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 Abstract 

Recently, the increasing requirement for energetically efficient, high resolution 

displays and lighting devices necessitate the development of such devices with enhanced 

brightness and good color purity. Solid state lighting (SSL) technology involves white Light 

Emitting Diodes (wLEDs) which are globally used for wide-spread applications in consumer 

electronics and general illumination. It offers many scientific and technological patronages 

such as environmental friendliness, lower operating temperature and effective energy 

utilization by saving 80% of energy consumption over conventional lighting devices. In the 

light of the aforementioned advantages, wLEDs are considered to be the next generation 

lighting technology. Generally, there are three different approaches which can be used for 

generating white light based on solid state lighting LEDs:  (1) by mixing red, green, blue (RGB) 

LEDs, (2) by using an ultraviolet (UV) LED to stimulate RGB phosphors, and (3) by using a 

blue-emitting GaN LED chip that excites a yellow-emitting phosphor (YAG: Ce) embedded in 

an organic material; the combination of blue and yellow light makes a white-emitting LED 

(pc-wLEDs). However, pc-wLEDs made by means of blue-LED + YAG: Ce yellow phosphors 

suffer some weaknesses, such as poor color rendering index (CRI) and low stability of color 

temperature. Since the white light is generated by the combination of blue light emitted by an 

LED chip and yellow light emitted by YAG: Ce phosphors, deterioration of the chip or 

YAG: Ce phosphors would cause some significant color changes. The instability of color 

temperature also exists for RGB LEDs as the degradation of different color LEDs or variations 

of driving current which also complicate its fabrication. In tricolor (RGB) phosphors, the 

excitation is achieved by n-UV/UV LEDs. Moreover, in tricolor pc-wLED the efficiency of 

red phosphors is low in comparison with green and blue phosphors and the rate of degradation 

of tricolor phosphors is different. Therefore, it is necessary to develop single phase phosphor 
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with tunable emission containing white emission or new red phosphor such that luminous 

efficiency, CRI and correlated color temperature (CCT) can be improved. 

Phosphors have been considered as key and technologically important components of 

the functionality and success of many lighting and display systems over the past several years. 

Versatile physical properties of the phosphors facilitate their usage in many areas, both 

scientific research and practical applications. Inorganic compound incorporated with the 

rare earth (RE) elements is the most prevalent protocol to synthesize brilliant luminescence 

phosphor in visible region. Among different inorganic oxides, zincates have been long studied 

because of its high chemical stability, high brightness, high melting point, and long persistence 

time without radioactive radiations. Moreover, zincate-based compounds in suitable 

composition could be potential candidates for white light emitting phosphors. When excited 

with LED emission in UV or n-UV region, these novel materials have the capability to convert 

the ultraviolet emission of a UV-LED into visible emission. Therefore, the work done for the 

thesis is based on novel ternary calcium aluminozincate (Ca3Al4ZnO10,) as a host material for 

SSL application. By incorporating suitable RE ions, the present host can be tuned for different 

emissions in visible region of the electromagnetic spectrum for SSL applications. The present 

thesis embraces seven chapters to accomplish the research objectives. The brief summary of 

each chapter is as follows: 

Chapter1 emphasize on the brief history and technological advancements of white light 

generation, their advantages, related issues. Spectroscopy of RE ions and theoretical models 

adopted for the analysis of observed spectral data, ionic interaction and energy transfer between 

RE ions. The Judd-Ofelt (J-O) theory that elucidates radiative transition probability (AR), 

branching ratio (β) and radiative lifetime (τR). The emission spectral data enables to evaluate 

the CIE coordinates, color purity and correlated color temperature (CCT). 
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Chapter 2 describes the methods to prepare calcium aluminozincate (Ca3Al4ZnO10: CAZ) 

phosphors activated with different RE ions (Eu3+, Sm3+, and Dy3+) with varying concentrations. 

It also explains the experimental tools/equipment’s used to analyse structural, morphological 

and optical properties of the CAZ phosphors. The thermal, structural and vibrational properties 

determined from thermal gravimetric analysis (TGA), X-ray Diffractometer, Fourier transform 

infrared (FT-IR) spectroscopy, Diffuse reflectance absorbance (DRA) have also been 

discussed. The morphology of the as-prepared phosphors investigated from scanning electron 

microscopy and the photoluminescence properties of the CAZ phosphors doped with different 

RE ions were also discussed in this chapter. 

Chapter 3 explains single phase CAZ phosphor doped with Sm3+ ions with varying 

concentrations prepared at 1300°C by conventional solid-state reaction (SSR) method. The 

crystal structure and phase analysis of the as-prepared phosphor has been carried out by XRD 

studies. Morphology and functional groups present in the phosphor have been investigated 

thoroughly by using SEM and FT-IR spectral measurements respectively. Under 401nm 

excitation, the as-prepared phosphor exhibits intense visible orange emission at 601nm. The 

Sm3+ ions concentration is optimized to 1.0 mol% to achieve intense visible orange emission. 

The PL analysis reveals that the dipole-dipole interaction is primarily responsible for the 

concentration quenching observed beyond 1.0 mol% of Sm3+ ions. The PL decay study reveals 

bi-exponential behaviour of decay curves with an average lifetime of the order of 

microseconds. The CIE coordinates (x= 0.574 and y= 0.424) measured for the optimized 

phosphor are very close to the intense orange emission coordinates specified by Nichia 

Corporation developed Amber LED NSPAR 70BS (0.57, 0.42). The Spectroscopic, PL and PL 

decay studies suggest the potential use of Sm3+ doped CAZ phosphors for display and white 

light emitting devices. 
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Chapter 4 describes about the Eu3+ ions doped CAZ phosphors without flux and blended 

with various fluxes (NaF, NaCl and Na2B4O7) synthesized by using conventional SSR method 

and characterized by employing XRD, SEM, DRA and Spectrofluorophotometer to study the 

structural, morphological and PL properties. The Judd-Ofelt (J-O) analysis has been carried 

out to get insights of optical properties. All the XRD peaks are matching well with the standard 

ICDD card confirms that all the prepared phosphors consist of single phase with orthorhombic 

structure. The band gap has been calculated from DRA spectra. The PL spectra recorded under 

near-UV/blue excitations demonstrate a very distinct and intense red emission from all the 

phosphors. The intensity of emission in these phosphors increases up to 2.0 mol% of Eu3+ ions 

concentration and beyond concentration quenching is observed. The PL studies exhibit 

significant enhancement in the red emission for Eu3+ doped CAZ phosphor with the 

incorporation of Na2B4O7. The emission intensity has been found to increase approximately 

1.5 times using NaCl and 2.5 times for Na2B4O7 in Eu3+ doped CAZ phosphor as compared to 

the phosphor without any flux. The energy transfer mechanism has also been studied in detail. 

The CIE chromaticity coordinates measured from the PL spectra of the prepared samples lies 

in the red region of the visible spectrum. From the measured PL and CIE chromaticity co-

ordinates, it was found that Eu3+ doped CAZ phosphors with optimized concentration of Eu3+ 

ions as 2.0 mol% and optimized flux (Na2B4O7) could be used as red phosphor in the 

development of white LEDs. 

Chapter 5 described about the Eu3+ doped CAZ phosphors synthesized via solid-state 

reaction (SSR), combustion (CS) and Pechini sol-gel (SG) methods for better luminescent 

properties and optimization of the synthesis method. The XRD, SEM, PL and PL decay curve 

measurements have been recorded for the detailed investigation of the luminescence properties 

of the as-synthesized phosphor. The XRD peaks indicate the complete matching of the 

diffraction peaks of the as-synthesized sample with the standard data for Ca3Al4ZnO10. The 
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morphology of the sample synthesized via SG method shows homogeneous distribution of 

agglomerated particles with smaller particle size than those obtained from CS and SSR 

methods. The detail investigation shows significant red emission enhancement in Eu3+ doped 

CAZ phosphors synthesized via SG method. The obtained results suggest that the Eu3+ doped 

CAZ phosphor synthesized via SG method could be a great choice as red emitter for SSL 

applications. 

Chapter 6 describes the preparation and characterization of a series of Dy3+ doped and 

Dy3+/Eu3+ co-doped CAZ phosphors using Pechini sol-gel method. The crystal structure was 

analysed by recording XRD patterns and further it was confirmed from Rietveld refinement 

using Fullprof suite software. The morphology of the as-prepared phosphors was studied by 

recording SEM images. The PL properties were analysed from excitation and emission spectra. 

The colorimetric properties were studied by evaluating CIE coordinates and CCT. The decay 

curves were recorded, and energy transfer mechanism was analysed using I-H model, Dexter 

theory and Reisfeld’s approximation. The obtained results indicate that the white light from 

warm to neutral to cool emission can be achieved and color tunability can also be achieved in 

Dy3+/Eu3+ co-activated CAZ phosphor by varying the excitation or activator concentration in 

the host lattice.  

Chapter 7 summarizes the results obtained from the content presented in chapters 3 to 6.  

The futuristic scope of the thesis work has also been elaborated with respect to the expected 

applications of these phosphors in versatile fields. 
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Chapter-1 

General Introduction 

Lighting technology is progressing in wide field of applications including flat panel displays 

and solid-state lighting owing to their high luminescence efficiency, less energy loss and cost 

effectiveness. The luminescent materials comprise of phosphors received attention for research 

in lighting technology. This chapter give prominence to the basics of luminescence, its 

mechanism, rare earth (RE) elements, and methods of generating white light. This chapter also 

embraces brief description of some theories given by Dexter and Judd- Ofelt. Further this 

chapter is comprising of importance of the host Ca3Al4ZnO10 and objectives of the presented 

work. 
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1.1. Luminescence: 

Light is a form of energy that give sensation of vision. Naturally, light is abundantly 

available from the Sun that can be captured and transformed into electricity. But all the new 

technologies simply cannot rely on natural source of light (sunlight), which necessitates the 

need of generating light artificially. There are broadly two phenomena that emanates light 

artificially namely, incandescence and luminescence. Luminescence is a process of emitting 

electromagnetic radiation (preferably in the visible region) which takes place after being 

exposed to X-ray, ultraviolet (UV), infrared (IR) radiations without heating the material. 

Incandescence is a phenomenon in which the material is heated to such a high temperature that 

the atoms vibrate and emit light. Therefore, incandescence is known as hot process and 

luminescence is termed as a cold process in comparison with incandescence [1,2]. The emission 

in case of incandescence bulbs is due to heating of the filament, which in turn causes a 

enormous energy loss in the form of heat [3]. Moreover, the life span of these incandescent 

bulbs is approximately 1000 h which is short in comparison with compact fluorescent lamps 

(6,000-15,000 h) and very short when compared with that of light emitting diodes (50,000 h) 

[4]. 

Figure 1.1. Examples of Incandescence (a) Fire, (b) Hot iron and (c) Bulb. 
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Figure 1.2. Examples of Luminescence (a) CFL and (b) LED screen. 

 Since the luminescence phenomenon is a cold process, the materials undergo 

luminescence offer better efficiency. The emission process involved in luminescence 

stimulates either internally or externally. Fig. 1.1 & 1.2 show examples of incandescence and 

luminescence, respectively. The various luminescence processes can be defined on the basis of 

source used to excite the matter as enumerated below: 

I. Photoluminescence (PL): In this process, the electrons get excited by absorbing 

photons and relaxing to the ground state emanates the energy loss to visible emission. 

PL is further classified into fluorescence and phosphorescence. 

i. Fluorescence: In this process, electrons from ground state get excited to upper

vibrational level of excited energy state by absorbing photons of sufficient 

energy and come back to the lowest energy state. By removing excitation 

source, the emission process ceased. 

ii. Phosphorescence: In this process, electrons after absorbing excitation energy

reach excited state having different spin, after absorption of photons and 

returned to the ground state. After the removal of the excitation source, the 

emission process continues for a long time in comparison with emission from 

singlet state. This process is also known as afterglow [5,6]. 
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II. Cathodoluminescence: In this process, the energetic electrons or cathode rays bombard

and excite the electrons which emits light while returning to the ground state. 

Cathodoluminescence is observed in cathode ray tubes (CRT), display monitors and 

TV sets. 

III. Electroluminescence (EL): In this process, photons generation take place when excess

electron hole pairs gets created by passing electric field or current through the substance 

[7,8]. 

IV. Radioluminescence (RL): When ionising radiations such as X-rays, γ-rays, β-rays or

cosmic rays interact with some polymer/organic molecules, visible light emits, thereby 

showing luminescence. 

V. Sonoluminescence (SL): In this process light is produced by sound waves (in general, 

ultrasonic waves). 

VI. Chemiluminescence (CL): It is the emission of light that occur during chemical

reaction between reactants, where the intermediate product goes to excited state and 

emits light while coming back to the ground state. The oxidation and reduction type of 

chemical reaction leads to such kind of luminescence and other biological systems in 

which decay of organic material takes place with visible emission [9]. 

VII. Bioluminescence (BL): It is a special type of CL in which reaction occurs in living

organisms through biological process. 

VIII. Mechanoluminescence (ML): The emission of light occurs when some external

mechanical energy applied on solid substances to cut, grind, rub, or compress the 

material or deformed solids through some impulse reaction. 

i. Triboluminescence: When bonds between some atoms or ions are broken due

to scratching, rubbing or crushing, the material emits light. 
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ii. Fractoluminescence: When fractures in a crystal break the bond and generate

luminescence, it is termed as fractoluminescencce. 

iii. Piezoluminescence: By applying pressure on certain materials luminescence

can be produced and is known as piezoluminescence. 

IX. Thermoluminescence (TL): TL is basically thermally stimulated luminescence in

which the luminescent material initially gets irradiated by UV rays, γ-rays, β-rays or X-

rays. The absorbed radiations in the material create defects, that after thermal 

stimulation radiate energy in visible region [10,11]. 

1.2. Important definitions: 

I. Absorption: The energy of incident photon is taken up by the electrons of an atom. A 

light beam gets attenuated after passing through a material due to absorption of light by 

the material. 

II. Excitation: The absorbed energy of incident radiation add to the energy of electron that

leads to excitation from lowest state to certain upper excited state. Therefore, excitation 

can also be called as elevation in energy level. 

III. Emission: It is a spontaneous process of electron transition from higher to lower energy

level that results in emission of photon having energy equals the difference in the 

energies of the two states involved in the process. This process is also called as 

luminescence [6]. 

IV. Activators: When small amount of impurities doped in the main composition of the

host, it will create defects or traps in the host lattice and are responsible for 

luminescence. Such impurities are referred as activators/dopants [12]. 

V. Sensitizers: When some another impurity is being added to the main composition, then 

such impurities absorbs the incident energy and transfer it to activators by sensitizing it 



6 
 

and are referred as sensitizers. Sensitizers are used along with the activator in the main 

host composition if the optical absorption of the activator is weak [12]. 

VI. Energy levels: Lattice defects, impurities and other perturbations creates discrete 

energy levels in the forbidden region of the host material. These energy levels are liable 

for luminescence [13]. 

VII. Trap centres: The centres get created in the host lattice when irradiated with β, γ-

radiations or some defects created with the addition of impurities give rise to trap 

centres. These traps are responsible for phosphorescence and thermoluminescence.  

VIII. Fluxes: These are inorganic salts with very low melting point as compared with the 

precursors taken up for the synthesis of desired material and helps in the early fusion of 

the chemical precursors to synthesize the material. In general, fluxes include alkali or 

alkali earth metal halides, borates and sulphides [14].  

IX. Host: Inorganic or organic compounds in which imperfection or defects get created 

with the addition of some impurities as activators are treated as host. In general, these 

materials are colourless, or light coloured with high melting point, high solubility of 

impurities such as rare earths (REs) or transition metals. Inorganic oxides such as 

silicates, borates, molybdates, aluminates, zincates, etc [15]. 

X. Killers/Quenching centres: When the excitation energy migrates among large number 

of centers and then these centers exude their energy by relaxing to the ground state by 

multiphonon emission or by IR emission. These are the centres from where the 

probability of radiative transition is low. These quenching centres serves as an energy 

sink for the energy migration chain that leads to the quenching of luminescence [6]. 

XI. Energy Transfer (ET): When excitation energy is being absorbed by the host or 

sensitizer, the energy is being transferred to the activator radiatively or non-radiatively. 

The ET helps in achieving color tunability in phosphors [16]. 
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XII. Relaxation: The process of energy loss to the lattice in either radiative or non-radiative 

manner is known as relaxation process. The efficiency of the emission depends on the 

relaxation process and heat loss should be minimized to get maximum luminescence  

efficiency [17,18]. 

1.3. Phosphor and luminescence process: 

The materials that exhibit the phenomenon of luminescence is known as “luminescent 

materials” or “phosphors”. The mantle of phosphors is to convert incident radiation energy into 

visible or IR region. The word “phosphor” means the “light bearer”. In general, the phosphors 

are the solid crystalline inorganic materials doped with small quantity of impurities composed 

(i.e., host lattice and activator, respectively). These activators (lanthanide ions or transition 

metal ions) serve as luminescence centre which implies that the luminescence occurs at the 

sites of activators. The absorption of radiation is basically done either by these activators or the 

host lattices [19]. The host lattices have potential to absorb the excitation energy of a particular 

frequency from different sources. This is known as host excitation. After the excitation of the 

host lattice, it releases its energy via the following routes: 

i. The host lattice itself can release energy and give visible emission. This process is 

known as characteristic/pure/host sensitized luminescence as shown in Fig. 1.3 (a). 

Such kind of phosphors are known as host luminophores, for example vanadate and 

tungstate. 

ii. The host lattice can give off the absorbed energy non-radiatively and produce heat as 

represented in Fig. 1.3 (b). 

iii. The host lattice can migrate the energy to the activator ion. In this case, host 

lattice/sensitizer sensitizes the activator by transferring energy to the activator. The 

activator after being excited to upper level releases its energy and get back to the ground 

state by emanating visible emission. If the activator radiates non-radiatively then the 
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activator is said to be killer, since it quenches the luminescence. This type of 

luminescence is known as non-characteristic or impure luminescence. Impure 

luminescence is further classified into two categories: (a) host + activator type, in which 

host absorbs the incident energy and excite the activator as represented in Fig. 1.3 (c).  

(b) Host + sensitizer + activator type, in which sensitizer after absorbing incident energy 

transfer it to the activator and hence emission from activator is observed as represented 

in Fig. 1.3 (d) [20]. 

 

Figure 1.3. Absorption of incident energy, energy transfer, and emission (a) Host sensitized luminescence, (b) 

Non-radiative relaxation, (c) Host + Activator type luminescence and (d) Host + Sensitizer + 

Activator type luminescence. 

If the excitation energy gets directly absorbed by the activator ion followed by the radiative 

or non-radiative emission. This is known as direct excitation process [2,19,21]. When a high 

energy photon is being absorbed and low energy photon emits, the process is known as stokes 

(wavelength shows red shift/shift toward lower energy) emission or down-conversion. On the 

other hand, if low energy photons (two or more) are being absorbed and high energy photon 
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gets emitted, then the process is known as anti-stokes (wavelength shifts to lower value/blue 

shift/shift toward higher energy) emission or up-conversion process. These processes are 

represented in Fig. 1.4 (a & b), respectively [2,22]. 

 

Figure 1.4. (a) Down-conversion and (b) Up-conversion process. 

1.4. Rare Earth (RE)/Lanthanides: 

RE are the elements of the lanthanide series starting from Lanthanum (La) up to Lutetium 

(Lu) along with Scandium (Sc) and Yttrium (Y). The RE elements are relatively obtained in 

abundance [23]. The RE are disseminated and not available as dense minerals in economically 

exploitable ore deposits, that’s why the name Rare Earths. Scandium and Yttrium are also 

included in the list of RE due to their occurrence in the same ore and show similar properties 

as lanthanides. Although these elements evince similar chemical behaviour, yet their physical 

characteristics are unique such as color, luminescence behaviour, and nuclear magnetic 

properties. The electronic configuration of REs is [Xe]4fn (n=0-14). These configurations can 
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give various electronic levels specified by three quantum number L, S, and J values as a result 

of spin-orbit coupling. These levels are well defined, and their energy is fixed since 4f electrons 

remain unaffected by the external electronic field due to 5s2 and 5p6 electrons serve as 

protective shielding to 4f electrons and also these levels are independent of environment [24–

26]. Some of the RE ions shows 4fn-15d state in which electron transfer takes place from 4f to 

5d orbital and charge transfer state in which electron in the neighbouring anion transferred to 

4f orbital. The 4fn-15d and charge transfer state gets affected by the local environment around 

these RE ions [27,28]. Therefore, RE ions show +3 oxidation state in general and some RE 

ions also show +2 oxidation state. Moreover, these RE ions exhibit large stokes shift which is 

a prerequisite for designing a phosphor. In RE doped solids, photoluminescence is observed 

due to the presence of partially filled 4f subshell and are either due to intra-configurational 4fn 

transitions or inter-configurational 4fn-4fn-15d1 transitions or charge transfer transitions [29,30]. 

The RE ions incorporated into the host, beget energy levels within the optical band gap of host. 

Some of the unique properties of RE ions that discriminate between REs and other optically 

active ions are as follows: 

 RE ions exhibit luminescence in various spectral regions such as visible and NIR

regions of the electromagnetic spectrum. 

 RE ions exhibit narrow spectral lines and have relatively long emission lifetimes.

 They exhibit large stoke shift upon ligand excitation (gap between excitation and

emission wavelength is large). 

 Their 4fn transitions exhibit small homogeneous linewidths.

 They possess several energy levels suitable for optical pumping

 To systematically analyse energy levels, transition intensities, excited state

dynamics, theoretical models are available. 
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The abovementioned beguiling properties of these divalent and trivalent RE ions facilitate 

their utility in myriad of applications in display and solid-state lighting [24,31–34]. 

1.5. Radiative and non-radiative transitions: 

In luminescence, the host or sensitizer sensitizes the activator and transfers the energy to 

the activator. These activators take the energy, reaches the excited state and make radiative or 

non-radiative transition from the higher excited states to lower states. 

I. Radiative transition: When an electron absorbs the excitation energy, it attains the 

highest vibrational level of the excited state, from where it relaxes to the lowest 

vibrational level releasing excess energy to the lattice. Then the radiative emission is 

observed from this vibrational level. Fig. 1.5 represents configurational coordinate 

diagram for radiative and non-radiative transitions. The phenomenon of luminescence 

is observable when the emission from a luminescent centre is radiative in nature. 

II. Non-radiative transition: In general, luminescence is accompanied by some non-

radiative transitions. Non-radiative transition can take place through any of the below 

mentioned channels: 

(i) If the rotational level of excited state crosses the level of ground state, the 

nature of relaxation from excited to ground state will be non-radiative. The 

excess energy is lost to the host as heat. 

(ii) If the frequency is same, then the parabolas will be parallel. If the excitation is 

much higher than the stokes shift, then from higher vibrational level, the excess 

energy is lost for radiation of phonons. This process is known as multiphonon 

relaxation [26]. 

(iii) In some cases, resonant energy transfer take place between two 

indistinguishable adjoining centers and electron may attain an intermediate 

level by giving off the excess energy to another nearby electron which after 
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absorbing the energy rises to the same intermediate or some other level having 

the same energy difference. This process is known as cross-relaxation [5,17]. 

Figure 1.5. Configurational coordinate representation for radiative and non-radiative transitions. 

1.6. Types of interaction: Broadly the interaction between different level is classified on the

basis of transition between f-f levels and 4fn-15d1-4fn5d0. 

I. Intra-configurational f-f interaction. The RE ions doped materials shows various 

narrow lines attributed to the electronic transitions between 2S+1LJ to free ion level or 

J-manifolds in 4f subshell. They are spin forbidden. In f-f transitions, excitation and 

emission energies remain independent of the host into which the activator is substituted 

as they are effectively shielded from 5s and 5p electrons. That’s why these spectra 

exhibit narrow line width. The interaction of the RE ions in the host with the light give 

rise to different types of transitions as mentioned below: 

i. Magnetic dipole (MD) transition: When the magnetic field facet of the incident

light interacts with the RE ion through a magnetic dipole, a weakly intense 
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transition is observed and termed as magnetic dipole (MD) transition. When the 

charges get displaced rotationally and direction of rotation remains same under 

inversion through a point, MD transition occurs. The MD transition has even 

transformation under inversion and it exhibits even parity which means it allows 

transition between states having same parity. Therefore, a MD transition is 

endorsed by the Laporte selection rule (׀∆l׀ ,±1=׀∆s׀ ,0=׀∆L׀ ,0≥׀∆J±1 ,0=׀; 

J=0↔0 transition is forbidden) [35,36]. 

ii. Forced electric dipole (ED) transition: An ED transition takes place when the RE 

ion interacts with the electric field facet of the incident electromagnetic radiation 

through an electric dipole. The electric dipole results in linear movement of 

charges. The ED transition has odd transformation properties under inversion and 

has odd parity. This transition is forbidden in RE doped materials, since the start 

and end states of 4fn transition have the same parity (absence of states with 

different parity). Hence, these ED transitions are restricted by the Laporte 

selection rule (׀∆l׀ ,±1=׀∆s׀ ,0=׀∆L׀ ,6≥׀∆J6≥׀). However, the non-centro 

symmetrical interactions of electronic states allow the mixing of states of opposite 

parity that induces the ED transition and therefore known as induced ED 

transition. Some of the induced ED transitions are sensitive to the surrounding 

environment of RE ions and therefore also known as hypersensitive transition that 

follow the selection rules (׀∆S׀ ,0=׀∆L ≤6, ׀∆J6≥׀). These hypersensitive 

transitions are also termed as pseudo quadrupole transitions as they obey same 

selection rules as followed by quadrupole transitions [37]. These hypersensitive 

transitions originate from an asymmetrical distribution of dipoles induced by the 

electromagnetic radiation in the surrounding of the RE ions. The intensity of these 
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transitions gets enticed by the local field symmetry and inhomogeneity in the 

dielectric medium around RE ion.  

iii. Induced electric quadrupole transition: The electric quadrupole transition 

becomes apparent with displacement of quadrupole charges. An electric 

quadrupole is composed of four-point charges or two dipoles arranged in such a 

way that their net dipole moments is zero. An electric quadrupole has even parity. 

Electric quadrupole transitions are frail in correlation with MD and induced ED 

transitions [38].  

II. Inter-configurational (4fn5d0-4fn-15d1) interaction: The transfer of 4f electrons in to 5d 

subshell is parity allowed. Since d orbitals get greatly swayed by the ligand field effect, 

the intensity of such transitions are highly susceptible to the surrounding of RE ions and 

their energy is high [33]. The transitions between 4fn−15d1 and 4fn5d0 levels give rise to 

a broad range of excitation and emission wavelengths compared with the very narrow 

peaks from transitions between 4f-4f levels. The broad range of f-d transitions can be 

described on the basis of two phenomena: the Franck-Condon principle and breaking of 

the degeneracy of the 4f ground state. According to the Franck-Condon principle, there 

are different vibrational states in two rotational states, that results in transitions with 

many different energies. The wide range of transition energies results in inhomogeneous 

broadening in solids. Furthermore, the 4f degeneracy breaks due to spin-orbit coupling 

into multiple levels. Moreover, activator ion in a host crystal may undergo centroid shift 

and/or crystal field splitting. The centroid shift is defined as shift in 5d energy levels to 

lower side due to decrease in the interelectronic repulsion. The crystal field splitting, as 

the name suggests, is the splitting of 5d energy levels due to the environment provided 

by the host to the activator ion in which it is doped. The factor on which the magnitude 

of crystal field effect depends include bond length between activator ion and the ligand, 
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the overlapping of molecular orbital or nature of bond (ionic or covalent), the 

surrounding environment, and the site symmetry of the activator ion. The crystal field 

splitting reciprocate to the change in bond length, or polyhedral volume in opposite 

manner [39]. 

