phosphate networks can be categorized by the oxygen to phosphorus ratio i.e. bridging 

oxygen (BO), among surrounding P-tetrahedra. The tetrahedral units are generally 

represented with Qn terminology as show in Figure.1.7, where “n” stand for the number of 
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bridging oxygen (BO) per PO4 tetrahedron [24]. The structures start from a cross-link 

network of Q3 tetrahedra convert to polymerlike metaphosphate (Q2), to pyrophosphate 

(Q1) and to orthophosphate (Q0). Phosphate based glasses can be made with a variety of 

structures, these structures may range from Q3 (vitreous P2O5) to Q2 (tetrahedra meta-

phosphate chains) to Q1 (small pyro-phosphate) and finally Q0 (orthophosphate anions), the 

arrangements depend on the [O]/[P] ratio results from glass composition. 

1.3.2. Ln3+ Ions Doped Glasses and Luminescence 

In Latin ‘lumen’ means ‘light’. The term luminescence was introduced for the first time in 

1888 by Eilhard Wiedemann [25]. Since light is a form of energy, therefore another form 

of energy must be provided to generate light. The incandescence and luminescence are two 

way to produce light. In Incandescence process light is produce from the heat energy while 

the luminescence involves absorption and successive emission of light. The emission of 

light under the luminescence process can be caused by electrical, chemical reactions energy 

or subatomic motions. The materials show luminescence phenomenon is known as 

luminescent materials [25]. There are several types of luminescence as given below which 

depend upon the source of energy provided to produce luminescence in the materials.  

i. Chemo-luminescence: the emission of light with chemical reaction i.e. Phosphorus 

and cyalume sticks.  

ii. Bio-luminescence: The Emission of light result from biochemical reaction in living 

organism for examples Fireflies and angler fish.  

iii. Electro-luminescence: the luminescence produces by electric current passed 

through a material such as in the case of LED, OLED, PLED, LASER, and 

electroluminescent wires.  

iv. Crystalo-luminescence: Luminescence generated during crystallization process and 

it is used to estimate the critical size of the crystal nucleus.  

v. Mechano-luminescence: luminescence from a mechanical action by a solid such as 

Sensing and imaging devices.  
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vi. Radio-luminescence: A result of bombardment by ionizing radiation like beta 

particles and the examples are Radio-luminescent paint  

vii. Thermo-luminescence: When the materials are heated, these materials re-emit the 

absorbed energy for example in the case of dating some archeological artifacts.  

viii. Cryo-luminescence: The luminescence when an object is cooled down as used this 

phenomena Ratio metric thermometer, solar cell.  

ix. Seismo-luminescence: Seismo-luminescence is a reference to Earthquake Lights, 

rare glowing phenomena that are occasionally seen before or during seismic event. 

Ex: Lightning  

x. Photoluminescence: Photoluminescence (PL) is the processes of re-emission of 

energy in the form of light when excited by absorption of light. The PL process can 

be classified in two groups such that fluorescence and phosphorescence, by 

parameters like the energy of the exciting photons with respect to the emission. PL 

is simple, handy, and non-destructive process. PL analyses can give insight to a 

range of material parameters.  

Compared to familiar concept of phosphors, glasses are believed as a substitute because 

glass have several excellent properties such as homogeneous light emission, easy to 

prepared, economical, no halo effect and good thermal properties [26]. Ever since 

luminescent glass was developed for the first time, several research activities have been 

carried out to develop glasses with good luminescence for white LEDs applications [27]. 

The luminescent glasses are generally synthesized with lanthanide oxides, but because of 

the high cost of lanthanides other materials are also being tested. But still the investigation 

of luminescence from REs in diverse host matrices are really vital for designing several 

optical devices e.g. color displays and solid-state lasers. When REs is doped in hosts these 

ions exist as 3+ or rarely 2+ ions. In some situations, Samarium and Europium, the 2+ 

species also show luminescence but 3+ ions are more interesting as compared to 2+ ions. 

The REIs ions display strong narrow-band “4f” luminescence when doped in array of hosts. 

Because of 5s2 and 5p6 shielding, the radiative transitions of REs ions in solid host matrices 

are analogous to free ions radiative transitions. The 4f-4f transitions are parity forbidden 
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transitions but mixing of opposite parity due to the crystal field interactions partially 

permitted these transitions. With an objective based ion selection, the narrow and intense-

band emission can be attained in the major part of Vis-NIR range of electromagnetic 

spectrum. The energy level diagrams for the isolated RE3+ ions from Ce3+ to Yb3+ shows 

in the Fig.1.8 [28]. Energy levels of rare earth ions are typically labeled with special 

symbols for example 4 I13/2, or 2F7/2. The number of probable total spin orientations of the 

ion are represented by superscript on left side which is the well-known 2S+1 term, where 

S is the total spin of the ion. While on the right side the subscript represents the total angular 

momentum of the ion, estimated by Russell-Saunders (RS) coupling scheme. 

 

 

Figure 1.8. The isolated RE3+ ions energy level diagrams [28]. 
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In hosts’ matrix, number of direct or indirect excitation mechanisms exists for 

luminescence. Direct excitation paths are such that resonant optical excitation by the 

interaction of photons of corresponding wavelengths with specific rare-earth 4f absorption 

bands, cathode luminescence and electroluminescence, while in semiconductors the 

indirect excitation involved carrier-mediated excitation, and in insulators the dipole-dipole 

Forster-Dexter coupling. 
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Chapter 2 

Literature Review 

2.1.  Introduction   

The term “luminescenz” (luminescence) introduced for the first time by a German 

physicist Eilhardt Wiedemann in 1888. But interest in luminescence process is as old as 

human perception of “light without fire”. Human’s curiosity about luminescence 

phenomena has been grown continuously by observing glowing worms, seashells, the 

Aurora, bologna stone and so on [29] and hence they try to explore the basics mechanism 

of luminescence.  

2.2.  History of Solid-State Lighting Devices  

The lime light (1St SSL device) invented by T. Drummond in 1826 [30]. In following years 

electrical lighting devices such that Incandescent filament lamp, mercury vapor lamps, 

sodium vapor lamps and fluorescent lamp were invented in 1876, 1879 and 1938 

respectively [31]. At beginning the carbon filaments were used in the incandescent lamps 

but these filaments have some disadvantages, that these lamps cannot used at high enough 

temperature to generate good quality light. Therefore, in 1906 General electric introduces 

the incandescent lamps with tungsten filament for commercial use [32], followed by the 

use of inert gas and coiled tungsten filaments in the lamps. A mile stone in the progress of 

incandescent lamp was the invention of quartz halogen lamps in 1960-1970. The quartz 

halogen lamps based on self-repaired process to operate at as high temperature as 200ºC 

[33]. The discharge lamps such as mercury vapor lamp, sodium lamps, florescent tube and 

florescent lamps were the next step in the field of lighting [33]. Similarly, the fluorescent 

lamps were introduced in 1930s [34]. The fluorescent lamps based on the Uv light 

generated by excited atoms and subsequently down converted to the visible region by the 

phosphors. However, with the passage of time these classical lamps reached to the efficacy 

limit of 150 lumens/watt for the best ones, while most often efficacy ranges from 80-100 

lumens/watt, therefore demand for more efficient lamps arises.  

The developments in the field semiconductor physics and the understanding of the fact that 

the conductivity of the semiconductors control by the impurities, leads to birth to p-n 
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junction in the 1940s and transistor in 1947 at Bell laboratories [34]. The inventions of p-

n junction and transistor made it very clear that the p-n junction can be an exciting source 

of light emission. In 1952 the electro luminescence was observed with germanium-silicon 

as a result of radiative recombination of the hole and electrons. The materials with band 

gap comparable to infrared energy studied intensively in 1950s. [35]. In the following year 

of 1955 the injection of electroluminescence was investigated in new III-V compounds 

with direct band gaps such as GaSb, GaAs, InP and Ge-Si alloy [36]. Similarly, after 

successful emission of blue and yellow light from SiC, many researchers studied GaP for 

the visible light LEDs using different dopants at different concentration. Hence green and 

blue LEDs based on GaP were manufactured in 1960s in many countries around the world 

[37-39]. The RED LED was introduced for the first time by N. Holon yak in 1962 [40]. 

After development of RED LED, the first commercial LED lamps like indicator lamp and 

electronic displays were introduced by Monsanto and Hewlett-Packard respectively in 

1968 [41].  

At beginning of 1970s almost all the research activities on visible LEDs are discarded in 

the major laboratories and all the works are diverted to the infrared laser telecom 

applications [42]. But still some researchers kept continued their research activities and 

managed to developed High-efficiency red, orange and yellow LED devices with Al- 

GaInP and violet, blue, and green with GaInN in 1980s and 1990s [43] and as a result at 

the mid of 1990s, monochromatic high-efficiency devices were available. One very 

important development in the field of blue LED was GaN as p-type material developed by 

I. Akasaki and H. Amano. These discoveries were very important and leads S. Nakamura 

to demonstrated bright blue LED in 1993[44]. The efficiency of these LEDS rapidly 

improve and reached to the limit of blue LEDs available today. The blue LEDs exceeds 

power-conversion efficiencies above 80% at low power density [45]. With the growth of 

new GaP, GaAsP, AlGaAs and AlInGaP (semiconductor materials) luminous efficacies 

increase from 0.02 lm/W (approximately) in 1970s to 10 lm/W (approximately) in 1990 

and currently >150 lm/W from AlInGaP LEDs. The blue light is the shorter wavelength/ 

high energy light which can be convert to long wavelengths/low energy light using the 

verity fluorescence or phosphorescence materials [46]. The visible spectrum can be cover 

through down conversion process and even the generation of white light is possible for 
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general lighting. There are several viable approaches for white-LEDs [43]. At present the 

SSL build by the combination of blue LEDs combined with phosphors, termed as 

phosphor-converted LED (PC-LED). PC-LED covered the entire visible spectrum and as 

a result white light generation is possible with these LEDs.  

In 1995 the LEDs were used for the first time in traffic signals [47] In 1994, for the first 

time W-LED was demonstrated by Shuji Nakamura. Such then-new devices guided 

towered a new era of lighting by discarded lower-efficiency conventional light sources 

including Edison’s incandescent lamp as well as the Hg-discharge based fluorescent lamp 

[43]. 

The designing of luminescence conversion LEDs initiated in 1997 [48]. Schlotter et.al., 

embed luminescent perylene dyes (green, yellow or red or YAG:Ce), into the resin adjacent 

to blue-LED crystal, which  produce white light upon mixing of three-color or two primary 

colors in green, yellow or red case and YAG:Ce case respectively. Same in1997 Heeger 

et.al. [48], produced similar results with luminescent converter LUCO (luminescent 

polymer) which emit yellow luminescence upon excited with blue light from InGaN LED.  

The fast progress of LEDs has unlocked new opportunities as far the market of general 

illumination is concerned [49]. At the start of 21st century, efficacy of W-LEDs had been 

reached up to 20 lm/w, which is already higher than the efficacy limit of incandescent 

lamps. Today several colors LEDs are available for use in clocks, flashlights and traffic 

signals. The LEDs also avalible in replacement-size bulb structure, which can be used into 

a lamp holder like the old incandescent bulbs. 

The combination of yellow Y3Al5O12: Ce phosphor and InGaN blue-emitting chip 

commercially used to manufacture pc-WLEDs. The problem with this pc-WLEDs 

assembly is that, silicone resins usually used to fix phosphor powered on the chip but these 

materials are unstable to UV exposure and temperatures above 150°C and as a result the 

efficiency of WLED decreases with time due to the degradation of resins [50]. Therefore, 

the researchers are trying to solve this problem, hence materials like glasses at traced 

greater research attention because of polymers binders [46]. Amongst different types of 

glasses, phosphate glasses have several advantages i.e. high thermal coefficient, high 

thermal expansion stability and low melting point [51].   
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2.3. History of Glass Science  

The first know glass such as dark volcanic glass or obsidian are naturally produced from 

the rapid cooling of volcanic lava contains silica-based materials. [52]. Obsidians are 

usually found at the locations where silica-rich rock melt as a result of volcanic eruptions. 

These materials were loved by prehistoric peoples because it could be break or fractured 

to produce sharp structure, which can be used as arrowheads or other daily use equipment 

[52] However, the history of technologically synthesized glasses is believed to be dated 

back as early as 3000 BCE. The period from first to fourth century CE is considered as the 

first golden age of glasses. During the Roman Empire, the manufacturing and use of glasses 

in daily life became more widespread. The glass manufacturing trend developed in every 

region under Roman rule i.e. Egypt, Syria, Greece, Italy, Gaul and Brittany. The glass 

window technology based on the property of transparency, had been developed around the 

birth of Christ [53]. The Roman authors’ literature from 3rd and 4th century provide proof 

of window glasses. By that time the uses of glasses greatly increased and certain types of 

glasses were considered as a household necessity [52]. 

The first attempt to intentionally change the glass composition and modify the properties, 

made by Ravens croft around 1673-1676 with fabrication of lead glass [54]. After Ravens 

croft work the attention is paid to the furnace’s improvement, materials used in furnace 

construction and how to control the temperature inside the furnace. The Paul Bosc D'Antic 

(1780) was the first author who writes about glass fabrication in the modern way, but the 

real glass technology progress kicked up with Abbe and Schott work in 1880. Abbe and 

Schott study the connections between properties and glass composition. While in 19th 

century, the rapid development in basic engineering industries, developed many machines 

and improve levels of accuracy. Hence the progress in electrical machines played a 

significant part in the progress of glass technology. New colored glasses were synthesis to 

paint the glassware. Greenish yellow colors glasses were prepared with uranium salts. 

Similarly, in France, Semi-transparent milky-white glass (Opaline) was prepared with 

addition of metallic oxides to the glass compositions around the year of 1810. Some of the 

important progresses in United States were the preparation of orange, blue or green 

iridescence glasses and heat sensitive glasses. In major part of Europe, America, Japan, 
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India and China the glass making was modernized at the end of 19th century [55]. By 1851, 

the Great Exhibition organized in London.  The Friedrich built the first effective glass tank 

furnace in 1867.  

Applying the basic sciences to the study of glass, new properties of glass have been 

developed, and thus, new products have been prepared [56].  After innovations in 

manufacturing systems and scientific understanding of glasses nature, during the 20th 

century glass was largely adopted as an essential part of human civilization. The 

development of glass science is directly related to the developments in the fields of 

chemistry and physics [55].  

The importance of chemical bonding and local structures became clear as soon as it is 

realized and confirmed that glass have amorphous nature. Silica glass considered as an 

accepted choice for the use in chemical laboratories because of properties such as 

chemically inert surface and easy to prepare in any shape/size made. Similarly, optical 

transparency led to wide range glass applications from lenses to optical fibers. After the 

industrial revolution, glass manufacturing transforms to the industrial level and become 

business of several factories in 20th century. One landmark as far luminescence glass is 

concern was the preparation of RE ions doped glasses for used in laser applications.  

Among the glasses more than 90% of the glass are oxides glasses and in particular silica 

oxide. But several other types of specialized glasses without silica contents are also 

available and used in a verity of applications, for examples phosphate glasses, used for 

lasers applications while zinc phosphate glasses are used as solders. Similarly, the switching 

nature of chalcogenide glasses were famous which change from resistive to conductive with 

voltage change or with passage of current. The halide glasses are developed for replacement of 

the silica fiber because the halide glass fibers have better transparency as compared to the silica 

glass.  

Internationally, glass industry can produce a major part of revenue. In 1993, the USA alone 

produced three hundred million container units (bottles) [55]. In the year of 1995, Japan and 

USA each produced approximately ten million metric tons of glass. In several rising 

economies for example economies of China and India, glass industry is growing at rapid 

pace more or less 160 % p.a.    
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2.4. Phosphate Glasses  

Initially phosphate glasses were considered only for waste vitrification. But phosphate 

glasses were supposed to be a poor choice for waste immobilization because phosphate 

glasses had lower chemical durability and less mature manufacturing bases at that time 

[57] 

Approximately a century ago, the Schott and co-worker’s synthesis phosphate-based 

glasses with higher refractive indices compared to silica-based glasses [58] In 1950s, the 

importance of amorphous phosphates acknowledged for the use in several industry related 

applications [23]. Subsequently, in 1952, the phosphate chemistry was primarily 

formalized by the Van Wazer [59] and therefore a significant number of the phosphate 

glasses were studied by the different glass researchers.  

Brow et al. and Mogus-Milankovic et al., examine the structural properties of the iron 

phosphate glass of chemical compositions Fe2O3-P2O5 [60-61] and report the region of 

glass formation in 15-45 mol% range of Fe2O3, the balance being P2O5. The glass formation 

with lower concentration of Fe2O3 also possible but chemical stability of such glasses is 

too poor to be used in any optical applications. In 1975, binary glasses up to 75 mol% 

Fe2O3 concentration were studied by Vaughan and Kinser [60-61], but these glasses 

crystallized too raptly to be of any practical interest. The iron containing binary 

compositions that can form phosphate glass with the highest chemical durability are 

typically contain 30 to 40 mol% of Fe2O3.  

In1960s, the introduction of solid-state lasers starts a new era in the field of phosphate 

glass. Apart from high power laser applications recently phosphate glasses also study for 

the applications in the field of white light generation [62]. 

Roppet.al., in 1965 study the luminescence properties of Eu3+ in La2O3-Gd2O3-Y2O3 

composition and give details of field perturbation of the excited Eu3+ state by an exciton 

mechanism [63]. Takahashi et.al. (1979) examine the effect of Tb3+ ions concentrations on 

the luminescence properties of alkali metaphosphate glasses. Similarly, Robbins study the 

crystal field and temperature effects on the photoluminescence excitation efficiency in 

YAG: Ce3+ [63].  
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In 1966 L. G. Van Ultert et.al., [64] discuss the energy transfer between the different RE 

ions. It is concluded from the study that fluorescence quenching effects occur due to the 

multipolar energy-transfer among RE ions. Energy transfer amongst ions through 

transitions which are nearly similar in energy are observed to depend upon concentration 

while non-resonant energy transfer strongly depended on crystal structure.  

In 1970, A. N. Tiwari.et.al conduct a study to optimized the glass composition for the 

binary Bi2O3-phosphate glass and they come to the conclusion that the homogeneous glass 

is formed up to 35 mol% Bi2O3 [65]. The properties such as thermal expansion coefficient 

show minima, while conduction activation energy and hardness display maxima at 20 

mol% Bi203 on the property against composition plots. According to A. N. Tiwari.et.al this 

inconsistent behavior is due to the fact that Bi3+ ions change its function and act as network 

modifiers instead of network formers [65]. 