1.7. Solid state lighting (SSL): 

Artificial light provides substantial contribution in expanding the prolific day into non-

sunlit hours of the evening and night and in daytime productivity enlarge as it reaches the 

places where sunlight is not prevailing. Globally, artificial lighting production includes 

immense amounts of energy. Earlier, the conventional lighting devices such as incandescent 

lamps and CFLs were used for artificial lighting which rely either on heat or discharge of 

gases. These lighting devices involve high temperature that leads to large energy losses. 

Moreover, these devices release toxic substances and more CO2 is released into the 

environment [40]. Over the last few decades, the immense global awareness of energy saving 

has aroused the revolutionary growth and development of lighting technology and transit from 

the incandescent and fluorescent lamps towards SSL based on LEDs [41]. White LEDs 

(wLEDs) have brought significant thrust in the development of lighting technology for general 

illumination, automotive lighting applications, and sensors. SSL based on wLEDs replacing 

conventional light sources such as incandescent and fluorescent lamps owing to their 

supercilious characteristics such as higher luminous efficiency, low energy consumption, eco-

friendly as it does not release any toxic compound in the environment, greater reliability, 

optically tunable and more durable as compared to conventional lighting devices [42,43]. The 

wLEDS using InGaN or GaN chips are broadly classified into two categories: (i) multichip 

(mc) wLEDs, and (ii) phosphor converted (pc) wLEDs. The mc-wLEDs comprises of 

individual red, green, and blue (RGB) LEDs and their emission covers the visible spectrum 

and thus the white light is generated [41,43,44]. These mc-wLEDs offer good luminous 
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efficiency and color rendering index (CRI) but driving circuit used to produce white light is 

complex that leads to high cost of LEDs and complex fabrication [45]. Also, different driving 

currents leads degradation of different color LEDs and results in instability of color 

temperature. Moreover, the pc-wLEDs are rather more efficient than mc-wLEDs, since it 

comprises of yellow phosphor (YAG: Ce3+) or red, green, blue (RGB) phosphors embedded 

in epoxy dome, coated over the surface of blue GaN (450 nm) or ultraviolet (UV) InGaN LED 

chip, respectively. These pc-wLEDs uses blue or n-UV LED chips to excite the phosphor and 

thus generate white light. In blue LED and yellow phosphor based wLEDs, the change in 

emission color occurs due to the deterioration of blue LED chip or yellow phosphor [46,47]. 

Since the blue + yellow combination is depriving of red component and due to halo effect, the 

CRI is low and the correlated color temperature (CCT) is high in these pc-wLEDs [48,49]. In 

case of UV/near-UV (n-UV) LED + RGB phosphor-based pc-wLEDs, high luminous 

efficiency in comparison with blue chip along with high CRI and high chromatic stability can 

be achieved. However, this approach of generating white light have some pitfalls, such as 

complex blending of tri color phosphors and different degradation of each phosphor. In RGB 

phosphors, the blue light emitted is being reabsorbed by green and red light which further 

reduce the efficiency of these pc-wLEDs [50]. The pc-wLEDs are extensively used in lighting 

devices on the grounds of their simple structure, high durability, excellent luminous 

efficiency, cost effectiveness and their spectral design flexibility. Table 1.1 presents the pros 

and cons of different methods to generate white light. 

Table 1.1. Pros and cons in different methods for white light generation.

RGB LEDs
Binary 
Complimentary

UV-LED +  
RGB Phosphor

Advantages • Light source with

variable color point.

• High efficiency.

• Low cost.

• Easy fabrication.

• High efficiency.

• High CRI

• High chromatic

stability.
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Disadvantages
• Need variable driving

current to operate red,

green and blue LEDs.

• Instability of color

temperature.

• Low efficiency.

• Low CRI.

• Low chromatic

stability.

• Lack of efficient

red component.

• Complex blending

of different

phosphors.

1.8. Color rendering index:

It is a unitless index, abbreviated as CRI or Ra, measured as the difference in perceiving 

the color of object under source illumination and a reference source such as natural light 

source/sunlight. CRI can be indexed as integral value from 0 to 100. The low CRI ratings 

suggested that less accurate color will be reproduced. The CRI value of 100 would signify that 

the perceived color of all the samples illuminated by a light sources and incandescent light 

source have high CRI since all colors in their spectrum are rendered equally [2,39,51]. 

1.9. CIE color chromaticity coordinates & color purity:

To characterize or express the color, the Commission Internationale de l’Eclairage (CIE) 

is used to describe the color of any object in terms of three primary color. The CIE 

chromaticity coordinates determined from emission spectra using color matching function 

�̅�(λ), ӯ(λ) and 𝑧(̅λ) defined in CIE 1931 and spectral power density P(λ) of the light source. 

The chromaticity coordinates can be obtained using tri-stimulus values X, Y and Z, as [2,52]: 

𝑥 =  
𝑋

𝑋+𝑌+𝑍
(1) 

𝑦 =  
𝑌

𝑋+𝑌+𝑍
(2) 

where, degree of stimulation (tri-stimulus values: X, Y, and Z) required to match the color 

of P(λ) is given by the following equations: 

𝑋 =  ∫ �̅�(λ)P(λ)dλ (3) 
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𝑌 =  ∫ �̅�(λ)P(λ)dλ         (4) 

𝑍 =  ∫ 𝑧̅(λ)P(λ)dλ         (5) 

The value of CIE coordinates along the perimeter of the CIE diagram signifies the 

monochromaticity. Therefore to ascertain monochromaticity of the material under 

consideration using as obtained CIE coordinates, the color purity can be evaluated by using 

the expression as follows [43]: 

𝑐𝑜𝑙𝑜𝑟 𝑝𝑢𝑟𝑖𝑡𝑦 =  
√(𝑥−𝑥𝑒𝑒)2+(𝑦−𝑦𝑒𝑒)2

√(𝑥𝑑−𝑥𝑒𝑒)2+(𝑦𝑑−𝑦𝑒𝑒)2
       (6) 

where (x, y) are the coordinates of the sample under consideration, (xee, yee) are the 

coordinates of white point, and (xd, yd) are the coordinates of dominant wavelength point. The 

color purity of the monochromatic emitters should be 100%. 

1.10. Correlated color temperature (CCT): 

 It  is defined as the absolute temperature of a blackbody whose chromaticity resembles 

the same color as that of the light source [51]. As the temperature increases, hot objects will 

subsequently glow in red, orange, and yellowish white and bluish white. CCT is a method that 

manifest the color characteristics of light, such as low CCT indicate warm light with more of 

yellow and red perception while high CCT appears to be a more blue light indicates cold white 

light, by measuring it in degrees Kelvin (K) [39]. Typical CCT of the white region diagram is 

in the range between 2000 and 10000 K. The CCT can be calculated by using the equation 

given by McCamy [53]: 

𝐶𝐶𝑇 =  −437 [
𝑥−𝑥𝑒

𝑦−𝑦𝑒
]

3

+ 3601 [
𝑥−𝑥𝑒

𝑦−𝑦𝑒
]

2

− 6861[
𝑥−𝑥𝑒

𝑦−𝑦𝑒
] + 5514.31   (7) 

Here, (x, y) are the CIE coordinates obtained for the sample under consideration and 

(xe=0.3320, ye=0.1858) are the coordinates for epicentre. 
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1.11. Excited state dynamics of RE ions: 

The PL decay is a non-linear optical process described by non-linear polarization of the 

incident light beam. Nonlinear emission responses of luminescent materials manifest excited-

states dynamics such as radiative and non-radiative relaxation, inter system crossing of a 

molecule from singlet to triplet state, conformational properties such as trans-cis isomerisms 

and energy transfer mechanism of samples under investigation. The intensity in PL decay 

spectroscopy is monitored at different time delays after excitation, allowing for high temporal 

resolution. Temporal resolution should be fast in comparison with the excited-state lifetime 

of the RE ions on the appropriate time scale. The fluorescence decay time evaluated from 

decay profiles provides valuable information about the excited state decay dynamics of RE 

ions, charge and energy transfer, molecular interaction with the surroundings, and optical gain 

of the samples for advancement in optoelectronics, photosynthetic systems, nanoelectronics 

and biological applications [9]. Fluorescence lifetime depend on the rate of radiative and non-

radiative relaxations. The lifetime value decreases with increase in non-radiative relaxation 

rates due to increased surface defects or quenching centres. The lifetime depends on: 

(i) Non-solid surrounding medium 

(ii) Size of the particles 

(iii) Lattice constant that varies the odd crystal field component. 

1.12. Energy transfer mechanism: 

Energy transfer between two neighbouring ions take place only if resonance occurs in 

their ground and excited states energy difference and if suitable interaction exists between the 

two. The two neighbouring ions can interact viz exchange interaction or multipolar interaction 

[54]. To identify the type of multipolar interaction, Dexter theory and Reisfeld’s 
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approximation can be employed on emission spectra or Inokuti-Hirayama (I-H) model on PL 

decay curves. 

I. Dexter theory and Reisfeld’s approximation: In the process of identifying the type of 

multipolar interaction, the luminescence quantum efficiency can be related to the 

concentration of RE ions according to Dexter’s as follows [55]: 

𝜂0

𝜂
∝ 𝐶

𝑛
3⁄                (8) 

where η0 and η represents luminescence quantum efficiencies of donor ions in the 

absence and presence of acceptor ions, respectively, the value of C depicts the total 

concentration (in mole% of donor and activator ions), and the value of n represents the 

type of interaction. The n = 3, 6, 8 and 10 corresponds to exchange interaction, dipole-

dipole (d-d), dipole-quadrupole (d-q) and quadrupole-quadrupole (q-q) interaction, 

respectively. The ratio of quantum efficiencies of donor in absence and in presence of 

acceptor can be approximated with their respective emission intensities. Therefore, the 

above relation can be re-written as [21,56]: 

𝐼𝑠0

𝐼𝑠
∝ 𝐶

𝑛
3⁄               (9) 

where Is0 and Is are the integrating emission intensities of hypersensitive transition 

of RE ions in the absence & presence of co-dopant ions, respectively.  A plot between 

Is0/Is versus Cn⁄3 for n = 6, 8 and 10. By analysing the linear fitting factor R2 for the 

plot obtained as mentioned above, the energy transfer mechanism can be studied. The 

high value of R2 obtained for the corresponding ‘n’ value suggests the type of 

interaction between the sensitizer and activator.  

II. Inokuti-Hirayama (I-H) model: According to I-H theory, the luminescent intensity 

can be expressed as [57,58]: 
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𝐼𝑡 = 𝐼0 ∗ exp (−
𝑡

𝑡0
− 𝑄 ∗ (

𝑡

𝑡0
)

3
𝑠⁄ )          (10) 

here, It denotes the luminescent intensity at time t after excitation, t0 is the lifetime 

of the donor in the absence of acceptor, s represents index of multipole interaction (6, 

8 and 10 for d-d, d-q and q-q interaction between sensitizer and activator ions, 

respectively, and Q is fitting parameter [21].  

1.13. Judd-Ofelt (J-O) parameters using emission spectra: 

The J-O theory can be pertained to the emission spectra of RE ions in any host lattice that 

emerge from the transitions within 4fn configuration to ascertain its optical properties and to 

have a deeper insight into the quantitative analysis of Eu3+ emissive properties in matrix [59]. 

The evaluated parameters (Ωλ) allows the researcher to elucidate the local structure and 

bonding of RE ions with the ligands. Henceforth, the J-O analysis of the emission expound 

radiative transition rates of different levels of the RE ions and luminescence branching ratios 

(βR) can also be determined [60,61]. 

MD transitions of RE ions are practically independent of its surroundings. The radiative 

transition rate for such transitions are evaluated using the equation [62]: 

𝐴0−1 =
64𝜋4ν1

3

3ℎ(2𝐽+1)
𝑆𝑀𝐷𝑛3        (11) 

where, ν is the average transition energy (in cm-1) of 5D0→
7F1 transition, h is the Planck’s 

constant, n is the medium refractive index, SMD is the MD line strength which is not affect by 

the structure of host lattice and therefore is a constant (7.83 x 10-42 esu2cm2) [63,64]. The other 

characteristic transitions of Eu3+ ions for J = 2, 4, and 6 are induced electric dipole transitions. 

The radiative transition rate for forced ED transition can be written as [65]: 

𝐴0−𝐽 (𝐽= 2,4,6) =
64𝜋4ν𝐽

3𝑒2

3ℎ(2𝐽+1)

𝑛(𝑛2+2)
2

9
∑ 𝛺𝐽⟨5𝐷0|𝑈𝐽|7𝐹𝐽⟩𝐽=2,4,6

2
    (12) 
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where, νJ is the average transition energy (in cm-1) of 5D0→
7FJ (J = 2, 4, 6) transition, e is 

the elementary charge of electron, ΩJ is the intensity parameter, ˂5D0ǀ U
Jǀ 7FJ˃

2 is the squared 

reduced matrix with values 0.0032, 0.0023, 0.0002 for J = 2, 4, and 6 respectively, cannot be 

influenced by the chemical environment of RE ions. The 5D0→
7FJ transitions are forbidden by 

the selection rule as aforesaid and therefore, the squared reduced matrix values are zero for 

these transitions. The term n(n2+2)2/9 is the correction term result from local field corrections, 

which convert the external electromagnetic field into an effective field at the location of the 

active centre in the dielectric medium [66]. The radiative transition rates, A0-J are obtained by 

using the relation: 

𝐴0−𝐽 = 𝐴0−1
𝑆0−𝐽

𝑆0−1

ν𝐽

ν1
         (13) 

where A0-1 is taken as 50 s-1 [66], S0-1, S0-J are the areas under the curve related to 5D0→
7F1 

and 5D0→
7FJ transitions, respectively obtained from the emission spectra and ν1 and νJ have 

been discussed above. The branching ratio (βR) is determined by the expression given as: 

𝛽𝑅 =  
𝐴0−𝐽

∑ 𝐴0−𝐽𝐽
          (14) 

The branching ratio symbolizes the lasing potentiality of the transition if the value of βR is 

more than 50% in comparison with the other transitions originating from an excited level 

[67,68]. Further, the J-O parameters (ΩJ) can be evaluated from the ratio between ED and MD 

transition rates using the following equation [69]: 

𝐴0−𝐽 (𝐽=2,4,6)

𝐴0−1
=  

𝑒2𝜈𝐽
3(𝑛2+2)2

9𝑆𝑀𝐷𝜈1
3𝑛2

𝛺𝐽 ‖𝑈𝐽‖2       (15) 

where the transition rate for each energy level is directly proportional to the integrated 

emission intensity. 
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1.14. Importance of host: 

An awe-inspiring lighting technology with many advantages can compete with the 

traditional lighting technology and can approach the theoretical limits of luminescence 

efficiency. Notwithstanding many phosphor materials have been reported in support of fourth 

generation lighting technology, there are challenges to develop novel luminescent materials 

that meet the requirement of wLEDs based SSL technology. Major challenges that can be 

elucidate from the requirements in phosphor converted (pc)-wLEDs as: (1) High absorption 

rate in the emission region of LED used to pump the phosphor and emission spectrum should 

exhibit desirable visible emission for white light generation; (2) high luminescence efficacy 

with improved quantum efficiency at working temperature; (3) High thermal quenching 

temperature; (4) Excellent chemical, thermal and irradiation stability as desired for diversified 

applications. An exhaustive analysis of the nature and limitations of phosphors enforce to 

discover a novel potential phosphor by emphasizing the selection of non-hazardous host 

lattice, modifying chemical constituents, doping activators into host lattice, possibility of 

sufficient energy transfer from host/sensitizer to activator and limit to level-headed production 

costs for the bulk production and breakthrough application of phosphors [70].  

The zincates have been long studied because of its high chemical stability, high 

brightness, high melting point, lower chemical toxicity and long persistence time without 

radioactive radiations. Zincates doped with RE ions have tremendous application in lighting 

devices. [58-62]. They have also been studied due to their interesting properties like high 

thermal stability, high mechanical strength, low surface acidity, hydrophobicity which make 

them suitable carrier for their applications in display devices, sensors, ceramic materials and 

catalytic activity [62-64]. When excited with LED emission in UV or n-UV region, these 

novel materials are proficient to convert the emission of a UV-LED to generate white light 
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[62, 67-68]. A host material with wide band gap and low vibrational energy can significantly 

transfer energy from host to activator, which is requisite in designing efficient phosphor. 

Therefore, based on literature, we have chosen novel ternary calcium aluminozincate 

(Ca3Al4ZnO10, named as CAZ in forthcoming chapters) as a host material for SSL 

applications. 

1.15. Objective of thesis: 

 To synthesize RE doped calcium aluminozincate (Ca3Al4ZnO10) CAZ phosphors by 

using different chemical synthesis techniques to achieve single phase structure.  

 To study structural, morphological, optical and luminescence properties of CAZ 

phosphors for their application in SSL and display devices. 

 To improve the emission intensity: 

o By exciting at different wavelengths 

o By varying dopant ion concentration 

o By co-doping with suitable activator/sensitizer ions 

o By appropriate incorporation of fluxes. 

 Preparation of phosphors for multicolour emissions and optimization of process for 

each color emitting phosphor and all relevant characterization needed. 

 Finally, to develop environment friendly pc-wLED by appropriate mixing and coating of 

phosphors onto the commercially available LED. 
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Chapter-2 

Experimental and Characterization Techniques 
The development of high-quality material requires adequate knowledge of various 

synthesis methodologies along with the relevant characterization techniques. The purpose of 

this chapter is to explain the synthesis methods adopted in the present work. The structural, 

morphological, photoluminescent properties of the synthesised powder phosphor samples have 

undergone various characterizations by employing tools such as X-ray diffraction (XRD), 

scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), 

UV-Vis spectrophotometer and spectrofluorophotometer etc. The working principles and 

experimental tools used in the current work are also explained in this chapter. 
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2.1. Experimental: 

The pre-eminent step during the experimental research is the synthesis and characterization 

of the material. This chapter is focused on the synthesis method and the characterization 

techniques required to characterize the material to understand their utility in wLED 

applications. The dry and wet chemical synthesis methods along with experimental setup have 

been discussed in detail in this chapter. The characterization techniques such as 

thermogravimetric analysis (TGA), X-ray diffractometer, diffuse reflectance absorbance 

(DRA), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscope 

(SEM), field emission (FE)-SEM are utilized to analyse structure, morphology and optical 

characteristics of the synthesized materials. The spectrofluorophotometer is used to examine 

the luminescence behaviour of the synthesized materials. TLD reader Nucleonix used to study 

different traps centres. 

The quality of phosphors is said to be excellent if reproducible luminescent properties of 

the phosphor can be achieved. To prepare phosphors, many factors need to be considered 

meticulously such as choice of host, activator, purity of chemicals used, sintering temperature, 

duration of sintering, stirring of chemical solutions, fluxes and many more [71]. There are 

various physical and chemical techniques to prepare phosphors as reported in the literature, 

where physical synthesis methods include ball milling and chemical synthesis techniques 

include traditional solid-state reaction (SSR), sol-gel, combustion, molten salt, co-

precipitation, spray pyrolysis and hydrothermal [72]. The synthesis technique is an 

indispensable constraint to govern the structure, morphology, distribution of particles and 

particle size. Moreover, the luminescence properties, and quantum efficiency can be altered by 

changing the method of synthesizing the phosphor. Among all the synthesis techniques, solid-

state reaction technique is prevailing for the bulk production as the cost of production is low 

and easy fabrication [73]. However, this synthesis technique suffers some serious implications 
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such as creating defects that leave an unpropitious impact on the luminescent properties of the 

synthesized phosphor. When the reacting species diffuse exponentially, the reaction does not 

complete 100% that leads to some residue which results in some defects. To vaporize the 

residue, grinding of raw materials is followed by sintering. Moreover, fluxes can be added to a 

host material for ameliorating structure and morphology of the host matrix by providing a 

surface for faster diffusion of reacting species [74]. The improved structure and morphology 

induces enhancement in the luminescence characteristics of the as-prepared phosphors [75,76]. 

The wet chemical synthesis method used to produce smaller size, homogeneous particles with 

uniform distribution of particles [77]. Among different wet chemical synthesis methods, 

combustion, and Pechini sol-gel method were employed in synthesizing the phosphor to 

optimize the phase and luminescence behaviour of the phosphor.  

2.2. Chemicals used: 

For the synthesis of luminescent materials, a host lattice, activators, sensitizers, fuels and 

some fluxes are required. The various chemicals availed for the purpose of synthesizing 

phosphors explored in this thesis are listed below: 

Table 2.1. List of chemicals used to synthesize CAZ phosphor to accomplish present thesis 

work. 

S.No. Name of the Chemicals Chemical Formula Purity 
(%) 

Supplier 

1 Calcium Oxide CaO 99.90 Fisher Scientific 

2 Zinc Oxide ZnO 99.50 Fisher Scientific 

3 Aluminium Oxide Al2O3 99.90 Fisher Scientific 

4 Europium Oxide Eu2O3 99.99 CDH 

5 Samarium Oxide Sm2O3 99.99 CDH 

6 Calcium Nitrate 

Tetrahydrate 

Ca(NO3)2.4H2O 99.90 CDH 
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7 Zinc Nitrate Hexahydrate Zn(NO3)2.6H2O 99.90 Fisher Scientific 

8 Aluminium Nitrate 

Nonahydrate 

Al(NO3)3.9H2O 99.90 Fisher Scientific 

9 Dysprosium Oxide Dy2O3 99.99 CDH 

10 Citric Acid (CA) C6H8O7 99.50 Fisher Scientific 

11 Urea CH4N2O 99.50 Fisher Scientific 

12 Polyethylene Glycol 

(PEG) 

H-(O-CH2-CH2)n-OH Fisher Scientific 

13 Nitric Acid HNO3 69.71 Fisher Scientific 

14 Sodium Fluoride NaF 99.00 Fisher Scientific 

15 Sodium Chloride NaCl 99.90 Fisher Scientific 

16 Sodium Tetraborate Na2B4O7 99.90 Fisher Scientific 

Other chemicals such as acids and solvents used were of reagent grade/analytical grade. 

2.3. Synthesis Methods: 

2.3.1. Solid-state reaction method (SSR): The SSR method, known as dry media reaction is 

used to synthesize phosphors for industrial purpose where high volume production and low 

cost are prerequisites within short period of time [78]. In this method high purity chemical are 

weighed in stoichiometric ratio and dispersed in acetone. The chemicals are then grinded for 

an hour to ensure homogeneous grinding of the precursors. These solid chemical in powder 

form does not react at room temperature even kept for hours and therefore, it become essential 

to heat the chemical reactant at high temperatures. Therefore, the grinded samples after pouring 

in alumina crucible were kept for high temperature (>1000°C) sintering in a programmable 

muffle furnace. After allowing natural cooling of samples to room temperature, the obtained 

phosphor is grinded to ensure uniform sintering of the samples. 

In the work submitted in this thesis, CAZ)phosphor were prepared by using conventional 

SSR method by taking highly pure chemicals CaO, Al2O3, ZnO as chemical precursors and 
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RE2O3 (RE = Sm and Eu) used as an activator. The prior chemicals taken in suitable amounts 

were collected in an agate pestle mortar and grinded for an hour by adding acetone for uniform 

mixing of the constituent chemicals. The grinded samples were collected in an alumina crucible 

and placed inside a programmable muffle furnace at 1300°C for five hours to obtain a pure

phase of Ca3Al4ZnO10. The sintered samples were naturally cooled down to the room 

temperature and again grinded for various characterizations. Fig. 2.1 (a) represents flow chart 

of SSR method used to synthesize CAZ phosphor. 

2.3.2. Combustion method (CS): The combustion synthesis comprises of heating metal nitrate 

solution as oxidizer and fuel or complexing agent such as urea, glycine, CA, carbohydrazide. 

In the combustion synthesis, the reaction is very fast, self-sustaining and highly exothermic, 

which after reaction gives product [78]. This method is prevailing owing to its simple 

experimental setup, fast reaction rate, it does not require big experimental setup or energy and 

uses low cost chemicals to obtain the final product that make it cost effective and increase the 

level of reproducibility. The important parameter for complete combustion is to maintain 

oxidizer to fuel ratio as 1, which can be obtained from the valences of oxidizers and fuel. In 

combustion reaction, metal nitrates serve as oxidizing reactant and fuel as reducing reactant. 

The high energy released in exothermic reaction increase the temperature of the reacting 

species and ignite to fire. Combustion reaction is self-propagating reaction that take place with 

evolution of gases to obtain the desired product. 

In this thesis work, to optimize the synthesis method for CAZ phosphor, combustion 

method was also explored. For this, the analytically pure calcium nitrate tetrahydrate, 

aluminium nitrate nonahydrate, zinc nitrate hexahydrate, RE oxide dissolved in nitric acid, 

were taken in stoichiometric amount without any further purification. All the nitrate precursors 

taken in stoichiometric ratio were individually dissolved in de-ionized (DI) water and then 

mixed together (solution A). RE2O3 dissolved in HNO3 (solution B) is poured into the solution 
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A, the resultant solution is referred as solution C. The solution so obtained (solution C) is kept 

on a magnetic hot plate for uniform mixing under constant heating at 80°C for an hour. Urea 

dissolved in DI water has been taken as fuel for the combustion to occur, and then added into 

the solution C under constant stirring and heating at 120°C for 2 h. By constant heating and 

stirring, dehydration occurs with release of gases. After dehydration, the temperature of the hot 

plate is raised to 500°C, where spontaneous combustion occurs with liberation of large amount 

of heat. As the combustion process finished, white solid flakes obtained cooled to room 

temperature and then the grinded samples are sintered at 1100°C for 2 h. 

2.3.3. Pechini sol-gel method (SG): In Pechini sol-gel method, metal salt solution reacts under 

mild heat treatment in an acidic or alkali medium. From a sol, a gel is formed with an 

interconnected network having pores and polymeric chain.  

In later chapters of this thesis, CAZ phosphors were prepared using Pechini sol-gel method. In

 Pechini solgel method, all the nitrate metal precursors were dissolved in DI water and RE oxide

dissolve in nitric acid  is  added into the solution of  metal nitrates and stirred on  magnetic  hot

plate for its uniform mixing. CA is used as chelating agent  in this method. The metal:CA ratio

is  taken as 1:2 and polyethylene glycol has been taken which helps in making a polymeric net-

work  of metal  citrate complex [79]. In solution C as mentioned in the above section, CA solu-

tion  (CA  dissolved  in  DI  water)  is added and kept oiver a magnetic hot plate under constant

heating at 120°C for 10 h. The control  of  pH in this method is very crucial for maintaining the

homogeneity of the gel and particle size of the resultant powder sample. In the present case, the 

pH of the solution is maintained at ~2. As the gel formation takes place, it is fired at 500°C and

the obtained  brown  foamy solid  is  grinded and  sintered at 1000°C. The as-synthesized white 

powder phosphor is taken for characterizations. 

The details of combustion and sol-gel synthesis methods employed in this article is 

represented in Fig. 2.1 (b). 
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Figure 2.1(a). Flowchart of CAZ phosphor synthesized by SSR method. 