A. Kutub et.al [66] study the optical and infrared optical absorption edge for praseodymium 

doped copper phosphate glass with chemical compositions of mol %(P2O5)50-(CuO)(50-

x)-(Pr6O11)x , where x range from 0 to 5 mol % and report that the optical energy gap is 

slightly higher than the corresponding composition of the base glass. The prepared glasses 

are also heat treated at 400 and 800° C. The heat treatment produces changes in the infrared 

absorption bands which are linked to the characteristics of the Pr6O11 component [66]. 

In 1974 the R. Reisfeld et.al [67] prepared Bismuth- Germanate, Bismuth- Borax and 

Bismuth- phosphate glasses and studies the optical properties such as absorption, emission, 

excitation spectra and quantum efficiencies and decay times [67]. Similarly, In 1986, LIU 

Huimin et.al investigate luminescence properties of phosphate glasse containing different 

concentrations of Cu+ ions, under different reducing atmosphere such as weakly and fully 

reduce atmosphere [68].  

Energy transfer of Eu3+ in fluoride glasses has been investigated by M. Dejneka.et.al in 

1995 [69]. The glass with compositions of Eu3+ doped (57ZrF2-36BaF2-4LaF3-3A1F3) and 

43PbF2-171nF3-17GaF3-4LaF3-19ZnF2 prepared and fluorescence characteristics of these 

glasses were investigated. M. Dejneka.et.al observed blue, green, red and UV fluorescence.  

Furthermore, the gain cross section of the 5D3→
7F1, 2, 3 show that emission at 445,429 and 

417 nm are possible. As the concentration of Eu3+ increasing, the blue emission reduces, 
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while green and red emission enhance through nonradiative dipole-dipole and dipole-

quadrupole transitions. Therefore, for an efficient Eu3+ based blue laser oscillator need a 

host with low Eu3+ concentrations and low phonon energy, whereas sensitizers for 

examples Tm3+, Er3+ or Tb3+ may be useful [69]. 

S.J.L. Ribeiro [70] studies the fluorescence characteristics of Eu3+ and Gd3+ in a new 

indium-fluoride-based glass with different chemical compositions. In present study, the 

quenching effect is observed for emission spectra, excitation spectra and lifetime as Eu3+ 

ions concentration increased. The energy transfers between Gd-Eu and Eu-Eu ions were 

observed and it is noted by authors that in present glasses just Eu-F or Gd-F vibrational 

modes are active. 

The phosphate glasses (almost meta-phosphate R (PO3)3) with rare-earth ions reveal new 

and excellent magneto-optical and magnetic properties [71]. The optical and thermal 

properties of the amorphous materials are controlled by the wide distribution of low-energy 

excitations which is come from the structural disorder characteristics of amorphous 

materials. A variable-temperature EXAFS study was performed. The measured nearest 

neighbor (R-O) distances show shrinkage and R-O coordination for RE ions with Z number 

are range between 6 and 7 and with larger Z number the coordination is six. Between 293 

and 79 K temperature, thermal parameters demonstrate no considerable variation in R-O 

distances. There are indications of an R-P correlation between 3.3 and 3.6 Å and second 

R-O correlation the begin at about 4 Å. No R-R correlations up to a distance of 

approximately 4 Å were observed. 

Garima Tripathi et.al [72] study the spectroscopy and up conversion properties of Dy3+ 

doped glass with chemical compositions of 55(NaPO3)6:(45- x) ZnO: xDy2O3with different 

mol% concentration of Dy2O3. The author reported that up to 1.5 mol% concentration of 

Dy3+ ions the emission intensity of glasses increases and there after reduce as a consequence 

of concentration quenching. The radiative lifetime 541ns was recorded for 4F9/2 level at 1 

mol% concentration of Dy2O3. Furthermore, excitation with NIR radiation produced 

emission at 570 nm because of up conversion luminescence process.  

 M. Jayasimhadri et.al. [73] report a glass with 10TeO2:50(NaPO3)6:20AlF3: 19RF:1Sm2O3 

composition where R = Li, Na.  K. M. Jayasimhadri et.al., examine optical absorption, 
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luminescence and decay time of prepared glass samples. The authors believe that it is 

possible to control the red emission (644 nm) to orange emission (598 nm) ratios by 

selecting suitable host glass. The glass investigated in this study emits strong orange-red 

light. 

In 2009, S. Surendra Babu et.al., [74] study Dy3+ doped glasses with compositions of 

P2O5:K2O: BaO: Al2O3 and P2O5:K2O: BaO: BaF2:Al2O3. In present work samples emit 

strong yellow light as a result of Dy3+ ions transition (4F9/2→
6H13/2). The recorded decay 

curve shows non-exponential nature at high Dy3+ concentration due to the Dy-Dy ions 

interaction.  

Amarnath Reddy and co-worker [75] investigate, 92Na3Al2P3O12:(8-x) Al2O3:(x) Dy2O3 

(where x=1-5) glass. The study was concluded that the luminescence intensity ratio 

(4F9/2→
6H13/2/

4F9/2→
6H15/2) of these studied glasses are appropriate for generation of white 

light. The decay time decrease as the Dy3+ ions’ concentration increase, because of Dy-Dy 

ions cross relaxation. 

Sm3+ doped phosphate glasses i.e. (60-x) P2O5:20ZnO: 20PbO: xSm2O3 where x=0, 0.5, 

1.0, 3.0 mol % were studied by M. Reza Dousti et.al., [76]. The prepared samples are 

characterized through density, refractive index, IR spectra, DTA spectra, 

photoluminescence excitation, emission spectra, UV-Vis-NIR absorption spectra and J-O 

calculations. The study shows that the glass thermal stability reduces as the Sm3+ ions 

concentration increase. IR spectra demonstrate the distortion of PO4 tetrahedra and the 

presence of ZnO and PbO depolymerization the network. The optical gain for the emissions 

observed in this study is more than one, hence present glass can be candidate for gain 

media. Similarly, the N. Vijaya et.al.,[77] study spectroscopic of the glasses with 

compositions of 17K2O:10LiF:8Al2O3:(24-x) ZnF2:41P2O5:x Dy2O3 and x = 0.05, 0.1, 

0.5, 1.0, 2.0 and 4.0 mol%. K. Linganna et.al. [78] studied Dy3+-doped lead phosphate 

glasses for white light devices.  

Ki.Soo Lim. et.al. [79] report an oxyfluoride glass 41P2O5:17K2O:8Al2O3:(24-x) 

ZnF2:10LiF: xSm2O3) for x = 0.01, 0.05, 0.1, 0.5, 1.0, 2.0 and 4.0 mol%. The samples were 

characterized with thermal analysis, Raman spectroscopy, spectroscopic investigations and 

decay rates analysis.  Radiative properties have been calculated using emission spectrum. 
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According to Ki-Soo Lim. et.al. the lifetime of these glasses decreases as the Sm3+ ions 

concentration increase. 

N. Chanthima, et.al. [80] explore the outcome of Bi2O3 on boro-phosphate glass properties. 

The glasses with compositions: xBi2O3: (30-x) B2O3: 70P2O5 where x= 15, 17.5, 20, 22.5 

and 25mol% were studied and concluded that the density increase and the absorption edge 

show red shift with increasing concentration of Bi2O3.  

Ch. Basavapoornima et.al [81] investigate the spectroscopic properties of glass with mol% 

composition of 44P2O5: 6Na2O:17K2O:9Al2O3:(24-x) PbO: xSm2O3, where x=0.1, 0.5, 1.0 

and 2.0 mol%. The partial energy levels structure was study with free-ion Hamiltonian. 

The decay time show single exponential nature for 0.1 to 0.5 mol% Sm2O3 concentration 

and thereafter non-exponential behavior as Sm2O3 concentration further increase. The CIE 

coordinates of these glasses fitted in the reddish-orange region. 

 The luminescence and structural properties Dy2O3 doped fluoro-phosphate glasses have 

been examine by S. Babu et.al in 2015[82]. The prepared glasses were studied with XRD, 

SEM, FTIR, Raman spectra and photoluminescence spectra. The results show that all metal 

cations present in glass compositions act as network modifiers. From the Raman spectra, 

the author concluded that the Bi2O3 integrated into the glass structure as BiO3 and BiO6 

octahedra. Sodium fluoro-phosphate sample show higher value for Ω2 parameter 

corresponds to higher degree of covalency and higher site asymmetry around the RE3+ ions. 

Similarly, the hypersensitive transition analysis illustrates that sodium fluoro-phosphate 

matrix offered highly disorder environment to dysprosium ion. The study is concluded as 

that these studied glasses may be a competent candidate for the bright yellow luminescent 

intensity 

Kaushal Jha et.al., studied optically transparent phosphate-based glasses doped with Dy3+ 

having mol% composition of 40P2O5:40PbO: 20ZnO:xDy2O3 (x = 0.1, 0.5, 1.0, 1.5 and 

2.0 mol%, [83]. The so prepared glass samples studied through XRD, DSC, Raman 

spectra, FTIR spectra and spectroscopic investigation. The presence of poly-phosphate 

structure with Q1 and Q2 units were confirmed from Raman and FT-IR spectra. The blue 

(482nm) and yellow (574 nm) emission noted. For these emissions the yellow/blue ratio 

for all excitation wavelengths were found near unity and result in white light emission with 
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(0.309, 0.341) CIE coordinates. In this work the with 6547 K correlated color temperature 

(CCT).  

N. Luewarasirikul et.al, [84] perform a comparative study between 69P2O5:10CaO: 

20La2O3:1Dy2O3 and 69P2O5:10CaF2: 20La2O3:1Dy2O3 glasses prepared under same 

conditions and investigate systematically for SSL application. Compared to oxide glass in 

this work, the oxyfluoride glass show better emission properties. Similarly, the CIE 

coordinates of both glasses positioned in the white region. It is concluded from the results 

obtained in this work that the glass samples studied in this study are highly capable material 

for SSL applications, particularly W-LEDs. Similarly, in 2017 P. Meejitpaisan [85] study 

photoluminescence and radio luminescence spectra of the glasses with four different 

compositions i.e. 69P2O5: 10CaO: 20Gd2O3: 1.0Sm2O3, 69P2O5: 10CaF2: 20Gd2O3: 

1.0Sm2O3, 69P2O5: 10CaO: 20GdF3: 1.0Sm2O3 and 69P2O5: 10CaF2: 20GdF3: 1.0Sm2O3. 

The integral scintillation efficiency found to be 43% that of BGO crystal. T. Srihari.et.al 

[86] study the fluorescence properties Dy3+-doped phosphate glasses with chemical 

composition of 44P2O5-17K2O-9Al2O3-(30-x) Nb2O5-xDy2O3, where x=0.01, 0.05, 0.1, 

0.5, 1.0 and 2.0 mol%. In another study C. R. Kesavulu et.al [87] study (55- x) 

B2O3:10SiO2: 10CaO:25Y2O3:x Dy2O3, where x= 0.05, 0.1, 0.5, 1.0, 1.5, 2.0 and 2.5 mol%, 

glasses for W-LED applications. 

Based on the idea that fluorophosphates glasses demonstrate advantages of oxide 

phosphate glass and fluoride glasses the I. Jlassi et.al. [88] investigate the spectroscopic 

properties of Samarium doped fluorophosphates glasses. The I. Jlassi.et.al., studied the 

glasses with chemical compositions (80-x) NaPO3:20NaF: xSm2O3 where x= 0, 0.1, 0.2, 

0.5, 0.7 and 1 mol.%. The 0.5 mol% Sm3+ ions concentration is recorded as quenching 

point because the emission intensity of the glass’s declines. I. Jlassi et.al, investigate laser 

action related parameters. The saturation intensity values of these glasses indicate a low 

threshold to get laser action at 1.06μm. Similarly, the Sunil Thomas et.al. [ 89] study 

thermoluminescence properties of glass with molar composition of 52.75P2O5:15K2O:13. 

75MgO:8Al2O3:10ZnF2:0.5Sm2O3. A glow-curve recorded at 1 °C/s with beta irradiation 

to 10 Gy demonstrates two bands; at 214.0 ± 0.4 °C and 75.2 ± 0.8 °C. Several other studies 

in recent year’s carry out by different researchers such as U. Caldiño.et.al., [90] study 
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spectroscopy properties of 98.0 NaZn(PO3)3 :2.0Dy2O3, 98.0NaZn(PO3)3:2.0 Eu2O3 and 

96.0 NaZn(PO3)3-2.0 Dy2O3-2.0 Eu2O3 for laser medium, reddish-orange and white 

phosphor uses.  

A.N. Meza Rocha.et.al., [91] study glass with molar compositions 99.0KZn 

(PO3)3:1.0Dy2O3, 99.0KZn (PO3)3:1.0Eu2O3 and 98.0 KZn(PO3)3:1.0Dy2O3-1.0 Eu2O3. H. 

Largot et.al.,[92] analysis the glass system (42-x/2) P2O5 :( 42-x/2) Na2O:15ZnO: xSm2O3 

for x = 0.5, 1, 1.2, 1.5 and 1.7%, through XRD, DSC and Judd Ofelt analysis. G. Neelima, 

et.al., [93] study the glass (60-x) P2O5:20CaF2: 15BaF2:5TiO2: xSm2O3, with x = 0.05, 

0.1, 0.5, 1.0, 1.5, 2.0 and 2.5 mol% for laser and display applications. A lot of research 

groups are trying to boost the performance and strength but at same time to reduce the cost 

of SSL devices. Still a long way is to go to enable phosphate glass as suitable material for 

solid state lighting applications. 
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Chapter 3 

Experimental and Theoretical Details 

3.1. Introduction  

The overall procedure follow in the present work is the preparation of oxide and 

oxyfluoride phosphate glasses with conventional melt quenching techniques in order to 

investigate their physical and luminescence properties. The chemical compositions (mol%) 

and melting parameters of each glass are given in the Table.3.1, section. 3.2. The prepared 

glass samples are examined through several characterization technique described in the 

subsequent sections.  

3.2.  Preparations of Glass Samples 

The glass compositions along with melting and annealing temperature are given in the 

Table 3.1 below.  

Table 3.1. Glass compositions, melting and annealing temperature of glasses 

S/N Glass compositions (mol %) Melting 

temperature (ºC) 

Annealing 

temperature (ºC) 

1 (66-x) P2O5: 17Li2O:17Gd2O3: xRE  

(66-x) P2O5: 17Li2O:17GdF3: xRE  

RE= Sm2O3, Dy2O3, Eu2O3 

x= 0.00, 0.05, 0.1,0.5,1.0, 2.0 mol% 

 

1200 ºC 

 

400 ºC 

2 69P2O5:10Na2O: 10SrO: 10Gd2O3: 1RE 

69P2O5 :10NaF: 10SrO: 10GdF3: 1RE 

RE= Dy2O3 and Sm2O3 

 

1200 ºC 

 

400 ºC 
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The raw chemicals (99.99 %) pure lithium carbonate (Li2CO3), sodium carbonate 

(Na2Co3), sodium fluoride (NaF), gadolinium oxide (Gd2O3), gadolinium fluoride (GdF3), 

strontium carbonates (Sr2Co3), ammonium dihydrogen phosphate (NH4H2PO4), 

dysprosium oxide (Dy2O3), samarium oxide (Sm2O3) and erbium oxide(Eu2O3)  were 

weight according to proposed composition with electric balance and mixed appropriately. 

The twenty grams batch of each composition were melted in alumina crucibles at 1200 ºC 

temperature as listed in Table.3.1. The temperature of the furnace raised at 5 ºC/mint and 

maintained at 1200 ºC for 4hrs.   

 

Figure 3.1. High temperature electrical furnace used in present work 

 

The furnaces show in the Figure 3.1 were used for melting and annealing purposes. The 

melt then dispensed on stain less steel mold for quenching. After quenching, to remove the 

internal stresses the glasses are directly put in to another furnace for 3 hours at 400 ºC 

temperature. The prepared glasses were subsequently cut in 3×10×15 mm3 dimensions and 

properly polished by taking care that there were no dents or scratches on the sample 

surfaces for better optical results.   
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3.3.  Characterizations Techniques  

To understand the physical and luminescence properties, the glass samples were subjected 

to several characterizations. 

3.3.1. X-ray Diffraction (XRD)  

The XRD pattern was recorded in order to confirm the amorphous nature of prepared 

glasses. The XRD pattern recorded for the glass in powder form with Shimadzu 

Diffractometer XRD-6100 using CuKα as radiation source, 40 KV power and 30 mA 

current. The other parameters are set as 2θ (degree) in the range of 10° to 80° in 0.02° step, 

1s counting time per step as counting rate and 5°/min was the speed. The picture of XRD 

system given in Figure 3.2.  

 

 

Figure 3.2. XRD-6100 Shimadzu Diffractometer 

 

3.3.2. Fourier Transform Infrared (FTIR) Spectroscopy  

FTIR is an important tool to investigate the different vibrations of functional groups present 

in materials under study. In present work, the FTIR spectra in wavenumber range from 600 

to 4000 cm-1 were recorded with Agilent Cary 630 at ATR mode for present glass samples 

in bulk form. The pictures of the system used in present work is given in the Figure 3.3. 



 

29 
 

 

Figure 3.3. Agilent Cary 630 FTIR system 

 

3.3.3. Physical Properties 

The densities in present work measured by “Archimedes' principle” using water (1g/cm-3) 

as immersion liquid at room temperature.  

 

Figure 3.4. Four-digit “HR-200, Diethelm limited” balance  

The weights of glasses were measured with HR-200, Diethelm limited (4-digit balance) 

show in Figure 3.4, and then used the following Eq.3.1 to calculate the density [94]. 
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𝜌 =
𝑤𝑎𝑖𝑟

𝑤𝑎𝑖𝑟−𝑤𝑤𝑎𝑡𝑒𝑟
(𝑔/𝑐𝑚3)                                                                                               (3.1) 

where “𝑤𝑎𝑖𝑟” and “𝑤𝑤𝑎𝑡𝑒𝑟”  are the weight of samples in air and water respectively.  

The molar volume (Vm) was calculated using Eq.3.2 [94-95]. 

 

𝑉𝑚 =
𝑀

𝜌
(𝑐𝑚3/𝑚𝑜𝑙)                                                                                                       (3.2) 

where “M” and “ρ” are the molecular weight and density of the glasses, respectively.  

Furthermore, concentration (N), polaron radius (rp) and inter ionic distance (ri) measured 

with following equations [96] and listed in the Table.2.   

𝑁 =
𝑥𝜌𝑁𝐴

𝑀𝑎𝑣
                                                                                                                      (3.3) 

Where “x” is fraction mol% of Eu2O3, “NA” is the Avogadro numbers and Mav is the 

average molecular weight. 

𝑟𝑝 =
1

2
(

𝜋

6𝑁
)

1/3

                                                                                                               (3.4)  

𝑟𝑖 = (
1

𝑁
)

1/3

                                                                                                                            (3.5) 

 In equation (4) and (5) “N” is the ions concentration. 

Fields strength, Dielectric constant and molecular electronic polarizability are calculated 

using following equations [96].  

𝐹 =  (𝑍/𝑅𝑝)                                                                                                                                  (3.6)  

𝜀 = 𝑛2                                                                                                                             (3.7) 

 𝛼𝑚 = (
3

4𝜋𝑁𝐴
) 𝑅𝑀                                                                                                                        (3.8) 

Where “ɛ” is the dielectric constant and “n” represent the refractive index, while “Z” is the 

atomic mass of rare earth ions. Similarly, “RM” is the molar refractivity, which related to 

refractive index (n) and molar volume (Vm) as  

𝑅𝑚 = 𝑉𝑚
(𝑛2−1)

(𝑛2+2)
                                                                                                                 (3.9) 
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3.3.4. Refractive Index  

Refractive index has been measured at 589.3 nm (sodium wavelength), with Abbe 

refractometer and using mono bromonaphthalene (C10H7Br) as contact liquid. 

 

Figure 3.5. Abbe refractometer, 589 nm filter and mono bromonaphthalene container 

 

3.3.5.  Absorption Spectra  

The absorption spectra were recorded in 300-2000 nm region by Shimadzu, UV-3600 

spectrometer for present glass samples in bulk form.  
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Figure 3.6. Picture and schematic diagram of Shimadzu, UV-3600 spectrometer 

 

The instruments comprise of UV, visible source, monochromator, sample holder, detector 

(photomultiplier tube and detector) and readout system (computer), as show in Figure 3.6. 

Instrument picture, internal chamber and sciatic diagram of light source chamber are shown 

in the Figure 3.6. 

 

3.3.6. Judd-Ofelt (JO) Theory Analysis 

The JO theory is an important tool to study radiative transition in “4fN” conjugation [97-

99]. The JO theory based on three fundamental models i.e. static, free ion and single 

configuration approximations.  

To quantitively analyzed the absorption spectra, oscillator strength calculated through JO 

theory and experimentally as well. The experimental oscillator strength is given as [100]. 

 

          𝑓
2.303𝑚𝑐2

𝜋𝑒2𝑁
∫ 𝛼(𝜐)𝑑𝜐 = 4.32 × 10−9 ∫ 𝛼(𝜐)𝑑𝜐

𝑒𝑥𝑝
                          (3.10) 

Where “c” is the velocity of light “m” is the mass and “e” is the charge of electron, “N” is 

the RE3+ ions concentration, and “ɑ(υ)” is the molar absorptivity  

From JO theory the oscillator strength for J→Jʹ (allowed dipole) transition is formulated 

as Eq.3.11 [97, 100] 
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𝑓𝑐𝑎𝑙 =
8𝜋2𝑚𝑐𝑣

3ℎ(2𝑗+1)
×

(𝑛2+2)2

9𝑛
(𝑒2 ∑ 𝛺𝜆𝜆=2,4,6 ⟨𝜓𝐽‖𝑈𝜆‖𝜓′𝐽′⟩

2
)                                         (3.11) 

 In Eq. (3.11) “n” is the refractive index, “J” ground state total angular momentum “Ωλ” 

are the JO parameters and ||Uλ||2 are the doubly reduced matrix.  

The “Ωλ” parameters are calculated from the least square fitting approximation, fitting 

applied to calculated (fcal) and experimental (fexp) oscillator strengths. The quality of fit is 

determined by root-mean-square deviation (ρrms) between fexp and fcal which is given by 

Eq.3.12 [79]. 

  𝜌𝑅𝑀𝑆 =
√∑ (𝑓

𝑖

𝑒𝑥𝑝𝑖
𝑐𝑎𝑙

()2)
𝑁∑
𝑖=1

𝑁
                                                                                            (3.12) 

 

In this equation, “N” is total number of levels consider in this fitting.  

3.3.7.  Photoluminescence Spectroscopy  

The photoluminescence spectra and lifetime were recorded with Agilent Technologies, 

Cary Eclipse fluorescence spectrophotometer with xenon lamp. The wavelengths range 

covered is from 200 to 1000 nm and the glass samples are used in bulk form. 

 

 

Figure 3.7. Photoluminescence spectrophotometer (Cary Eclipse) 
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3.3.8. X-ray Induced Luminescence Spectra 

The X-ray induced luminescence spectra were recorded with Inel, XRG3D-E:X-Ray 

generator (Cu target X-ray generator) at 20 mA current and 50 kV voltage. The QE65 Pro, 

Ocean Optics spectrometer with optical fiber used for detection of emission. The setup of 

spectrometer is shown in Figure 3.8. 

 

Figure 3.8. Radioluminescence spectrometer and schematic diagram  

 

3.3.9. Radiative Properties 

The radiative properties e.g. radiative transition probabilities, stimulated emission cross 

section, radiative lifetime and branching ratio calculated through theoretical steps as given 

below. The radiative properties for the transition from the excited state with wave function 

“𝜓′𝐽′”  to ground state with wave function “𝜓𝐽” are calculated by the equations [100] as 

follow.  

 

𝐴𝑅(𝜓𝐽,𝜓′𝐽′) =
64𝜋44𝑣3

3ℎ(2𝑗+1)

𝑛(𝑛2+2)2

9
𝑆𝑒𝑑 +

64𝜋4𝑣3

3ℎ(2𝐽+1)
𝑛3𝑆𝑚𝑑                                                           (3.13) 

                         

 

where “Sed” and “Smd” are the electric-dipole and magnetic-dipole line strengths and given 

by following equations.  

 

  𝑆𝑒𝑑 = 𝑒2 ∑ Ω𝜆𝜆=2,4,6 (𝜓𝐽‖𝑈𝜆‖𝜓′𝐽′)2                                                                               (3.14) 
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𝑆𝑚𝑑 =
𝑒2ℎ2

16𝜋2𝑚2𝑐2
(𝜓𝐽‖𝐿 + 2𝑆‖𝜓′𝐽′)2                                                                              (3.15) 

 Theoretical branching ratio “BR (cal)” is given by Eq.3.16        

 

𝛽𝑅(𝜓𝐽, 𝜓′𝐽′) =
𝐴𝑅(𝜓𝐽,𝜓′𝐽′)

𝐴𝑇(𝜓𝐽)
                                                                                                         (3.16) 

The stimulated emission cross-section between the initial state and final state having 

probability of 𝐴𝑅(𝜓𝐽,𝜓′𝐽′)  calculated by following Eq.3.18 

 𝜎(𝜆𝑝)(𝜓𝐽, 𝜓′𝐽′) =
𝜆𝑝

4

8𝜋𝑐𝑛2𝛥𝜆𝑒𝑓𝑓
𝐴𝑅(𝜓𝐽, 𝜓′𝐽′)                                                                             (3.18) 

Where “λp” is the transition peak wavelength and “∆λeff” is its effective bandwidth. 

Similarly, one important parameter is the radiative lifetime. The radiative lifetime can be 

calculated from the total transition probability with following equation.  

𝜏𝑅 =
1

∑ 𝐴(𝛹𝐽,𝜓′𝐽′)
𝜓′𝐽′

                                                                                                        (3.19)      

The quantum efficiency of glasses can be calculated from experimental (τexp) and radiative 

(τrad) as bellow  

𝜂(%) =
𝜏𝑒𝑥𝑝

𝜏𝑟𝑎𝑑
                                                                                                    (3.20) 

 

3.3.10.  Lifetime and Inokuti-Hirayama (IH) Model 

The lifetime curves were monitored by exciting the rare earth ions with respective 

excitations wavelength and monitor emission from respective levels. The lifetimes (τexp) 

for the respective excited level has been measured by calculating the average lifetime using 

the Eq.3.21[86]. 

 

 𝜏 ∫
𝑡𝐼(𝑡)𝑑𝑡

𝐼(𝑡)𝑑𝑡 𝑒𝑥𝑝
                                                                                                                 (3.21) 

In present study the Agilent Technologies, Cary Eclipse spectrophotometer with xenon 

lamp used for life time measurement. 
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 In some case the lifetime curve shows non-single exponential nature because of energy 

transfer between RE3+ ions. To examine the energy transfer mechanism between RE3+ ions, 

the decay curve is fit to the IH model. For non-exponential behavior the time evolution of 

the RE3+ ions luminescence intensity fitted to the following formula Eq.3.22 [86]. 

  

𝐼(𝑡) = 𝐼∘ 𝑒𝑥𝑝( − (
𝑡

𝑡∘
) − 𝑄(

𝑡

𝑡∘
)3/𝑠)                                                                              (3.22) 

Where “t” and “to” are the time after excitation and intrinsic decay time, respectively. 

Similarly, the energy transfer parameter is determined with the following Eq.3.23 [86]. 

 

 𝑄 =
4𝜋

3
𝛤(1 −

3

𝑆
)𝑁𝑜𝑅𝑜

3                                                                                                       (3.23) 

Where “No” is the acceptor ions concentration and “Γ” is equal to 1.77, 1.43 and 1.3 for 

dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interactions, respectively. 

“R0” is the critical donor-acceptor distance. “S” has the value of 6, 8 and 10 for dipole-

dipole, dipole-quadrupole and quadrupole-quadrupole interaction respectively. In present 

work the decay time well fitted for the S=6 values which means that the rare earth ions 

have dominant dipole- dipole interaction. 

3.3.11.  CIE Chromaticity Diagram Analysis   

The CIE chromaticity diagram used to determine the color of light emitted by the materials 

under particular excitation wavelengths. Which can be expressed mathematically in term 

of color matching functions and symbolize by the CIE diagram [101] given in the Figure 

3.9. The Commission International d’ Eclairage (CIE) 1931 [102] used in present study. 

The color of light has been calculated through dimensionless variables x(λ), y(λ) and z(λ) 

as below. 

𝑥 =
𝑋

𝑋+𝑌+𝑍
                                                                                                                        (3.24) 

   𝑦 =
𝑌

𝑋+𝑌+𝑍
                                                                                                                      (3.25) 

  𝑧 =
𝑍

𝑋+𝑌+𝑍
                                                                                                                          (3.26) 
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Where X, Y and Z are the tri-stimulus variables, these variables depend on three basic 

colors i.e blue, green and red.  

Similarly, the color correlated temperature (CCT) is linked to the quality of light emitted. 

The CCT values can be calculated with McCamy empirical relation, as given below.  

  𝐶𝐶𝑇 = −449𝑛3 + 3525𝑛2 − 6823𝑛 + 5520.33                                                          (3.27) 

Where, n =
X−Xe

Y−Ye
 and the chromaticity epicenter is at xe = 0.332 and ye = 0.186. 

 

 

Figure 3.9. The Commission International d’ Eclairage (CIE) 1931 diagram  
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Chapter 4 

Results and Discussion 

4.1. The P2O5: Li2O: Gd2O3: Dy2O3 and P2O5: Li2O: GdF3: Dy2O3 Glasses 

for Solid State Lighting Applications. 

4.1.1.  Introduction  

The lithium gadolinium phosphate glasses were studied in the present work for solid state 

lighting applications. To optimize Gd2O3 concentration, the glass samples with mol% 

composition of (82-y) P2O5: 17Li2O: yGd2O3: 1Dy2O3, where y = 7, 12, 17 mol% were 

prepared with melt quench technique. The glass sample after properly cut and polished are 

shown in the Fig. 4.1.1. The sample with 23 mol% of Gd2O3 also tried but failed for several 

attempts. The excitation and emission spectra were examined in order to understand 

concentration quenching effect of Gd3+ ions in present compositions. Figure 4.1.2 shows 

excitation spectra of Gd3+ doped with 7 mol%, 12 mol% and 17 mol% Gd2O3 concentration 

and 1 mol% of Dy2O3. 

 

Figure 4.1.1. Glass samples with Gd2O3 concentration variation. 

 

The characteristics Dy3+ ions excitations peaks along with Gd3+ ions excitation peaks are 

observed in recorded excitation spectra. The intensities of the peaks changes with Gd2O3 

concentrations but no specifics shift observed in the peaks positions. Figure 4.1.3 shows 

emission spectra monitored at 350 nm excitation.   
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These spectra reveal that at 17 mol% concentration of Gd3+ ions the present glasses show 

highest emission intensity. 

 

Figure 4.1.2. Excitation spectra of prepared glasses recorded at 574 nm 

 

Figure 4.1.3. Emission spectra of present glasses recorded 350 nm 

 

Similarly, Figure 4.1.4 shows emission spectra monitored at 275 nm excitation wavelength 

for present glasses with various concentrations of Gd3+ doped. Figure 4.1.4 show Gd3+ 

peaks along with Dy3+ ions peaks and it is observed that the emission intensity increases 

up to 17 mol% concentration of Gd2O3.   
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Figure 4.1.4. Emission spectra monitored at 275 nm excitation 

 

After optimization the glass samples with compositions of (66-x) P2O5:17Li2O: 17Gd2O3: 

xDy2O3 (PLGD) and (66-x) P2O5:17Li2O: 17GdF3:xDy2O3 (PLGFD) where x=0.0, 0.05, 

0.1, 0.5, 1.0 and 2.0 mol%, were prepared as shown in Figure 4.1.5. The properties of 

properly cut and polished glasses have been studied through several characterizations 

discussed in the subsequent sections. 

 

 

 

Figure 4.1.5. Pictures of prepared Dy3+ doped glass samples  
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4.1.2. XRD Pattern  

The Figure 4.1.6 (A) and (B) show the XRD pattern of host composition. The spectra 

show only broad bands around 25 and 44, 2θ without any sharp peaks which show the 

amorphous nature of present host compositions.  

 

Figure 4.1.6. XRD spectra of prepared glass samples 

 

4.1.3. Physical Properties  

The measured densities (ρ), along with molar volume (Vm) and refractive index (n) values 

are listed in Table 4.1.1. As can be seen from the table that the density shows an increasing 

trend with increasing concentration of Dy2O3 contents, whereas molar volume decreases as 

Dy2O3 (mol%) concentration increase. The increase in density may be due to the 

replacement of P2O5 (lower molecular weight component) with Dy2O3 (heavier molecular 

weight component) which increase the molecular weight of glass composition and as a 

result increase the density.  Also, Dy3+ ions also squeeze the glass network which increase 

the density and as a consequence the molar volume decrease.  Similarly, addition of Dy3+ 

ions also retard the light propagation through glass network, thus leading to an increase in 

the refractive index. The refractive index depends on electrons density and atomic 

polarizability in a given material [103] hence with increase in RE ions the density and 

refractive index increases. Comparing the properties of PLGDy and PLGFDy, it is noticed 

that the oxide glass has higher density and refractive index as compared to oxyfluoride 

glasses which is an indication of more compact structure of the PLGDy glass.  
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Table 4.1.1. The density (ρ (g/cm3)), molar volume (Vm (cm3/mol)) and refractive index (n) of 

prepared glasses.  

Glasses   PLGD PLGFD 

ρ  Vm  n ρ  Vm  n 

0.00Dy  3.209 49.966 1.553 2.816 47.992 1.470 

0.05Dy 3.216 49.894 1.557 2.833 47.809 1.524 

0.1Dy 3.228 49.749 1.568 2.851 47.762 1.533 

0.5Dy 3.253 49.655 1.574 2.894 47.651 1.545 

1.00Dy 3.287 49.491 1.576 2.931 47.424 1.580 

2.00 Dy 3.337 49.495 1.577 3.011 46.900 1.611 

 

4.1.4. Absorption Spectra  

The absorption spectra recorded in the UV-VIS-NIR (200-2000 nm) range as show in the 

Figure 4.1.7(A) and 4.1.7(B). In the present spectra eight absorption peaks observed. These 

peaks centered at the 386, 454, 750, 805, 896, 1093, 1273/1274, 1677 nm are due to the 

transition from ground state of 6H15 to 4F7/2,
 4I13/2, 

6F3/2, 
6F5/2, 

6F7/2, 
6F9/2, 

6F11/2 + 6H9/2, 
6H11/2 

excited states, respectively [104-106]. The 6H15→
6F11/2 + 6H9/2 transition show higher 

intensity than the rest of the observed transitions and termed as hyper sensitive transition. 

The hyper sensitive transitions are spin allowed transitions and highly depend upon the 

host glass compositions. 

The experimental oscillator strengths (fexp) and calculated oscillator strengths (fcal) of 

absorption transitions have been calculated and given in are Table.4.1.2, with root mean 

square deviation (δrms (10-6)) values. The JO intensity parameters calculated with ref [107-

108] in present work are compared to previous reported studies in the Table.4.1.3. The 

parameter Ω2 is sensitive to the local environment of RE3+ ions [109]. For title glass the Ω2 

have higher value which show that present glasses have higher degree of covalency 

between Dy3+ and surrounding ligand ions and higher sits asymmetry around Dy3+ ions. 
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Figure 4.1.7. Absorption spectra of (A) PLGD glasses (B) PLGFD glasses 

Table 4.1.2. The Oscillator strengths of 1.0 mol% Dy2O3 doped PLGD and PLGFD glasses with 

JO intensity parameters ((Ωλ=2,4,6 (10-20 cm2)) and root mean square deviation (δrms (10-6)) values. 

Transitions  

6H15→ 

PLGD PLGFD 

fext (10-6) fcal (10-6) fext (10-6) fcal (10-6) 

4F7/2+
4I15/2 1.29 0.94 1.93 1.20 

4I15/2 0.81 0.54 0.80 0.69 

6F3/2 0.07 0.20 0.12 0.24 

6F5/2 1.01 1.08 1.55 1.29 

6F7/2 2.10 2.60 3.38 3.29 

6F9/2 3.50 3.49 4.79 4.81 

6H9/2+
6F11/2 10.73 10.70 15.06 15.05 

6H11/2 1.39 1.62 1.96 2.10 

δrms (10-6) ±0.407 ±0.286 

Ω2  10.94 15.91 

Ω4 3.66 5.79 

Ω6 2.60 3.19 
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The value of Ω4 and Ω6 parameters are increase with decreasing rigidity of the glass matrix 

due to the inversion of vibrational amplitude and the rear earth-ligand bond length [110]. 