Figure 2.1(b). Flow chart of Combustion and Pechini sol-gel synthesized CAZ phosphor. 
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The characterization of the synthesized phosphors is important to know the various 

parameters for the optimization and utilization of the as synthesized phosphors as luminescent 

materials in lighting devices. The as synthesized phosphors have been characterized using the 

standard instruments, which is utilized for the determination of the structure, morphology and 

luminescence behaviour of the phosphors. The experimental tools used for characterization of 

the as synthesized phosphors are discussed in detail in the subsequent topics of this chapter. 

2.4.1. Thermal analysis: The thermal analysis is a technique to determine physical properties 

of the material under investigation or reaction products as a function of temperature, stress and 

environmental factors. Thermal analysis provides insight of certain properties such as 

topography, phase transition, crystallization, adsorption, desorption, melting, enthalpy thermal 

capacity, mass changes, and thermal stability. Generally, the substance is heated in a controlled 

manner for the analysis of the substance. 

There are various thermal analysis techniques such as: 

Thermogravimetry analysis (TGA). 

Differential Scanning Calorimetry (DSC). 

Differential Thermal Analysis (DTA). 

Differential Photo Calorimetry (DPC). 

Thermo Mechanical Analysis (TMA). 

Dialometry (DIL) 

Evolved Gas Analysis (EGA). 

 However, in the present thesis work, we have used only TGA to know the crystallization 

of the phosphor. 

2.4.1.1 Thermogravimetric analysis: In TGA, the mass or weight of a sample is measured with 

gradual increase in temperature or time in a controlled atmosphere. A graph is plotted for mass 

or mass percentage with respect to time or temperature and the plot is said to be thermogram 

2.4. Structural characterization techniques:
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or thermal decomposition curve. This plot provides the information about decomposition, 

oxidation, vaporization, sublimation and desorption. The first order derivative of mass versus 

time or temperature is termed as differential thermal decomposition curve [80]. The mass 

change in TGA curve indicates adsorption or desorption of gases from the substance under 

observation. An increase in the mass indicates adsorption and decrease in the mass indicates 

desorption, whereas negligible mass change specifies stability of the substance. In the present 

thesis, TGA analysis was carried out by using Perkin Elmer Pyris diamond (TGA/DTA/DSC) 

system as shown in Fig. 2.2. 

Figure 2.2. Perkin Elmer TGA system. 

2.4.2. X-ray diffraction (XRD): It is the standard and potential probe for the phase and crystal 

structure determination of the synthesized materials. The X-rays are electromagnetic waves in 

the electromagnetic spectrum having wavelength in the range of few angstroms which are used 

to probe the materials for structural discern. X-rays used in XRD have typical range of 

0.5-2.5 Å. 

The crystalline materials show periodic arrangement of atoms in three-dimensional array, 

known as lattice. The smallest building block of crystal structure is known as unit cell. The 

translational vectors a, b and c specify the position of atoms in a lattice also known as the length 

of edges, where α, β and γ are the angles between these vectors. The crystalline solid can be 

classified within the seven crystal systems, which are further sub divided into 14 Bravais 

lattices. 
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2.4.2.1. Basic theory of XRD:  

When the wavelength of X-rays matches well with the inter-planar spacing, then the 

periodic lattice serves as a diffraction grating and produces diffraction called X-ray diffraction 

or XRD. The matching of wavelength of X-rays with inter-planar spacing make it possible to 

study the structural arrangement of atoms in a crystal [81]. 

Bragg’s Law: In general, crystal lattice acquires three dimensional arrangements of atoms 

in such a fashion that they form parallel plane having interplanar spacing d. When the 

electromagnetic radiation incident on crystal lattice at particular angles, it gets reflected from 

the surface and from the plane inside crystal. The reflected beams interact and undergo 

constructive interference. Fig. 2.3 (a) represents the set of atoms arranged parallel with 

interplanar spacing ‘d’. Consider a monochromatic beam of wavelength λ irradiate lattice at an 

angle θ. The constructive interference is observed if the path difference between two reflected 

rays is integral of λ. 

 

Figure 2.3 (a). Bragg's Diffraction from crystal planes. 

The difference between ray A′ and B′ is PO′+O′Q. 

PO′+O′Q = dsinθ + dsinθ  

For constructive interference, path difference = nλ; n is integer. 

∴, 2d sinθ = nλ  
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This relation is known as Bragg’s diffraction law or Bragg’s law. The intensities of 

scattered waves is collected versus angle to obtain the diffraction pattern. The diffraction peaks 

indicate the presence of different phases and its lattice structure [81]. 

2.4.2.2. Powder diffraction method:  

X-ray Diffractometer is made up of X-ray tube, sample holder and X-ray detector. The   

X-ray tube produce X-rays of known wavelength, crystal is positioned at any arbitrary angle 

with respect to incident wave by rotating the crystal about an axis through the geometrical 

centre of the spectrometer as shown in Fig. 2.3 (b). The purpose of detector is to determine the 

intensity of the diffracted X-rays; it can also be set at any desired angular position through 

rotation about the geometrical centre of spectrometer. The crystal is placed at positions to 

satisfy the condition of diffraction so that its reflecting planes make some particular angle θ 

with the incident beam and the position of D is made at the corresponding angle 2θ [81].  

 

Figure 2.3 (b). Schematic representation of X-ray diffractometer. 

In the finely powdered sample, crystals occupy every possible orientation about the 

incident beam and the diffracted beams appear as the cone of radiation emitted from the 

sample. A powder diffraction pattern has three main features that may be measured 

quantitatively. In decreasing order of relative importance, these are (a) d-spacings, (b) 

intensities and (c) line profiles. Powder diffraction method utilized in determining the average 

crystallite size of powder sample. The obtained diffraction lines in a powder diffraction pattern 

possess finite width at half maximum and the lines become broader for smaller sized particle. 
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2.4.2.3. Structure analysis and crystallite size: 

Every crystalline material is endowed with its own characteristics diffraction pattern 

which help to identify the phase of the material. Standard patterns published by the Joint 

Committee on Powder Diffraction Standards (JCPDS) or International Crystallographic 

diffraction data (ICDD) are considered for reference to study the pure phase formation of the 

sample under investigation. The peaks other than the reference data are considered as the 

impurities and can be identified as a separate crystalline phase.  

Applications of X-ray diffraction: 

 Qualitative phase analysis.  

 Determination of crystallite size and strain. 

 Orientation of crystalline materials. 

 Determination of atomic position and atomic number.  

 Determination of the lattice parameters, like, a, b, c, α, β, γ and thus the crystal 

structure.  

The crystallite size from XRD patterns can be calculated using Debye-Scherrer formula 

given by [82]: 

𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃         (1) 

in which k is the shape factor (= 0.94), λ is the wavelength of X-ray used, β is the full 

width at half maximum (FWHM), θ is the Bragg’s diffraction angle, D is the crystallite size 

[83]. There is another method known as Williamson-Hall (W-H) method to determine the 

crystallite size [84,85]: 

𝛽𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃        (2) 
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 where, ε is the lattice strain and other symbols have their usual meanings. W-H graph has 

been plotted between βcosθ/λ versus sinθ/λ, intercept and slope give crystallite size (D) and 

the value of lattice strain (ε), respectively. 

2.4.2.4. Rietveld analysis: 

It is a technique described by Hugo Rietveld to characterize crystalline materials using 

diffraction data obtained from powder diffraction method. The X-ray diffraction pattern is 

characterized by reflections obtained as intensity for certain angles. The (h k l) miller indices 

of these reflections are useful in figuring out many facets of the structure of material. 

 

Figure 2.3 (c). X-ray Diffractometer (Bruker D8). 

The Rietveld method uses a least square fitting analysis to refine a theoretical line 

profile under “n” number of iterations to match the measured profile. This method uses 

predetermined parameters to minimalize the error between an experimentally observed data 

and a hypothetically determined crystal structure and instrumental parameters (calculated 

pattern). Refinement parameters like background, peak shape, lattice parameters can be refined 

using a Rietveld refinement software such as Full Prof Suite, PANanalytical X’Pert HighScore 

Plus etc. The Rietveld refinement is useful for quantitative phase analyses, microstructural 
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analyses, texture and residual stress. For the determination of crystal structure, it requires 

reflection positions, cell size, space group symmetry, intensities and atomic positions. Thus, 

the parameters are refined to the precise values using least square fit approach.  

In this thesis work, the XRD data were observed in the 2θ range from 20° to 70° at room 

temperature using Bruker D8 Advance Diffractometer. The diffractometer equipped with a Ni 

filtered Cu-Kα source (λ=1.5406 Å) and was operated at 40 kV and 30 mA. The XRD 

diffractometer used in the present thesis work is shown in Fig. 2.3 (c). Rietveld refinement of 

the samples was carried out using Full Prof Suite. 

2.4.3. Scanning electron microscope (SEM): It is an awfully resourceful mode to provide 

thorough details of structure over a wide range of magnification. It is used to inspect 

topography of specimen or surface sensitive compositional information at a very high 

magnification. It produces the image of a material by scanning over the surface with a focussed 

beam of electrons. When a highly focussed electron beam is incident on the specimen, 

secondary electrons (SE) get ejected from the surface. To produce SEM micrograph by 

collecting ejected SE, the electron probe is swept two dimensionally over the surface of the 

specimen. 

The SEM instrument involves an optical system to generate a focused electron beam, a 

platform to place the sample, a detector to detect secondary electrons, an image display system, 

and an operation system to perform various operations. Generally, in SEM tungsten filament 

is used to produce an electron beam, or in some cases, a crystal of lanthanum hexafluoride 

(LaF6) is mounted on the tungsten filament to produce electron beam. The schematic diagram 

is shown in Fig. 2.4 (a). 
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Figure 2.4 (a). The electron optic column design. 

The highly focused electron beam scans the surface of the sample with the help of scanning 

coils to produce the image. The accelerated electron beam after interacting with the specimen 

produces electromagnetic signal. The SE and/or backscattered electrons (BSE), are collected 

by the detector and amplified signal unveil on display screen. The resulting SEM image appears 

on display screen. The magnification (M) of displayed SEM image can be altered by varying 

the scan width of electron probe. The magnification can be calculated using the expression M= 

D/d, where D is the width of monitor screen on which the image is displayed, and d is the scan 

width of electron probe. Since the size of monitor is fixed, if scan width decreases 

magnification increases and vice versa. The following characteristic information can be 

obtained from SEM: 

(a) Topography: The surface appearance of specimen, its texture; and material 

properties. 

(b) Morphology: The shape, size and arrangement of the particles on the surface of the 

sample; relation between material and its structure. 
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(c) Composition: The chemical constituents of the sample in elemental form and their 

relative ratios. 

(d) Crystallographic information: The atomic arrangement and their degree of order. 

The surface of non-conductive materials is rendered conductive usually by coating an 

extremely thin layer of gold/gold-palladium/carbon, the last one being specifically suited for 

EDX. The sample is mounted on a metallic platform after making its surface conductive and 

kept for scanning across the surface. The SEM used to conduct morphological observations is 

S-3700 N microscope in Fig. 2.4 (b). 

 

Figure 2.4 (b). S-3700 N scanning electron microscope. 

2.4.4. Field emission (FE)-SEM: The FE-SEM is an electron microscope that scans across the 

sample surface when high energy electron beam interacts with the sample surface in raster scan 

pattern. In FE-SEM instead of heating, cold source (field emitter gun) is used to liberate 

electrons. An exceptionally pointed tungsten needle with a tip diameter of the order of an 
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angstrom serves as a cathode in front of a primary and secondary anode. The voltage between 

cathode and anode is in the order of magnitude of 0.5 to 30 KV. Under high vacuum conditions, 

these primary electrons get focussed and generate a narrow beam that reaches the sample 

surface. The SE after emission from each spot of the sample surface reaches the detector and 

produces an electronic signal. The amplified electronic signal is converted into a scan-image 

and displayed on screen. The FE-SEM is used to get ultra-high resolution image at low 

accelerating voltages and small working distances. The FE-SEM used in this thesis to record 

the micrograph is ZEISS Gemini FE-SEM as shown in Fig. 2.4 (c). 

 

Figure 2.4 (c). ZEISS FE-SEM instrument (GEMINI SEM-500). 

2.4.4.1. Energy dispersive spectroscopy (EDS): Sometimes SEM/FE-SEM is provided with 

energy dispersive spectroscopy (EDS) analysis system to gather elemental information of the 

sample under investigation. EDS is a dynamic technique to gather information about materials, 

impurities, and the relative proportion of chemical composition of micro features in the sample 

under investigation without any destruction of the sample. The characteristics X-rays are being 
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emitted by the sample placed under electron beam to loss the excess energy. The energy of        

X-rays produced signifies their corresponding atoms and appear as specific peaks in the 

spectrum. The intensity represents the concentration of element present in the specimen. The 

X-ray mapping and line profiles can be developed to illustrate the compositional information 

about the specimen. 

2.5. Optical characterization techniques: 

2.5.1. Diffuse reflectance absorbance (DRA): It is an explicit technique that provide 

microscopic details of surface and facilitate the analysis of solids. DRA is used to analyse 

material with internal inhomogeneity. In general, when light is incident on the sample, some 

amount of light gets absorbed, some gets reflected back, and some get scatter in all possible 

directions within the sample. For inhomogeneously distributed particles, the resultant of 

reflection, refraction, diffraction, and absorption in all possible directions is called diffuse (or 

volume) reflection, whereas in homogeneous media regular (or directional) reflection is 

observed from a plane phase boundary. Ideally, the angular distribution of the reflected 

radiation should be independent of the angle of incidence to observe diffuse reflectance. A 

reflectance spectrum is basically collection of electromagnetic radiation reflected from the 

surface in correlation with frequency or wavenumber. Reflectance is the ratio of power of 

reflected radiation to the power of incident radiation [86]. 

2.5.1.2. Working of diffuse reflectance: As discussed above, in diffuse reflectance, the highly 

focussed incident beam gets reflected, scattered and some of the incident beam get transmitted 

through the sample as shown in Fig. 2.5 (a). The beam which is scattered within a sample and 

returns to the surface is considered as diffuse reflection and this signal is collected by the 

detector. For better results, the sample is diluted to ensure the deep penetration of incident 

beam which in turn increase the chance of diffuse reflection and reduce specular reflection. 
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.. Incident Radiation 

.. Diffuse Reflection 

..Specular Reflection 

Figure 2.5 (a). Incident and reflected beam through the sample under investigation. 

The specular reflectance component can alter the band shapes, and their relative intensity. 

When the sample is diluted with a non-absorbing matrix, then these effects can be greatly 

reduced. In the present thesis the DRA machine used is shown in Fig. 2.5 (b). 

 

Figure 2.5 (b). Perkin-Elmer Lambda 35 UV/Vis/NIR Spectrometer. 

2.5.2. Fourier Transform infrared (FT-IR) spectroscopy: It is a prevailing in identifying 

bonding between atoms or functional group present in a molecule. The IR absorption bands 

identify the component and structure of an organic or inorganic composition. The basic 

principle on which FT-IR spectroscopy works is that the molecular bonds vibrate at frequencies 

attributed to particular element and the type of bonds. When IR radiation is incident on the 

molecule, the absorbed IR radiation excites the molecule from lower to higher vibrational level. 

The energy corresponding to such transitions falls in IR region of electromagnetic radiation. 

The FT-IR spectrometers employ a source of IR radiation, interferometer, detector and a 

display screen. The IR radiation from a broad source is modulated by using interferometer and 



44 
 

it interacts with the sample. The intensity of transmitted or reflected light is collected and 

recorded by detector as a function of its wavelength and known as interferogram. The 

interferogram is examined with a monitor using Fourier transform to obtain a single beam IR 

spectrum. The FT-IR spectrum is a plot of intensity (in percentage of light transmittance or 

absorbance) versus wavenumber (cm-1). The FT-IR spectrometer used to record the spectrum 

for the work done in the present thesis is shown in Fig. 2.6. 

 

 

Figure 2.6. Perkin Elmer’s Frontier FT-IR spectrometer. 

2.5.3. Photoluminescence (PL) excitation and emission: The excitation and emission spectra, 

lifetime and confocal images are important sampling tools to analyse the fluorescence 

behaviour of RE ions. When photons of electromagnetic radiation irradiate the sample, then 

RE ions get excited to higher states and spontaneously return to ground state giving off visible 

emission and the intensity is recorded as a function of wavelength, known as luminescence or 

fluorescence spectra. This is a contactless non-destructive tool to probe the materials under 

investigation. In the present thesis, RF-5301 PC spectrofluorometer was used to record the 

luminescence spectra, and fluorescence decay profiles were recorded using Edinburgh FLSP 

900 spectrofluorophotometer as shown in Fig. 2.7 (a & b), respectively. The high-resolution 
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PL confocal image were obtained from confocal microscope (Olympus, BX51) equipped with 

XY-piezo stage and coupled with a 410 nm continuous wave (CW) diode laser. The RF-5301 

PC spectrofluorometer is provided with excitation monochromator that allows particular 

wavelength from the light of Xenon flash lamp used as an excitation source having resolution 

of 0.1 nm to irradiate the sample. The emission monochromator selectively receives the light 

emitted by the sample and the light intensity is measured using a photomultiplier tube (PMT: 

detector). The spectral ranges of the monochromators are: 

i. Excitation monochromator: 220 nm to 900 nm. 

ii. Emission monochromator: 220 to 900 nm. 

 

 

Figure 2.7 (a). RF-5301 PC spectrofluorometer. 
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Figure 2.7 (b). Edinburgh F900 Spectrometer.

For the high sensitivity of the instrument, RF-5301 PC utilizes a holographic grating, 

photomultiplier tube and digital circuit with high signal to noise ratio (S/N > 150). A PC 

manage the instrument for acquiring data and processing it. The sample slot measures 

140x170x140 mm that allow the use of micro cells, high-sensitivity cells, LC flow cells, etc. 

to be utilize in diversified applications. Another spectrofluorometer used in recording PL and 

PL decay of few samples was manufactured by Edinburgh Instruments, UK (model F900). The 

spectrometer uses a Xenon lamp with monochromator to excite the samples for emission study. 

Microsecond Xenon flash lamp used as a source of excitation for the decay measurements of 

the samples with spectral resolution of 0.1 nm. 

2.5.4. Thermoluminescence (TL): In TL a sample is irradiated by β, γ radiations and that

create defects where the electron gets trapped in the material. When the temperature of the 

material in increased, the energy stored in the form of the trapped electrons is released and 

emanate luminescence. To measure the TL glow curve, PC controlled Nucleonix 1009I TL 

reader designed by Nucleonix Systems is used as shown in Fig. 2.8. 
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Figure 2.8. PC controlled Nucleonix 1009I Thermoluminescence system. 

It is a controller-based unit include photomultiplier tube, temperature controller unit, 

heater transformer, heater strip (kanthal) which is used to heat the sample up to desired 

temperature and record TL glow curve. This unit employ 200 channels which can record the 

integral and digitized glow curve into EEPROM memory. This system is provided with an 

additional CCD spectrometer which allows user to record TL intensity versus wavelength. The 

sample placed on kanthal plate gets heated up at a desired heating rate (approximately 5 °C/sec) 

in the range between 50 and 400°C. 
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Chapter-3 

Spectroscopic and photoluminescence 

characteristics of Sm3+ doped calcium 

aluminozincate phosphor for wLEDs application 

Monophase CAZ phosphor activated with various concentrations of Sm3+ ions were 

synthesized at 1300°C by using SSR technique. The crystal structure and phase analysis of the 

CAZ phosphor was carried out by XRD studies. Morphology and functional groups present in 

the phosphor were examined thoroughly by employing SEM and FT-IR spectral measurements, 

respectively. Under 401 nm excitation, the as-prepared phosphors give intense visible orange 

emission at 601 nm. It was observed that 1.0 mol% of Sm3+ ions in the CAZ phosphor is most 

advantageous to give intense visible orange emission. The PL analysis discloses that the nature 

of interaction between Sm3+ ions was dipole-dipole due to which concentration quenching 

observed beyond 1.0 mol% of Sm3+ ions. The PL decay study reveals a bi-exponential 

behaviour of decay curves with an average lifetime of the order of microseconds. The CIE 

coordinates (x=0.574, y=0.424) measured for the optimized phosphor are very close to the 

intense orange emission coordinates specified by Nichia Corporation developed Amber LED 

NSPAR 70BS (0.570, 0.420). The spectroscopic, PL and PL decay studies suggest the potential 

use of Sm3+ doped CAZ phosphors for display and wLEDs.  
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3.1.  Introduction: 

In recent years, conventional light sources such as incandescent and fluorescent lamps 

have been replaced by SSL technology. SSL technology involves wLEDs, which are globally 

used for wide spread applications in consumer electronics and general illumination [87,88]. It 

offers many scientific and technological patronages such as environmental friendliness, lower 

operating temperature and effective energy utilization by saving 80% of energy consumption 

over conventional lighting devices. In the light of the aforementioned advantages, wLEDs are 

contemplated as the next generation lighting sources [89–92]. InGaN or GaN chip based 

wLEDs are gaining paramount attention because of their longevity, high luminous efficiency, 

high energy efficiency, smaller size, faster switching, excellent reliability with reduced 

operating expenses and capable of replacing conventional light sources [83,88,91–95]. The 

recent approach of generating white light is comprises of yellow phosphor encase over UV/blue 

LED. Though it has several drawbacks as it possess low CRI, high CCT, thermal quenching, 

narrow visible range and hence cannot meet the demand of warm white light needed for indoor 

and artificial lighting [96,97]. To circumvent the problem, red phosphors can be introduced to 

improve CRI and CCT. However, commercial red phosphor Y2O2S: Eu3+ has some 

shortcomings such as inimical decomposition products, chemical instability which degrades its 

luminescence efficiency over a period. This necessitate the development of a new orange-red 

emitting phosphor under n-UV or blue excitation [98,99]. Sm3+ doped phosphors are studied 

for the development of an orange-red phosphor due to their potential applications for color 

display, plasma display panels and solid state lighting [95,100–102]. For efficient white light 

emission with improved CRI and CCT, a new combination of cyan plus orange can be realized, 

where orange emission can be accomplished from Sm3+ ions doped phosphors [103].  

Therefore, Sm3+ serves as one of the best activator/dopant for orange-red emission to augment 

the efficiency of wLEDs [104].  
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This chapter describes the synthesis of Sm3+ ions doped CAZ phosphors using traditional 

SSR technique. The as-synthesized phosphors have been used to study structural, 

morphological, luminescent, colorimetric properties and energy transfer processes in detailed 

for their utility in wLEDs.  

3.2. Sample preparation: 

Samarium ions doped CAZ phosphors at different concentrations of Sm3+ ions (i.e., 0.5, 

1.0, 1.5, 2.0 and 2.5 mol%) are synthesized by using conventional SSR technique as described 

in section 2.3.1 and the detailed procedure is represented in Fig. 2.1 (a) of chapter 2. The analar 

grade chemicals CaO, ZnO, Al2O3 and Sm2O3 have been taken as raw materials in 

stoichiometric ratio.  

3.3. Results and Discussion: 

3.2.1. Phase analysis and crystal structure: 

The XRD patterns of CAZ phosphor doped with different Sm3+
 ions concentration (0.0, 

0.5, 1.0, and 2.0 mol%) have been examined and compared with the International 

Crystallographic Diffraction Database (ICDD card no. 04-009-7304) of Ca3Al4ZnO10 to verify 

the crystal structure, effect of doping concentration and to identify the phase as shown in Fig. 

3.1 (a.) All the observed diffraction peaks are in complete agreement with the standard data 

and (h k l) planes have been well indexed as shown in Fig. 3.1 (a). The sharp XRD patterns 

without any additional peak confirm the formation of pure orthorhombic crystalline phase of 

CAZ phosphor. The results suggest the incorporation of Sm3+ ions in CAZ phosphor does not 

lead to noteworthy changes in the crystal structure of host. As the ionic radius of samarium is 

close to calcium (rsm3+ = 0.958 Å, rca2+ = 1.0 Å with coordination number = 6) rather than 

aluminium (rAl3+ = 0.535 Å) and zinc (rzn2+ = 0.74 Å), it can incorporate into Ca2+ sites. 
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Figure 3.1 (a).  XRD patterns of Ca3-xAl4ZnO10: xSm3+ (x = 0.0, 0.5, 1.0 and 2.0 mol %) compared with reference 

diffraction pattern of Ca3Al4ZnO10. 

 

Figure 3.1 (b). W-H plot of Ca3-xAl4ZnO10: xSm3+ (x = 0.0, 0.5, 1.0 and 2.0 mol%). 
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To measure average crystallite size, the Debye-Scherrer relation and W-H method has been 

used as discussed in section 2.4.2.3 of chapter 2. The evaluated average crystallite size using 

Debye-Scherrer relation reckoned in the range 61-110 nm for all the characterized CAZ 

phosphors. The W-H graph has been plotted between βcosθ versus sinθ as shown in                  

Fig. 3.1 (b). From the intercept and slope of the plot, the average crystallite size (D) and the 

value of lattice strain (ε) can be estimated, respectively. The average crystallite size is in            

52-75 nm range and strain (%) is 0.006–0.03 using W-H method for all the characterized CAZ 

phosphors.  

3.3.2. Particle morphology: 

To investigate morphology and particle size, SEM analysis has been carried out for the 

optimized Ca2.99Al4ZnO10: 0.01Sm3+ phosphor as shown in Fig. 3.2. The phosphor exhibits 

solid microcrystalline structure of particles with agglomeration among crystalline grains and 

the average size of particles for Ca3-xAl4ZnO10: xSm3+ (x=1.0 mol%) sample is found to be in 

the range of 2-15 μm. Most of the commercial phosphors currently available in the market 

contain particle size of the order of few micrometres [87]. 

 

Figure 3.2. SEM micrograph of Ca3-xAl4ZnO10: xSm3+ (x = 1.0 mol%). 
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3.3.3. FT-IR analysis: 

Fig. 3.3 represents FT-IR spectrum of Ca2.99Al4ZnO10: 0.01Sm3+ sample characterized into 

several peaks in the range 400-3800 cm-1 out of which some are broad, and others are moderate 

in bandwidth. The broad bands are formed due to degenerate vibrational energy states, 

mechanical scattering and broadened lattice dispersion, thermally [105,106]. The low intensity 

peaks in the region 400-650 cm-1 are accredited to metal-oxygen bond vibrations of Ca-O,      

Al-O [107].  

 

Figure 3.3. FT-IR analysis of Ca3-xAl4ZnO10: xSm3+ (x = 1.0 mol%). 

The spectrum reveals characteristic of absorption centered at 440 cm-1 as Zn-O stretching 

vibration. The peaks centered at 510 and 580 cm-1 correspond to Zn-O symmetric stretching 

vibration of ZnO4 units. The peak at around 638 and 691 cm-1 assigned to Al-O bond vibration 

of AlO4 units [108,109]. The broad peaks centered at around 764 cm-1 due to AlO4 tetrahedral 

units [110]. The peaks at 1376 cm-1 is due to –OH vibrations [111]. The peak positioned at 

about 1641 cm-1 accredited to crystal water with H-O-H bending mode [112]. The peak at 2354 
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cm-1 ascribed to antisymmetric stretching of adsorbed water molecules [105]. The peaks 

centered at  2918 cm-1 confirms hydrogen bonding [106]. The band at about 3436 cm-1 

accredited to fundamental stretching vibrations of hydroxyl group [113].  