The JO intensity parameter shows Ω2 > Ω4 > Ω6 trend, this trend is same to the reported 

work as shown in the Table. 4.1.3. This trend may show the good quality of a glass host 

for using in optical devices. 

Table 4.1.3. JO intensity parameters (Ωλ=2,4,6 (10-20 cm2)) of 1.0 mol% Dy2O3 doped PLGD and 

PLGFD glasses compared to reported studies. 

Glass Ω2 Ω4 Ω6 Trends  

PLGD [This work] 10.94 3.66 2.60 Ω2 >Ω4 >Ω6 

PLGFD [This work] 15.91 5.79 3.19 Ω2 >Ω4 >Ω6 

PKAZLFDy10 [78] 7.05 1.43 1.15 Ω2 >Ω4 >Ω6 

Dy3+ doped Li phosphate glass [109] 12.60 7.06 2.52 Ω2 >Ω4 >Ω6 

Sodium zinc phosphate glass [110] 2.69 0.29 0.12  Ω2 >Ω4 >Ω6 

PKBAFD10 [111] 12.36 2.67 2.30 Ω2 >Ω4 >Ω6 

PKBAD [111] 9.72 3.08 1.66 Ω2 >Ω4 >Ω6 

 

4.1.5. The Photoluminescence Spectra 

The excitation spectra recorded in 200-500 nm range with 574 nm emission wavelength, 

are given in Figure 4.1.8(A)-4.1.8(B). Eight excitation peaks of Dy3+ ions were observed 

along with four peaks belong to the Gd3+ ions excitation. The peak positions and 

corresponding transitions are given in the Table 4.1.4. 

The emission spectra measured in 400-800 nm range show four peaks corresponding to the 

radiative transitions 4F9/2→
6H15/2 (483 nm), 4F9/2→

6H13/2 (574 nm), 4F9/2→
6H11/2 (663 nm) 

and 4F9/2→
6H9/2 + 4F11/2 (753 nm) transitions. In Figure 4.1.9, the peak at 574 nm has 

greater intensity as compare to the other peaks. The partial energy level diagram is given 

in the Figure 4.1.10.  
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Figure 4.1.8. Excitation spectra of (A) PLGD glasses (B) PLGFD glasses  

 

 Table 4.1.4. The peak position for (Gd3+ (8S7/2→) and Dy3+ (6H15/2→)) transitions. 

S/N Transitions Wavelength (nm) Active ions 

1 6D7/2 245 Gd3+  

2 6D9/2, 254 Gd3+ 

3 6I9/2, 274 Gd3+ 

4 4H13/2 297 Gd3+  

5 6P7/2 312 Gd3+ 

6 4K15/2, 325 Dy3+ 

7 4M15/2 + 6P7/2 350 Dy3+ 

8 4I11/2, 364 Dy3+ 

9 4I13/2 + 4F7/2, 368 Dy3+ 

10 4G11/2, 425 Dy3+ 

11 4I15/2, 452 Dy3+ 

12 4F9/2, 473 Dy3+ 

 

In the present spectra, emission intensity increases up to 1.0 mol% concentration of Dy3+ 

ions and there after start decreasing. It is believed that the concentration quenching effect 

is responsible for decrease in emission intensity. There are two main reasons of 

concentration quenching, first “RET” mechanism and second “CRC”. Both of the 

processes are shown in the Figure 4.1.10. 
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Figure 4.1.9. Emission spectra of (A) PLGD glasses (B) PLGFD glasses 

 

 

Figure 4.1.10. Partial energy level diagram 

In cross-relaxation process basically the transferred of energy take place non-radiatively 

from one exited Dy3+ ion to other Dy3+ ion in the ground state (6H15/2) and as a result the 

second ion excites to the intermediate level [112]. As shown in Figure 4.1.10, the Dy3+ ions 

at 4F9/2 level can relaxed with transferring its energy through three cross-relaxation 

processes. The energy emitted by Dy3+ excited ions, simultaneously receive by another 

Dy3+ ion from 6H15/2 level.  At the end, these Dy3+ ions relax to ground state non-radiatively.  

The emission intensity of PLGD and PLGFD (mol%) glasses are compared in the Figure 

4.1.11 and it is noticed that emission intensity of PLGFD glass is higher compared to PLGD 
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glass. The difference in the emission intensity is due to the fact that oxyfluoride glasses 

have lower phonon energy and as a result higher probability of radiative emission and also 

the oxyfluoride glasses have lower OH vibrations. 

 

Figure 4.1.11. Comparison of emission intensity of PLGD and PLGFD glasses 

In oxyfluoride glass the OH group is consumed by the fluorene present in the glass 

compositions. The reduction of OH vibration can be examined with the FTIR spectra. The  

 

Figure 4.1.12. FTIR Spectra in the wavenumber range of A) 700-1350 cm-1 B) 1500-3700 cm-1 

 

Figure 4.1.12 show the FTIR spectra for prepared oxide and oxyfluoride glass samples in 

700-1400 cm-1 and 1500- 3700 cm-1 wavenumber range. The band at 743 cm-1 is due to the 

symmetric stretching vibration of P-O-P group while the bands at 873cm-1 and 962 cm-1 
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corresponds to asymmetric bending stretching vibration of P-O-P group [113]. Similarly, 

1065 cm-1 corresponding to the vibrational mode in PO4
3- group. The bands at 1235 cm-1 

belong to symmetrical vibrations of PO2- groups, and also in this region the P=O stretching 

vibrations may occur [114]. The peak at 1640 cm-1 is corresponding to the bending 

vibration of OH group. The peak 2120, 2310 cm-1 and 2928 cm-1 assigned to the stretching 

vibrations of P-O-H group in different structural sites [114]. From the FTIR spectra it is 

clear that the bands from 2120 to 3283 cm-1 corresponding to OH vibrations are reduced in 

intensity which show lower OH vibrations. 

 

 

Figure 4.1.13. X-rays induced luminescence spectra of (A) PLGD (B) PLGFD glass 

 

 

Figure 4.1.14. Comparison of X-rays induced luminescence emission intensity of PLGD and 

PLGFD glasses 
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Figure 4.1.13 shows the X-rays induced luminescence emission spectra recorded after 

irradiation of the samples with X-ray at 30 mA current and 50 Kv voltage. These spectra 

also show four peaks at 483, 574, 663 and 753 nm. Similar to photoluminescence emission 

spectra, X-rays induced luminescence spectra also show increase in emission intensity up 

to 1.0 mol% of Dy2O3 content and then declines. The comparison for PLGD and PLGFD 

is shown in the Figure 4.1.14. Like photoluminescence the X-rays induced luminescence 

spectra of PLGFD have higher intensity as compared to PLGD glass. 

The Figure 4.1.15.  shows the emission spectra recorded at 275 nm.  In these spectra 5 

peaks center at 311, 482, 574, 624 and 663 nm were observed. The peaks at 311 and 624 

nm correspond to the Gd3+ transitions while 483, 574 and 663 correspond to the Dy3+ 

transitions. The overall intensities of Gd3+ peaks decrease with increasing concentration of 

Dy3+ ions, while the intensity of Dy3+ peaks increase, which show the energy transfer from 

Gd3+ ions to Dy3+ ions. In present case the energy transfer is partial, because when emission 

monitored at 275 nm the peaks correspond to the Gd3+ emission at 311 and 624 nm also 

observed with good intensity and also up to 0.1 mol% Dy2O3 content the Gd3+ emission 

intensity increases and then start decreasing (concentration quenching).  

 

 

Figure 4.1.15. The emission spectra monitored at 275 nm. 

 

From Figure 4.1.10. one can understand the energy transfer from Gd3+ to Dy3+ mechanism 

involved in emission of PLGD glasses when monitored at 275 nm excitation wavelength. 

From excitation spectrum the absorption at 200 nm populates the excited states of Gd3+ in 

UV range, the Gd3+ shows 624 nm emission which may correspond to the second order of 
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311 nm Gd3+ emission or to 6G7/2→
6P7/2 transition and peaks at 245, 254 and 275 nm 

populates 6DJ to 6IJ levels and undergoes nonradiative relaxation process from 6DJ / 
6IJ to 

6PJ level of Gd3+. Emission starts from 6P7/2 to 8S7/2 transition at 311nm through radiative 

process as depicted in Figure 4.1.10. 

Hence, we observe intense emission at 311 nm due such radiative process and it is also 

observed that the emission intensity of the peaks Gd3+ ions emission decreases with 

increase in Dy2O3 content, whereas emission intensity at 574 nm (ED transition of Dy3+) 

increases indicating that partial nonradiative energy transfer (ET) occurs from Gd3+: 6PJ 

level to Dy3+: 6PJ level as both these levels show nearly same energy.  Then nonradiative 

relaxation starts from 6PJ level to lower state of 4F9/2 of Dy3+ ions. As energy gaps is very 

small amongst entire states lying above 21,000 cm-1, therefore 4F9/2 state is quickly 

occupied through non-radiative relaxation. Subsequently blue and yellow luminescence 

initiates from the 4F9/2 state which can be seen in the given energy level diagram of Dy3+ 

ion in Figure 4.1.10.    

Table 4.1.5. The radiative transition probability (AR (s-1)), stimulated emission cross sections (σ 

(10-21) cm2) and branching ratio (βR) of 1.0 mol% Dy2O3 doped PLGD and PLGFD glasses 

S/No Transitions AR (s
-1) σ(10-21) cm2 βR(exp) βR(cal) 

PLGD 

1 6H15/2 233.83 2.94 0.12 0.13 

2 6H13/2 1050.36 26.25 0.65        0.66 

3 6H11/2 120.46 5.90 0.21        0.20 

4  6H9/2 85.88 8.4 0.01        0.01 

PLGFD 

1 6H15/2
 50.75 3.23 0.25 0.23 

2 6H13/2
 619.38 37.9 0.65 0.67 

3 6H11/2
 509.38 5.56 0.06 0.05 

4  6H9/2
 161.64 6.4 0.03 0.04 
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The obtained radiative properties, radiative transition probability (AR (s
-1)), stimulated 

emission cross sections (σ (10-21) cm2) and branching ratio (βR) of present glasses are listed 

in Table 4.1.5. In common the branching ratio is an important characteristic for laser 

designers, because it specifies the possibility of achieving stimulated emission from 

specific transition. In the current study the values of branching ratio “βR” and stimulated 

emission cross sections “σ” are higher for 4F9/2→
6H13/2 transition. The values recorded for 

the radiative properties in present work are compared with previous studies in Table 4.1.6. 

The values for “βR” and “σ” are higher compared to the other works mention in Table 4.1.6, 

which indicate that the glasses studied in present work may be a possible laser material.  

Table 4.1.6. Comparison of radiative transition probability (AR (s-1)), stimulated emission cross 

sections (σ (10-21) cm2) and branching ratio (βR) of prepared glasses with reported studies 

Reference (→6H13/2) AR (s
-1) σ(10-21) cm2 βR(exp) βR(cal) 

PLGD [Present work] 1050.36 26.24 0.65 0.65 

PLGFD [Present work] 619.38 37.9 0.65 0.67 

BPA2D [106] 108.3 9.17 58.94 45.40 

1.0LBTPD [115] 1511.9 10.75 37.7 16.3 

Dy: YAG [116] --- 15.00 --- 50.96 

LSBP0.1Dy [117] 547.44 3.60 65.17 56.10 

LSBP1Dy [118] 614.09 3.87 64.28 60.19 

1DZCTFB [119] 1474.39 6.02 6.40 5.86 

PKAlCaFDy10 [120] 1159 4.77 28.7 76.4 

 

4.1.6. Lifetime and Inokuti-Hirayama (IH) Model 

Figure 4.1.16 shows the lifetime profile of the present glasses measure at 350 nm excitation 

and 574 nm emission wavelengths. The curve given in Figure 4.1.16 show single 

exponential nature at lower concentration of Dy3+ ions. But when RE concentration 

increased, these curves show non-single-exponential behavior. At lower concentration, the 

interaction among Dy3+ ions are negligible and as a result the decay curve show single 

exponential nature and can be well fit to single exponential fitting. Conversely, when Dy3+ 

ions concentration increases, the Dy3+ - Dy3+ ions interaction increases and consequently 
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the decay carve deviate from single exponential nature and hence cannot be fit with single 

exponential anymore as shown in the Figure 4.1.16. 

 

Figure 4.1.16. Decay curve Dy3+ doped glass (A) PLGD (B)PLGFD glasses. 

At this stage the non-exponential behavior of curve fit to IH model as mention in the 

chapter-3, sections 3.3.10. In present work the IH fitting applied for the S=6, well fitted the 

experimental lifetime curve as shown in the Fig.4.1.16, which specifies the dipole-dipole 

interaction between Dy3+ - Dy3+ ions. The energy transfer parameter (Q) increases while 

the decay time decrease, with increase in Dy3+ ions concentration. 

Table 4.1.7. Lifetime (τ, ms) and energy transfer parameter (Q) of 1.0 mol% Dy2O3 doped PLGD 

and PLGFD glass 

Samples 

(mol %) 

PLGD PLGFD 

τ  Q  τ Q  

0.05 0.91 -- 0.84 -- 

0.1 0.84 -- 0.83 -- 

0.5 0.70 0.31 0.68 0.26 

1.0 0.57 0.57 0.54 0.53 

2.0 0.38 1.04 0.35 1.04 
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As mention earlier this behavior is due to the fact that at lower concentration, the Dy-Dy 

interaction is negligible but when the concentration is increase, the Dy-Dy interaction get 

stronger that’s why the curve deviated from the single exponential trend. The values for 

decay time, energy transfer parameter and CIE coordinates values are given in the Table. 

4.1.7. The decay time decrease while the Q value increase, as the Dy3+ ions concentration 

increase.  

4.1.7. CIE Diagram  

The color of emitted light from any source can be characterized as (x, y) coordinates in the 

color space of CIR diagram.  

 

  

Figure 4.1.17. CIE diagram of 1 mol% Dy3+ doped PLGD and PLGFD glasses. 

 

The calculated CIE coordinates of present glasses positioned in the white light region with 

(x,y)= (0.37, 0.42) and (0.37, 0.41) for PLGD and PLGFD glasses respectively for 1 mol% 

as shown in Figure 4.1.18.  
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4.2. The Sm3+ ions doped P2O5: Li2O: Gd2O3 and P2O5: Li2O: GdF3 

Glasses for Orange LEDs. 

4.2.1. Introduction 

The glasses with chemical compositions of 17Li2O: 17Gd2O3: (66-x) P2O5: xSm2O3 

(PLGSm) and 17Li2O: 17Gd2O3: (66-x) P2O5: xSm2O3 (PLGFSm) where x=0.0, 0.05, 0.1, 

0.5, 1.0 and 2.0 mol% were synthesis and studied. The pictures of prepared glasses are 

show in Figure 4.2.1. The properties of properly cut and polished PLGSm and PLGFSm 

glasses were studied through various characterization techniques and obtained result were 

compared. 

 

Figure 4.2.1. Pictures of prepared Sm3+ doped glass samples 

 

4.2.2. Physical Properties  

The values of density (ρ, (g/cm3)), molar volume (Vm, (g/cm3)) and refractive index (n) for 

both oxide and oxyfluoride glasses are given in the Table.4.2.1. It is noted from the 

measured values that PLGSm glass samples have higher density as compared to PLGFSm 

glass samples, which means that the PLGSm glasses have more compact structure as 

compared to the PLGFSm glasses. The densities and refractive index of both glasses show 

an overall increasing trend with the increasing concentration of Sm2O3. The possible reason 
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of increase in density and refractive index is that the lower molecular weight component 

P2O5 is replace by greater molecular weight component Sm2O3. 

Table 4.2.1. Physical properties for PLGSm and PLGFSm glasses  

Sm2O3
 

concentration 

(mol %) 

ρ (±0.001) Vm (±0.001) n (±0.0003) 

PLGSm PLGFSm PLGSm  PLGFSm PLGSm  PLGFSm 

0.00 3.21 2.80 49.97 47.99 1.563 1.470 

0.05 3.23 2.81 57.18 48.20 1.652 1.650 

0.1 3.24 2.82 57.05 48.10 1.654 1.651 

0.5 3.24 2.85 56.68 47.83 1.655 1.653 

1.0 3.25 2.85 57.02 48.17 1.657 1.654 

2.0 3.30 2.90 56.86 48.15 1.658 1.655 

 

4.2.3. FTIR Spectra  

The FTIR is an important technique to investigate the behavior of functional group present 

in the material under investigations. The FTIR spectra of present glasses (1 mol% doped 

Sm2O3) are given in the Figure 4.2.3.  

 

Figure 4.2.2: FTIR spectra of prepared glasses A) 700-1400 B) 1500-3700cm-1. 
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The bands at 753 and 1061 cm-1 correspond to the symmetric stretching vibration of P-O-

P group [121-122], and bands at 875 cm-1 correspond to the asymmetric stretching vibration 

of P-O-P group [121]. Similarly, the bands at 1233 cm-1 correspond to the asymmetric 

stretching vibration of P-O-P group. [123-124]. More over the band at 1635 cm-1 belongs 

to the binding vibration of H-O-H group [122]. The band positioned at 2100, 2317, 2857 

and 2932 cm-1 are related to stretching vibration of P-O-H group. The broad band at 3280 

cm-1 is due to the symmetric stretching vibration of H-O-H group [123, 125]. The bands 

ranging from 1635 to 3300 cm-1 belongs to the OH group. This range show reduced 

intensity in oxyfluoride glasses as compared to oxide glasses. Reduction in their intensity 

is due to reaction between fluorine content compensating OH groups available in the glass 

compositions [123]. 

4.2.4. Absorption Spectra 

The absorption spectra for Sm3+ (1mol%) doped PLGSm and PLGFSm glasses samples in 

the UV-Vis-NIR region are given in Figure 4.2.3. Overall ten absorption peaks are recorded 

in present spectra. The position and transition corresponding to these peaks are given in 

the Table.4.2.2 with oscillator strength, root mean square deviation and JO intensity 

parameters.  

 

Figure 4.2.3. Absorption spectra in 300-1800nm region. 



 

57 
 

It is clear from the intensities of peaks that the 6H5/2→
6F7/2 transition peak is comparatively 

more intense than the other peaks. In Table.4.2.2 along with position of the peaks, the 

oscillator strengths and JO intensity parameters are given for glasses doped with 1 mol% 

Sm2O3.  

Table 4.2.2: Transitions, its position observed in absorption spectra [121,122], oscillator strengths, 

root means square deviation (δrms (10-6)) values and JO intensity parameters (Ωλ=2,4,6 (10-20 cm2)).  

Transition 

6H5/2→ 

Wavelength 

(nm) 

Eexp 

(cm-1)  

PLGSm  PLGFSm 

fexp (10
-6

) fcal (10
-6

) fexp(10
-6

) fcal (10
-6

) 

6P3/2 401 24938 6.60 5.52 7.49 7.77 

4M7/2 444 22523 --- --- --- --- 

4I11/2 473 21142 1.51 0.12 1.79 0.20 

6F11/2 938 10661 0.42 0.28  0.79 0.49 

6F9/2 1081 9251 2.13 1.83 3.31 3.15 

6F7/2 1232 8117 3.05 3.29 5.10 5.27 

6F5/2 1379 7252 2.86 3.04 4.20 4.35 

6F3/2
 1483 6743 2.72 2.55 4.40 3.89 

6H15/2
 1543 6481 2.59 1.76 3.51 2.88 

6F1/2
 1600 6317 0.80 1.68 1.80 2.73 

δrms    0.729 0.690 

Ω2    5.07 8.28 

Ω4    4.82 6.79 

Ω6    2.83 3.24 

 

The experimental and calculated oscillator strength in both cases have good agreement with 

each other with over all δrms (10-6) values of 0.729 for PLGSm and 0.690 for PLGFSm 
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glasses. From the Table.4.2.2 it is clear that the calculated and experimental oscillator 

strength show higher values for hyper sensitive (6H5/2→
6F7/2) transition.   

The “Ω2” generally correlated to the sit asymmetry and bonding nature between the RE3+ 

ions with neighboring ligand ions [76]. The calculated JO intensity parameters are given 

in the Table 4.2.2. These parameters show Ω2> Ω4> Ω6 trend. The JO parameters are 

compared with reported literature in Table 4.2.3. The parameter Ω2 shows higher values 

which is corresponding to high degree of covalency and sits asymmetry around RE3+ ions. 

Likewise, Ω4 and Ω6 intensity parameters specify the rigidity and viscosity of glasses. 

Materials having higher values of spectroscopic quality factor (χ= Ω4/Ω6) are consider 

important for luminescence activators. [126].  

Table 4.2.3. JO intensity parameters (Ωλ=2,4,6 (10-20 cm2)) and spectroscopic quality factor (χ= 

Ω4/Ω6) compared to reported studies. 

Study Ω2 Ω4 Ω6 χ 

PLGSm [present work]  5.07 4.82 2.83 1.70 

PLGFSm [present work] 8.28 6.79 3.24 2.09 

PKMASm [127] 6.83 2.97 2.03 1.44 

LFB(Cd) [128] 7.34 5.09 3.70 1.59 

LFB(Mg) [128] 9.28 8.03 5.46 1.55 

1.0LBTPS [129] 1.18 4.16 3.79 1.09 

LiPbFP [130] 3.79 6.96 3.95 1.76 

NNS01[131] 0.33 5.45 5.55 0.98 

1 mol% Sm2O3 [132] 1.07 1.457 0.8402 1.73 

Glass A [133] 4.04 2.97 1.98 1.50 

Glass B [133] 3.73 2.79 1.77 1.58 

Glass C [133] 3.84 2.62 1.69 1.55 
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The “χ” factor are calculated to be 1.70 and 2.09 for present PLGSm and PLGFSm glasses 

respectively. As compared to the reported values, the present glasses show high values for 

the “χ” factor which means that these glasses have the ability of to be used in optical 

applications. 

4.2.5. Photoluminescence Spectra 

The excitation spectra recorded for present samples are given in the Figure 4.2.5. In all 

glass samples the characteristics Gd3+ and Sm3+ ions’ peaks were observed. Total sixteen 

excitations peaks were observed for the present glasses. The number and position of peaks 

corresponding to Sm3+ ions transition is same in PLGSm and PLGFSm glasses.  

 

 

Figure 4.2.4. Excitation spectra recorded at 598nm for Sm3+ ions doped glasses. 

Five peaks at 203, 245, 253, 275 and 312 nm were originated from the Gd3+ transition from 

ground state 8S7/2 to excited states 6G13/2, 
6D5/2, 

6D9/2, 
6I15/2, and 6P7/2 and eleven peaks 

related to Sm3+ transitions positioned at 332, 344, 361, 374, 401, 415, 438, 460, 472, 500 

and 526 nm. The Sm3+ peaks belong to transitions from that from ground state 8H5/2 to 

excited state 4G9/2, 
4K17/2, 

4D3/2, 
6P7/2, 

6P3/2, 
6P5/2, 

4G9/2, 
4I13/2, 

4I11/2, 
4G7/2 and 4F3/2 

respectively. The peaks at 401 nm is the hyper sensitive transition which show 

comparatively higher intensity in both PLGSm and PLGFSm glasses.  
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The emission spectra recorded at 401 nm excitation for PLGSm and PLGFSm glasses are 

given in Figure 4.2.5. The emission spectra in both cases have four emission peaks located 

at 561, 598, 644 and 705 nm which are correspond to transition from 4G5/2 states to 6H5/2, 

6H7/2, 
6H9/2 and 6H11/2 states as demonstrated in the Figure 4.2.6.  

 

 

Figure 4.2.5: Emission spectra recorded at 401nm excitation for A) PLGSm and B) PLGFSm 

glasses. 

 

Figure 4.2.6: Partial energy level diagram. 
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In Figure 4.2.6 various transitions are labeled such as, Sm3+ ions are excited to higher state 

4F7/2 with 401 nm excitation. These ions de-excite to 4G5/2 level non-radiatively and finally 

de-excite radiatively to 6F11/2, 
6F9/2, 

6F7/2 and 6F5/2 levels with emission of energy at 705, 

644, 598 and 561 nm respectably. It is clear from Figure 4.2.5 that emission intensity 

enhanced till 1.0 mol% of Sm3+ ions concentration and after 1.0 mol% the intensity 

decreases. As noticed in Dy doped glasses non- radiative energy transfer process through 

cross relaxations channels between Sm3+ ions are responsible for the reduction in the 

emission intensity after 1.0 mol%. 

 

 

Figure 4.2.7: Comparison of oxide and oxyfluoride glasses emission intensities. 

 

Figure 4.2.8. X-rays induced luminescence spectra A) PLGSm B) PLGFSm glasses. 
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Similarly, emission spectra show that the PLGFSm glasses have greater emission intensity 

compared to PLGSm glass samples as given in the Figure 4.2.7.  

This difference in emission intensity is the result of the low phonon energy in oxyfluoride 

glasses compared to oxide glasses. Similarly, the oxyfluoride glass samples have lower 

amount of OH vibrations as confirmed from FTIR spectra, due to the fact that fluorine 

present in glass composition reacts with the OH group and as a result form HF. 

 

Figure 4.2.9. Comparison of X-rays induce luminescence spectra at 1 mol% Sm3+ concentration. 

 

 

Figure 4.2.10. Emission spectra for A) PLGSm B) PLGFSm glasses recorded at 275 nm. 
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The difference in the photoluminescence emission intensity of PLGSm and PLGFSm 

glasses is recorded to be very small but when X-rays induced luminescence were recorded 

with X-ray source, it is noticed that the difference in the emission intensities are very much 

dominant as show in the Figure 4.2.8 and 4.2.9. The radio-luminescence emission spectra 

have same four peaks at 561, 598, 644 and 705 nm as in the photoluminescence emission 

spectra 

 

Figure 4.2.11. Comparison of Emission spectra for PLGSm and PLGFSm glasses recorded at 275 

nm for 1 mol%. 

 

In present case the emission spectra monitor at Gd3+ excitation (275 nm) are given in the 

Figure 4.2.10. Along with Sm3+ peaks, Gd3+ peaks were also detected in the emission 

spectra at 312 and 623 nm.  The Gd3+ peaks at 312 nm corresponding to 6P7/2→
8S7/2 

transition while peaks at 623 nm have two possibilities, one this peak may correspond to 

the second order of 312 nm peak or may correspond to 6G7/2→
8P7/2 transitions when excited 

with Uv radiation. The Gd3+ transitions have been shown in the Figure 4.2.6 with energy 

level diagram. Similarly, as observed in the recorded excitation spectra, Gd3+ show five 

transitions from 8S7/2 state to 6G13/2, 
6D5/2, 

6D9/2, 
6I15/2, and 6P7/2 stats with at 203, 245, 253, 

275 and 317 nm wavelength respectively.  

As mention in the previous section following these excitations, the Gd3+ ions de-excite to 

6PJ level. At 6PJ there are two possibilities, one the Gd3+ ions directly relaxed to ground 
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state 8S7/2 by radiative process emitting 312 nm and the second possibility is that the Gd3+ 

ions transfer its energy from 6PJ level to the 4G9/2 level of Sm3+ ions (Fig.4.2.6).  

The energy transfer occurs from 6PJ level Gd3+ ion to 4G9/2 level of Sm3+ ion, subsequently, 

from 4G9/2 through non-radiative process it de-excite to 4G5/2 level and then Sm3+ ions 

relaxed to the lower levels 6F11/2, 
6F9/2, 

6F7/2 and 6F5/2 with emission of energy at 705, 644, 

598 and 561nm respectively. From the Figure 4.2.10, it is noted that emission of Gd3+ ions 

decrease as Sm3+ ions concentration increase. which is an evidence that in present glasses, 

the excited Gd3+ ions transfer its energy to Sm3+ ions and accordingly the radiative emission 

of the Sm3+ increase. The Figure 4.2.11 shows comparison between PLGSm and PLGFSm 

glass samples for 1mol% concentration recorded at 275 nm. It is evident that PLGFSm 

samples show high intensity than PLGSm glasses. 

4.2.6. Radiative Properties  

Using the theoretical setup illustrated in chapter-3, the radiative properties such that, 

radiative transition probability (AR (s
-1)), branching ratio (βRcal) and emission cross section 

(σ, (10-21 cm2)) were calculated and given in the Table 4.2.4 for both PLGSm and PLGFSm 

glass samples. Both these glasses show higher value of transition probability for the 

4G5/2→
6H7/2 transition. It is believed that laser action is possible with transition having 

branching ratio more than 0.50 %. The branching ratio parameterized the better transition 

for the laser action, the transitions having higher magnitude of branching ratio is more 

competent for laser action [134]. In present work, PLGFSm glass show higher branching 

ratio compared to PLGSm glasses. The calculated and experimental values of branching 

ratio for 4G5/2→
6H7/2 transition are more than 0.50 % in both cases. Likewise, the parameter 

“σ” has greater value for same transition. The larger value of “σ” is an indication of low 

threshold and higher gain laser applications [134]. Hence from these values of the 

branching ratio and emission cross section, it is concluded that the 4G5/2→
6H7/2 transition 

have potential for laser applications. Similarly, if the properties of oxide and oxyfluoride 

listed in the Table.4.2.4 are compared, it is clear that PLGFSm glass have higher value. 

The radiative life time and quantum efficiency for the 1 mol% of prepared glass samples 

are given in the Table 4.2.5 respectively. It is noted that the oxyfluoride glass samples show 

better quantum efficiency than the oxide glass sample. 
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Table 4.2.4: Radiative properties i.e. radiative transition probability (AR (s-1)), branching ratio 

(βRcal) and emission cross section (σ, (10-21 cm2)) of PLGSm and PLGFSm glass samples 

Transitions Wavelength 

(nm) 

PLGSm PLGFSm 

AR σ  βRexp βRcal AR σ  βRexp βRcal 

6H5/2 561 6.91 0.23 0.13 0.12 10.64 0.32 0.14 0.12 

6H7/2 598 294.16 6.72 0.52 0.56 315.29 10.38 0.53 0.59 

6H9/2 644 84.66 3.32 0.31 0.25 130.81 4.45 0.30 0.25 

6H11/2 705 10.74 0.43 0.03 0.07 15.61 0.62 0.03 0.03 

 

4.2.7. CIE Diagram 

The 1931 CIE chromatic color coordinates usually use for the specification of color for the 

emitted light as mention in chapter-3 [135].  

 

Figure 4.2.12. The CIE diagram of prepared glass samples (1 mol% Sm2O3). 

 

The Figure 4.2.12 show the CIE diagram for both glasses, PLGSm and PLGFSm. The CIE 

coordinates positioned in orange region (0.59,0.41) of CIE diagram.  
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4.2.8. Lifetime profile  

The Figure 4.2.13 shows the lifetime profiles for the PLGSm and PLGFSm glass samples. 

In present study the lifetime decreases as the Sm3+ ions concentration increase. The life 

time profile shows that decay curves are single exponential at lower Sm3+ ions 

concentration but non-single exponential at higher concentration of Sm2O3.  

 

Figure 4.2.13. Decay time carve A) PLGSm glasses B) PLGFSm glasses. 

Table 4.2.5: Experimental decay time (τexp), radiative decay time (τR), Energy transfer parameter (Q) and 

radiative efficiency (ƞR) for prepared glass samples  

Doped mol% (Sm3+) τexp (ms) Q-values 

 PLGSm PLGFSm PLGSm PLGFSm 

0.05  2.937 2.931 --- --- 

0.1 2.846 2.840 --- --- 

0.5 2.273 2.217 0.4024 0.4824 

1.0 1.665 1.645 0.6614 0.6684 

2.0 1.016 0.966 0.8536 0.8754 

τR(ms) (1 mol%) 2.52 2.11 --- --- 

ƞR (%) 66.07 77.96   
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As mention in the above sections, at lower concentration, each Sm3+ ion act as luminescent 

center and no energy transfer take place between these ions but when the concentration 

increases the distance among Sm3+ ions decrease and these active ions transfer energy 

among themselves through cross-relaxations (CR) channel [136]. To investigate the energy 

transfer process, the life time curve is fit to IH model [137] and found the values for the 

energy transfer parameters for higher concentration doped glass samples. The estimated 

values of energy transfer parameters, listed in Table 4.2.5 show that the energy transfer 

parameters values increase as the Sm3+ ions concentration increases. Which means that the 

energy transfer among the Sm3+ ions increase as the concentrations increase. 
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4.3. Preparation and Characterizations of P2O5: Li2O: Gd2O3: Eu2O3 and 

P2O5: Li2O: GdF3: Eu2O3 Glasses 

4.3.1. Introduction  

The Eu3+ ion is known for the red light-emission because of 5D0→
7F2 electronic transition 

[138-139]. Similarly, the non-degenerate 7F0 ground state makes Eu3+ ion a better choice 

for investigation of interaction between RE3+ ions and local field. 

In present work Eu3+ doped phosphate glasses with mol% compositions given in Table 3.1, 

chapter-3 are studied. Figure 4.3.1 show the pictures of properly cut and polished glasses. 

 

 

Figure 4.3.1. Picture of prepared glass samples. 

4.3.2. Physical Properties  

The calculated density (ρ, g/cm3), molar volume (Vm, cm3/mol) and refractive index (n) of 

present glass samples are given in Table 4.3.1. Similar to previous sections, the

 

density 

shows an increasing trend as the concentration of Eu2O3 increase. This increase in density 

with Eu2O3 doping can be related to different factors i.e. change in molecular weight for 
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example as Eu2O3 have more molecular weight compared to P2O5 so doping Eu2O3 can 

increases the molecular weight of glasses and as result the densities can increase. Similarly, 

the change in dimension of interstitial spaces, compactness of matrix and change in 

geometrical coordination’s [136]. As we can see from the table that the density is increasing 

and molar volume decreasing hence it is concluded that the compactness of glass structure 

increases with Eu2O3 doping.  

Refractive index electrons density and compactness of the materials structure and it is 

observed that the electron density and compactness increase as the Eu2O3 concentration 

increases, and hence the refractive index increases as Eu2O3 concentrations increases.  

 

Table 4.3.1.  Physical properties for PLGOEu and PLGFEu glasses  

E2O3
 (mol %) ρ (±0.001) Vm (±0.001) n (±0.0003) 

PLGOEu  PLGFEu PLGOEu  PLGFEu PLGOEu  PLGFEu 

0.00 3.220 2.833 49.790 47.620 1.560 1.537 

0.05 3.228 2.848 49.700 47.497 1.565 1.538 

0.1 3.244 2.35 49.490 47.740 1.565 1.540 

0.5 3.248 2.53 50.120 47.880 1.566 1.544 

1.0 3.289 2.869 49.470 47.790 1.571 1.550 

2.0 3.324 2.895 49.500 48.030 1.576 557 

 

4.3.3.  FTIR Spectra  

The FTIR spectra of 2 mol% doped PLGOEu and PLGFEu are presented in Fig. 4.3.2(A) 

and Fig. 4.3.2 (B), respectively and the band assignments are summarized in Table 4.3.2.  

From the Figure 4.3.2 above it is observed that the oxide glasses have greater transmission 

intensity than band intensity correspond to PLGFEu glasses in the range of 1500 – 3500 

cm-1.  
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Figure 4.3.2. FTIR spectra for PLGOEu and PLGFEu (A) (1500 cm-1- 3600 cm-1), (B) (650cm-1-

1400cm-1) wavenumber range   

  

Table 4.3.2 FTIR band assignments for present glasses 

Band Assignments 

[113,104, 141-144] 

Range (cm-1) PLGOEu (cm-1) PLGFEu (cm-1) 

hydroxyl O-H stretch,   3327, 2925, 2852, 

2360, 2091 

3327, 2925, 2852, 

2360, 2091 

bending vibrations of H-O-

H and P-OH  

(1600 - 1660) 1653 1653 

stretching modes of P = O (1210 - 1270) 1230 1230 

(P-O) (-) ionic vibration --- 1152 (intense) 1152 (less intense) 

stretching vibration of P = 

O 

(1020 - 1080) 1073 1056 

asymmetric stretching 

modes of P–O–P 

(830 - 940) 876 871 

P-O-P vibration of 

pyrophosphate group P2O7
4- 

(750 - 780) - 776 

symmetric stretching 

modes of P–O–P (Qp
1 

Species) 

(710 - 750) 739 739 
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The bands in 1500- 3500 cm-1 region corresponding to vibrations of OH (hydroxyl) groups. 

The reduction in bands intensities of PLGFEu glasses in 1500 - 3500cm-1 range may be 

due to the presence of fluoride, which react with OH and form HF compound and as a 

result oxyfluoride glass show lower OH contents. Based on considerations that, increase of 

fluorine contents in oxyfluoride glasses (replacing of O by F) decreases the number of 

bridging oxygen's and hence (P-O)- ionic vibration at 1152 cm-1 is more intense in PLGOEu 

compared to PLGFEu glasses. An intense band recorded in 830-940 cm-1 region is due to 

P-O-P vibration. The intensity of this band increase with replacement of GdF3 for Gd2O3 

and for the formation of F bonds [140]. A weak band recorded at 739 cm-1, While for 

PLGFEu glass another band at 776 cm-1 also observed at this lower wavenumber range the 

overall intensity of oxyfluoride is stronger compared to oxide glass.  