3.3.4. Luminescent properties: 

Fig. 3.4 (a & b) shows the PLE and PL spectra of Ca3-xAl4ZnO10: xSm3+ phosphor 

monitoring characteristic emission of Sm3+ at 601 nm and excitation at 401 nm, respectively. 

The concentration of trivalent samarium ion in Ca3-xAl4ZnO10: xSm3+ is varied from x = 0.5 to 

x = 2.5 mol%. The excitation spectra manifests various sharp peaks at 343, 359, 373, 401, 412, 

422, 439, 448, 461, 470, 480, 500 and 525 nm accredited to f-f transitions originated from 

ground state 6H5/2 to (4K, 4L)17/2, (
4D, 6P)5/2, 

4L17/2, 
4F7/2, 

4L13/2, 
4M19/2, 

4G9/2, 
4M17/2, 

4I13/2, 
4I11/2, 

4M15/2, 
4G7/2, and 4F3/2 upper states, respectively [114–116]. Out of these transitions, the band 

corresponding to the 6H5/2→
4F7/2 transition is the most intense, which suggests that the 4F7/2 

level is highly populated by 401 nm excitation, indicating the effective excitation of these 

phosphors using n-UV LEDs. Therefore, the emission spectra of Ca3-xAl4ZnO10: xSm3+ was 

recorded under 401 nm excitation.  

 

Figure 3.4 (a). Excitation spectra of Ca3-xAl4ZnO10: xSm3+ (0.5≤x≤2.5 mol%) λem = 601 nm. 
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Figure 3.4 (b). Emission spectra of Ca3-xAl4ZnO10: xSm3+ (0.5≤x≤2.5 mol%) λex =401 nm (Inset: Plot of Intensity 

vs Concentration). 

As shown in Fig. 3.4 (b), the PL spectra exhibit three emission bands centered at 564, 601, 

and 651 nm owing to 4G5/2 → 6H5/2, 
6H7/2, and 6H9/2 transitions, respectively [87]. Fig. 3.5 

represents the partial energy level diagram of Sm3+ ions in Ca3Al4ZnO10 phosphor showing the 

radiative and non-radiative emissions. All the excitation levels above 4G5/2 quickly undergo 

cascade non-radiative relaxation to 4G5/2 state because the energy difference in their energy 

levels is small as shown in Fig. 3.5. The 4G5/2 level undergo radiative transition to the lower 

levels 6H5/2, 
6H7/2, and 6H9/2 because of the presence of ample energy gap between them [117]. 

The non-radiative relaxation might have occurred through various possible cross relaxation 

channels. The possible cross relaxation channels are (4G5/2→
6F5/2; 10793 cm-1)⇋(6H5/2→

6F11/2; 

10471 cm-1) , (4G5/2→
6F7/2; 9947 cm-1)⇋(6H5/2→

6F9/2; 9090 cm-1), (4G5/2→
6F9/2; 7784 cm-1) 

⇋(6H5/2→
6F7/2; 7931 cm-1) and (4G5/2→

6F11/2; 7407 cm-1)⇋(6H5/2→
6F5/2; 7085 cm-1) referred 

as CRC1, CRC2, CRC3, and CRC4 respectively as shown in Fig. 3.5 [118,119]. 



56 
 

 

Figure 3.5. Partial energy level diagram and possible cross-relaxation channels of Sm3+ ions doped CAZ phosphor. 

Among all the emission transitions shown in Fig. 3.4 (b), 4G5/2→
6H7/2 transition in orange 

region (601 nm) is highly intense among others. The first transition at 564 nm assigned to       

4G5/2 → 6H5/2 is purely magnetic dipole (MD) transition and is independent of crystal field 

obeying the selection rules (∆J= 0, ±1; J is angular momentum); the second one 4G5/2 → 6H7/2 

at 601 nm obeys the selection rule (∆J = ±1) is a MD transition but here forced electric dipole 

(ED) transition dominates. Therefore, it is partially MD and partially forced ED transition. The 

third one 4G5/2 → 6H9/2 at 651 nm is purely forced ED crystal field sensitive transition according 

to the selection rules (∆J ≤ 6; J or J’ = 0, when J = 2, 4, 6) [119,120]. The asymmetricity is 

described by the intensity ratio of ED to MD transition that relates with the asymmetric nature 

of the local environment around luminescent center in the host system. Lower this intensity 

ratio, lesser is the distortion from the inversion symmetry. The calculated value of intensity 

ratio is found to be in the range 0.29 to 0.33. The lower values of intensity ratio suggests the 
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higher environmental symmetry of luminescent ion in the host lattice; which implies that Sm3+ 

ions have been substituted into symmetric nature [121].  

3.3.5. Effect of Sm3+ concentration on emission: 

It is observed from the PL spectra shown in Fig. 3.4 (b), all the prepared phosphors have 

insignificant change in spectral profile except the intensity variation with the increasing 

concentration of Sm3+ in Ca3-xAl4ZnO10: xSm3+ (0.5≤x≤2.5 mol%) phosphors. Intensity 

increases up to 1.0 mol% of Sm3+ ions and beyond that quenching of luminescence is 

perceived. Thus, the optimized concentration of Sm3+ in the as-prepared phosphor is 1.0 mol%. 

The variation in emission intensity with Sm3+ ion concentration is manifested in the inset of       

Fig. 3.4 (b). Fundamentally, the concentration quenching is a phenomenon observed at higher 

doping concentration due to energy transfer among the activator ions i.e., Sm3+ to Sm3+. At 

higher concentration, the distance among Sm3+ ions show decrement with rise in concentration. 

The energy states of these ions are close enough that energy migration from these states to 

quenching centers occurs with increasing concentration. The occurrence of non-radiative 

energy transfer from one luminescent center to another presented at diverse sites in the host 

lattice leads to decrease in luminous intensity. The exchange interaction, radiative re-

absorption, multipole-multipole interaction are the three possible methods for non-radiative 

energy transfer [100]. The exchange interaction in short range order can occur up to a critical 

transfer distance, Rc of 5 Å which cannot be attributed for concentration quenching at very low 

concentration, since the distance between the two luminescent centers at low concentration will 

be sufficiently large. The mechanism of radiative re-absorption occurs when there is a broad 

overlap of excitation and emission spectra, which is not observed for the as-prepared 

phosphors. Therefore, the multipole-multipole interaction account for the quenching 

phenomenon. The multipole-multipole interaction mechanism is subvene by the critical 

transfer distance (Rc). The critical transfer distance can be defined as the distance where the 
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energy transfer probability equals the probability of radiative emission and can be proxime to 

two times the radius of the sphere with given volume [122]. The critical transfer distance [123] 

can be expressed as: 

𝑅𝑐 ≈ 2 [
3𝑉

4𝜋𝑋𝑐𝑁
]

1

3
        (1) 

where, number of cations per unit cell is expressed as N (N = 4), V is the unit cell volume 

(V = 923.438 Å3) and Xc represents critical concentration (Xc =0.01 mol). The value of Rc is 

computed to be 35.33 Å much greater than 5 Å. Hence the energy transfer due to multipole-

multipole interaction causes the concentration quenching [100,124]. 

As stated in the Dexter theory [125], the emission intensity per dopant is described by the 

following relation: 

𝐼

𝑥
= 𝐾{1 + 𝛽(𝑥)

𝑄

3 }−1        (2) 

where x denotes the dopant concentration, K and β are some constants for a particular 

matrix. The value of Q defines the type of interaction among the nearest neighbour ions, Q = 

3, 6, 8 and 10 for exchange interaction, dipole-dipole, dipole-quadrupole and quadrupole-

quadrupole interaction, respectively. 

Considering βxQ/3 >>1, the above equation can be re-written as [123]: 

𝑙𝑜𝑔
𝐼

𝑥
= 𝐾′ −

𝑄𝑙𝑜𝑔(𝑥)

3
;      𝑤ℎ𝑒𝑟𝑒 (𝐾′ = 𝑙𝑜𝑔𝑘 − 𝑙𝑜𝑔𝛽)     (3) 

Therefore, to get the correct value of Q for Sm3+ sites in the host lattice, the graph of 

log(I/x) versus log (x) has been plotted as shown in Fig. 3.6 that yields a straight-line plot 

having slope -Q/3.  In the present study, the slope comes out to be -1.714, which gives                   

Q=5.142 close to 6, implying dipole-dipole interaction is the underlying mechanism for 

quenching of Sm3+ site emission centers in the host lattice [124]. 
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Figure 3.6. Plot of log (I/x) vs log (x). 

3.3.6. Color chromaticity coordinates and CCT: 

From the recorded emission spectra of CAZ phosphors, CIE chromaticity coordinates were 

calculated and found to be (0.571, 0.426), (0.574, 0.424), (0.576, 0.422), (0.575, 0.423) and 

(0.577, 0.421) for 0.5, 1.0, 1.5, 2.0 and 2.5 mol% of Sm3+ concentration, respectively. Fig. 3.7 

shows the CIE coordinates for the optimized sample Ca2.99Al4ZnO10: 0.01Sm3+. From the CIE 

diagram, it is discernible that Ca3Al4ZnO10: Sm3+ phosphor exhibit pure orange color. The 

calculated CIE coordinates for all the samples are in close proximity to the coordinates of 

Amber LED NSPAR 70BS (0.570, 0.420) developed by Nichia Corporation [116]. The 

correlated color temperature (CCT) has been calculated empirically from the equation 

described in section 1.10 of chapter 1. The CCT values are found to be 1829, 1811, 1798, 1804 

and 1792 K for Ca3-xAl4ZnO10: xSm3+ where, x= 0.5, 1.0, 1.5, 2.0, and 2.5 mol% respectively. 

Therefore, it is expected that the samarium doped CAZ phosphors show favourable properties 

for n-UV driven orange component for warm white light display devices with low CCT.  
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Figure 3.7. CIE Chromaticity diagram of CAZ phosphor doped with 1.0 mol% of Sm3+ ions (λex = 401 nm). 

 3.3.7. Photoluminescence decay analysis: 

The room temperature decay curves recorded for 4G5/2 level of Sm3+ ions doped CAZ 

phosphors under 401 nm excitation is shown in Fig. 3.8. The decay profiles shown in Fig. 3.8 

are nicely fit with a double exponential function: 

𝐼𝑡 =  𝐼0 +  𝐴1 exp (−
𝑡

𝜏1
) +  𝐴2exp (−

𝑡

𝜏2
)     (4) 

where It and I0 denote the emission intensities at time t and 0, respectively; arbitrary 

constants are designated as A1, and A2; τ1 and τ2 are the representatives for fast and slow 

lifetimes for exponential components, respectively.  
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Figure 3.8. Decay curves of Ca3-xAl4ZnO10: xSm3+ (0.5≤x≤2.5 mol%) λex = 401 nm and λem = 601 nm. (Inset: Plot 

of lifetime of Sm3+ doped CAZ phosphor vs concentration of Sm3+ions). 

The average lifetime (τ) has been calculated for the series of CAZ phosphors by using the 

formula [119]: 

𝜏 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
         (5) 

The lifetime values are found to be 1.64, 1.49, 1.44, 1.38 and 1.33 μs for 0.5, 1.0, 1.5, 2.0 and 

2.5 mol% of Sm3+ in CAZ phosphor, respectively. It is computed that the average lifetime 

decreases by raising Sm3+ concentration due to the energy transfer among Sm3+ ions at shorter 

distances. The lifetime variation with Sm3+ ions concentration is plotted and shown in the inset 

of Fig. 3.8. 
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Chapter-4 

Enhancement of red emission using flux in Eu3+ 

doped calcium aluminozincate phosphor for 

applications in w-LEDs 
,,

A series of novel CAZ phosphor doped with Eu3+ ions without and with different fluxes 

(NaF, NaCl, and Na2B4O7) was synthesized by conventional SSR method. The XRD patterns 

depict the pure phase of Ca3Al4ZnO10 phosphors with orthorhombic structure. The Judd-Ofelt 

(J-O) analysis has been carried out to get insights of optical properties. The  as-synthesized 

phosphor has uneven agglomerated micron sized particles. The PL studies exhibit significant 

enhancement in the red emission for Eu3+ doped CAZ phosphor with the addition of Na2B4O7. 

The emission intensity has been found to increase approximately 1.5 times using NaCl and 2.5 

times using Na2B4O7 in Eu3+ doped CAZ phosphor as compared to the phosphor without any 

flux. The emission spectrum of optimized Eu3+ doped CAZ phosphor added with Na2B4O7 flux 

has been compared the commercial Y2O3: Eu3+ phosphor. The CIE chromaticity coordinates 

and color purity calculated for Na2B4O7 in Eu3+ doped CAZ phosphor is close to commercial 

red phosphor. The decay curves show bi-exponential behaviour with experimental lifetimes in 

the range of microseconds for the as-prepared phosphors. All these results indicate that the 

Na2B4O7 flux assisted Eu3+ doped CAZ phosphor can serve as an efficient red phosphor under 

blue light for applications in white light emitting devices. 
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4.1. Introduction: 

In the pc-wLEDs approach, phosphors are coated on n-UV/blue LEDs in which part of      

n-UV/blue light is converted into white light either by the combination of blue LED and yellow 

phosphor or UV LED coupled with mixture of RGB phosphors. The commercially available 

blue-emitting LED (InGaN) with the combination of yellow phosphor (YAG: Ce3+) gives white 

light having fast luminescence decay time. Despite the various advantages, its luminescence 

suffers some limitations due to lack of red component which restricts its application in SSL 

devices [126–130]. Moreover, tricolor pc-wLEDs consist of n-UV chip coated with appropriate 

mixture of RGB (red, green, and blue) phosphors. However, the disadvantage of using tricolor 

phosphors is the inconsistency in decay process of different components which leads to change 

in colour with time. At present, commercial red sulfide phosphor (Y2O2S: Eu3+) suffers with 

low chemical stability and less efficient in comparison with the green (ZnS: Cu+, Al3+) and 

blue phosphors (BaMgAl10O17: Eu2+) to get excited in n-UV and deep blue spectral region 

[131–134]. Nitride phosphor shows deep broad red emission and difficult to synthesize, which 

limit its applications [103,135,136]. Therefore, to develop a new red phosphor from the 

perspective of chemical stability and high luminescent efficiency for the preparation of             

pc-wLEDs, CAZ doped with Eu3+ ions has been explored for its luminescent properties. 

Moreover, the luminescent properties of phosphors are subjective to various other factors such 

as method of synthesis, concentration of activator, adding sensitizer or flux. Among these 

factors, flux added to the main composition can improve the quality of phosphor by reducing 

sintering temperature, improving size distribution uniformity and ennoble the intensity of 

emission [137,138]. In general, alkali halide fluxes have been reported in literature to enhance 

the emission intensity, for example Na2CO3-SiO2-NaF in YAG: Ce, BaF2 and CaF2 in 

BaMgAl10O17: Eu2+/Mn2+, H3BO3, NH4Cl, NH4F, NH4Br, BaCl2, BaBr2, CaF2 and BaF2 in 

Zn2SiO4:Mn2+ [138–140]. Apart from halide fluxes, boric acid (H3BO3) and borax (Na2B4O7) 
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have also been reported in (Ca,Zn)TiO3:Pr3+,  (K0.5Na0.5) NbO3, and SrAl2O4:Eu2+ phosphors 

[141–143]. The flux had no harmful impact on the optical properties of the crystal [137]. The 

proper amount of flux in the synthesis process has a positive effect on the emissive 

characteristics of the phosphor. 

In this chapter, Eu3+ doped CAZ phosphor without any flux and incorporating different 

fluxes, such as sodium fluoride (NaF), sodium chloride (NaCl), and borax (Na2B4O7) have been 

synthesize for different concentration of Eu3+ ions to study the enhancement of red emission in 

it.  Systematic studies on structural, morphological and PL have been carried out to analyse the 

suitability of the as-prepared phosphors along with the optimization for better luminescence 

efficiency and the feasibility of using them in pc-wLEDs. J-O analysis and PL decay analysis 

were carried out for the as-prepared phosphors with and without optimised flux. Confocal 

images and other colorimetric studies have also been performed and analysed to identify the 

potential candidature of the Eu3+ doped CAZ phosphor for visible emission. 

4.2. Experimental: 

Eu3+ doped CAZ phosphors for different concentrations of Eu3+ ions (0.0, 1.0, 2.0, 3.0 

and 4.0 mol%) (CAZ: xEu3+) were synthesized taking analytical grade CaO, Al2O3, ZnO and 

Eu2O3 as chemical precursors using the conventional SSR method described in section 2.3.1 of 

chapter 2. For flux assisted CAZ phosphor, the precursors were taken in stoichiometric ratio 

and mixed thoroughly in a dispersing medium (acetone) and grinded in an agate mortar for an 

hour, to which a predetermined quantity of NaF, NaCl and Na2B4O7 were added separately as 

a flux.  After sufficient grinding, samples were sintered at 1200°C with a consistent heating 

rate for five hours and then naturally cooled down to the room temperature in a programmable 

muffle furnace. The obtained powder samples were washed, dried and grinded for different 

characterizations. The synthesized 1.0 mol% Eu3+ doped CAZ phosphor with 5 wt% NaF, NaCl 

and Na2B4O7 were named as NF1, NC1 and NB1, respectively. The as-synthesized Eu3+ doped 
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CAZ phosphor without flux are indicated as CAZ0, CAZ1, CAZ2, CAZ3 and CAZ4 for 0.0, 

1.0, 2.0, 3.0 and 4.0 mol% of Eu3+ ions concentration, respectively. 

4.3. Results and Discussion: 

4.3.1. Phase identification: 

Fig. 4.1(a) represent the XRD patterns for CAZ: xEu3+ (x = 0.0, 1.0, 2.0 and 3.0 mol%). 

No impurity peak was observed in diffraction patterns confirms the successful doping of Eu3+ 

ions in the host lattice. All the diffraction peaks of the CAZ phosphor sintered at 1300°C 

matches well with the standard PDF4 + International Crystallographic Diffraction Database 

(ICDD) card no. 04-009-7304 and confirms the single-phase formation of an orthorhombic 

structure with Pbc2 space group. The absence of any second phase implies that the Eu3+ ions 

are not influencing the structure of the host matrix due to similar ionic radii of six coordinated 

Ca2+ = 1.0 Å; Eu3+=0.947 Å. The lattice parameters were found to be a=5.142 Å, b=16.751 Å, 

c = 10.721 Å, with cell volume V = 923.438 Å3 having number of atoms per unit cell, N = 4. 

The characteristic structural units for CAZ are five-membered tetrahedral rings with Ca2+ ion 

inside them. The oxygen atom forms deformed octahedral in the form of antiprisms. The 

aluminium and zinc form three-membered tetrahedral rings parallel to yx-plane which is 

connected with the similar rings along x-axis on their common vertex and with other two rings 

connected by double helical axis forming continuous layers. These layers are interconnected 

by metaaluminate chains of Al tetrahedral forming a continuous 3D structure [144]. XRD 

patterns measured for the CAZ1, NF1, NC1 and NB1 phosphors are shown in Fig. 4.1 (b). The 

XRD patterns of CAZ1, NC1 and NB1 phosphors are showing sharp peaks and are in complete 

agreement with the standard reference data. The XRD patterns observed for NC1 and NB1 are 

showing single phase orthorhombic structure of Ca3Al4ZnO10 (CAZ) with Pbc2 space group. 

However, the XRD pattern of NF1 sample does not show pure phase of Ca3Al4ZnO10 as shown 
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in Fig. 4.1(b). Furthermore, the XRD pattern of NB1 shows absence of any impurity peak and 

also it exhibits more crystallinity when compared to other samples. This might be due to larger 

solubility, faster diffusion and reaction rate of reactants in NB1 phosphor. This prompted us to 

increase the amount of flux (Na2B4O7) to 10, 15 and 20 wt% in the CAZ host system to optimize 

the amount of flux. For convenience, these samples have been designated as NB2, NB3 and 

NB4 for 10, 15 and 20 wt% of flux in CAZ, respectively. 

 

Figure 4.1. XRD patterns of (a) Eu3+ doped CAZ phosphor and (b) Eu3+ doped CAZ phosphor incorporated with 

5 wt% of different fluxes. 

The average crystallite sizes estimated by using Debye-Scherrer equation were found to 

be 51.6, 63.3, 70.5, 84.3, 52.2 and 50.0 nm for CAZ0, CAZ1, CAZ2, CAZ3, NC1 and NB1 

respectively [52]. Moreover, the reduced crystallite size for NB1 signifies the better 

crystallinity of that phosphor with the addition of flux [145]. 

4.3.2. Morphology: 

Fig. 4.2 (a) and (b) represents the surface morphology of CAZ1 and NB1, respectively. 

The observed SEM images exhibit agglomerated cluster of irregularly shaped particles and 

uneven particle distribution. The SEM images of CAZ1 and NB1 show that the particle size 

has been reduced by adding Na2B4O7 flux to the host lattice. Different parameters such as 

solubility of raw materials, ionic radii of anion/cation, purity of flux, have a noteworthy 



67 
 

consequence on size and morphology of the as-prepared phosphors [141]. The average size of 

the particle in the as-prepared phosphors are found to be in the range of 2-15 μm which is 

comparable with the particle sizes of the commercially available phosphors [146]. 

 

Figure 4.2. SEM images of (a) CAZ1 and (b) NB1. 

4.3.3. Diffuse reflectance spectra: 

 Fig.4.3 shows the diffuse reflectance absorbance spectra of CAZ: xEu3+ (x = 0.0 and 2.0 

mol%). Generally, the optical properties change when impurity ions are doped in the host 

matrix [147].  CAZ phosphor doped with 2.0 mol% Eu3+ ions shows the absorption band in the 

range 390-525 nm due to the presence of Eu3+ ions, which were found to be consistent with 

those observed in excitation spectra. In the process of finding the optical band gap, we have 

converted the diffuse reflectance into Kulbeka-Munk function as follows: 

𝐹(𝑅) = (1 − 𝑅)2/2𝑅          (1) 

where, F(R) =K/S represents the Kulbelka-Munk function symbolizes absolute reflectance 

of the host lattice, K stands for the molar absorption coefficient, S represent scattering 

coefficient [148]. The absorption coefficient (α) and energy band gap (Eg) can be related by 

Tauc equation as given below: 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)𝑛          (2) 
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where, hν gives the energy of photon, C is energy independent constant, and n is a constant 

whose values are related to the different types of transitions (n = 1/2, 2, 1/3, 3 for direct allowed, 

indirect allowed, direct forbidden, and indirect forbidden transitions, respectively). Since α is 

proportional to F(R), the above equation can be rewritten as: 

𝐹(𝑅)ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)𝑛         (3) 

 The band gap for CAZ0 and CAZ2 samples were measured by calculating F(R) and then 

a graph is plotted between (F(R)hν)2 and hν (Tauc plot), for direct allowed transition as show 

in the inset of Fig. 4.3.  The intercept of the tangent to the curve on the X-axis approximate the 

band gap energy.  

 

Figure 4.3. Diffuse Reflectance Absorbance of CAZ0 and CAZ2. (Inset: Tauc plot for band gap measurements). 

The calculated band gap values for CAZ: xEu3+ (x = 0.0, and 2.0 mol% of Eu3+ ions) were 

observed to be approximately 3.34 and 3.36 eV, respectively, by extrapolating the Kulbelka-

Munk absorption coefficient related spectrum. The calculated values of band gap represent 

insignificant change with the doping of activator ions [149].  By adding dopant into the host 
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lattice, a slight expansion in the unit cell tends to narrower the conduction and valence band 

which cause the broadening in the band gap [150]. 

4.3.4. Luminescent properties: 

Fig.4.4 (a) shows the excitation spectra of CAZ: xEu3+ (x = 1.0, 2.0, 3.0, and 4.0 mol%) 

phosphor in the wavelength range 225-550 nm by monitoring emission wavelength at 615 nm. 

Two broad excitation bands were observed in the range 250-300 nm and 320-360 nm, indicates 

the presence of charge transfer band (CTB) and host band respectively in the host matrix. The 

CTB is attributed to the electronic transition from the 2p orbital of O2- to the 4f orbital of Eu3+, 

and it is allied to the covalency between O2- and Eu3+ and associated with coordination 

environment of Eu3+ [59]. The narrow excitation peaks at a wavelength of 360, 379, 391, 412, 

462 and 529 nm were observed as associated with intra-4f transitions of Eu3+ ions designated 

to 7F0→
5D4, 

7F0→
5L7, 

7F0→
5L6, 

7F0→
5D3, 

7F0→
5D2 and 7F0→

5D1 transitions, respectively    

[151–153]. Among all the peaks, the one at 462 nm wavelength has the highest intensity and 

the peak at 391 nm has the intensity closer to the intensity observed at 462 nm. These two 

intense peaks observed at 462 and 391 nm conspicuously speak that the phosphor under 

investigation can be excited by n-UV and blue LED chips. Fig. 4.4 (b) represents the PL 

emission spectra of CAZ phosphor doped with 2.0 mol % Eu3+ ions under different excitation 

wavelengths. From Fig. 4.4 (b), it can be seen that, the phosphor under investigation gives 

maximum emission intensity under 462 nm excitation.  The emission intensity observed under 

391 nm excitation wavelength is also very closer to that observed at 462 nm excitation. The 

two excitation peaks observed at 391 and 462 nm facilitates that the as-prepared phosphor can 

be effectively excited by both n-UV and blue LED chips.  Fig. 4.4 (c) and Fig. 4.4 (d) represent 

the emission spectra of CAZ: xEu3+ (x = 1.0, 2.0, 3.0 and 4.0 mol%) recorded by exciting the 

samples at 391 and 462 nm wavelengths, respectively, which are similar from the perspective 

of peak position and intensity. Sharp emission peaks observed at 553, 578, 588, 615, 653 and 
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701 nm in both the emission spectra were assigned to 5D1→
7F2, 

5D0→
7F0, 

5D0→
7F1, 

5D0→
7F2, 

5D0→
7F3, and 5D0→

7F4 transitions, respectively [153,154]. Splitting of 5D0→ 7F1, and 5D0→
7F2 

levels into two peaks because of stark effect manifests tha the Eu3+ ions are present at two or 

more site symmetries in the phosphor under investigation [155].  

 

Figure 4.4. Excitation spectra of (a) CAZ1, CAZ2, CAZ3 and CAZ4 at 615 nm emission wavelength, emission  

spectra of (b) CAZ2 under different excitation wavelengths, (c & d) CAZ1, CAZ2, CAZ3 and CAZ4  

under 391 and 462 nm excitation wavelength, respectively. 

It is well known that because of stark effect, the emission transitions can split into a 

maximum of the 2J+1 stark levels, where J indicates total angular momentum [44]. The 

emission transitions 5D0→
7F1 and 5D0→

7F2 observed in the emission spectra are attributed to 

the magnetic dipole (MD) and forced electric dipole (ED) transitions, respectively. The 

hypersensitive forced ED transition is highly intense as compared with allowed MD transition 

indicating Eu3+ ions are located at the sites with no inversion symmetry [154,156]. The intensity 
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ratio of 5D0→
7F2 to 5D0→

7F1 transition gives the asymmetric ratio, which tells us the level of 

distortion on the inversion symmetry of Eu3+ ions in the host. Such ratio was found to be in the 

range from 1.4 to 1.6 for variable Eu3+ ions concentration in the phosphor under investigation 

indicates that the Eu3+ ions are dwelled at high symmetry site. The slight variation observed in 

asymmetric ratio indicates consistency in symmetry of Eu3+ ions with varying concentration 

[157,158]. It is discernible from the emission spectra that emission intensity initially increases 

up to 2.0 mol% of Eu3+ ions, and then gradually decreases with further increase in Eu3+ ion 

concentration. As the concentration of Eu3+ ion raises, the Eu3+ ions come closer due to reduced 

distance between them that favours the non-radiative pathway by energy transfer among Eu3+ 

ions which directs luminescence quenching. In general, there are three mechanisms responsible 

for non-radiative energy transfer through exchange interaction, radiation re-absorption and 

electric multipolar interaction among activator ions [159]. The energy transfer among Eu3+ ions 

depends on the shortest average distance (critical distance Rc) between Eu3+-Eu3+ ions at a 

critical concentration Xc of Eu3+ ions. The critical distance Rc can be determined from the 

equation described in section3.3.5 of chapter 3. For Eu3+ doped CAZ system V = 923.438 Å3, 

N = 4 and Xc = 0.02 (2.0 mol%). By using the above experimental data, the estimated value of 

critical distance was 29.16 Å. This is far more than Rc needed (5 Å) for exchange interaction 

to takes place. The huge difference in critical distance conspicuously speaks that the exchange 

interaction is not the plausible reason for energy transfer, and multipolar interaction may be 

the most appropriate mechanism in this case [160]. Dexter theory describes the probability of 

energy transfer via electric multiolar interaction between the activator ions is inversely 

proportional to the Qth power of R (Q = 6, 8, and 10 corresponding to electric d-d, d-q and q-q 

interactions, respectively), where R indicates distance between activator ions. The emission 

intensities and the corresponding doping concentration of activator ions are related as [63]: 

𝐼

𝑥
= 𝐾{1 + 𝛽(𝑥)

𝑄

3 }−1          (4) 
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where symbols have their usual menaing as described in chapter 3. From the Huang’s 

description for luminous intensity and mole fraction [161], the luminous intensity and the mole 

fraction of activator ions can be reduced to: 

𝑙𝑜𝑔
𝐼

𝑥
= 𝐴 −

𝑄𝑙𝑜𝑔(𝑥)

3
          (5) 

where, A remains invariant for varying doping concentration. To estimate the value of Q, 

the graph between log(I/x) versus log(x) is plotted as shown in Fig. 4.5. The calculated value 

of Q is 5.94, which is in proximity to 6 implying energy transfer mechanism is electric dipole-

dipole interaction [123]. 

 

Figure 4.5. Plot of log(I/x) vs log(x). 

 

4.3.4.1. Effect of added flux on the emission spectra: 

Fig. 4.6 (a) shows the emission spectra of 1.0 mol% Eu3+ doped CAZ phosphor for 

CAZ1, NF1, NC1 and NB1 recorded under 462 nm excitation. The intensity variation with the 

addition of different fluxes can be clearly seen. From Fig. 4.6 (a), it is conspicuous that, 

Na2B4O7 added as a flux significantly shows intensity enhancement in Eu3+ doped CAZ 

phosphor among all fluxes. Addition of NaCl flux can only increases the emission intensity 
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approximately 1.5 times to the CAZ1 phosphor; whereas the emission intensity for NB1 

increased approximately 2.5 times to the CAZ1 phosphor. The emission spectrum for NF1 does 

not show any enhancement in the emission intensity, instead there is some loss of emission 

intensity which might be due to impure phase formation of CAZ phosphor. Therefore, the 

emission intensities shown by different fluxes added to CAZ phosphor allows us to conclude 

that, Na2B4O7 serve as an optimized flux to show better luminescence efficiency. Addition of 

Na2B4O7 flux reduces the temperature at which phosphor is sintered and increase the diffusion 

rate of Eu3+ in the host lattice, thereby enhancing the luminescent emission intensity [162]. 

Since the flux has lower melting point, it allows more particle to take part in reaction and 

accelerates the formation of phosphor by enhancing the diffusion rate, allowing reaction 

components to dissolve more and allowing larger content of reacting species to take part in 

reaction and improves the crystal structure and growth. When the flux melts during calcination, 

it removes solid-grain boundaries and make the surface of particles smooth. Among the three 

fluxes, Na2B4O7 (743°C) has lowest melting point as compared to NaCl (801°C), and NaF

(993°C). Therefore, the possibility of Na2B4O7 to be emerged as a good flux is more, as it can

allow more reacting component to take part in reaction comparatively at lower temperature as 

compared to other fluxes including NaF and NaCl. Since the luminescence intensity is highest 

for Na2B4O7 added in Eu3+ doped CAZ phosphor, it can be said that flux Na2B4O7 emerges as 

an excellent flux in Eu3+ doped CAZ phosphor [136,145]. Further, the integrated intensity 

ratios IED/IMD for NC1 and NB1 are found to be 1.58 and 1.65, respectively. Therefore, it can 

be inferred from the calculated IED/IMD ratio that the crystal environment of Eu3+ ions in NB1 

is more distorted from the crystal field symmetry, and the nature of bonding between Eu3+ ions 

and anionic ligands is observed to be more covalent [163,164]. The emission spectra also show 

some splitting in the emission band which might be recognized as the stark effect. The emission 
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characteristics of RE ions in a crystal field relates with the symmetry of the coordination 

structure which results in splitting of the energy levels [162,165]. 

Figure 4.6. Emission spectra of (a) CAZ1, NF1, NC1 and NB1, and (b) NB1, NB2, NB3 and NB4 under 462 nm 

excitation (Inset shows magnified image of emission spectra (b) in the range 580-640 nm.).

Fig. 4.6 (b), shows the effect of flux dosage on the luminescent intensity of Eu3+ doped 

CAZ phosphor excited via blue (462 nm) light. The emission intensity gradually increases with 

increase in Na2B4O7 amount from 5 wt% to 20 wt% (samples are named as NB1, NB2, NB3 

and NB4 for 5, 10, 15 and 20 wt%, respectively) implying the enhancement in solubility of 

Eu3+ ions in the host matrix. Apart from this, as shown in the inset of Fig. 4.6 (b), the emission 

spectral profiles of NB2, NB3 and NB4 are little deviated from the spectral profiles of NB1. 

To understand the plausible reason for this deviation, the structural analysis has been done 

again for the higher concentration of Na2B4O7, using XRD. Fig. 4.7 shows the XRD patterns 

of variable wt% Na2B4O7 assisted Eu3+ doped CAZ. It is apparent from Fig. 4.7, that the pure 

phase of CAZ has not been obtained in the 10, 15 and 20 wt % Na2B4O7 assisted CAZ phosphor. 
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Figure 4.7. XRD patterns of NB1, NB2, NB3 and NB4, respectively. 

The presence of few impurity peaks in the XRD patterns result in impure phase formation 

of Ca3Al4ZnO10. This might be the plausible reason for the deviation of emission spectral 

profiles for these phosphors. The optimal amount of flux is therefore considered to be 5 wt% 

of Na2B4O7. Furthermore, the emission intensity variation is also analysed for 2.0 mol% Eu3+ 

doped CAZ phosphor with and without Na2B4O7 (named as NB5 and CAZ2, respectively) as 

shown in Fig. 4.8 (a). The obtained spectral profile is similar to that of NB1 and CAZ1. It is 

evident from Fig. 4.6 (a) and 4.8 (a) that, the emission intensity of Na2B4O7 assisted Eu3+ doped 

CAZ phosphor increases more than twice to that of Eu3+ doped CAZ phosphor without flux. 

The emission spectrum of commercial phosphor (Y2O3:Eu3+) has been compared with 

2.0 mol% Eu3+ doped CAZ phosphor added Na2B4O7 (NB5) as flux as shown in Fig. 4.8 (b). 

The intensity ratio of the intense peak of NB5 to Y2O3:Eu3+ corresponding to 5D0→
7F2 

transition is 0.81, whereas for 5D0→
7F0, 

5D0→
7F1, 

5D0→
7F3 and 5D0→

7F4 transition the 

intensity ratio is 3.9, 4.3, 2.9 and 9.5, respectively. This symbolizes the emission of Eu3+ doped 
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CAZ phosphor added Na2B4O7 is comparable with the commercial phosphor. Hence, Na2B4O7 

assisted Eu3+ doped CAZ phosphor is a potential candidate for red emitting phosphor for 

application in solid state lighting devices. 

Figure 4.8. Emission spectra of (a) CAZ2 and NB5, and (b) NB5 and Y2O3: Eu3+ under 462 nm excitation. 

On the basis of the observed photoluminescence spectrum of the as-prepared Eu3+ doped 

CAZ powder, schematic energy transfer mechanism is represented in Fig. 4.9 where the Eu3+ 

ions excited to higher energy levels and then returns to the lower energy levels either by the 

radiative or non-radiative transitions. The upward and downward arrows indicate the excitation 

and radiative emission, respectively which are shown by solid lines and non-radiative emission 

transitions are shown by dotted lines. The possible non-radiative transition channels might be 

either due to Resonant Energy Transfer (RET) or cross-relaxation (CR). The possible cross-

relaxation channels for depopulating 5D1,
5D2 and 

5D3 higher levels are 5D1 + 7F0 → 5D0 + 7F3 

(CRC1), 5D2 +
 7F0 → 5D0 + 7F5 (CRC2), 5D2 + 7F0 → 5D1 + 7F4 (CRC3), 5D3 + 7F0 → 5D1 + 7F6 

(CRC4) and 5D3 + 7F0 → 5D2 + 7F4 (CRC5), respectively as shown in Fig. 4.9 [32]. 
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Figure 4.9. Partial energy level diagram of Eu3+ ions doped in CAZ phosphor. 

4.3.5. Emission spectral analysis using Judd-Ofelt (J-O) theory: 

The J-O intensity parameters (Ωλ) have been evaluated using the emission spectra of 

RE ions in crystal lattice using the equations given in section 1.13 of chapter 1. The J-O 

intensity parameters (Ωλ) provide the information pertaining to the local structure and bonding 

in the vicinity of RE ions [59]. The J-O analysis is also useful in calculating the radiative 

transition rates between various levels of the RE ions [60,61,166]. The radiative transition rates 

for MD and induced ED transitions have been calculated using equations described in section 

1.13 of chapter 1. The radiative transition rates (A0-J) corresponding to the MD and ED 

transitions are presented in Table 4.1. The branching ratios (βR) evaluated using the expression 

given in section 1.13 of chapter 1 are listed in Table 4.1 [67]. The branching ratio characterizes 

that the emission transition possess lasing power if its value is more than 0.50 in comparison 

with other transitions originating from an excited level [67,68]. From Table 4.1, it is 

conspicuous that 5D0→
7F2 transition has branching ratio much greater than 0.50, indicating the 
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potentiality of the present system to serve as a good luminescent phosphor for laser applications 

under 462 nm excitation. 

Table 4.1. Energy (in cm-1), radiative transition rates (A0-J) and branching ratio (βJ) of NB1

and CAZ1 phosphors.

5D0-
7FJ Energy (cm-1) A0-J (s

-1) βJ 

NB1 

5D0-
7F1 16893 50 0.03 

5D0-
7F2 16287 1192 0.92 

5D0-
7F4 14265 15 0.01 

CAZ1 

5D0-
7F1 16893 50 0.04 

5D0-
7F2 16287 1057 0.91 

5D0-
7F4 14265 22 0.01 

The J-O parameters and transition probabilities values evaluated are presented in 

Table 4.2. The Ω6 value cannot be evaluated in the present case, since the transition 5D0→
7F6

is missing in the emission spectra. Higher the value of Ω2, more structural changes around Eu3+ 

ions and higher covalence between metal-ligand bonds [167]. Higher covalence is due to the 

lowering of electronic levels of free ions which in turn enhances Ω2 value. The structural 

distortion is more and covalent nature is strong in Na2B4O7 assisted Eu3+ doped CAZ phosphor 

which has been confirmed from integrated emission intensity ratio IED/IMD  [168,169]. 
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Table 4.2. J-O parameters (Ω2, Ω4), and total radiative transition rates (AR) of NB1 and CAZ1

phosphors. 

Ω2 (x 10-20) 

cm2 

Ω4 (x 10-20) 

cm2 

AR (s-1) 

NB1 4.80 0.20 1291 

CAZ1 4.77 0.29 1157 

4.3.6. Color chromaticity coordinates and color purity: 

To realize the potential of red emission in the as-prepared CAZ phosphors, the CIE 

chromaticity coordinates determined from luminescence spectra are represented in Table 4.3. 

Fig. 4.10 represents the CIE color chromaticity coordinates of NB5 lies in pure red region of 

chromaticity diagram. The obtained CIE coordinates for all the samples are close to NTSC 

standard value (0.670, 0.330) for red phosphor and also to the commercial red emitting 

phosphor Y2O2S: Eu3+ (0.622, 0.351) [170]. The CIE coordinates on the perimeter describes 

the monochromaticity of the color emission. To have a better understanding about the red 

emission, the color purity has been calculated using the expression given in section 1.9 of 

chapter 1. The color purity of the monochromatic emitters should be 100%. The calculated 

value of color purity for NB5 is found to be 99.09%, indicating extremely pure red emission. 

The Correlated Colour Temperature (CCT) has been estimated using McCamy’s polynomial 

formula given in section 1.10 of chapter 1. The calculated CCT were found to be in the range 

of 1930-1994 K and 1788-1801K for the samples under 391 and 462 nm excitation wavelength. 

The above results suggest that the as-prepared CAZ: xEu3+ phosphor can be used as potential 

red phosphor in white LEDs. 
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Figure 4.10. CIE chromaticity diagram for NB5 (Inset shows confocal image for the same). 

Table 4.3. CIE coordinates and decay time of all the phosphors. 

Excitation 

Wavelength (nm) 
Sample 

CIE co-ordinates 

 (x, y) 

391 

CAZ1 (0.627, 0.372) 

CAZ2 (0.629, 0.370) 

CAZ3 (0.626, 0.374) 

CAZ4 (0.627, 0.372) 

462 

CAZ1 (0.614, 0.384) 

CAZ2 (0.614, 0.385) 

CAZ3 (0.615, 0.384) 
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CAZ4 (0.615, 0.383) 

NF1 (0.631, 0.368) 

NC1 (0.630, 0.368) 

NB1 (0.632, 0.367) 

NB2 (0.635, 0.364) 

NB3 (0.633, 0.365) 

NB4 (0.636, 0.362) 

NB5 (0.630, 0.369) 

4.3.7. PL decay analysis: 

Fig. 4.11 represents the PL decay spectral features recorded at 615 nm for all the 

phosphors under 462 nm excitation, namely CAZ1, CAZ2, NF1, NC1, NB1, NB2, NB3, NB4 

and NB5, respectively. 

Figure 4.11. PL decay curves for 5D0 level under 462 nm excitation. 
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The decay curves aptly fitted to bi-exponential equation as discussed in previous chapter 

(chapter 3). The bi-exponential fit of the decay curves indicates the presence of metal ion in 

two different environments due to which it has two components of lifetime [171]. The bi-

exponential fitting suggests the energy transfer between the activator ions takes place via cross-

relaxation process. The average value of lifetime for all the phosphors has been found to be in 

the range of microseconds. The lifetime values for 1.0 and 2.0 mol% Eu3+ doped CAZ phosphor 

with and without Na2B4O7 decreases with increase in Eu3+ ions concentration shows energy 

transfer between Eu3+ ions.  
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Chapter-5 

Optimization of synthesis method for Eu3+ doped 

calcium aluminozincate phosphor 
CAZ doped with Eu3+ has been synthesized using SSR, combustion (CS) and Pechini      

sol-gel (SG) methods for relatively improved luminescence performance and to optimize 

synthesis method. The XRD peaks confirm the complete matching of diffraction peaks of the 

as-synthesized sample with the standard data for Ca3Al4ZnO10. The morphology of the sample 

synthesized via SG method shows agglomerated particles with average particle size smaller 

than the samples synthesized via CS and SSR method. The detail investigation of PL spectra 

shows significant red emission enhancement in Eu3+ doped CAZ phosphor synthesized via SG 

method. The thermoluminescence (TL) spectral study has been done to estimate the trap depth 

of the defect centres. The aforesaid results recommend that the Eu3+ doped CAZ phosphor 

synthesized via SG method could be a great choice as red emitter for applications in SSL 

technology. 
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5.1. Introduction: 

In recent years, pc-wLEDs are enjoying the supremacy over conventional lighting sources 

(incandescent lamps and CFLs) due to their proficient and promising characteristics such as 

long-time reliability, power saving ability, energy efficiency, and environment friendliness 

[172–174]. The remarkable properties of pc-wLEDs have empowered wider variety of lighting, 

display and scintillation applications. Generally, there are three distinct methods to fabricate 

wLEDs. The currently used tri-color phosphor materials include Y2O2S: Eu3+ as red, ZnS:(Cu+, 

Al3+) as green, and BaMgAl10O17: Eu2+ (BAM) as blue. Unfortunately, there is some loss of 

energy in this method and also since blue light gets re-absorbed by green and red emitting 

phosphors that deteriorate the quality of white light generation [175]. Moreover, the chemical 

stability of the sulphide phosphors is very low and they are not environment friendly as they 

are prone to emit sulphur gas into the environment [176–178]. Therefore, it is highly desirable 

to make superior red phosphors that absorb in the n-UV & blue region and emits in the red to 

enhance the color rendition, CCT, and energy efficiency of pc-wLEDs. Among various RE 

ions, Eu3+ acts as an efficient red luminescent centre in numerous phosphors, and it is 

extensively used in lighting applications such as color television and lamp phosphors [179]. 

Therefore, Eu3+ doped inorganic oxide phosphors have attracted much interest for their 

application in pc-wLEDs due to physical, chemical stability and good luminescence efficiency 

[77]. In general, high temperature SSR method is used to synthesize various phosphors due to 

ease of synthesis, low preparation cost and time. The SSR method has some limitations such 

as inhomogeneous mixing, high sintering temperature with subsequent grinding, which 

damages the phosphor surface and hence loss in emission intensity [180]. Alternatively, 

different chemical synthesis methods such as combustion, Pechini sol-gel, molten salt and 

hydrothermal gained much attention because these methods excel in purity, homogeneity, 

regular morphology with smaller particles size and low reaction temperature [174,181]. The 
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chemical synthesis route allows the uniform mixing of chemical and it helps in uniform 

distribution of particles which upgrade the luminescence characteristics of the phosphor 

material. For instance, the use of oxidizer and type of fuel, ignition temperature and the amount 

of water can influence the combustion and hence the particles distribution [182,183]. The 

unique properties obtained with chemical synthesis method results in enhancement of 

luminescence of the as synthesized phosphor [177]. 

In this chapter, synthesis and optimization of luminescence properties for Eu3+ doped CAZ 

phosphor, the synthesis process and the amount of activator ion has been varied. The properties 

of diversely synthesized Eu3+ doped CAZ phosphors, i.e., via solid-state reaction, combustion, 

and Pechini sol-gel method were investigated. The TL glow curve has been recorded and 

evaluated trap depth or activation energy and other related parameters. 

5.2. Phosphor preparation: 

The CAZ phosphors doped with Eu3+ ions were synthesized by SSR, combustion, Pechini 

sol-gel method as described in section 2.3.(1, 2 and 3) of chapter 2. The protocol details of 

SSR, combustion and sol-gel synthesis methods are represented in Fig. 2.1 (a & b) of chapter 

2. The samples prepared by using different methods are coded as mentioned in Table 5.1. 

Table 5.1. Sample code for different synthesis method and Eu3+ ion concentration. 

Synthesis Method 
Eu3+ ion concentration 

(mol%) 
Sample Code 

Solid state Reaction (SSR) 1.0 CSS1 

Combustion (CS) 1.0 CCS1 

Pechini Sol-Gel (SG) 

1.0 CSG1 

2.0 CSG2 

3.0 CSG3 

4.0 CSG4 
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5.3. Results and Discussion: 

5.3.1. Thermogravimetric analysis (TGA): 

The thermal behaviour of dried powder precursor Ca3Al4ZnO10 phosphor obtained by 

Pechini sol-gel method has been shown in Fig. 5.1. TGA curve shows three distinct weight loss 

stages in the temperature range of 70-838˚C. The first weight loss (~7.38 %) occur from           

80-183˚C. The second and major weight loss (~59.81 %) occur from 183- 516˚C and the third 

weight loss (~2.84 %) observed from 516-838˚C.  

 

Figure 5.1. Thermogravimetric analysis (TGA) curve for Pechini sol-gel synthesized sample. 

The initial two stages of weight loss observed might be due to loss of moisture, exhaustion 

of organic species, CA and PEG. The next minimal weight loss could be due to the beginning 

of crystallization of Ca3Al4ZnO10. The total weight loss in the formation of Ca3Al4ZnO10 is 
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about 70%, which is due to the evaporation of different gases and exhaustion of organic species. 

Therefore, the samples have been sintered at 1000˚C after analysing TGA curve. 

5.3.2. Phase analysis: The XRD patterns of three diversely synthesized Eu3+ doped CAZ 

phosphor denoted as CSS1, CCS1, CSG1 & CSG2, CSG3, CSG4 have been recorded and 

shown in Fig. 5.2 (a) & 5.2(b), respectively. The XRD peak profile of all the samples are 

indistinguishable and the peaks can be indexed to diffraction peaks of Ca3Al4ZnO10 having 

orthorhombic phase with Pca21 space group with reference to the standard data shown in        

Fig. 5.2 (a & b). This symbolizes that the host lattice synthesized via three different methods 

has been crystalizes to pure and single-phase CAZ phosphor. Further, this manifest that doping 

does not cause any remarkable change in the crystal structure of CAZ host. The Eu3+ ions have 

been successfully incorporated into the Ca2+ sites owing to the similar ionic radii (rEu3+ = 0.947 

Å pm, rca2+ = 1.00 Å) in six coordinated atoms. The close observation of the XRD pattern 

reveals the CSG1 peaks are relatively sharp and more intense. The sharpness of the diffraction 

peaks epitomizes high crystallinity of the lattice [75]. The higher crystallinity can be attributed 

to the addition of PEG in sol-gel synthesis which promotes the formation of crystalline CAZ 

phosphor and stimulates the growth process [184]. Moreover, in Fig. 5.2 (b), it is conspicuous 

that the doping concentration has negligible influence on the crystal structure of Ca3Al4ZnO10 

since there is no impurity peak observable in diffraction peaks. Further, Rietveld refinement 

has been performed on CAZ phosphor synthesized by three different routes, using Fullprof 

suite software to study the phase purity. The refinement of XRD profile has been described by 

pseudo-Voigt function (combination of Lorentz and Gaussian function). The unit cell 

parameters, space group and atom co-ordinate values have been utilized from elsewhere [144]. 

The Rietveld refinement results affirm that the CAZ lattice synthesized via three different 

routes crystallizes in orthorhombic structure with Pca21 space group. Fig. 5.2 (c-e) shows 

Rietveld refinement of CSS1, CCS1 and CSG1, respectively. The structural parameters, unit 
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cell parameters have been converged and refined. Table 5.2 represents the crystallographic data 

and detailed refined parameters for CSS1, CCS1 and CSG1 samples, in which the residual 

factors Rwp, Rp and χ2 are satisfactory.  

 

Figure 5.2 (a). XRD patterns of (a) CSS1, CCS1, CSG1; (b) CSG2, CSG3, CSG4; Rietveld refinement of (c) 

CSS1, (d) CCS1 and (e) CSG1. 

The refinement results further indicating pure phase formation of CAZ sample. The 

goodness of fit (χ2) value are 1.958 and 1.938 for CSS1 and CSG1, respectively, whereas its 
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value is slightly higher for CCS1 (4.443). These results indicate that the CAZ phosphor has 

been successfully synthesized by three different methods without inducing any impurity phase. 

The crystallite size has been calculated using conventional Debye-Scherrer formula [185]. The 

calculated average crystallite sizes are found to be 52.8, 38.0, 33.9, 32.5, 31.9 and 30.4 nm for 

CSS1, CCS1, CSG1, CSG2, CSG3 and CSG4 phosphors, respectively. The decrease in average 

crystallite size might be due to decrease in sintering temperature. Further, the decrease in 

crystallite size with increasing dopant concentration might be attributed to lattice distortion due 

to difference in ionic radii of Eu3+ ions and Ca2+ ions and increase in crystal field strength 

[186,187].  

Table 5.2. Calculated crystallographic data of CSS1, CCS1, and CSG1 by Rietveld refinement 

method.  

Sample CSS1 CCS1 CSG1 

Symmetry orthorhombic orthorhombic orthorhombic 

Space group Pca21 (29) Pca21 (29) Pca21 (29) 

a (Å) 16.7424 16.7301 16.7363 

b (Å) 5.1375 5.1387 5.1377 

c (Å) 10.7132 10.7070 10.7129 

V (Å3) 921.497 920.491 921.161 

Density (g/cm3) 3.338 2.747 3.089 

Rp (%) 23.0 14.7 31.6 

Rwp (%) 26.2 17.6 27.1 

Χ2 (%) 1.935 4.443 1.958 
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5.3.3. Morphology: 

The SEM images for CSS1, CCS1, and CSG1 (two figures with different resolution) are 

shown in Fig. 5.3 (a-d), respectively. Fig. 5.3 (a) shows the agglomerated particles exhibiting 

irregular morphology with an average particle size of 1-8 μm. Fig. 5.3 (b) also shows the 

agglomerated particles with inhomogeneous particles of size 2-10 μm. Fig. 5.3 (c & d) show 

CSG1 sample at different resolutions that exhibit agglomerated particles with some 

homogeneity in particle structure. The SEM image of CSG1 sample exhibit dense distribution 

of particles with an average particle size of 1-3 μm. 

 

Figure 5.3. SEM micrographs of (a) Solid-state (CSS1), (b) Combustion (CCS1) and (c & d) Pechini sol-gel 

(CSG1) synthesized phosphors. 

The improved morphology of the phosphor can significantly enhance the luminescent 

properties of phosphor [19]. The improved morphology in sol-gel synthesized phosphors may 

be due to mixing of chemicals uniformly and slow evaporation of gases during stirring. The 
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marked difference in morphology of the as-synthesized phosphors via different synthesis 

methods might be due to different reaction essence [75]. 

5.3.4. Photoluminescence study: Fig. 5.4 (a) depicts the PL excitation spectra of differently 

synthesized 1.0 mol% Eu3+ doped CAZ phosphor recorded under 618 nm emission wavelength. 

The spectrum shows peaks at wavelengths 360, 379, 391, 413 and 462 nm, which are attributed 

to 7F0→
5D4, 

7F0→
5L7, 

7F0→
5L6, 

7F0→
5D3 and 7F0→

5D2 transitions of Eu3+ ions, respectively 

[188,189]. The emission spectra recorded for CSG1 under aforementioned different excitation 

wavelengths are shown in Fig. 5.4 (b).  

 

Figure 5.4 (a). Photoluminescence Excitation (PLE) spectra of CSS1, CCS1 and CSG1 (λem = 618 nm), Emission 

spectra of (b) CSG1 under different excitation wavelengths, (c) CSS1, CCS1 and CSG1 under       

462 nm excitation wavelength and (d) CSG1, CSG2, CSG3 and CSG4 under 462 nm excitation 

wavelength. 
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The emission spectra recorded under different excitation exhibit maximum intensity of 

emission under 462 nm excitation wavelength. The observed emission intensity under 391 nm 

is also close to the one observed under 462 nm excitation. This conspicuously speaks that the 

phosphor under investigation can be successfully excited by n-UV and blue light. This 

prompted us to record the emission spectra for all samples under 462 nm excitation. 