Basically, phosphate glass structure consists of (PO2)
-, (PO3)

2- and (PO4)
3- groups [145-

147], which show the vibrational spectra of meta-, pyro and ortho-phosphate groups 

because of introduction of alkali oxide which depolymerized the glass matrix. As, the 

phosphate glasses structures are the results of PO4/2 (tetrahedra) linked together in infinite 

chains through BOs. Similarly, the introduction of modifiers e.g. lithium oxide into the 

glass matrix (P2O5) depolymerization the polyphosphate chains [145, 149-150] in linear 

long chains, which results in the formation of NBO's.  

4.3.4. Absorption Spectra  

The recorded absorption spectra of PLGOEu and PLGFEu glasses with 2 mol% Eu3+ 

doping, shown in Figure 4.3.3 have eleven absorption transition peaks. In this absorption 

spectra two group of peaks are observed, one group of peaks correspond to the transitions 

from (7F0) ground state to 5D4 (362 nm), 5G4 (376 nm), 5G2 (382 nm), 5L6 (393 nm), 5D2 

(465 nm) 5D1 (526 nm) and 7F6 (2086 nm) excited states, while the second group of peaks 

are link to transition from 7F1 (thermally excited level) to 5L6(400 nm),  5D3(415 nm), 

5D1(534 nm)  and 7F6(2205 nm)  states[113, 143]. The 7FJ→ 5D0 transitions are spin 

forbidden and hence show very weak absorption intensity [151]. In present work the peaks 

associated to 7F0→
5L6 and 7F0, 1→

7F6 transitions show higher intense compared to other 

the peaks. The oscillator strengths for the transitions observed in absorption spectra were 

calculated both experimentally (fext) and theoretically (fcal). For theoretical calculations, the 
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JO theory was used. Since the 7F0 and 7F1 levels are very closed and it may possible that 

some electrons excite from ground level 7F0 to 7F1 at room temperature. 

strength (without thermal correction and with thermal corrections) are listed in the 

Table.4.3.3. From the Table.4.3.3., it is found that the “fext” and “fcal” show a decent 

agreement with overall root mean square deviations of ±0.46×10-6 and ±0.55×10-6 for 

PLGOEu and PLGFEu glass, respectively.  The JO intensity parameters showing Ω2> Ω4> 

Ω6 trend are given in the Table 4.3.3 and compared to reported studies in Table. 4.3.4. The 

parameter “Ω2” generally linked to sits asymmetry and bonding nature of RE3+ to 

surrounding ions. It is concluded from the JO intensity parameters that the glasses studied 

in present work have higher sits asymmetric around Eu3+ions. The parameters Ω4 and Ω6 

are correlated to the bulk properties of the materials. Therefore, theoretically thermal 

corrections were carried out and all the values of oscillator  

 

 

Figure 4.3.3.  Absorption spectra of present samples (2 mol% Eu) (A) UV-VIS (B) NIR region.  
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Table 4.3.3: Oscillator strengths with JO intensity parameters (Ωλ=2,4,6, (10-20 cm2)) and root mean 

square deviations (δrms(10-6)) for 2.0 mol% Eu3+  doped PLGOEu and PLGFEu glasses. 

Transitions Wavelength 

(nm) 

Energy 

(cm-1) 

PLGOEu PLGFEu 

Before 

thermal 

correction  

After thermal 

correction  

Before 

thermal 

correction  

After thermal 

correction  

fexp fcal fexp fcal fexp fcal fexp fcal 

7F0→5D4 362 27624 0.24 0.25 0.37 0.54 0.21 0.28 0.33 0.63 

7F0→
5G4 375 26666 0.31 0.16 0.48 0.33 0.35 0.17 0.53 0.39 

7F0 →
5G2 382 26178 0.63 0.09 0.97 0.23 0.76 0.13 1.16 0.32 

7F0 →
5L6 393 25445 1.05 0.41 1.60 1.13 1.10 0.39 1.68 1.09 

7F1→
5L6 400 25000 0.11 0.07 0.34 0.22 0.22 0.08 0.70 0.21 

7F1 →
5D3 414 24154 0.08 0.09 0.24 0.22 0.10 0.11 0.32 0.27 

7F0→
5D2 465 21505 0.19 0.10 0.29 0.25 0.22 0.13 0.34 0.35 

7F0→
5D1 526 19011 0.02 000 0.04 0.00 0.02 000 0.03 000 

7F1 →
5D1 534 18726 0.60 0.09 0.19 0.24 0.09 0.13 0.28 0.33 

7F0 →
5F6 2083 4800 1.49 0.74 2.28 2.04 1.42 0.69 2.13 1.96 

7F1→
5F6 2210 4528 0.50 0.59 1.60 1.63 0.48 0.57 1.54 1.57 

δrms(10-6)    ±0.35 ±0.29 ±0.37 ±0.36 

Ω2 3.79 9.54 5.15 13.36 

Ω4 5.44 11.69 6.01 13.79 

Ω6 0.68 1.87 0.67 1.83 
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Table 4.3.4: JO intensity parameters of present and other reported studies. 

Samples Ω2 Ω4 Ω6 Trends 

PLGOEu glass [present work] 3.79 5.44 0.68 Ω4> Ω2> Ω6 

PLGFEu glass [present work] 5.15 6.01 0.67 Ω4> Ω2> Ω6 

SPbKNLFEu10 [152]  3.75 0.18 0.00 Ω2> Ω4> Ω6 

PKAICaFEU10 [141] 7.49 6.30 0.50 Ω2> Ω4> Ω6 

PKSAEU10 [141] 6.34 5.67 .68 Ω2> Ω4> Ω6 

BSGdCaEr0.5 [142] 3.16  1.32 0.99 Ω2> Ω4> Ω6 

TPBFEu16 [104] 3.91  1.51 0.00 Ω2> Ω4> Ω6 

PKBAEu [153] 8.07 6.30 0.45 Ω2> Ω4> Ω6 

L4BE [154] 5.79 0.38 0.95 Ω2> Ω6> Ω4 

ZNBBE-1[155] 4.87  3.50 0.00 Ω2> Ω6> Ω4 

ZNBBE-2[155] 4.98  3.69 0.00 Ω2> Ω6> Ω4 

 

4.3.5. Photoluminescence Spectra  

4.3.4.1. Excitation Spectrum Recorded with λem = 612 nm Emission. 

The Figure 4.3.4 show excitation spectra in the 200-550 nm wavelength range, recorded 

with 612 nm emission. Out of twelve total excitations peaks, peaks at 212 in PLGOEu glass 

and 222 nm peak in PLGFEu spectra along with peaks at 275 and 311nm, corresponds to 

Gd3+ ions excitation, while rest of nine peaks correspond to the Eu3+ transitions [141, 156]. 

The shift is observed in the Gd3+ excitation peaks from 222 nm (PLGOEu) to 212 nm 

(PLGFEu).   This shift may be because of difference in electronegativity between oxygen 

(3.44) and fluorene (3.98). It can also be stated as, the ionic radii of O2-(0.140 nm) greater 

than F-(0.1333 nm) hence F- need higher amount of energy (~124 eV) in PLGFEu glasses 

compared to PLGOEu, in order to transfers charge to Gd3+. The peaks at 275 and 311 nm 

associated to Gd3+ transitions 8S7/2 →
6DJ, 

8S7/2→
6IJ, 

6PJ. The peaks at 299, 320, 361, 381, 
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393, 464 and 524 nm are due to the transition from the 7F0 state to 5F4, 
5H4,

 5D4, 
5G2, 

5L6, 

5D2, 
5D1, while two peaks at 414 and 533 nm are due to the transitions 7F1 → 5D3 and 7F1 

→ 5D1, respectively. The peaks at 275 and 393 nm are the most intense peaks and therefor 

the emission spectra of present samples are monitor at 275 and 393 nm.  

 

 

Figure 4.3.4.  Excitation spectra of present glasses recorded at 612 nm 

4.3.4.2. Emission Spectra Recorded with 275 nm Excitation. 

The emission spectra monitored with 275 nm excitation are given in Figure 4.3.5. The four 

peaks belong to Eu3+ ions transition 5D0→ 7F1 (590 nm), 5D0→ 7F2 (612 nm), 5D0→ 7F3 

(651 nm) and 5D0→ 7F4 (699 nm).  

 

Figure 4.3.5. Emission spectra of (A) PLGOEu (B) PLGFEu glass recorded at 275 nm. 
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While the Gd3+ ions peaks at 310/312 due to the transitions 6P7/2→
8S7/2. The energy level 

diagram is shown in the Figure 4.3.6. The higher energy levels 6PJ, 
6IJ and 6GJ of the Gd3+ 

ions are populated through Gd3+ ions excitation as specified by process 1 in Fig.4.3.6 and 

212, 275 and 312 nm are the corresponding wavelengths recorded in excitation spectra. 

These excited Gd3+ ions then relax from 6G7/2 level to 6PJ level with 623 nm emission which 

is represent by process-2 in Figure 4.3.6. The peak at 623 nm also reported as second order 

of Uv emission after excitation at 275 nm in several studies. From 6PJ level the Gd3+ ions 

may follow two different relaxation paths, one 6PJ→ 8S7/2 (312 nm) radiative transition as 

shown by process-3. While the second path is the transfer of energy from Gd3+ ion to Eu3+ 

ions, show in the energy level diagram, as 6PJ level (Gd3+ ions) and 5HJ level (Eu3+ ions) 

have nearly identical energy, thus energy may transfer from “6PJ” level of Gd3+ ions to 

“5HJ” level of Eu3+ ions through process-4 shown in the Fig.4.3.6. After process-4 the Eu3+ 

ions relaxed from 5HJ level to 5D0 level through non-radiative transition and subsequently 

radiatively transition occur as represent with process-6 in Figure 4.3.6. The process-6 also 

occur when simply Eu3+ ions are excited with 393 nm as specified by process-5. The other 

phenomena observed in Figure 4.3.5 (A & B) is that, the emission intensity of Gd3+ reduce 

with increasing concentration of Eu3+ ions and at same time the intensity of Eu3+ increase 

and intensities are totally swap over between Gd3+ and Eu3+ ions at higher concentration. 

 

Fig.4.3.6. Energy level diagram of energy transfer mechanism of Gd3+ → Eu3+ [157-159]. 
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The peak at 623 nm (Gd3+ emission) exhibit greater intensity compared to 612 nm (Eu3+ 

emission) intensity in PLGOEu glasses but such trend was not detected in PLGFEu glasses. 

The effect can be related to the different numbers of Gd3+ ions in PLGOEu and PLGFEu 

glass. PLGOEu have higher number of Gd3+ ions compared to PLGFEu glass and as result 

the emission intensity of Gd3+ radiative transitions are higher in PLGOEu glass compared 

to PLGFEu. The other interesting phenomena observed in present work is the concentration 

quenching effect observed at 0.1mol% for Gd3+ ions in the oxyfluoride glasses. In oxy-

fluoride glasses the intensity of Gd3+ emission increase with increase up to 0.1 mol% of 

Eu2O3. The energy transfer can also be established from intensity variations of 312 nm 

peak from Gd3+ ions transition and 612 nm peak from Eu3+ ions transition, as given in the 

Figure 4.3.5 (B). The intensity of 612 nm emission peak of Eu3+ increases with decrease in 

intensity of 312 nm peak which indicate the energy transfer between Gd3+ and Eu3+ ions. 

The emission intensities of PLGOEu and PLGFEu glasses are compared as in Figure 4.3.7 

for 2 mol% Eu3+ ions concentration.  

 

Figure 4.3.7. The emission intensity comparison recorded at 275 nm for 2 mol% Eu2O3.  

 

As can be seen from Figure 4.3.7 that PLGFEu samples have greater emission intensity 

than PLGOEu samples, this might be because of more ionicity in PLGFEu matrix which 

results in more sites asymmetry around Eu3+ ions as compared to PLGOEu glasses. The 

asymmetry ratio was calculated using 5D0 → 7F2 / 
5D0 → 7F1 transitions from the emissions 
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spectra recorded at 275 nm and found the ratio to be 3.30 and 3.33 respectively for 

PLGOEu and PLGFEu glasses with 2 mol% Eu3+ contents.  

4.3.4.3. Emission Spectrum Monitored at λex = 393 nm. 

The emission spectra monitor at 393 nm shown in the Figure 4.3.8 and described with 

process-5 in the Fig.4.3.6 from 4F0 state to 5LJ state.  

 

 

Figure 4.3.8. Emission spectra recorded at 393 nm for (A) PLGOEu (B) PLGFEu glass  

 

Figure 4.3.9. Comparison of emission spectra recorded at 393 nm for 2 mol% of Eu2O3 

The excited Eu3+ ions de-excite to 5D0 level non radiatively. The Eu3+ ions then de-excite 

radiatively from 5D0 state to lower energy stats as represent by process 6 in Figure 4.3.6. 
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Similar to the previous section, emission intensity of the PLGOEu and PLGFEu glasses 

are compared in Figure 4.3.9 and it found that the emission intensity of PLGFEu are greater 

than PLGOEu. 

4.3.4.4.  X-ray Induced Luminescence (XEL) Spectrum  

Figure 4.3.10 shows the XEL spectra of present glasses recorded in the wavelength range 

of 550 -750 nm. The XEL spectra have the same number of peaks and same intensity 

variation behavior as that of photoluminescence spectra trends.  

 

Figure 4.3.10. X-ray induce luminescence spectra of (A) PLGOEu B) PLGFEu glasses 

 

 

Figure 4.3.11. The X-rays induced optical luminescence spectra of the PLGOEu and PLGFEu 

compared with BGO scintillator. 
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For present glasses, the integral scintillation efficiency was analyzed by comparing with 

Bi4Ge3O12 (BGO) scintillator crystal. The glasses samples doped with 2.0 mol% of Eu3+ 

prepared in similar size and shape that of Bi4Ge3O12 (BGO) crystal under same melting, 

cut and polishing conditions. Subsequently the XEL spectra of these glasses and BGO 

crystal measured under same conditions and compared as demonstrate in Fig. 4.3.11. The 

calculated integral scintillation efficiency of PLGOEu and PLGFEu compared to BGO 

crystal are found to be 15.4 % and 18.0 % respectively. 

 

4.3.5. Radiative Properties   

The radiative properties were calculated with mathematical setup given in Chapter 3 and 

ref [161]. Likewise, the quantum efficiency (ƞ) is a significant quantity to investigate the 

ability of glasses to be use as laser gain medium. 

The quantum efficiency of a material is given by Eq.4.3.1. 

𝜂 =
𝜏𝑒𝑥𝑝

𝜏𝑅
                                                                                                                          (4.3.1) 

Table 4.3.5(A) and Table.4.3.5(B) summarizes the radiative properties radiative transition 

probability (A(s-1), emission cross section (σ (10-21) cm2) measured branching ration 

(βR(exp)), calculated branching ratio (βR(cal)), effective band width “∆λeff (nm)” gain band 

width (σ× ∆λeff) ×10-25 cm2, optical gain (σ× τR) ×10-28 cm3 and radiative efficiency (η%) 

of the oxide and oxyfluoride glass samples respectively. It is clear from the Table 4.3.5 (A) 

and (B) that the (A(s-1), (σ (10-21) cm2) and (βR(cal)), show higher value for 5D0→
7F2 

transition. The high value of (σ (10-21) cm2) and (βR(cal)), for 5D0→
7F2 transition of present 

glasses shows that these glass materials might be a possible material for leaser devices. The 

materials with higher values of optical gain and gain band width consider good for the 

applications of optical amplifying. In the present work the PLGFEu glasses have higher 

values for these quantities compared to the PLGOEu glasses. From the values of all 

parameters listed in Table.4.3.5 (A) and (B) t it is concluded that these glasses can be good 

choice for optical applications.    
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Table 4.3.5(A). Luminescence properties radiative transition probability (A(s-1), stimulated 

emission cross section (σ (10-21) cm2) measured branching ration (βR(exp)), Calculated branching 

ratio (βR(cal)), effective band width “∆λeff (nm)” gain band width (σ× ∆λeff) ×10-25 cm2, optical gain 

(σ× τR) ×10-28 cm3 and radiative efficiency (η%) of the of PLGOEu 

Transitions Before thermal correction  After thermal correction 

A (s
-1) σ (cm2) βR(exp) βR (cal) A(s-1) σ (cm2) βR(exp) βR(cal) 

7F0  0 0.00 0.01 0.00 0 0.00 0.01 0.00 

7F1 55 2.00 0.22 0.09 55 2.00 0.22 0.10 

7F2 340 13.96 0.69 0.56 390 16.00 0.69 0.66 

7F3 0 0.00 0.02 0.00 0 0.00 0.02 0.00 

7F4 209 0.24 0.06 0.34 119 0.14 0.06 0.21 

τ
R (ms) 3.38 1.65 

∆λeff
 13  

σ×∆λeff 18.10  

σ× τ
R 4.718   

η% 70.6  

Table 4.3.5(B): Luminescence properties radiative transition probability (A(s-1), stimulated 

emission cross section (σ (10-21) cm2) measured branching ration (βR(exp)), Calculated branching 

ratio (βR(cal)), effective band width “∆λeff (nm)” gain band width (σ× ∆λeff) ×10-25 cm2, optical (σ× 

τR) ×10-28 cm3 and radiative efficiency (η%) of the of PLGFEu 

Transitions Before thermal correction  After thermal correction 

A (s
-1) σ (cm2) βR(exp) βR (cal) A(s-1) σ(cm2) βR(exp) βR(cal) 

7F0  0 0.00 0.01 0.00 0 0.00 0.01 0.00 

7F1 53 2.30 0.18 0.16 53 0.22 0.18 0.07 

7F2 176 6.80 0.72 0.52 456 17.86 0.72 0.61 
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7F3 0 0.00 0.02 0.00 0 0.00 0.02 0.00 

7F4 103 0.11 0.07 0.30 236 0.26 0.07 0.32 

τ
R(ms) 2.94 1.34 

∆λeff
 11.6  

σ×∆λeff 78.88  

σ×τ
R 19.99  

η% 86  

 

4.3.6. Lifetime analysis  

The Figure 4.3.12 (A) and 4.3.12 (B) shows the decay curves monitored at 393 nm and 612 

nm excitation and emissions respectively.  