5.3.4.1. Comparison of PL spectra:  

Fig. 5.4 (c) shows PL spectra of 1.0 mol% Eu3+ doped CAZ phosphor synthesized via 

solid-state (CSS1), combustion (CCS1) and Pechini sol-gel (CSG1) synthesis methods under 

462 nm excitation. The emission spectra of all the aforementioned samples show five 

transitions 5D0→
7F0, 

5D0→
7F1, 

5D0→
7F2, 

5D0→
7F3 and 5D0→

7F4 at 578, 588, 618, 653 and 701 

nm respectively with significant change in their intensities [190,191]. The PL intensity is found 

to be the highest and lowest in case of phosphor synthesized via sol-gel and combustion 

method, respectively. The sample synthesized via SSR method has moderate emission 

intensity. Noteworthy, the emission spectra reveal that the sample CSG1 shows significant 

enhancement in emission intensity as compared to CCS1 and CSS1. From the integrated 

intensity calculations, we came to know that the emission intensity of CSG1 sample is 

relatively 5 times more than CCS1 and 1.5 times more than CSS1 phosphor. This suggests the 

morphology of the phosphor which influences the luminescent properties of phosphors can be 

changed by changing the synthesis method. The smaller sized particles owe to less scattering 

losses and can improve the optical properties [192]. As discussed in the previous section, CSS1 

sample has agglomerated structure, CCS1 has porous agglomerated particles, and CSG1 has 

agglomerated particles with uniform morphology and homogeneous structure. This might be 

due to citric acid which helps in grain growth and homogeneous morphology that improves 

crystallinity in CSG1 phosphor. Furthermore, very low emission intensity of CCS1 phosphor 

in comparison with CSS1 and CSG1 can be attributed to the large defect formation on the 
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surface with rapid evolution of gases which acts as luminescence quenching centres [73,193]. 

It can be ascertained from the above discussion that, Pechini sol-gel synthesis method is more 

effective to synthesize CAZ phosphor for its applications in lighting and other display devices. 

Also, it can be inferred from emission spectra that, Eu3+ ions have occupied sites with no 

inversion centre, since ED (5D0→
7F2) transition correspond to red emission is dominant over 

MD (5D0→
7F1) transition corresponds to orange emission. The ED to MD intensity ratio has 

been estimated as 1.68, 1.95 and 1.46 for CSS1, CCS1 and CSG1, respectively. The ED to MD 

intensity ratio also reflects the bonding characteristics of Eu3+ with other constituents of the 

host system. Higher the ED to MD intensity ratio, higher is the covalency [194]. In the emission 

spectra, CCS1 shows highest covalency among other synthesized phosphors, which indicate 

most distorted structure of CCS1 as compared to CSS1 and CSG1. 

Further, the optimized synthesis method (Pechini sol-gel method) has been taken to 

optimize the Eu3+ concentration in the host system. Fig. 5.4 (d) represents the PL spectra of 

sol-gel synthesized Eu3+ doped CAZ phosphor with varying concentration of activator             

(1.0, 2.0, 3.0 and 4.0 mol% of Eu3+ ions) named as CSG1, CSG2, CSG3 and CSG4, 

respectively. It can be witnessed from the emission spectra that the integrated emission 

intensity increases gradually up to 2.0 mol% of Eu3+ concentration and decreases beyond. This 

contemplate that, 2.0 mol% of Eu3+ ion concentration in CAZ phosphor is optimum to fabricate 

single phase red emitting phosphor useful in designing wLEDs. Lowering of emission intensity 

beyond optimum concentration is due to concentration quenching of luminescence ensuing 

from non-radiative energy transfer between the activator ions. In such cases, the average critical 

distance, Rc responsible for energy transfer via exchange interaction can be evaluated using the 

following expression as already discussed in chapter 3. The value of critical distance is 

calculated to be 28.04 Å which is much greater than 5 Å. The energy transfer of forbidden 

transition via exchange interaction occurs mainly due to large overlap between donor and 
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acceptor ions at shorter critical distance (5 Å) [195]. From the calculated value of critical 

distance, it can be inferred that the exchange interactions are not responsible for non-radiative 

transitions and despite multipolar interactions are responsible for energy transfer between Eu3+ 

ions. 

Further, the comparison of emission spectra of all the prepared samples along with the 

standard red phosphor Y2O3: Eu3+ recorded under 462 nm is shown in Fig. 5.5. It can be 

observed from the figure that the emission intensity of the optimized phosphor (CSG2) is 

comparable with the standard phosphor. Also, the integrated emission intensity ratio of CSS1, 

CCS1, CSG1, CSG2, CSG3 and CSG4 to Y2O3: Eu3+ for 5D0→
7F2 transition is found to be 

0.26, 0.12, 0.40, 1.25, 0.54 and 0.29, respectively under 462 nm excitation. It can be concluded 

that the Pechini sol-gel synthesized sample is apt for its utility in lighting devices. 

 

Figure 5.5. Emission spectra of all the prepared samples compared with Y2O3: Eu3+ under 462 nm excitation. 
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5.3.4. Color chromaticity coordinates and CCT: 

The CIE color chromaticity coordinates for all the as-synthesized phosphors have been 

calculated and are shown in Table 5.3. The CIE coordinates for all the as-prepared phosphors 

lie in red region of CIE chromaticity diagram and are in proximity with the coordinates for 

commercial red phosphor Y2O2S: Eu3+ (0.622, 0.351). The CIE coordinates for the all the 

samples are shown in Fig. 5.6. The correlated color temperature (CCT) for the as-prepared 

phosphors is calculated from the equation given in section 1.10 of chapter 1 and the values are 

given in Table 5.3. 

 

 

Figure 5.6. Color chromaticity diagram represents CIE coordinates of all the phosphors. 
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Table 5.3. CIE coordinates, CCT, and decay time, energy transfer parameter (Q), N0, and R0 

of all the samples. 

Samples 

CIE  

Co-ordinates 

(x, y) 

CCT (K) 
Decay 

Time (µs) 

 

Q 

N0 

(1019 

ions/cm3) 

R0 

(Å) 

CSS1 (0.614, 0.384) 1792 1.33 - - - 

CCS1 (0.615, 0.379) 1825 0.88 - - - 

CSG1 (0.627, 0.371) 1959 1.30 0.38 1.08 3.61 

CSG2 (0.630, 0.369) 2006 1.25 0.60 2.17 3.34 

CSG3 (0.629, 0.369) 2002 1.18 0.62 3.25 2.95 

CSG4 (0.628, 0.371) 1971 0.98 0.68 4.34 2.76 

 

5.3.5. PL decay analysis: 

The room temperature PL decay at 618 nm (5D0→
7F2) recorded for Eu3+ in CAZ phosphors 

synthesized by three different routes and for various concentrations of Eu3+ ions under 462 nm 

(blue) excitation has been shown in Fig. 5.7. The decay curves possess bi-exponential fitting. 

The average luminescence lifetime (τ) values evaluated are shown in Table. 5.3. The average 

lifetime decreases from CSG1 to CSG4 with increase in Eu3+ ion concentration signifying the 

energy transfer between Eu3+ ions. 
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Figure 5.7. Decay curves for 5D0 level of Eu3+ for all the synthesized phosphors. 

According to Inokuti-Hirayama (I-H) model, the energy transfer via multipolar interaction 

between Eu3+ ions is responsible for the non-exponential behaviour of PL decay. The I-H model 

has been applied on decay curves to further explore the energy transfer mechanism involved 

between Eu3+ ions. In the I-H model, the luminescence decay intensity relates with time as 

described in section 1.12 of chapter 1. Fig. 5.8 shows the I-H fitting of the decay curves for s=6 

indicating dipole-dipole interaction between Eu3+ ions. 
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Figure 5.8. I-H fitting of decay curves for CSG1, CSG2, CSG3, and CSG4. 

The energy transfer parameter (Q) is defined as: 

𝑄 =
4𝜋

3
𝛤 (1 −

3

𝑠
) 𝑁0𝑅0

3        (2) 

 where the Euler function is represented as Г(s) whose value is taken to be 1.77, 1.43 and 

1.30 for s=6, 8 and 10, respectively. N0 is the acceptor concentration per cubic centimetre and 

R0 is the critical distance defined as distance between donor and acceptor for which energy 

transfer rate to the acceptor is equal to the rate of intrinsic decay of the donor [196,197]. The 

energy transfer parameter, Q has been evaluated from the fitting of decay curves, and R0 values 

have been evaluated by using Q values in equation 6. Fig. 5.9 shows the variation of decay 

time and fitting parameter with Eu3+ concentration. The value of Q and N0 increases, whereas 

R0 decreases with increase in concentration of Eu3+ ions as given in Table 5.3. This may be due 
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to enhancement in the energy transfer from the excited Eu3+ ions to the unexcited Eu3+ ions and 

finally due to other quenching centres [198]. 

 

Figure 5.9. Variation of decay time and energy transfer parameter with Eu3+ ions concentration. 

 

5.3.6. Thermoluminescence (TL) properties: 

The TL glow curve of Pechini sol-gel synthesized 1.0 mol% Eu3+ doped CAZ phosphor 

(CSG1) irradiated by β-radiations for a dose of 1.0 kGy at different temperature is shown in 

Fig. 5.10. The TL glow curve exhibit maximum intensity at 225°C. TL is a phenomenon in 

which luminescence occurs via thermal stimulation. In thermally stimulated luminescence 

(TSL or TL), free charge carriers get trapped at defect centres on exposure to radiations. Such 

trapped charges re-combine (electron and hole) to produce luminescence [199].  In Fig. 5.10, 

the TL curve shows maximum intensity at higher temperature region indicating the presence 

of deep trap centres [200]. The TL phenomenon is having its applications in dating 
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archaeology, dosimetry and determination of defect centres and impurities in rocks [201]. Peak 

shape method has been used to explore the properties of trapping centres. 

 

Figure 5.10. TL glow curve of β-irradiated 1.0 mol% Eu3+ doped CAZ phosphor (CSG1). 

 From the recorded TL curve, employing peak shape method, the peak trapping parameters 

such as trap depth/activation energy (E), order of kinetics (b), rate of electron ejection also 

known as escape frequency (s) have been evaluated. The empirical formula used to derive the 

parameters is given by: 

𝐸𝛼 =  𝐶𝛼 (
𝑘𝑇𝑚

2

𝛼
) − 𝑏𝛼𝑘𝑇𝑚        (7) 

here, k indicates Boltzmann constant, Tm represents the peak temperature, Cα and bα are 

the parameters relative to α (α = τ, δ, and ω), where, τ (τ = Tm-T1) is low temperature half width, 

δ (δ = T2-Tm) is high temperature half width and ω (ω = T2-T1) is full width at half maximum. 

The parameters Cα and bα can be evaluated using the following set of equations [202,203]:  
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𝐶𝜏 = 1.51 + 3(μ𝑔 − 0.42); 𝑏𝜏 = 1.58 + 4.2(μ𝑔 − 0.42)     (8a&b) 

𝐶𝛿 = 0.98 + 7.3(μ𝑔 − 0.42); 𝑏𝛿 = 0       (9a&b) 

𝐶𝜔 = 2.52 + 10.2(μ𝑔 − 0.42); 𝑏𝜔 = 1       (10a&b) 

here, μ𝑔 =
𝛿

𝜔
 is the geometrical form factor. It relates with the order of kinetics (b). The 

values of Cα are 1.63, 1.27 and 2.92, and bα are 1.74, 0 and 1 for α=τ, δ and ω, respectively. 

Theoretically geometrical form factor value close to 0.42 implies the first order kinetics and 

closer to 0.52 indicates second order kinetics [185,204]. The activation energy (E) is an average 

value of Eα. In the present case, Tm=225°C, T1=184°C, T2=260°C. The calculated Eα values are 

0.698, 0.775 and 0.736 eV for α=τ, δ and ω; bα values are 1.748, 0, and 1 for α=τ, δ and ω 

respectively. Thus, the mean activation energy is found to be 0.736 eV for 225°C and the order 

of kinetics is general order kinetics (b=1.8). After evaluating the activation energy and order 

of kinetics, escape frequency can be estimated using the following expression: 

𝑠 =  
𝛽𝐸

𝑘𝑇𝑚
2 exp (

𝐸

𝐾𝑇𝑚
) (1 + (𝑏 − 1)∆𝑚)−1; ∆𝑚=  

2𝐾𝑇𝑚

𝐸
     (11) 

 β is heating rate [203]. The evaluated escape frequency (s) is found to be 6.8 x107,              

3.7 x108 and 1.5 x108 Hz for τ, δ and ω, respectively. The mean value of escape frequency is 

2.0 x108 Hz. All these results suggest the candidature of as-prepared phosphors in dosimetry 

applications. 
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Chapter-6 

Color tunability and energy transfer studies of 

Dy3+/Eu3+co-doped calcium aluminozincate 

phosphor for solid state lighting applications 
 

Dy3+ doped and Dy3+/Eu3+ co-doped CAZ phosphors have been synthesized by using 

Pechini sol-gel method. Structural and morphological analysis was carried out by using XRD 

and FE-SEM. The PL spectra were recorded and energy transfer mechanism between Dy3+ and 

Eu3+ ions were studied using Dexter and Reisfeld’s approximation. The colorimetric properties 

were studied by evaluating CIE coordinates and correlated color temperature. The energy 

transfer mechanism was analysed by applying Inokuti-Hirayama model on decay curves as 

well. The thermoluminescence glow curve analysis reveals two trap centres in the present host. 

The obtained results indicate that the CCT can be tuned from warm to cool region and color 

tunability can also be achieved in Dy3+/Eu3+ co-activated CAZ phosphor by varying the 

excitation wavelength or activator concentration in the host lattice and hence can be effectively 

utilized in wLEDs. 
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6.1. Introduction: 

Nowadays, wLEDs have pursued great attention due to their properties of low toxicity, 

low power consumption, high efficiency, and higher durability as compared with conventional 

lighting sources [205–207]. There are diverse ways to mimic sunlight artificially using white 

light emitters: (i) by making an assembly of red, green and blue LED. Since it requires 

independent output power control on each LED, it is difficult to achieve white light using         

tri-color LEDs and also it is expensive [208]. (ii) By coupling yellow phosphor (YAG: Ce) and 

blue LED (InGaN) chip. The spectral emission in this method results in poor color rendering 

index (CRI) and insufficient color temperature due to halo effect making it less efficient 

[209,210]. (iii) By coating a mixture of red, green, and blue phosphor on n-UV/UV LED, which 

is well-known as multiphase phosphor converted white LED (pc-wLED). However, 

trichromatic phosphors based pc-wLED offers low luminescence efficiency due to                       

re-absorption of blue light by red and green emitting phosphors [209,211]. To achieve sunlight 

like emission with high CRI (Ra > 80) and low correlated color temperature (CCT < 4500K), 

it is expected that coactivated single phase phosphor will give full color emission for 

application in display devices. The development of co-doped single-phase phosphor provides 

color tunability and relaxed perception to human eyes [45,212].  

Quite recently, RE doped inorganic phosphors have attracted interest to tune the emission 

properties by co-doping RE ions. Among various RE ions, Dy3+ doped in inorganic phosphor 

is used in single phase phosphor for achieving white light emitting phosphor. The Dy3+ doped 

phosphor gives strong emission in yellow and blue spectral region, which also lacks in red 

component. In order to tune the nature of white light from cool to warm white light, and to 

improve the CRI by introducing red component in the emission spectral profile, Eu3+ can serve 

as co-activator in Dy3+ doped inorganic phosphor [213,214]. In Dy3+/Eu3+ co-doped phosphor, 



104 
 

the energy transfer from Dy3+ to Eu3+ ions arise, since the emission band of Dy3+ overlap with 

excitation band of Eu3+ indicating Dy3+ not only act as an activator but also as sensitizer.  

In this chapter, Dy3+ activated and Dy3+/Eu3+ co-activated CAZ have been synthesized via 

Pechini sol-gel method. The structural, morphological, and PL properties have been examined 

to explore its potentiality. The PL decay spectra have been recorded to study the energy transfer 

process in detail. The colorimetric properties have also been investigated for its vital significant 

application in display devices. The TL study has been conducted to observe the defects/trap 

centres in the host. 

6.2. Sample preparation: 

To prepare CAZ phosphors doped with Dy3+ ions and co-doped with Dy3+/ Eu3+ ions, the 

stoichiometric ratio of nitrate precursors (Ca(NO3)2.4H2O, Zn(NO3)2.6H2O, Al(NO3).6H2O) 

were taken and then individually dissolved in de-ionized (DI) water. RE oxides (Eu2O3 and 

Dy2O3) were individually dissolved in nitic acid. All the nitrate precursors dissolved in DI 

water were mixed and then RE oxides dissolved in nitric acid were added into the solution. 

The detail synthesis procedure is described in section 2.3 and Fig. 2.1 (b) of chapter 2. The 

samples are named as D1, D2, D3, D4 and D5 for 1.0, 2.0, 3.0, 4.0 and 5.0 mol% of Dy3+ 

respectively in CAZ. The sample D1E1 represents 1.0-1.0 mol% of Dy3+-Eu3+ co-doped CAZ 

phosphor. Samples named as DE1, DE2, DE3, and DE4 represents 3.0 mol% Dy3+ with 1.0, 

2.0, 3.0 and 4.0 mol% of Eu3+ respectively in CAZ phosphor. 

6.3. Results and Discussion: 

6.3.1. Structure and phase analysis: 

The XRD patterns of Dy3+ and Dy3+/Eu3+ co-activated CAZ phosphors for variable 

sensitizer and activator concentration (namely D0, D1, D5, DE1 and DE4) annealed at          

1000°C were recorded and shown in Fig. 6.1 (a). The diffraction peaks of represented samples 



105 
 

under investigation possess complete matching with the standard data of Ca3Al4ZnO10. No 

impurity peak was observed in XRD patterns of the samples. The absence of any impurity peak 

in XRD patterns of the samples indicate single phase formation of CAZ phosphor having 

orthorhombic structure in Pbc2 space group. No structural changes were observed for Dy3+ 

activated and Dy3+/Eu3+ co-activated CAZ phosphor by varying sensitizer concentration and/or 

by increasing activator concentration. Since the ionic radii of six coordinated Dy3+ (0.912 Å) 

and Eu3+ (0.947 Å) ions is similar to the Ca2+ ion (1.0 Å) in six coordination, it is expected that 

Dy3+ and Eu3+ ions successfully substitute the Ca2+ sites. The observed diffraction peaks are 

strong and sharp indicate high crystallinity in the as-prepared phosphors which is desirable for 

good luminescence.  

 

Figure 6.1 (a). XRD patterns of D0, D1, D5, DE1 and DE4. (b) Rietveld refinement of DE1 and (c) crystal structure 

of Ca3Al4ZnO10. 

To ascertain the crystal structure of the as synthesized phosphor, the Rietveld refinement 

of DE1 has been conducted using Fullprof suite software. The refinement pattern of DE1 is 

shown in Fig. 6.1 (b) and various parameters obtained are presented in Table 6.1. The profile 
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shape refinement has been described by pseudo-Voigt function. The initial parameters, space 

group and atom co-ordinates have been taken from elsewhere [144]. The refinement results 

indicate the phosphor crystallizes in pure phase orthorhombic structure of Ca3Al4ZnO10 with 

Pca21 space group.  The goodness of fit (χ2) value for DE1 is 1.92, which indicates pure phase 

for Ca3Al4ZnO10 phosphor under investigation. 

Table 6.1. Rietveld refinement parameters. 

Sample DE1 

Symmetry orthorhombic 

Space group Pca21 (29) 

a (Å) 16.7541 

b (Å) 5.1423 

c (Å) 10.7204 

V (Å3) 923.643 

Density (g/cm3) 3.603 

Rp (%) 11.1 

Rwp (%) 10.83 

Χ2 (%) 1.92 

 

The average crystallite sizes using Debye-Scherrer equation have been estimated for D0, 

D1, D5, DE1 and DE4 are 37.4, 43.8, 33.0, 37.6 and 42.2 nm, respectively. Fig. 6.1 (c) shows 

the crystal structure of Ca3Al4ZnO10 modelled using Vesta software based on the obtained 

atomic coordinates from XRD refinement. The basic structural units of Ca3Al4ZnO10 is a 

continuous 3D structure of (Al, Zn) and Zn tetrahedra in which the characteristic structural unit 

is five membered rings with calcium ions inside them and three membered rings from 

aluminium-zinc tetrahedra parallel to yx plane. Oxygen atoms form distorted octahedra in the 



107 
 

form of antiprisms. These rings are connected translationally with each other along the x-axis 

on their common vertex, and with the other two rings, connected by double helical axis forming 

continuous layers. These layers are interconnected by meta-aluminate chains of Al-tetrahedra 

(forming a continuous 3D network) [144]. 

6.3.2. Morphology: 

FE-SEM image of DE1 represents surface morphology as shown in Fig. 6.2. The FE-SEM 

image depicts uniform and denser distribution of grains. The particles are well separated with 

textural boundaries. The average particle size of DE1 is approximately between 10-50 nm. 

 

Figure 6.2. FE-SEM image of DE1. 

6.3.3. Photoluminescence analysis: 

The luminescence behaviour of Dy3+ doped and Dy3+/Eu3+ co-doped CAZ phosphor was 

examined from PL spectral measurements. Fig. 6.3 (a & b) show the PL excitation and PL 

emission spectra of Ca3-xAl4ZnO10: xDy3+ (1.0≤x≤5.0 mol%) recorded under 577 nm emission 

and 384 nm excitation wavelength, respectively. The PLE spectra revealed four bands located 
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at 345, 363, 384, and 424 nm due to intra f-f transitions attributed to the 6H15/2→
6P7/2, 

6H15/2→
6P5/2, 

6H15/2→
4I13/2 and 6H15/2→

4G11/2 electronic transitions, respectively as shown in 

Fig. 6.3 (a) [215]. Highly intense excitation peak at 384 nm has been ascribed to 6H15/2→
4I13/2 

transition. This might be due to highest absorption at this particular wavelength.  

 

Figure 6.3. Photoluminescence (a) excitation and (b) emission spectra of D1, D2, D3, D4 and D5. (Inset: 

Histogram showing intensity variation of emission at 577 nm with Dy3+ concentration). 

Therefore, the PLE spectra of Dy3+ doped CAZ phosphors authenticate the usage of n-UV 

LED as an effective excitation source to pump these ions to obtain intense emission. It is 

conspicuous that, with increase in Dy3+ ion concentration, the intensity of the excitation bands 

enhances up to 3 mol% and then show decrement with increase in Dy3+ ion concentration. Fig. 

6.3 (b) represent the PL spectra recorded for D1, D2, D3, D4 and D5 phosphors, which reveals 

two intense bands at 480, 577 nm and a very weak peak at 663 nm attributed to 4F9/2→
6H15/2, 

4F9/2→
6H13/2 and 4F9/2→

6H11/2 electronic transitions respectively. Among these transitions, 

4F9/2→
6H13/2 transition observed in yellow region at 577 nm and 4F9/2→

6H15/2 transition 

observed in blue region at 480 nm are ascribed to forced ED and MD transitions, respectively 

[40,214,215]. In the PL spectra, ED transition is more pronounced indicating that Dy3+ ions are 

located at a site without an inversion centre. Since the ionic radii of Dy3+ (0.912 Å) is smaller 

than the ionic radii of Ca2+ (1.0 Å) coordinated with six atoms, Dy3+ ions can easily enter into 

Ca2+ sites having low symmetry. Moreover, it can be readily observable that 4F9/2→
6H15/2 
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transition splits into a maximum of J+1/2 (J is total angular momentum) stark manifolds in the 

blue emission region due to crystal field effect caused by surrounding ions [40,216,217].  

 

Figure 6.4. Excitation spectra of 1.0 mol% Dy3+, 1.0 mol% Eu3+, and 1.0 mol% of Dy3+/1.0 mol% of Eu3+ co-

doped in CAZ phosphor monitored at 577 and 615 nm emission wavelength. 

Furthermore, the yellow to blue (Y/B) ratio, also known as asymmetry ratio, is the ratio of 

intensities of peak at 577 nm to 480 nm, which is calculated to evaluate the performance of 

Dy3+ doped phosphors. In general, the Y/B ratio of different host lattices doped with Dy3+ 

varies, since the 4F9/2→
6H13/2 transition is hypersensitive to the host environment which may 

lead to variable intensity in different host composition, whereas the 4F9/2→
6H15/2 transition is 

insensitive to the crystal environment [57,218]. The value of asymmetry ratio close to 1 implies 

that the near white emission can be obtained for the as-prepared phosphor doped with Dy3+. In 

the present case, the Y/B ratio is found to be 1.5 which suggest that Dy3+ ions were distributed 

at non-inversion symmetry sites in the host matrix [57,217,219]. Further, the intensity of 
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emission increases gradually with Dy3+ concentration from 1.0 to 3.0 mol% in the host lattice 

and decreases beyond 3.0 mol%. The well-known phenomenon of concentration quenching is 

responsible for decrease in emission intensity after certain concentration of activator in the 

host. Since the energy is being transferred non-radiatively to the quenching sites which results 

in decrement of intensity [45,220]. 

In the present case, 3.0 mol% is the optimized concentration of Dy3+ in the host lattice for 

white emission. Fig. 6.4 shows excitation spectra of 1.0 mol% Dy3+, 1.0 mol% Eu3+, D1E1 

phosphor by monitoring emission wavelength at 577 and 615 nm. It can be observed from       

Fig. 4, that 1.0 mol% Dy3+ shows excitation peaks as discussed above. 1.0 mol% Eu3+ doped 

CAZ phosphor exhibits characteristic transitions (7F0→
5D4) at 361 nm, (7F0→

5L7) at 380 nm, 

(7F0→
5L6) at 391 nm, (7F0→

5D3) at 412 nm, and (7F0→
5D2) at 462 nm of Eu3+ ions in the host. 

The excitation spectra D1E1 phosphor monitored at 577 nm emission wavelength exhibit 

excitation peaks occurred due to f-f transitions of Dy3+ and Eu3+ ions. The various excitation 

peaks are attributed to (6H15/2→
6P7/2) at 347 nm, (6H15/2→

6P5/2) at 363 nm, (6H15/2→
4I13/2) at 

384 nm, (6H15/2→
4G11/2) at 424 nm transitions of Dy3+ ions and Eu3+ (7F0→

5L6) at 389 nm and 

(7F0→
5D2) at 462 nm transitions of Eu3+ ions [221,222]. The excitation spectra of D1E1 under 

615 nm emission wavelength shows a similar kind of excitation spectra under 577 nm 

wavelength with more intensity of peaks attributed to f-f transitions of Eu3+ ions. The overlap 

of excitation bands of Dy3+ and Eu3+ in n-UV region of electromagnetic spectrum shows that 

co-doped phosphor can be successfully pumped by n-UV excitation source. 

Furthermore, Fig. 6.5 (a-d) shows the emission spectra of Dy3+/Eu3+ co-doped CAZ 

phosphor for different excitation wavelength 363, 380, 384, and 391 nm respectively, where 

Dy3+ concentration is fixed at 3.0 mol% and Eu3+ concentration has been varied from                

1.0-4.0 mol%. The PL spectra manifest emission peaks originating from certain transition 

levels of Eu3+ and Dy3+, which gives emission in yellow, orange, red and blue regions of the 
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visible spectrum. The emission band at 468 nm assigned to 5D2→
7F0 transition with splitting 

at 474 nm, and the peak assigned to 4F9/2→
6H15/2 transition which splits into peak at 480, and 

493 nm. The emission at 577 nm and 586 nm are assigned to 4F9/2→
6H13/2 of Dy3+ and 5D0→

7F1 

level of Eu3+.  

A small peak at 663 nm assigned to 4F9/2→
6H11/2 of Dy3+ and at 702 nm assigned to 

5D0→
7F4 transition of Eu3+ ions [214,223]. By varying the excitation wavelength, the emission 

spectral profile shows the variation in the intensity of characteristic bands of Dy3+ and Eu3+ 

ions. Fig. 6.5 (a & c) shows the emission spectra recorded under 363 and 384 nm excitation 

(characteristic excitation of Dy3+ ions). The emission band corresponding to the characteristic 

emission of Dy3+ ions dominate over the emission bands of Eu3+ ions. In Fig. 6.5 (a), the 

emission bands in blue region shows four peaks as assigned above, since 363 nm excitation 

band exists in both Dy3+ and Eu3+ excitation spectrum. In Fig. 6.5 (c), the splitting of emission 

band in blue and yellow region is not so pronounced as in Fig. 6.5 (a). In Fig. 6.5 (b), the 

emission spectra have been recorded under 380 nm excitation wavelength which is central 

overlap of excitation band of Eu3+ and excitation band of Dy3+ ions centred at 384 nm and 

therefore the emission spectra arises from both the transitions of Dy3+ ions and Eu3+ ions. In 

Fig. 6.5 (d), the emission bands of Eu3+ ion dominates over Dy3+ with splitting in blue and 

yellow emission bands owing to the emission bands of Dy3+ and Eu3+ ions. Further, the peak 

at 586 nm become more pronounced under the excitation wavelength which is predominately 

attributed to Eu3+ transitions due to overlapping of the tail of 4F9/2→
6H13/2 emission of Dy3+ 

with the 5D0→
7F1 emission of Eu3+ as shown in Fig. 6.5 (d).  
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Figure 6.5. PL spectra of DE1, DE2, DE3 and DE4 under (a) 363, (b) 380, (c) 384 and (d) 391 nm excitation 

wavelength. 

Also, by increasing Eu3+ ion concentration at constant Dy3+ ion concentration, the emission 

intensity of peaks originating from Dy3+ levels decrease, whereas emission intensity of peaks 

originating from Eu3+ levels increases. This behaviour is observable in all emission spectral 

profile of Dy3+/Eu3+ co-doped CAZ phosphor monitored at different excitation wavelength. 

This indicates that Dy3+ sensitizes Eu3+ and thereby gives visible emission and the energy 

transfer from Dy3+ to Eu3+ ions occur, since the energy levels of Dy3+ are slightly higher than 

those of Eu3+ ions [214]. Nevertheless, the emission intensities originating from different 

transitions of Eu3+ and Dy3+ vary with excitation wavelength and the concentration of Eu3+ ions 

in the host matrix. Therefore, by varying the excitation wavelength or Eu3+ concentration, color 

tunability in CAZ phosphor can be realized. 
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Figure 6.6. Partial energy level diagram representing energy level of Dy3+ and Eu3+ ions and transitions. 

Fig. 6.6 shows partial energy level diagram showing excitation from ground state to 

various excited states. As it can be seen from Fig. 6.6, that the 4I15/2 energy level of Dy3+ ion is 

near to 5D2 energy level of Eu3+, and that of 4F9/2 is closer to 5D1, and 5D0 energy level of Eu3+ 

ions; so energy transfer from the excited state of Dy3+ to Eu3+ ions takes place due to phonon-

aided non-radiative relaxation [215]. When the as-prepared phosphors are pumped by n-UV 

excitation, Dy3+ ions absorb the energy and gets excited to higher energy level. Subsequently 

after some non-radiative relaxation to intermediate levels, the Dy3+ ions give blue and yellow 

emissions and simultaneously transfers some energy to Eu3+ ions. This instigates Eu3+ ions to 

give red emission as depicted in Fig. 6.6. 

The energy transfer between sensitizer (Dy3+) and activator (Eu3+) might occur                  

non-radiatively, via exchange interaction, or multipolar interaction. The exchange interaction 

between sensitizer and activator occurs, if the critical distance is below 5 Å. The critical transfer 

distance can be calculated using the relation given in chapter 3.The critical concentration Xc, 
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is the total concentration of Dy3+ and Eu3+, at which the intensity of Dy3+ is half of that in 

absence of Eu3+ (Xc = 4.0 mol%) [209,211]. The critical distance has reckoned to be 22.25 Å. 

Thus, it can be concluded that, the energy transfer occurs via multipolar interaction. Further, 

to identify the type of multipolar interaction, Dexter theory and Reisfeld’s approximation has 

been employed. By employing Dexter’s theory of multipolar interaction and Reisfeld’s 

approximation as discussed in section 1.12 of chapter 1, a plot between Is0/Is versus Cn⁄3 for n 

= 6, 8, and 10 has been plotted as shown in Fig. 6.7. 

 

Figure 6.7. Plot of Is0/Is versus Cn⁄3. 

The best linear fitting has been obtained for n=6, indicating the energy transfer mechanism 

between sensitizer and activator is d-d in nature. The energy transfer efficiency from sensitizer 

to activator has been calculated by using the following relation [224,225]:  

𝜂 = 1 −
𝐼𝑠

𝐼𝑆0
          (5) 

The energy transfer efficiencies calculated for DE1, DE2, DE3 and DE4, are found to be 

51.70, 55.62, 60.76 and 72.89, respectively. Thus, Eu3+ co-doped with Dy3+ in CAZ phosphor 
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can effectively be used for white light generation with the flexibility of tuning the emission by 

varying excitation wavelength. 

6.3.4. Colorimetric properties: 

To evaluate the potential of white emission in the as-prepared CAZ phosphors, the CIE 

chromaticity coordinates can be calculated from the emission spectra presented in Table 6.2. 

The color chromaticity CIE coordinates for Dy3+/Eu3+ co-doped CAZ phosphor have been 

evaluated from emission spectra recorded under different excitation wavelengths (363, 380, 

384 and 391 nm) and are shown in Fig. 6.8. 

 

Figure 6.8. CIE chromaticity diagram of DE1, DE2, DE3 and DE4 under (a) 363, (b) 380, (c) 384 and                        

(d) 391 nm excitation wavelength. 

Correlated color temperature (CCT) for the as-prepared phosphors has been evaluated 

using the equation given by McCamy [53]. The calculated CIE coordinates and corresponding 

value of CCT have been reported in Table 6.2. The variation in CIE coordinates and CCT with 
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excitation wavelength suggest the possibility of tuning white light emission from warm to 

neutral to cool white light and also from white to yellow to reddish orange region of visible 

spectrum with variation in concentration of activator keeping sensitizer concentration constant. 

By selecting the excitation wavelength, one can tune the emission of Dy3+/Eu3+ co-doped CAZ 

phosphor for the desired application. Therefore, it can be established from the aforementioned 

data that Dy3+/Eu3+ co-doped CAZ phosphor is quite appropriate for its applications in               

wLEDs. 

Table 6.2. CIE and CCT values for DE1, DE2, DE3, and DE4 under different excitations. 

Excitation 
Wavelength 

(nm) 
Sample CIE co-ordinates (x, y) CCT (K) 

363 

DE1 (0.344, 0.330) 4978 

DE2 (0.371, 0.327) 3882 

DE3 (0.356, 0.326) 4447 

DE4 (0.351, 0.333) 4565 

380 

DE1 (0.409, 0.399) 3479 

DE2 (0.432, 0.392) 2996 

DE3 (0.451, 0.390) 2654 

DE4 (0.450, 0.378 2549 

384 

DE1 (0.393, 0.401) 3855 

DE2 (0.406, 0.401) 3569 

DE3 (0.413, 0.395) 3379 

DE4 (0.410, 0.385) 3359 

391 

DE1 (0.466, 0.386) 2407 

DE2 (0.506, 0.383) 1970 

DE3 (0.526, 0.379) 1826 

DE4 (0.538, 0.374) 1756 
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6.3.5. Photoluminescence decay analysis: 

The PL decay measurements have been recorded by monitoring 577 nm emission 

wavelength excited by n-UV (384 nm) excitation source, to analyse the lifetime of Dy3+ doped 

and Dy3+/Eu3+ co-doped CAZ phosphors. Fig. 6.9 (a-e) show decay curves well-fitted to a          

bi-exponential function [52,226]. The evaluated lifetime values are 1.034, 1.013, 0.988, 0.949 

and 0.910 ms for the Dy3+ doped and Dy3+/Eu3+ co-doped CAZ phosphors. The lifetime values 

for Dy3+/Eu3+ co-doped CAZ phosphor show decrease with increase in Eu3+ concentration. This 

clearly indicates efficient energy transfer from sensitizer (Dy3+) to activator (Eu3+). 

 

Figure 6.9. Decay curves of (a) D3, (b) DE1, (c) DE2, (d) DE3, (e) DE4 and (f) Plot of lifetime and energy transfer 

probability versus concentration (λex = 384 nm, λem = 577 nm). 

The energy transfer probability (P), for d-d energy transfer from Dy3+ to Eu3+ ions can be 

expressed by the equation below [227]: 

𝑃𝐷𝑦3+−𝐸𝑢3+ =  
1

𝜏
−

1

𝜏0
         (6) 

where, τ and τ0 are the lifetime values of Dy3+ with and without Eu3+ ions, respectively. 

The energy transfer probabilities are estimated to be 0.0205, 0.0450, 0.0866 and 0.1317 for 
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DE1, DE2, DE3 and DE4, respectively. The energy transfer probability values are increasing 

with increase in Eu3+ ion concentration in the as-prepared phosphors. The energy transfer 

probability and lifetime values of D3, DE1, DE2, DE3 and DE4 samples have been plotted in 

Fig. 6.9 (f). To understand the nature of energy transfer process between Dy3+ and Eu3+ ions, 

I-H model has been employed. The non-exponential decay curve for DE4 has been fitted by 

applying I-H model for s = 6, 8, and 10 using the equation given in section 1.12 of chapter 1 is 

shown in Fig. 6.10.  

 

Figure 6.10. I-H fit of DE1 for S= 6, 8, and 10 (λex = 384 nm, λem = 577 nm). 

As the curve in Fig. 6.10 shows best fitting for s= 6, for all the co-doped phosphors, the    

I-H fitting was done for s=6 as shown in Fig. 6.11. From Figs. 6.10 & 6.11 it is conspicuous 

that the energy transfer mechanism involved in reducing lifetimes is dipole-dipole in nature. 

Thus, the results obtained from Dexter theory, Reisfeld’s approximation and I-H model 

confirms the occurrence of dipole-dipole interaction between Dy3+ and Eu3+ ions in CAZ 

phosphor. 
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Figure 6.11. I-H fit of (a) DE1, (b) DE2, (c) DE3 and (d) DE4 (λex = 384 nm, λem = 577 nm). 

3.7. TL glow curve analysis: 

The phenomenon of TL is the emission of photons via thermal stimulation. In the TL 

process, electrons get trapped during excitation with ionizing radiations into defects created by 

some impurities. The consumption of ionizing radiation dislocates electrons from valence band 

to reach to the conduction band. The trapped charge carrier release due to heating of the sample 

and recombination of electrons and holes at the luminescent centre leads to 

thermoluminescence [228]. The TL glow curve has been observed for DE1 phosphor irradiated 

by β-radiations with a dose of 1kGy. The TL glow curve deconvolute and gets resolved into 

two peaks with a maximum at 132 and 230°C as shown in Fig. 6.12. The TL glow peaks 

represents the different trapping levels of electrons in forbidden energy gap of materials under 

investigation. The glow peak at lower temperature indicate shallow trap centres and at higher 

temperature indicate deeper trap centers [200,229]. 
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Figure 6.12. TL glow curve of β-irradiated DE1 sample. 

The TL characterization peaks have been analysed to ascertain various trapping parameters 

such as trap depth/activation energy (Eα), order of kinetics (b), escape frequency/frequency 

factor or probability per second for de-trapping (s). To estimate the aforementioned parameters, 

Chen’s peak shape method has been applied to the obtained TL glow curve.  

Table 6.3: Glow peak parameters for DE1 sample. 

 Temp. (°C) α Cα bα Eα (eV) sα (Hz)  

P
ea

k 
1 

T1=117 τ=25 1.69 1.83 0.870 1.26*1011 

T2=166 δ=24 1.41 0 0.875 1.43*1011 

Tm1=142 ω=49 3.13 1 0.875 1.44*1011 

 µg=0.48  b=1.5 Em = 0.873 Mean s = 1.38*1011 

P
ea

k 
2 

T1=165 τ=25 1.72 1.87 0.413 1.32*105 

T2=294 δ=24 1.49 0 0.506 9.56*105 

Tm1=230 ω=49 3.23 1 0.459 3.43*105 

 µg=0.49  b=1.5 Em = 0.459 Mean s = 4.78*105 
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The activation energy (Eα), Cα, bα for a given “α” and escape frequency (s) has been 

estimated from the empirical formula described in the previous chapter (chapter 5). The value 

of geometric form factor μg (μg=δ/ω) is 0.48 and 0.49 for Tm1 and Tm2, respectively. 

Theoretically, the geometric form factor value 0.42 indicates first order kinetics and 0.52 for 

second order kinetics. In the present analysis 0.42<μg<0.52,  it indicates general order kinetics 

with b=1.5 [185,204]. The evaluated escape frequency (s) and other kinetic parameters are 

shown in Table.6.3. These results indicate the applicability of the as synthesized phosphor in 

radiation dosimetry. 
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Chapter-7 

Summary and Future Scope 
 

7.1. Summary: 

The main emphasis of this thesis work is to synthesize and characterize RE ions activated 

CAZ phosphor for the solid-state lighting applications. Intense orange, red and white light 

emitting monophasic CAZ phosphors were successfully synthesized by using solid state 

reaction, combustion and Pechini sol-gel methods by incorporating single or double RE ions 

(Sm3+, Eu3+, and Dy3+ ions) as dopants. Emphasis was also given to the enhancement in 

emission with the addition of flux or by varying synthesis methods. 

As discussed in the previous chapters, pc-wLEDs are overpowering SSL technology due 

to their idiosyncratic features such as power saving, longevity, environment friendly and 

outstanding luminescence efficiency for application in sensors, artificial lighting, display 

devices and other medical applications [230]. The study on structural, morphological and 

photoluminescent properties of Sm3+ doped CAZ phosphors were successfully prepared by 

traditional SSR method to achieve orange emission that can act as orange/red component to 

generate white light in pc-wLEDs. Moreover, the as-prepared Sm3+ doped CAZ phosphors 

prone to emit orange color can be coupled with cyan to generate white light. 

The commercial pc-wLEDs based on YAG: Ce and blue LED lack in red component due 

to which its CRI is low, which can be surpassed if an efficient red phosphor is blended with 

YAG: Ce phosphor and then coated on blue LED chip. The commercially available red 

phosphors exhibit weak emission due to poor chemical stability, and poor absorption [70,231]. 

Therefore, CAZ phosphors doped with Eu3+ were successfully synthesized by SSR method. 

The structural and luminescent properties were thoroughly discussed for its utilization as red 
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phosphor that can be pumped with n-UV and blue LED. Furthermore, the red enhancement in 

Eu3+ doped CAZ phosphor is achieved by incorporating different fluxes and optimizing 

synthesis method as Pechini sol-gel method. Moreover, the optimization of synthesis methods 

is conducted by synthesizing CAZ phosphors via three different routes, namely, SSR, 

combustion and Pechini sol-gel. By analysing the structural and luminescent properties for 

CAZ phosphors synthesized by three different routes, the Pechini sol-gel method was 

considered to be the best among others. The luminescence enhancement was observed in 

Pechini sol-gel synthesized CAZ phosphor in comparison with other methods. For single phase 

phosphor to generate white light, Dy3+ doped and Dy3+/Eu3+ doped CAZ phosphors were 

synthesized via Pechini sol-gel method. The structure, morphology, photoluminescent, and 

thermoluminescence (TL) properties were systematically studied. 

7.2. Important findings of research work: 

The thermal analysis of sol-gel synthesized CAZ phosphor was accomplished to analyse 

the crystallization of the Ca3Al4ZnO10. The crystallization of CAZ phosphor began beyond     

800°C. Therefore, these samples were sintered at 1000◦C to achieve pure phase of 

Ca3Al4ZnO10. The structural properties of differently synthesized CAZ phosphor doped with 

various RE ions were investigated to analyse crystallinity, phase purity, and crystallite size by 

using XRD and also Rietveld refinement for phase confirmation. The XRD patterns for all the 

prepared samples were in complete agreement with the standard PDF4+ICDD card no. 04-009-

7304 signifies the pure phase formation of with orthorhombic structure and Pbc2 space group.  

The morphological analysis of RE doped Ca3Al4ZnO10 was accomplished by recording 

SEM/FE-SEM images. Among the three synthesis methods discussed in the previous chapters, 

SSR, and combustion methods show irregular agglomerated particles and sol-gel synthesized 

phosphors shows homogeneous regular morphology of particles. 
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The PL study reveals that the Sm3+ doped CAZ phosphors have three emission bands with 

the intense emission at 601 nm for 4G5/2→
6H7/2 transition when pumped from 6H5/2→

4F7/2 at 

401 nm wavelength. The concentration quenching has been obtained beyond 1.0 mol% of 

Sm3+. The calculated result reveals that the dipole-dipole interaction plays a major role in the 

quenching phenomenon. The calculated CIE chromaticity coordinates for all the samples lie in 

the orange region and the chromaticity values for the optimized sample are (0.574, 0.424) 

showing insignificant deviation from the coordinates specified by Nichia Corporation 

developed Amber LED NSPAR 70BS (0.570, 0.420). The PL decay study reveals the                  

bi-exponential behaviour of the decay curves with decay time in 1.64-1.33 μs range. All these 

results indicate that the prepared Ca3-xAl4ZnO10: xSm3+ powder phosphor serve as an efficient 

orange emitting phosphor for display and solid-state lighting devices. 

The PL study shows that the Eu3+ doped CAZ phosphors exhibit two strong emission bands 

at 588 and 615 nm corresponding to 5D0→
7F1, and 5D0→

7F2 transitions respectively, of which, 

the band at 615 nm is more intense under n-UV and blue excitations than the other one. By 

optimizing the flux, enhancement of red emission observed to be more than twice in 5 wt% 

Na2B4O7 assisted Eu3+ doped CAZ phosphor under blue excitation. The integrated emission 

intensity of 5 wt% Na2B4O7 assisted Eu3+ doped CAZ phosphor found to be 81% of the 

commercial phosphor (Y2O3: Eu3+) for 615 nm emission peak. The J-O theory has been applied 

to analyses optical properties. The CIE chromaticity coordinates for all the studied samples are 

found to lie in red region and are close to the coordinates of commercial red phosphor Y2O2S: 

Eu3+ (x=0.622, y=0.351) as well as NTSC system (x=0.670, y=0.330). The calculated color 

purity found to be 99.09 % for 5 wt% Na2B4O7 in 2.0 mol % Eu3+ doped CAZ phosphor which 

confirms the highly pure red emission. The 5D0 level decay curves of Eu3+ doped CAZ 

phosphor shows bi-exponential behaviour with an average lifetime of microseconds. All the 

aforementioned results allow us to conclude that 5wt% Na2B4O7 in 2.0 mol% Eu3+ doped CAZ 
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phosphor is a promising phosphor for intense red emission and is aptly suitable for the 

development of wLEDs. 

The emission spectra show significant enhancement in the red emission of Eu3+ doped 

CAZ phosphor via Pechini sol-gel method under blue excitation when compared with samples 

prepared by combustion and SSR methods. The optimization of Eu3+ concentration in CAZ 

phosphor found to be 2.0 mol%. The integrated emission intensity of the optimized CAZ 

phosphor is compared with commercial Y2O3: Eu3+ and found to be 1.25 of the Y2O3: Eu3+ 

phosphor. The decay profile indicates decrease in lifetime values and critical distance (R0) with 

increase in the dopant concentration indicating energy transfer through dipole-dipole 

interaction. Further, the TL analysis of sol-gel synthesized Eu3+ doped CAZ phosphor confirms 

the presence of deep trap centres with a mean trap depth (E) of 0.736 eV. All the 

aforementioned studies finally allow me to contemplate that, the sol-gel method synthesized 

Eu3+ doped CAZ phosphors are more competent in giving red component useful for fabricating 

wLEDs. 

The luminescent analysis of Dy3+/Eu3+ co-doped CAZ phosphor recorded under different 

excitation wavelengths reveal white emission with varying CCT from cool to neutral to warm 

light. Also, by varying activator ion concentration, color tunability can be achieved in 

Dy3+/Eu3+ co-doped CAZ phosphor. The Dexter theory & Reisfeld’s approximation on 

emission spectra and I-H model applied on decay profile confirms the energy mechanism 

responsible for decrease in lifetime values is dipole-dipole in nature. The TL glow peaks at 142 

and 230°C have been well resolved indicating the presence of shallow and deep trap centres 

and the activation energy is found to be 0.873 and 0.459 eV, respectively under β-irradiations. 

All these results suggest that the Dy3+ activated and Dy3+/Eu3+ co-activated CAZ phosphor 

show potentiality for fabricating wLEDs and other display devices. 
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The aforementioned results confirm that RE doped Ca3Al4ZnO10 phosphors developed in 

this thesis could be useful for solid state lighting applications and especially for wLEDs. 

 

7.3. Future Scope: 

1. To enhance the luminescence properties for Eu3+ doped Ca3Al4ZnO10 phosphor by 

using suitable co-dopant. (for ex: Bi3+ may act as sensitizer; as the excitation peak of 

Eu3+ is exactly matches with Bi3+ emission) 

2. To explore other synthesis method to improve the particle morphology, reduce the 

particle size to nano which in turn further improves the luminescence properties. 

3. To compute CRI and improve it for white light generation by mixing red emitting 

Ca3Al4ZnO10 phosphor to the commercial Ce3+: YAG phosphor. 

4. To fabricate prototype pc-wLED by using Ca3Al4ZnO10 phosphor and UV/n-UV/blue 

LED chip. 

5. To extend the utility of this phosphor for applications in plasma display panels and solar 

cells. 
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a b s t r a c t

Calcium aluminozincate phosphor, Ca3Al4ZnO10 (CAZ) doped with Eu3þ has been synthesized using solid-
state reaction (SSR), combustion (CS) and sol-gel (SG) methods for relatively improved luminescence
performance and to optimize synthesis method. The X-ray diffraction (XRD), scanning electron micro-
scope (SEM), photoluminescence (PL) and PL decay measurements have been recorded for the detailed
investigation of the luminescence properties of the as-synthesized phosphor. The thermoluminescence
(TL) spectral study has been done to estimate the trap depth of the defect centres. The XRD peaks
confirm the complete matching of the diffraction peaks of the as-synthesized sample with the standard
data for Ca3Al4ZnO10. The morphology of the sample synthesized via SG method shows agglomerated
particles with average particle size smaller than the samples synthesized via CS and SSR method. The
detailed investigation shows significant red emission enhancement in Eu3þ doped CAZ phosphor syn-
thesized via SG method. The obtained results suggest that the Eu3þ doped CAZ phosphor synthesized via
SG method could be a great choice as red emitter for applications in solid state lighting.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, phosphor converted white light emitting diodes
(pc-wLEDs) are enjoying the supremacy over conventional lighting
sources (incandescent lamps and CFLs) due to their proficient and
promising characteristics such as long-time reliability, power
saving ability, energy efficiency, and environment friendliness
[1e3]. The remarkable properties of pc-wLEDs have empowered
wider variety of lighting, display and scintillation applications.
Generally, there are three distinct methods to fabricate wLEDs. One
of those methods is to enclose blue LED with yellow emitting
phosphor, Y3Al5O12: Ce3þ (YAG: Ce) [4]. However, this combination
for generating white light suffers few limitations such as high
correlated color temperature (CCT) and poor color rendering index
(CRI), Ra< 80 caused by scarcity of red color component in lumi-
nescence spectra of the phosphor [5,6]. The another alternativeway
to achieve full color gamut is by using tri-color (red, green, and
ao), jayaphysics@yahoo.com
blue) phosphors combining with n-UV LED chip [7e9]. The
currently used tri-color phosphor materials are Y2O2S: Eu3þ for red,
ZnS:(Cuþ, Al3þ) for green, and BaMgAl10O17: Eu2þ (BAM) for blue.
Unfortunately, there is some loss of energy in this method due to
re-absorption of blue light by green and red emitting phosphors
that deteriorate the quality of white light generation [10]. Also, the
efficiency of the Y2O2S: Eu3þ red phosphor is very much less than
that of the green and blue phosphors [7,11]. Moreover, the chemical
stability of the sulphide phosphors is very low and they are not
environment friendly as they are prone to emit sulphur gas into the
environment [12e14]. Therefore, it is highly desirable to make su-
perior red phosphors that absorb in the near-UV (n-UV) and blue,
emit in the red to enhance the color rendition, CCT, and energy
efficiency of pc-wLEDs.

For an efficient red-emitting phosphor, it has two basic re-
quirements: (1) the phosphor host or the activator that shows
strong absorption in the n-UV spectral region; (2) the phosphor
could convert the n-UV light into red light efficiently. Among
various rare earth (RE) ions, Eu3þ acts as an efficient red lumines-
cent centre in numerous phosphors, and it is extensively used in
lighting applications such as color television and lamp phosphors
[15]. Therefore, Eu3þ doped inorganic oxide phosphors have
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A B S T R A C T

Dy3+ doped and Dy3+/Eu3+ co-doped calcium aluminozincate (CAZ) phosphor synthesized by Pechini sol-gel
method. Structural and morphological analysis were carried out by using X-ray diffractometer (XRD) and field
emission scanning electron microscope (FE-SEM). The photoluminescent (PL) spectra were recorded and energy
transfer mechanism between Dy3+ and Eu3+ ions were studied using Dexter and Reisfeld’s approximation. The
colorimetric properties were studied by evaluating CIE coordinates and correlated color temperature (CCT). The
energy transfer mechanism was analysed by applying Inokuti-Hirayama (I-H) model on decay curves as well. The
thermoluminescence (TL) glow curve analysis reveals two trap centres in the present host. The obtained results
indicate that the CCT can be tuned from warm to cool region and color tunability can also be achieved in Dy3+/
Eu3+ co-activated CAZ phosphor by varying the excitation wavelength or activator concentration in the host
lattice and hence can be effectively utilized in white light emitting diodes (wLEDs).