  

Figure 4.3.12. Lifetime profile for (A) PLGOEu B) PLGFEu glasses 

The measured lifetime values for PLGOEu glasses with 0.05, 0.1, 0.5, 1.0 and 2.0 mol% 

Eu2O3 contents are 2.35, 2.36, 2.37, 2.39 and 2.47 ms respectively and 2.54, 2.53, 2.53, 

2.53 and 2.51 ms for PLGFEu glasses, respectively.  

The investigated data show that PLGFEu glasses have higher lifetime than PLGOEu 

glasses. The measured lifetime and trends for present samples are in agreement to that of 

reported in reference [162]. The decay curves observed to be single exponential for all 
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samples and no significant variations observed in lifetime with variations of Eu3+ ion 

concentration which show that there is no significant energy transfer between Eu3+ ions 

and also decay time not depend on Eu3+ ion concentration [105,162-163]. 

4.3.7. CIE Diagram  

Figure 4.3.13 shows the CIE diagram and picture under Uv light of glass sample doped 

with 2.0 mol% of Eu2O3. The recorded coordinates (under 393 nm excitation) are (0.64, 

0.35) and (0.63, 0.35) for PLGOEu and PLGFEu samples respectively which are situated 

in the reddish orange region.     

 

Figure 4.3.13. Chromaticity coordinates of PLGOEu and PLGFEu 

The CCT values are measured to be 1759 and 1741K for PLGOEu and PLGFEu glasses 

respectively, hence it is concluded that the present glasses emit cool reddish-orange light.  
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4.4. The 10Na2O: 10SrO: 10Gd2O3: 69P2O5: 1Dy2O3 and 10NaF: 10SrO 

:10GdF3: 69P2O5: 1Dy2O3 Glasses for Solid State Lighting 

Applications 

 

4.4.1.  Introduction 

In present section the oxide and oxyfluoride glass samples with chemical composition 

given bellow were prepared by melt quenched technique and subsequently the physical and 

luminescence properties were investigated.  

•  70P2O5: 10Na2O:10SrO:10Gd2O3 (Host)  

• 70P2O5: 10NF:10SrO:10GdF3 (Host)  

• 69P2O5:10Na2O: 10SrO:10Gd2O3: 1Dy2O3 (PNSGD)  

• 69P2O5:10NaF: 10SrO:10GdF3: 1Dy2O3 (PNFSGD)  

The pictures of properly cut and polished glass samples are shown in the Figure 4.4.1. 

 

Figure 4.4.1. Pictures of prepared glass samples 

 

4.4.2.  XRD pattern  

The Figure 4.4.2 (A) and (B) show the XRD spectra of the PNSG host glass. The present 

XRD spectra have only broad humps and no sharp peaks which confirm the amorphous 

nature of present glasses.  
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Figure 4.4.2. XRD spectra of host composition. 

 

4.4.3. Physical Properties  

The density and molar volume for the present glasses were measured from reference [164] 

and are listed in the Table 4.4.1.  

       Table 4.4.1. Physical property of PNSGD and PNFSGD glasses 

Properties PNSGD PNFSGD 

Dy2O3 doped (mol %) 0.0   1.0  0.0  1.0  

Density, ρ (g/cm3) 2.90 3.21 2.84 3.05 

Molar volume, VM (cm3/mol) 53.38 48.12 48.35 45.13 

Ion concentration N (x1020 ions/cm3) -- 1.25 -- 1.33 

Polaron radius, rp (Å) -- 8.06 -- 7.89 

Interionc distance, ri (Å) -- 19.99 -- 19.57 

Field Strength, F (x1015 cm-2) -- 0.62 -- 0.64 

Refractive index, nd (589.3 nm) 1.533 1.544 1.527 1.542 

Dielectric constant (ɛ) 2.35 2.38 2.35 2.38 

Electronic polarizability, αm (x10-26 m3) -- 6.02 -- 5.63 
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From the Table 4.4.1, it clear that the PNSGD glass samples have higher density as 

compared to the PNFSGD glass. The PNSGD glass has higher molecular weight 

component Gd2O3 as compared to GdF3 which increase the overall molecular weight and 

as result increase the density. Similarly, the doped ions go in to the free spaces available 

within the glass network which stretch in the network and as a result increase the density 

of doped glass samples.  

The properties such as ion concentration, polaron radius, field strength and dielectric 

constants are measured from reference [165]. The PNFSGD glass has higher ions 

concentration and as result inter ionic distance and polaron radius decrease while the field 

strength increases around rare earth ions. In the same way, refractive index, dielectric 

constant and electronic polarizability are calculated and listed in Table.4.4.1.  

 

4.4.4.  Absorption Spectra  

Figure 4.4.3 displays the absorption spectra recorded for prepared glass samples. The 

spectra have seven Dy3+ ions characteristics absorption peaks positioned at 386,451,802, 

901,1097,1277 and 1689 nm due to the Dy3+ absorption transitions from the 6H15/2 

respectively to 4F7/2, 
4I15/2, 

6F5/2, 
6F7/2, 

6F9/2, 
6F11/2+

6H9/2 and 6H11/2 states.  

 

 

Figure 4.4.3. Absorption spectra of prepared glass samples 
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The peak at 1277 nm corresponding to hyper sensitive transition (6H15/2→
6F11/2 +

6H9/2) 

which is highly sensitive to the change in the composition of the glass. The JO theory 

analysis applied to quantitively study the absorption spectra. The oscillator strengths, JO 

intensity parameters and Y/B ratio are given in the Table 4.4.2. The experimentally 

measured oscillator strengths and calculated oscillator strengths show good agreement with 

overall σrms(10-6) values of 0.519  0.722 for PNSGD and PNFSGD glass samples 

respectively. The hyper sensitive transition (6H15/2→ 6F11/2+
6H9/2) have the highest value 

of oscillator strength for both type of glasses. The JO intensity parameters are compared 

with previous studies and given in the Table 4.4.3. 

Table 4.4.2 Experimental oscillator strength (fext (10-6)), calculated Oscillator strengths (fcal (10-6)), 

root mean square deviation (σrms (10-6)) and JO intensity parameters (Ωλ=2,4,6 (10-20 cm2)). 

Transitions  

6H15→ 

Wavelength (nm) PNSGD PNFSGD 

fext  fcal  fext  fcal  

 4F7/2 386 1.36 0.35 1.54 0.45 

4I15/2 451 0.62 0.60 0.71 0.80 

6F3/2 802 1.48 0.96 2.10 1.30 

6F5/2 901 3.50 2.83 4.10 3.39 

6F7/2 1097 4.96 5.14 5.25 5.44 

6F9/2 1277 8.69 8.66 10.58 10.54 

6F11/2 1689 1.50 1.93 2.00 2.51 

σrms 0.516 0.722 

Ω2 11.92 12.38 

Ω4 8.88 6.31 

Ω6 5.77 3.20 

Y/B 1.56 1.71 
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The parameter Ω2 values are related to the bonding nature of Dy3+ with its neighboring ions 

and sits asymmetric around Dy3+ ions. The Ωλ (λ=2, 4, 6) vary in the order of Ω2 > Ω4 > 

Ω6 for present glasses. As Among JO intensity parameters, the “Ω2” primarily linked to the 

bonding covalency and structural changes (the short-range effects), in the locality around 

Dy3+ ions whereas “Ω4” and “Ω6” are strongly linked to the vibrational levels of structural 

units in the glass network [115]. Therefore, from the Table 4.5.2 and 4.5.3 it is clear that 

Ω2 parameter have higher value for PNFSGD glass which is an indicative of higher bonding 

covalency of RE3+ ions with surrounding host ions in the case of PNFSGD glass. 

  Table 4.4.3. Comparison of JO intensity parameters with reported works 

References Ω2 Ω4 Ω6 Trend 

PNSGD [present work] 11.92 8.88 5.77 Ω2 >Ω4 >Ω6 

PNFSGD [present work]  12.38 6.31 3.20 Ω2 >Ω4 >Ω6 

1 DZCTFB [ 122] 9.51 1.84 3.96 Ω2>Ω6 >Ω4 

2 DZCTFB [ 122] 9.64 1.98 2.29 Ω2>Ω6 >Ω4 

DyZB10P [166] 3.950 0.92 1.95 Ω2 >Ω6 >Ω4 

PPBAlDy [167] 8.92 2.55 2.99 Ω2 >Ω6 >Ω4 

PPBGaDy [167] 9.38 2.85 3.19 Ω2 >Ω6 >Ω4 

PZSMDy1.0 [168] 11.07 2.83 2.18 Ω2 >Ω4 >Ω6 

LSBP1Dy [169] 5.24 2.32 1.97 Ω2 >Ω4 >Ω6 

LSBP2Dy [169] 5.31 2.12 2.03 Ω2 >Ω4 >Ω6 

 

4.4.5. Photoluminescence Spectra   

The excitation spectra recorded at 573 nm emission are shown in the Fig.4.5.4 below, and 

total twelve clear peaks recorded in the present excitation’s spectra. The four peaks 

positioned at 245, 253, 275 and 312 nm are associated to the Gd3+ ions transitions from 

8S7/2 states to 6D7/2, 
6D9/2, 

6I9/2 and 6P7/2 states, respectively and rest of the peaks at 297, 325, 
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350, 364, 386, 425 452 and 473 nm correspond to Dy3+ ions transition from the ground state 

6H15/2 to the 4H13/2, 
4K15/2, 

4M15/2+
6P7/2, 4I11/2, 

4I13/2, 
4G11/2, 

4I15/2 and 4F9/2 states, respectively.  

 

Figure 4.4.4. The excitation spectra recorded at 573 nm for PNSGD and PNFSGD glasses. 

 

Figure 4.4.5. Emission spectra recorded at 350 nm for PNSGD and PNFSGD glasses 

Figure 4.5.5 show the recorded emission spectra monitored with 350 nm excitation have 

four emission peaks at 483 573, 675 and 751 nm related to transition from 4F9/2 level to 

6H15/2, 
6H13/2, 

6H11/2 and 6H9/2+
4F11/2 level respectively. In emission spectra, Figure 4.4.5, 

the PNFSGD sample has higher emission intensity than PNSGD glass sample. The 
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difference in emission intensity may be due to lower amount of OH group contents and 

lower phonon energy in oxyfluoride glass samples. 

 

 

Figure 4.4.6. FTIR spectra A) 700-1500cm-1 B) 1500-4000cm-1 

Table 4.4.4. The FTIR bands observed for the titled glasses 

S/No Bands (cm-1) Descriptions [113,104, 141-144] 

1 743 Symmetric stretching vibration of P–O–P linkages  

2 880 Asymmetric stretching vibrations of P-O-P 

3 1075-1235 Asymmetric stretching vibrations of P-O– 

4 1612 Bending vibration O-H or water groups  

6 2119, 2317, 2405, 

2848, 2922  

Stretching vibrations of P-O-H group  

7 3354 symmetric stretching of O-H or H-O-H groups  

 

FTIR spectra is shown in the Figure 4.5.6 and observed bands are summarized in Table 

4.5.4, which confirm the lower concentration of the OH group. As state in previous sections 

that the intensity of bands in 1654-3312 cm-1 wave number range, belong to the OH group 

and these bands decrease in the oxyfluoride glass therefore it is believed that PNFSGD 

glass has lower OH content as compared to the PNSGD glass. The X-rays induce 
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luminescence spectra are revealed in the Figure 4.4.6. The X-rays induce luminescence 

spectra also have four emission peaks like the photoluminescence emission spectra. These 

peaks are located at 483, 573, 675 and 751 nm. This spectrum also shows that the PNFSGD 

glass have higher emission intensity as compared to the PNSGD sample.  

 

Figure 4.4.7. The X-rays induced luminescence spectra  

4.4.6. UP-Conversion Luminescence 

The up-conversion luminescence process is investigated in the present glass samples.  

 

Figure 4.4.8. The up-conversion spectra recorded at the 850 nm excitation and energy level 

diagram. 
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The up- conversion spectra recorded at 802 nm excitation and energy level diagram are 

shown in the Figure 4.4.8 (A) and 6(B) respectively. The Dy3+ ion excited by 802 nm 

transfers its energy to another Dy3+ ion, which is in the same excited state before the energy 

transfer. The second ion absorb the energy and further promoted to a high lying excited 

state perhaps 4I15/2 state. Subsequently this excited ion relaxes non-radiatively to 4F9/2 level, 

which further de-excite radiatively to the lower level 6H11/2,
6H13/2 and 6H15/2 levels and as a 

result produce the up-conversion fluorescence as shown in Figure 4.4.8 (A). 

 

4.4.7.  Radiative Properties 

Table 4.4.5. summarized the radiative properties of present glasses. From the table it is 

concluded that glasses in present work have the higher values of transition probability for 

the 4F9/2→
6H13/2 transition compared to the rest of transitions. The PNFSGD glass sample 

has higher radiative transition rates compared to oxide glass samples.  

Table 4.4.5 The radiative properties radiative transition probability (AR), stimulated emission cross 

section (σ, (10-21 cm2)), branching ratio (βR) and radiative life time (τcal, (ms)) of prepared glasses 

 

Transitions 

PNSGD PNFSGD 

AR σ βR(exp) βR(ca1) AR σ  βR(exp) βR(cal) 

6H15/2 194 0.55 0.37 0.23 197 0.42 

 

0.1 0.09 

6H13/2 944 5.70 0.59 0.64 1517 8.99 0.67 0.68 

6H11/2 111 0.97 0.02 0.06 187 1.59 0.12 0.08 

6H9/2 110 1.08 0.01 0.07 136 1.08 0.1 0.06 

τcal  0.67 0.58 

 

As a fact that the materials having high stimulated emission cross-section are the attractive 

materials for getting low threshold as well as high optical gain [137], so from the 

Table.4.4.5 it is clear that the PNFSGD have higher stimulated emission cross section and 

hence considered good for laser gain medium.  
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The calculated branching ratio for 4F9/2→
6H13/2 is noted to be greater compared to other 

transitions and in good agreement with measured values. Moreover, branching ratio for the 

4F9/2→
6H13/2 transition is more than 50% for all glass samples prepared in this study, 

suggesting that lasing action is possible with this transition. 

4.4.8. Lifetime Analysis 

Lifetime profiles are shown in Figure 4.4.9 and these curves are non-single exponential 

and therefore cannot fit to a single exponential curve. The recorded life time for oxide 

(PNSGdy) and oxyfluoride (PNFSGDy) glasses are 0.55 ms and 0.48 ms respectively. 

 

Figure 4.4.9. Lifetime profile of PNSGD and PNFSGD glasses 

 

4.4.9. CIE Diagram 

The quantitative evaluation of the color emitted by any substance is subjected to the 

colorimetry, which can be expressed mathematically in term of color matching functions 

and symbolize by the CIE diagram [170]. The CIE-1931 system is used to indicate the 

emission wavelength and luminescence intensity of emitting substance [104]. The 

measured CIE coordinates of PNSGD and PNSFGD glasses are given in Table.5, which 

are positioned in the white region diagram. From the CIE coordinates it can be concluded 

that these glasses might emit white light. The CCT values for PNSGD and PNSFGD 

glasses calculated with ref [171] as mentioned in the chapter-3. The commercial cool white 
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light has CCT values in the range of 3100 to 4500 K. Hence, concluded that PNSGD and 

PNSFGD glasses emit cool white light with CCT values of 4377.874 K and 4425.495 K.  

 

 

Figure 4.4.10. CIE diagram for PNSGD and PNFSGD glasses. 
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4.5. The Sm3+ ions doped P2O5: Na2O: SrO: Gd2O3 and P2O5: NF: SrO: 

GdF3 Glasses for Solid State Lighting Applications. 

4.5.1. Introduction  

The Sm3+ doped glasses with chemical composition of 69P2O5:10Na2O:10SrO: 10Gd2O3: 

1Sm2O3 (PNSGS) and 69P2O5:10NaF: 10SrO:10GdF3: 1Sm2O3 (PNFSGS) were prepared 

through melt quench technique as illustrated in chapter-3 and subsequently the physical 

and luminescence properties were investigated. 

The Picture of prepared glass samples are given in the Figure 4.5.1 below  

 

Figure 4.5.1. The pictures of prepared glass samples 

 

4.5.2.  Physical Properties  

The calculated values of physical properties are given in Table 4.4.1.  Similar to the study 

in previous sections the present glasses doped with Sm2O3 show higher density and lower 

molar volume as compared to respective host glasses. The rare earth Sm2O3 have higher 

molecular weight as compared to P2O5, therefore replacing P2O5 by RE ions increase the 

glass density. Similarly, Refractive index are directly related to the compactness of glass 

structure, the electrons density and electronic polarizability. Hence doping with rare earth 

also increase the refractive index. This result is also supported by the electronic 

polarizability results, the oxide glass has higher electronic polarizability and as a result 
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greater refractive index. In present case the oxide glass (PNSGD) shows larger inter ionic 

distance and polaron radiuses. While lower field strength as compared to oxyfluoride glass. 

     Table 4.5.1. Physical property of the prepared glass samples  

Physical property PNSGD PNFSGD 

Dy2O3 doped (mol %) 0.0   1.0  0.0  1.0  

Molecular weight, M(g/mol) 152.15 154.223 137.33 137.399 

Density, ρ (g/cm3) 2.90 3.055 2.84 2.909 

Thickness of the glass, l (cm) 0.33 0.33 0.33 0.33 

Molar volume, VM (cm3/mol) 53.38 50.49 48.35 47.23 

Ion concentration N (x1020 ions/cm3) -- 1.20 -- 1.28 

Polaron radius, rp (Å) -- 8.19 -- 8.01 

Interionic distance, ri (Å) -- 20.31 -- 19.87 

Field Strength, F (x1015 cm-2) -- 0.60 -- 0.62 

Refractive index, nd (589.3 nm) 1.533 1.545 1.527 1.539 

Dielectric constant (ɛ) 2.35 2.39 2.35 2.37 

Electronic polarizability, αm (x10-26 m3) -- 6.33 -- 5.86 

 

4.5.3. Optical Absorption Spectra   

The Figure 4.5.2(A) show the absorption spectra recorded for Sm3+ doped glasses in Uv-

VIS-NIR region. The present spectra have characteristics Sm3+ peaks centered at 359, 373, 

402, 438, 473, 950, 1083, 1236, 1383, 1487, 1539 and 1597 nm. These peaks correspond 

to the transitions from 6H5/2 level to 4D3/2, 
6P7/2, 

6P3/2, 
4I11/2, 

6F9/2, 
6F7/2, 

6F5/2, 
6F3/2, 

6H15/2 and 

6F1/2 excited levels, respectively. The transitions 6H5/2 →6F3/2 at 1236 nm is the hyper 

sensitive transition and basically spin allowed transition. The hyper sensitive transitions 

obey selection rules (∆S=0, |∆J|≤2, and |∆L|≤0) and therefore usually have higher intensity 
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compared to other peaks. The oscillators strengths were calculated in order to quantitatively 

analysis the given absorption spectra and are given in the Table.4.5.2 together with the JO 

parameters and root mean square deviation values (δrms (10-6)).   

 

 

Figure 4.5.2. The absorption spectra of PNSGD and PNFSGD glasses  

Table 4.5.2: The transition, its position observed in absorption spectra, experimental and calculated 

oscillator strengths (fexp, (10-6), fcal (10-6)), JO parameters (Ωλ=2,4,6,10-20cm2) and root mean square 

deviations (δrms, (10-6) of PNSGSm and PNFSGSm glasses.  

Transition 
6H5/2→ 

Wavelength 

(nm) 

Eexp(cm-1)  PNSGS PNFSGS 

fexp  fcal  fexp fcal  
4D3/2 359 27855.15 --- --- --- --- 

6P7/2 373 26809.65 --- --- --- --- 

6P3/2 402 24937.65 5.96     5.62 7.49 7.45 

4M7/2 438 22831.05 --- --- --- --- 

4I11/2 473 21141.64 0.35     0.11 0.53 0.21 

6F11/2 950 10526.31 0.42     0.28 0.59 0.50 

6F9/2 1083 9233.61 2.13   1.81 3.31 3.17 

6F7/2 1236 8090.61 3.05    3.29 5.12 5.23 
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 6F5/2 1383 7230.65 2.86    3.03 4.20 4.17 

6F3/2
 1487 6724.94 2.72     2.34 3.73 3.72 

6H15/2
 1539 6497.72 1.59     1.46 2.9100 2.74 

6F1/2
 1597 6261.74 1.03    1.40 2.46 2.63 

δrms    0.274 0.150 

Ω2    6.00 9.00 

Ω4    5.00 7.00 

Ω6    2.00 4.00 

 

Table 4.5.3: JO parameters ((Ωλ=2,4,6),×10-6), spectroscopic quality factor (χ= Ω4/Ω6) and compared 

to reported studies. 

Work  Ω2 Ω4 Ω6 χ 

PNSGS [present work]  6.00 5.00 2.30 2.50 

PNFSGS [present work] 9.00 7.00 4.00 1.75 

ZnBS [172] 0.30 3.82 3.65 --- 

LiZnBS [172] 1.61  14.83 14.25 --- 

PKAPbNSm10 [173] 2.61  5.87  3.22 1.88 

PZSMSm (2.0 mol%) [174] 6.97  4.91 3.15 1.56 

SNbKZFSm10 [175] 1.19  2.48 6.71  --- 

40P2O5:20Na2HPO4:10ZnO: 

9AlF3: 1Sm2O3 [176] 

1.65 5.29 4.61 1.14 

35P2O5:20Na2HPO4:15ZnO: 

9AlF3: 1Sm2O3 [176] 

2.08 4.13 5.33 --- 

LBGS1 [177] 9.69 8.18 7.46 1.09 
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The calculated and measured oscillator strength are in decent agreement having root mean 

square deviation values of 0.274 and 150 for PNSGS and PNFSGS samples respectively. 

Similarly, JO intensity parameters are given in the Table. 4.5.2 and compared to the 

reported study in Table. 4.5.3. The trend followed by the JO intensity parameters in present 

case is Ω2>Ω4> Ω6 for both PNSGS and PNFSGS glasses. The PNFSGS glass samples 

have higher value of Ω2 as compared to the reported studies summarized in the Table 4.5.3 

which show higher bond covalency between the RE3+ and sounding ions and higher site 

asymmetry around the rare earth ions. The parameters Ω4 and Ω6 are correspond to the bulk 

properties of glasses.   

4.5.4. Photoluminescence Spectra  

The Figure 4.5.3 show excitation spectra of PNSGD and PNFSGD glasses with total twelve 

peaks at 275, 312, 332,361, 374, 401, 415, 438 460, 472, 500 and 526 nm. The 275 and 

312 nm peaks belong to the Gd3+ transition 8S7/2→ 
6I15/2 and 8S7/2→ 

6P7/2 respectively. 

Similarly, peaks at 344, 361, 374, 401, 414, 438, 472, 500, 526 and 261 nm correspond to 

the Sm3+ ions transitions from 6H5/2 ground state to 6H9/2, 
4D3/2, 

6P7/2, 
6P3/2, 

6P5/2, 
4I13/2, 

4I11/2, 

4G7/2, 
4F3/2 and 4G5/2 stats. The PNSGS glass samples have lower excitation intensity as 

compared to PNFSGS glass samples. The relatively intense peaks occur at 401nm.  

 

 

Figure 4.5.3. Excitation spectra of PNSGSm and PNFSGSm glasses  
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The emission spectra for PNSGSm and PNFSGSm glasses recorded with 401nm 

excitations. The obtained emission spectra given in the Figure 4.5.4, have four emission 

transitions bands correspond to transition from 4G5/2 level to 6H5/2 (561nm), 6H7/2(597nm), 

6H9/2 (643 nm) and 6H11/2 (704 nm) levels.  

 

 

Figure 4.5.4. The emission spectra of present glasses 

 

 

Figure 4.5.5. FTIR spectra of PNSGS and PNFSGS glasses. 
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It is noticed that, the emission spectra of PNFSGS glass have higher emission intensity 

than the PNSGS glass sample. As mention in the previous sections the one reason for the 

difference in emission intensity may be, that the PNFSGS glasses have lower phonon 

energy and as a result relatively efficient radiative transitions as compared to the oxide 

glasses.  

As from FTIR spectra it is observed that the bands corresponding to OH group decrease in 

oxyfluoride glass compared to oxide glass and decrease in OH group can enhance the 

radiative emission process. To study the different vibration groups, in present glasses, the 

FTIR spectra of these glasses given in the Figure 4.5.5(A) and 4.5.4(B). The FTIR spectra 

confirmed the lower OH vibrations. Since the intensity of bands from 1654 to 3312 cm-1 

belong to the OH group decrease in the PNFSGS glass therefore it is believed that 

oxyfluoride glass has lower OH content as compared to the oxide glass. The presence of 

OH group in the glass facilitated the non-radiative relaxation process. Therefor reduction 

of Oh group can result in the increase of radiative emission. 

Table 4.5.4. The FTIR bands observed for the titled glasses 

S/No Bands (cm-1) (Sm3+) Descriptions [113,104, 141-144] 

1 747 Symmetric stretching vibration of P-O-P linkages  

2 877 Asymmetric stretching vibrations of P-O-P 

3 1066 Asymmetric stretching vibrations of P-O– 

4 1236 Stretching modes of P = O 

5 1649, 1746 Bending vibration O-H or water groups  

6 2848, 2922 Stretching vibrations of P-O-H group and Symmetric 

stretching of O-H or H-O-H groups 

 

The X-rays induced luminescence spectra for the present glass samples are given in the 

Figure 4.5.6. This spectrum also shows four emission transitions peaks at 561, 597, 643 

and 704 nm. As mention earlier, in the photoluminescence emission spectra these peaks 
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correspond to the transition from 4G5/2 level to 6H5/2, 
6H7/2,

6H9/2 and 6H11/2 levels 

respectively. 

 

Figure 4.5.6. The X-rays induced luminescence spectra for PNSGSm and PNFSGSm glasses 

4.5.5. Radiative Properties  

The calculated values for radiative properties i.e. radiative transition probability, 

stimulated emission cross section, branching ratio and radiative life time of prepared 

glasses are given in the Table 4.5.5 for both PNSGS and PNFSGS glasses.  

Table 4.5.5: The radiative properties radiative transition probability AR (s-1
), stimulated emission 

cross section (σ, (10-21 cm2)), branching ratio (βR) and radiative life time (τcal, (ms)) of prepared 

glasses. 

Transitions λ 

(nm) 

PNSGS PNFSGS 

AR σ  BRexp BRcal AR σ BRexp BRcal 

6H5/2 561 5.84 0.15 0.10 0.15 9.03 0.27 0.13 0.10 

6H7/2 598 366.35 5.95 0.55 0.61 367.48 8.98 0.56 0.66 

6H9/2 644 205.70 2.86 0.30 0. 23 214.64 4.40 0.28 0.17 

6H11/2 705 18.43 0.45 0.05 0.01 25.47 0.59 0.03 0.06 
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Both types of glasses show higher value of transition probability for the 4G5/2→
6H7/2 

transition. The branching ratio parameterized the suitable transition for the laser action, the 

emission transitions having higher magnitude of branching ratio are more competent for 

laser action [134]. It is believed that the competent transition for laser action have 

branching ratio more than 0.50%. In present work the PNFSGS glass show higher 

branching ratio as compared to the PNSGS glasses as listed in Table 4.5.5. The calculated 

and experimental values for branching ratio of 4G5/2→
6H7/2 transition is more than 0.50 % 

in both cases and hence it is concluded that the laser action is possible with 4G5/2→
6H7/2 

transition. Similarly, the emission cross section “σ (10-21 cm2)” has greater value for same 

transition. The larger value of emission cross section is an indication of low threshold and 

higher gain laser applications [134]. Hence, from these values of the emission cross section 

it is concluded that the 4G5/2→
6H7/2 transition have potential for laser applications because 

this 4G5/2→
6H7/2 transition have higher value of emission cross section. The radiative life 

time and quantum efficiency for the 1mol% of prepared glass samples are given in the 

Table 4.5.5 respectively. It is noted that the oxyfluoride glass samples show better quantum 

efficiency than the oxide glass sample. 

4.5.6. Lifetime Profile  

The lifetime profile for the present glass samples are recorded at respective wavelength 

and given in the Figure 4.5.7.  

 

Figure 4.4. 7. Lifetime profile of Sm3+  ions doped glasses 
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The decay time curve shows a non-exponential nature which is the result of non- radiative 

transfer of energy between the excited Sm3+ ions and non-excited Sm3+ ions.  

   Table 4.5.6. Life time (ms), CIE coordinates and CCT values of the prepared glass samples. 

Samples  Time (ms) (x,y) CCT 

PNSGS 1.576 (0.55, 0.44) 2014.73 

PNFSGS 1.297 (0.55, 0.44) 2014.73 

 

4.5.7. CIE diagram and CCT values 

The Figure 4.5.9 shows the CIE coordinates of the prepared glass samples. These 

coordinates situated in yellowish orange region of the diagram.  

 

  

Figure 4.5.8. CIE coordinates of prepared glasses and picture taken under Uv radiations. 

The CCT value for prepared glass samples are 2014.73 for Sm3+ doped glass samples and 

4377.87 for Dy3+ doped glasses.  
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Chapter 5 

Conclusions 

The rare earth doped phosphate glasses with chemical composition given in the Table.3.1, 

labeled as PLG, PLGF, PNSG, PNFSG were prepared and through XRD, FTIR, density, 

refractive index, absorption spectra, Judd Oflet (JO) analysis, photoluminescence 

(excitation and emission) spectra, lifetime and CIE color coordinates. The phase analysis 

was carried out with XRD pattern. The recorded XRD pattern have two broad humps 

without any sharp peaks, hence it is concluded that the samples prepared in present work 

are amorphous in nature. 

The FTIR spectra in present work show more or less same transmittance bands for all both 

glass compositions. The transmission (%) bands recorded at 753, 875, 1061, 1233, 1635, 

2105, 2857, 2932 and 3296 cm-1. The bands from 2105 to 3296 cm-1 correspond to OH 

vibrations, show lower intensity in the oxyfluoride glass samples as compared to the oxide 

glasses. It is believed that the OH group in the oxyfluoride glass react with fluorene 

contents present in the glass compositions and form HF. The OH group in materials 

facilitate the non-radiative transitions. Hence decrease of OH contents may enhance 

radiative transitions and as result the emission intensity of present glass samples increase 

in oxyfluoride glass samples as compared to oxide glass samples.   

From the recorded density data, the densities increase while molar volume decrease with 

the increasing RE3+ ions concentration. Hence, it is concluded that with increasing RE3+ 

ions concentration the molecular weight and compactness of glass matrices increase and as 

a result the densities increase. Secondly it is also noted that the densities of oxide glasses 

are higher than the oxyfluoride glasses. Which means that the oxide glasses have more 

compact structure as compared to the oxyfluoride glass samples. Similarly, the refractive 

index in present work increase with rare earth ions concentrations and the oxide glasses 

also have higher refractive index as compared to the oxyfluoride glass samples which also 

indicate the more compact structure of the oxide glass samples.  

The optical absorption spectra of present glasses recorded in the UV-Vis and NIR region. 

In PLGD and PLGFD absorption spectra eight absorption peaks are observed while in 
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PNSGD and PNFSGD glasses show seven peaks. The peaks associated to 

6H5/2→
6F7/2+

6H9/2 transitions show higher intensity. The PLGSm and PLGFSm absorption 

spectra have ten absorption peaks and PNSGSm and PNFGSm have twelve absorption 

peaks. The transitions 6H5/2 →
6F3/2 at 1236 nm to are hyper sensitive transitions. Similarly, 

the absorption spectra of PLGEu and PLGFEu have eleven peaks. The peaks associated to 

7F0→
5L6 and 7F0, 1→

7F6 transitions show higher intense than the rest of the peaks. 

The photo luminescence excitations spectra were recorded for present glass samples. Since 

these glass compositions contained Gd3+ ions so the excitation spectra show the excitation 

peaks of Gd3+ ions along with Dy3+, Sm3+ and Eu3+ ions. The excitation spectra for Dy3+ 

doped glasses (PLGD and PLGFD) show the intense Gd3+ peak correspond to 8S7/2→
6I15/2 

at 274 nm along with three more Gd3+ peaks and eight Dy3+ peaks. The hyper sensitive 

transition peaks corresponding to 6H15/2 →
6M15/2+

6P7/1 transition are positioned at 350 nm 

for PLGD and PNSGD glass samples. For Sm3+ doped glasses (PLGD and PLGFD) eleven 

Sm3+ peaks and five Gd3+ peaks observed in the excitation spectra while for PNSGSm and 

PNFSSm glass only two peaks of Gd3+ observed at 275 and 312 nm. The intense peaks for 

Gd3+ and Sm3+ are recorded at 275 and 401 nm these peaks correspond to the 8S7/2→
6I15/2 

and 6H5/2→
6P3/2. Similarly, for Eu doped glass the excitation spectra show nine Eu3+ peaks 

and three Gd3+ peaks. The hyper sensitive peaks of Eu3+ recorded at 393 nm and intense 

Gd3+ peak observed at 275 nm. Subsequently, the wavelengths correspond to these 

hypersensitive transitions are used to monitor emission of respective glass samples.  

From studied emission spectra it is noticed that the intensity of emission peaks raised up to 

1.0 mol% concentration of Dy3+ and Sm3+ ions and then start decreasing by reason of non-

radiative energy transfer between RE3+ ions through CRC, while the intensity of Eu2+ ions 

increase up to 2.0 mol%.  In present work the oxyfluoride glass samples show better 

emission intensities as compared to the oxide glass samples. The oxyfluoride glasses have 

lower phonon energy and oxyfluoride glasses in present work also have lower OH 

concentrations and as a result the emission increase. Hence it is concluded that the 

replacing Gd2O3 by GdF3 can improve the radiative luminescence of the glasses. Similarly, 

the transfer of energy between Gd3+ ions and other RE3+ ions (Dy3+, Sm3+ and Eu3+ ions) 

present in glass compositions are study with recoding the emission spectra by exciting the 
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Gd3+ ions. The Gd3+ dominant peak at 312 nm recorded in emission spectra for all PLG 

and PLGF glasses in present work. In present study as the concentration of Dy3+, Sm3+ and 

Eu3+ ions increase, the emission intensity of the Gd3+ decrease and the intensity of emission 

corresponding to Dy3+, Sm3+ and Eu3+ transitions increase which show that the energy 

transfer from Gd3+ ions to Dy3+, Sm3+ and Eu3+ ions.    

From the calculated values of radiative properties have higher values for 4F9/2→
6H13/2, 

4G5/2→
6H7/2 and 5D0 →

7F2 transition for Dy3+, Sm3+ and Eu3+ ions respectively.  Hence it 

is concluded that the laser action is possible with these transitions. The Comparison of the 

branching ratio between oxide and oxyfluoride show that the oxyfluoride glasses have 

larger branching ratio as compared to the oxide glass samples.  

The lifetime values of the excited state are recorded at respective wavelengths and it is 

noticed that the lifetime for Sm3+ and Dy3+ ions become shorter and shorter as concentration 

of RE3+ ions increase while the lifetime of Eu3+ ions are not depending on the Eu3+ 

concentration and no proper trend observed in the Eu3+ glasses. From Lifetime 

investigations it is concluded that the energy transfer take place between the Sm3+ - Sm3+ 

ions and Dy3+ - Dy3+ ions, while in Eu3+-Eu3+ ions case the energy transfer is not very 

efficient. The energy transfer between rare earth ions are also evident from the fact that the 

decay profile shows single exponential behaviors at lower concentration of RE3+ ions and 

become non-exponential for higher concertation. The decay curve become the non-

exponential at higher concentrations because at higher concertation the inter-ionic distance 

decrease and as result the energy transfer increase hence the curve become non-

exponential.  Hence it is concluded that the Sm3+-Sm3+ ions and Dy3+-Dy3+ ions energy 

transfer take while Eu3+-Eu3+ energy transfer is not as much efficient as in the case of Sm3+ 

and Dy3+ ions.  

The 1931 CIE chromatic color coordinates used to specify the color for the emitted light in 

term of three primary i.e. colors: red, green and blue. The Sm3+, Eu and Dy3+ doped (PLG 

and PLGF) glasses emit in orange, reddish orange and white region respectively.  

From the results obtained in present work it is concluded that the present glass sample show 

good properties and have the potential for use in the solid stat lighting applications. 
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5.1.  Future prospective  

The future prospective of present study is related to the study of present glasses with co-

and triple doping of Ln3+ ions in order to understand the energy transfer process. Similarly, 

the structure of present glasses as well as the co-doped glasses will be studied through 

structure characterization techniques such as XANES and EXAFS studies in order to 

completely understand the nature of these glasses.     
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