1. Introduction

Nowadays, white light emitting devices (wLEDs) have pursued great
attention due to their properties of low toxicity, low power consump-
tion, high efficiency, and higher durability as compared with conven-
tional lighting sources [1–3]. There are diverse ways to mimic sunlight
artificially using white light emitters:

(i) By making an assembly of red, green and blue LEDs. Since it re-
quires independent output power control on each LED, it is diffi-
cult to achieve white light using tri-color LEDs and also it is ex-
pensive [4];

(ii) By coupling yellow phosphor (YAG: Ce) and blue LED (InGaN)
chip. The spectral emission in this method results in poor color
rendering index (CRI) and insufficient color temperature due to
halo effect making it less efficient [5,6];

(iii) By coating a mixture of red, green, and blue phosphor on n-UV/UV
LED, which is well-known as multiphase phosphor converted white
LED (pc-wLED) [7]. However, trichromatic phosphors based pc-
wLED offers low luminescence efficiency due to re-absorption of
blue light by red and green emitting phosphors [5,8–10].

To achieve sunlight like emission with high CRI (Ra> 80) and low
correlated color temperature (CCT<4500 K), it is expected that

coactivated single phase phosphor will give full color emission for ap-
plication in display devices. The development of co-doped single-phase
phosphor provides color tunability and relaxed perception to human
eyes [11,12].

Over the past few decades, the development of inorganic oxides has
been a subject of keen interest owing to their special merits such as high
chemical and thermal stability, and photo stability. Apart from their
excellent stable behaviour, they are environment friendly which cap-
tivates researchers to explore further [13–15]. Earlier reports suggest
many inorganic materials, for instance, molybdates, borates, phos-
phates, aluminates, zincates, tungstates etc. have been studied ex-
tensively for their luminescent properties [3,6,16–19]. Among these
inorganic hosts, zincates have emerged as an excellent host due to their
prevalent optical and luminescent properties. Therefore, in this report
calcium aluminozincate doped with rare earth (RE) ions have been
established for the desired luminescent properties. The RE ions play an
irreplaceable role in lighting and display devices. Their unique lumi-
nescence properties attributed to transitions from incompletely filled 4f
energy levels whose position depends on the local environment of the
RE ion due to the intermixing between atomic orbitals of oxygen atoms
in the host and RE ions [20]. Owed to outstanding luminescent effi-
ciency, researchers are engrossed in RE doped inorganic phosphors for
their indispensable applications in lighting fields such as full color
displays, LEDs, fluorescence imaging, lasers, and scintillators
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A B S T R A C T

Trivalent europium ions (Eu3+) doped calcium aluminozincate (CAZ) phosphors blended with various fluxes
(NaF, NaCl and Na2B4O7) have been synthesized by conventional solid-state reaction method. The structural,
morphological and luminescent properties along with lifetimes have been investigated in detailed. The Judd-
Ofelt (J-O) analysis has been carried out to get insight of optical properties. The X-ray diffraction (XRD) pattern
confirms the single phase orthorhombic structure for Eu3+ doped CAZ phosphor with NaCl and Na2B4O7 fluxes;
whereas the phase purity has not been achieved in NaF assisted Eu3+ doped CAZ phosphor. The as-synthesized
phosphor has uneven agglomerated micron sized particles. The photoluminescence (PL) studies exhibit sig-
nificant enhancement in the red emission for Eu3+ doped CAZ phosphor with the addition of Na2B4O7. The
emission intensity has been found to increase approximately 1.5 times using NaCl and 2.5 times for Na2B4O7 in
Eu3+ doped CAZ phosphor as compared to the phosphor without any flux. The emission spectrum of optimized
Eu3+ doped CAZ phosphor added with Na2B4O7 flux has been compared with the commercial Y2O3: Eu3+

phosphor. The CIE chromaticity coordinates and color purity calculated for Na2B4O7 in Eu3+ doped CAZ
phosphor is close to commercial red phosphor. The decay curves show bi-exponential behaviour with experi-
mental lifetimes in the range of microseconds for the as-prepared phosphors. All these results indicate that the
Na2B4O7 flux assisted Eu3+ doped CAZ phosphor can serve as an efficient red phosphor under blue light for
applications in white light emitting devices.

1. Introduction

In recent years, research and development of phosphor converted
white light emitting diodes (pc-WLEDs) have gained considerable in-
terest owing to their high efficiency, long lifetime, mercury free and
low power consumption [1–4]. White light emitting diodes (WLEDs)
have been employed in various applications, such as illumination sys-
tems, optical communication, optical storage and sensors [5–7]. The
commercial pc-WLED is an integrated assembly of high efficiency blue
(InGaN) LED chip and yellow (YAG: Ce) phosphor [8,9]. The combi-
nation of blue and yellow light emits white light. Since commercial pc-
WLEDs are in deficit of red component in the emission spectrum of the
YAG: Ce phosphor, they have a lower color rendering index (CRI)
(Ra<80) and high correlated color temperature (CCT~ 7750 K)
[8,10–12]. Aiming to solve this inexorable problem, a red light emitting
phosphor is needed to enrich the red region in the pc-WLED to improve
the CRI and CCT of the device [13–15]. At present, commercial red
sulphide phosphor (Y2O2S: Eu3+) suffers with low chemical stability
and less efficient to get excited in n-UV and deep blue spectral

region [16]. Nitride phosphor shows deep broad red emission and dif-
ficult to synthesize, which limit its applications [3,8,17]. Therefore, it
has become important to develop a new red phosphor for pc-WLEDs.
The rare earth (RE) ions enriched in f-f energy levels give abundant
emission color in visible region depending upon the transition it un-
dergoes in the host lattice [7]. Among various RE ions, Eu3+ serves as
an excellent dopant for red light emitting phosphors to improve CRI and
stability in WLEDs for optoelectronic applications [18–20].

The luminescent properties of phosphors also get influenced by
some other factors such as synthesis technique, concentration of acti-
vator, use of sensitizer, and addition of flux. Among these factors, ad-
dition of flux improves the quality of phosphor by lowering calcining
temperature, improving size distribution uniformity and enhancing the
luminescence intensity [21,22]. In general, alkali halide fluxes have
been reported in literature to enhance the emission intensity, for ex-
ample Na2CO3-SiO2-NaF in YAG: Ce, BaF2 and CaF2 in BaMgAl10O17:
Eu2+/Mn2+, H3BO3, NH4Cl, NH4F, NH4Br, BaCl2, BaBr2, CaF2 and BaF2
in Zn2SiO4:Mn2+ [22–24]. Apart from halide fluxes, boric acid (H3BO3)
and borax (Na2B4O7) have also been reported in (Ca,Zn)TiO3: Pr3+,
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A B S T R A C T

Monophase Calcium Aluminozincate (Ca3Al4ZnO10) phosphor doped with Sm3+ ions by varying concentrations
have been prepared at 1300 °C using conventional solid state reaction technique. The crystal structure and
phase analysis of the as-prepared phosphor has been carried out by X-ray Diffraction (XRD) studies.
Morphology and functional groups present in the phosphor have been investigated thoroughly by using
Scanning Electron Microscope (SEM) and Fourier Transform Infrared (FT-IR) spectral measurements,
respectively. Under 401 nm excitation, the as-prepared phosphor exhibit intense visible orange emission at
601 nm. It has been observed that 1.0 mol% of Sm3+ ions concentration is optimum to give intense visible
orange emission. The PL analysis reveals that the dipole-dipole interaction is primarily responsible for the
concentration quenching observed beyond 1.0 mol% of Sm3+ ions. The TR-PL study reveals a bi-exponential
behavior of decay curves with an average lifetime of the order of microseconds. The CIE coordinates (x=0.574
and y=0.424) measured for the optimized phosphor are very close to the intense orange emission coordinates
specified by Nichia Corporation developed Amber LED NSPAR 70BS (0.570, 0.420). The spectroscopic, PL and
TR-PL studies suggest the potential use of Sm3+ doped calcium aluminozincate phosphors for display and white
light emitting devices.

1. Introduction

In recent years, conventional light sources such as incandescent and
fluorescent lamps have been replaced by solid state lighting (SSL)
technology. SSL technology involves white Light Emitting Diodes (w-
LEDs), which are globally used for wide spread applications in
consumer electronics and general illumination [1,2]. It offers many
scientific and technological patronages such as environmental friendli-
ness, lower operating temperature and effective energy utilization by
saving 80% of energy consumption over conventional lighting devices.
In the light of the aforementioned advantages, w-LEDs are considered
to be the next generation lighting sources [3–6]. Indium Gallium
Nitride (InGaN) or Gallium Nitride (GaN) chip based w-LEDs are
gaining paramount attention because of their longevity, high luminous
efficiency, high energy efficiency, smaller size, faster switching, ex-
cellent reliability with reduced operating expenses and capable of
replacing conventional light sources [2,5–10]. The current strategy of
achieving white light is based on yellow phosphor encapsulated over
UV/blue LED chip, which utilizes UV/blue light for excitation.
However, this strategy suffers from several drawbacks such as lower
color rendering index (CRI), high correlated color temperature (CCT),

thermal quenching, narrow visible range and hence cannot meet the
demand of warm white light needed for indoor and artificial lighting
[11,12]. To circumvent the problem, red phosphors can be introduced
to improve CRI and CCT. However, commercial red phosphor
Y2O2S:Eu

3+ has some shortcomings such as inimical decomposition
products, chemical instability which degrades its luminescence effi-
ciency over a period. This necessitate the development of a new orange-
red emitting phosphor that can be excited by n-UV or blue LED
[13,14].

Rare earth (RE) ions play a vital role in display devices and lighting
fields due to f-f and f-d transitions, which give narrow and broad
emission, respectively. At present, Sm3+ doped phosphors are studied
for the development of an orange-red phosphor due to their potential
applications for color display, plasma display panels and solid state
lighting [10,15–17]. For efficient white light emission with improved CRI
and CCT, a new combination of cyan plus orange can be realized, where
orange emission can be accomplished from Sm3+ ions doped phosphors
[18]. Therefore, Sm3+ serves as one of the best activator/dopant for
orange-red emission to augment the efficiency of w-LEDs [19].

Inorganic oxide based compounds, including zincates, aluminates
[20–26] doped with RE ions are better luminescent materials over
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a b s t r a c t

A novel calcium aluminozincate phosphor doped with Eu3þ ions has been synthesized by conventional
solid state reaction method and characterized by using X-ray diffraction (XRD), Scanning Electron Mi-
croscope (SEM), Diffuse Reflectance Absorbance (DRA) and Spectrofluorophotometer to study the
structural, morphological and photoluminescence (PL) properties. All the XRD peaks are matching well
with the standard ICDD card confirm that the prepared phosphors consist of single phase orthorhombic
structure (Ca3Al4ZnO10) having Pbc2 space group. The PL spectra recorded under near-UV/blue excita-
tions demonstrates a very distinct and intense red emission from all the phosphors. In the present
investigation, we found that 2 mol% of Eu3þ ions concentration is optimum in this host to give intense
red emission. This result is also in consistent with the CIE chromaticity coordinates measured from the PL
spectra of the samples under investigation. The results obtained for the optimized phosphor in the
present investigation such as PL and CIE coordinates (x ¼ 0.629 and y ¼ 0.370) are close to the com-
mercial red phosphor Y2O2S: Eu3þ (x ¼ 0.622 and y ¼ 0.351) and also very near to the coordinates
specified by National Television Standard Committee (NTSC).

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Energy became an essential commodity in our lives and the
demand for energy in various sectors of the present society is
increasing day by day. Lighting plays a vital role in our lives as well
as in commerce and industry worldwide as it consumes large
amount of the total energy produced. Energy efficiency is one of the
most effective and challenging means to meet the ever growing
demand of energy worldwide. Realizing the need of high efficiency
lighting devices, various scientists across the world are working to
meet this challenge. The rapid scientific quest for achieving the
energy efficient light sources, white light emitting diodes (w-LEDs)
open up opportunities in the general lighting market. Lighting
applications using LEDs, organic LEDs, or light emitting polymers
are commonly refers to Solid State Lighting (SSL). Now a days, SSL
technology is emerging as a promising one to replace the conven-
tional lighting sources such as incandescent bulbs, fluorescent
lamps and high intensity discharge lamps due to their unique
features such as high efficiency, compact and rigid structure, longer
asimhadri), drsrallam@gmail.
lifetime and their efficiency in power saving [1,2]. SSL technology
also contributes immensely to the reduction of greenhouse gases
and thereby helps in protecting the environment [3,4]. The history
of solid state lighting dates back to 1907 when H.J. Round discov-
ered a green glow in the silicon carbide diode junction [5]. However
this major invention remained unnoticed for a longer period. A
significant development in this direction took place when Shuji
Nakamura fabricated double-hetrostructured InGaN/GAN blue LED
chips in 1993 [6]. The first white light emitting diode was brought
in to the commercial market by Nichia Corporation in 1996 [7].
From that time onwards, the search for the most efficient w-LEDs
became a thrust area and the scientists are striving hard to bring
out financially viable and environmental friendly w-LEDs needed
for lighting industries.

There are various approaches to get efficient solid state sources
for white light generation [8,9]. However two different prominent
methods are employed most commonly. The first one is using
phosphor free RGB-LEDs. In this method light from three mono-
chromatic LED sources, red, green and blue (RGB) are mixed
directly so as to produce a white light. Second one is phosphor
based, i.e., phosphor-converted white LEDs (pc-white LEDs)
method. Nowaday pc-white LEDs approach has been paid much
attention when compared with phosphor free RGB-LED approach
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A B S T R A C T

The Dy3+ ions doped Na2O-ZnO-Al2O3-B2O3 (BAZN) glasses with variable doping concentrations were synthe-
sized by melt-quenching technique. The XRD pattern reveals amorphous nature of the as-synthesized glass. The
FT-IR spectrum reveals various stretching and bending vibration of aluminates, borate and some other groups.
The emission spectra exhibit two intense bands at around 482 nm (blue) and 575 nm (yellow) corresponding to
the 4F9/2→ 6H15/2 and F9/2→ 6H13/2 transitions respectively. The CIE chromaticity coordinates of the as-syn-
thesized glasses are lying in white region and in proximity to the coordinates for white light specified by
National Television Standard Committee and commercial phosphor converted white light emitting devices. The
decay profile of BAZN glasses showed bi-exponential behavior due to the energy transfer mechanism from ex-
cited donor ion to unexcited acceptor ion. The above-mentioned studies show potential of the as-synthesized
Dy3+ doped BAZN glasses in solid state lighting applications.

1. Introduction

In quite recent years, awareness about climate change, environ-
mental problems and harmful impact of using fossil fuels as a source of
energy on environmental issues has increased to an extent where people
are now seeking some alternatives for fossil fuels, which are less ha-
zardous to environment. Lighting consumes major fraction of energy;
therefore, research is highly targeting on reducing consumption of en-
ergy for lighting purposes. Quite recently, white Light Emitting Diodes
(w-LEDs) have replaced the conventional incandescent and fluorescent
lamps to reduce the usage of fossil fuels and also to meet global power
requirements by producing more efficient light. The phosphor based w-
LEDs have attracted great attention due to its extraordinary lumines-
cent efficiency, low power consumption, small volume, long persistence
and environment friendliness [1–4]. These phosphor based w-LEDs
exhibit high color rendering index, but these w-LEDs have disadvantage
that phosphor material used to produce it requires a coating of organic
resin having poor heat resistance which reduces the luminous efficacy
[4–7]. Therefore, it is needed to develop a phosphor free w-LED that
can emit white light with improved luminous efficacy and color ren-
dering index with stable color temperature and cost effective in com-
parison to the conventional w-LEDs. Now-a-days, glasses are found to
be a suitable alternative for resin based phosphors. The rare earth (RE)
doped glasses have several advantages over RE doped phosphors such
as high brightness, low power consumption, possibility of wavelength

tuning, high doping proficiency, shape and size control, no aging effects
and free of organic resin [8–10]. Moreover, glasses doped with RE ions
are receiving great attention for its wide range of applications such as
solid-state lighting, photovoltaic cells, FED applications, X-ray sensors,
optical temperature sensors, optical amplifiers, UV–vis converters,
plasma display devices, bio imaging and bio sensing, w-LEDs [11–20].

The optical and fluorescence properties of RE ions depend upon the
local environment and phonon energies of the host glass system [21].
Borate glasses are well studied due to its ease of preparation, good
strength, high transparency, and excellent isotropic nature. Borate
glasses are generally known for their high thermal stability, low melting
point, different coordination numbers and good solubility of RE ions,
but their phonon energy is quite high (1300 cm−1) which makes them
unsuitable for lighting purposes [22–24]. In general, heavy metal
oxides having low phonon energy are mixed with borates to reduce the
redundant phonon energy of borate glasses and make it more suitable to
be used in the development of optoelectronic devices, solar energy
converters, gas sensors and UV lasers [25–27]. Based on the con-
centration of heavy metal oxides in the glass, it can act as a glass former
as well as glass modifier. ZnO have attracted many researchers because
of its optical, electrical and magnetic properties along with its non-toxic
and non-hygroscopic nature and having wide direct band gap, large
exciting binding energy and intrinsic emitting property [28]. It also
improves chemical durability, stability and RE ion solubility in the
glass. By adding Al2O3 in oxide glasses, devitrification of glass is
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A B S T R A C T

Zinc Lead Alumino Borate (ZPAB) glasses doped with varying concentrations of Terbium (Tb3+) ions have been
prepared via melt quenching technique. Structural studies like XRD and FT-IR were performed to ascertain the
amorphous nature and functional groups present in the as prepared glasses respectively. Photoluminescence (PL)
properties of the as prepared glasses were investigated by performing excitation and emission spectral studies
under 545 nm and 369 nm wavelengths respectively. Under n-UV excitation, these glasses exhibit four emission
peaks due to transitions from the excited 5D4 level of Tb3+ to 7FJ (J= 3 to 6) ground level. Among all, the
intense emission band was observed at 545 nm corresponding to the 5D4→

7F5 transition and the emission in-
tensity increases up to 1mol%, beyond concentration quenching took place. The Dexter theory confirms the
possibility of energy transfer via electric dipole-dipole interaction between Tb3+-Tb3+ ions. The CIE chroma-
ticity coordinates and color purity were evaluated which falls in intense green region and close to European
Broadcasting Union illuminant green. The PL decay studies were carried out to know the experimental lifetimes
of the fluorescent levels of Tb3+ ions. The lifetime measured for 5D4→

7F5 transition of the as prepared glasses
decreasing with increase in Tb3+ ions concentration, may be due to efficient energy transfer between Tb3+-Tb3+

ions. The aforementioned results confirm potentiality of these glasses in solid state green laser and as a green
component in tricolor w-LEDs.

1. Introduction

Over the past few decades, rare earth (RE) ions doped materials
have drawn significant attention of researchers for practical application
in solid state lasers, light converters, sensors, field emission displays,
scintillators, optoelectronic applications, and thermo-luminescent do-
simeters [1–5]. Phosphor based w-LEDs have seen numerous advances
in the field of solid state lighting (SSL) and different approaches are
used to design them. The first method involves a blue emitting InGaN
LED chip in conjunction with a yellow emitting phosphor (YAG: Ce3+).
But, halo effect due to blue/yellow color separation and poor color
rendering index (CRI) because of lack of red component makes this
approach unsuitable for SSL. The temperature and drive current are
also detrimental to the blue LED chip. In second approach, the com-
bination of near ultraviolet (NUV) LEDs with RGB phosphors is used to
overcome the aforementioned shortcomings. This significantly im-
proves CRI and reduces halo effect [6,7]. However, in both the ap-
proaches phosphor is suspended in the form of powder in an epoxy resin
which is made up of an organic material. Due to high temperatures and
high energy/power excitation light sources, the epoxy resin gets

damaged. This affects the luminous efficiency and CRI in a detrimental
manner [8]. The need to develop a monolithic material with high
durability having superior emission property prompted us to propose an
inorganic glass as a potential candidate for SSL applications. The de-
crement of re-absorption of light only adds to the advantages of using
glass as a luminescent material [9]. Owing to the ease of alteration in
composition, glasses have been involved in various applications.
Glasses have been considered as excellent luminescent materials due to
excellent thermal, chemical and mechanical stability, high solubility of
RE ions, ease of preparation, easy shaping of elements and low cost [3].

Among various glass formers, borate groups have been considered
as one of the best glass formers due to low melting point, robust, high
optical transparency, chemical durability and inexpensive [10,11].
However, borate glasses have some shortcomings as it shows hygro-
scopic nature and can easily absorb water in moist environment and
stretching vibrations of borate groups in forming network exhibit high
phonon energy which results in non-radiative energy losses [12]. To
inculcate these shortcomings of borate glasses, network modifiers can
be added to the borate glasses and the optical and chemical properties
of borate glasses can be enhanced significantly [12]. Heavy metal
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Quaternary lithium lead alumino borate (LiPbAlB) glasses doped with different concentration of Eu3+ ions
have been synthesized by melt quench technique and characterized by using XRD, Photoluminescence
(PL), PL decay and CIE-chromaticity co-ordinates to understand their luminescence behavior. A broad
hump observed in the XRD spectrum confirms glassy nature of the as-prepared un-doped glasses. By
applying Judd-Ofelt (J-O) theory to the emission spectra, various radiative parameters for the prominent
fluorescent levels of Eu3+ have been evaluated. An intense excitation peak observed at 393 nm matches
well with the excitation wavelength of n-UV LED chip. The PL intensity increases up to 7 mol% of Eu3+ in
LiPbAlB glasses and beyond quenching observed. The decay profiles observed for the prominent emission
line 5D0 ?

7F2 were well fitted to bi-exponential function and lifetime are decreasing with increase in
Eu3+ ion concentration which may be due to efficient energy transfer between Eu3+-Eu3+ through cross
relaxation channels. CIE chromaticity co-ordinates evaluated from the emission spectra, are found to
be in red region of the visible spectrum. The enhanced color purity and quantum efficiency values were
also evaluated from the emission spectral data. From the emission cross-sections, branching ratios, quan-
tum efficiency, CIE coordinates and color purity, it was concluded that 7 mol% of Eu3+ ion concentration
(glass C) is optimum in LiPbAlB glasses for visible red photonic device application.

� 2018 Published by Elsevier Ltd.
1. Introduction

Rare Earth (RE) ions doped glassy matrix have found immense
usage today in the field of lighting technologies, lasers, photo-
voltaic devices and development of new modes of telecommunica-
tion [1–5]. What catches immense attention is the present day
development of such compounds for solid state lighting (SSL)
applications in the form of w-LEDs. Now, w-LEDs are convention-
ally fabricated via two synthesis techniques. First is when YAG:
Ce3+ yellow phosphor is excited by blue LED InGaN chip [2,6]. Sec-
ond one is when mixed RGB phosphors are excited with the help of
UV LEDs [2,6]. But low color rendering index (CRI) and high color
correlated temperature (CCT = 7750 K) in the case of former and
low luminescence efficiency in the case of later are some of the
well-known drawbacks of such synthesis techniques [7,8]. Also, a
polymer based epoxy material is used in the construction of LEDs
that encapsulate the phosphor [9]. The emission of such w-LED
depends on the thickness of the epoxy material and on the phos-
phor. But this epoxy material can deteriorate under high energy
excitation and high temperature [10]. Therefore, RE ions doped
glasses are a good alternative to such phosphors as there is no
epoxy resin involved. Also they are highly durable and exhibit
enhance luminescence. Glasses can be produced in high volume
and have optical uniformity so they are mostly favored over crys-
talline host. Glasses doped with RE ions have attracted significant
attention because they can be fabricated easily in several forms
[11,12]. Apart from having low non-linear refractive indices, these
glasses behave like a good elastic matrix and therefore can accept
high amount of RE ions [13].

Boron Trioxide (B2O3) is one of the best glass former because of
its high transparency, low melting point, high thermal stability,
high mechanical and chemical strength with high solubility of RE
ions [14,15]. However, B2O3 possess high phonon energy
(1300 cm-1) due to stretching vibrations of network forming oxi-
des. This, in turn, enhances the non-radiative emission. However
such redundant phonon energies can be reduced drastically by
adding heavy metal oxides (HMO) such as PbO to the borate
glasses [16]. Greater quantum efficiencies are therefore expected
due to smaller multi-phonon decay rates and larger radiative tran-
sition probabilities. Lithium Oxide (Li2O) is used in the glass matrix
to improve the chemical stability and also to modify its chemical
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a b s t r a c t

This paper presents the structural, optical absorption, photoluminescence (PL) and decay spectral
properties of Dy3þ ions doped zinc lead alumino borate (ZPAB) glasses to elucidate their possible usage in
photonic devices such as w-LEDs and lasers. A broad hump shown by the XRD spectrum recorded for an
un-doped ZPAB glass confirms its non-crystalline nature. The Judd-Ofelt (J-O) intensity parameter
evaluated from the measured oscillator strengths of the absorption spectral features were used to
estimate various radiative parameters and also to understand the nature of bonding between Dy3þ ions
and oxygen ligands. Under 350 nm excitation, the as-prepared glasses are exhibiting two emission bands
4F9/2 / 6H15/2 (blue), and 4F9/2 / 6H13/2 (yellow) at 483 and 575 nm, respectively. From the PL spectra,
the Y/B ratio values, CIE chromaticity color coordinates and color correlated temperature (CCT) were
evaluated. The experimental lifetimes measured from the decay profiles are decreasing with increase in
Dy3þ ions concentration in these glasses which may be attributed to the cross-relaxation and non-
radiative multiphonon relaxation process. Decay profiles observed for higher concentration were well
fitted to Inokuti-Hirayama (I-H) model to understand the energy transfer process and subsequent
decrease in experimental lifetimes. The higher values of radiative parameters, emission cross-sections,
quantum efficiency, optical gain and gain band width suggest the suitability of 0.5 mol% of Dy3þ ions
in these ZPAB glasses for the photonic device application.

© 2019 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Solid state lighting (SSL) has received considerable attention
recently in the field of luminescent technology due to its eco-
friendly nature and ability to consume less energy. Apart from
this, SSL based devices are playing significant role in the develop-
ment of white LEDs and seeking immense research due to their
long life span, high efficiency and less power consumption as
compared to conventional incandescent bulbs and CFLs.1e5 The
aforementioned applications have encouraged researchers to
develop luminescent technology that is highly color tunable as well
as efficient. Nowadays, LEDs have been fabricated by taking a
combination of blue/n-UV excitation chips and phosphor wave-
length converter models.6e8 Phosphors are usually encapsulated in
an epoxy resin which is made up of a polymer material. The epoxy
resin can get damaged at high temperature or high energy excita-
tion sources. Hence rare earth (RE) doped glasses are best
blished by Elsevier B.V. All rights r
alternatives to phosphors as they are highly durable and exhibit
enhanced luminescence. Since glasses can be produced in high
volume having optical uniformity, they are mostly favored over
crystalline host. Glasses doped with RE ions have attracted signif-
icant attention because they can be fabricated easily in several
forms, have higher transparency, require a simple manufacture
procedure and exhibit homogeneous light emission. Also, they are
less susceptible to damage due to heat and have low production
cost.9

Among all the glass formers available, B2O3 is one of the best
glass formers because of its low melting point, high thermal sta-
bility, high mechanical and chemical strength with high solubility
of RE ions.10,11 However, B2O3 possesses high phonon energy
(1300 cm�1) due to stretching vibrations of network forming ox-
ides.12 Such high phonon energies in turn enhance the non-
radiative emissions and hampers the luminescence efficiency.
Therefore, to reduce such redundant phonon energies, preferably a
heavy metal oxide (HMO) such as PbO is added to the borate
glasses.13 Consequently, larger quantum efficiencies are expected
due to smaller multi-phonon decay rates and larger radiative
transition probabilities. ZnO in any host glass is having special
eserved.
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Abstract
Trivalent gadolinium  (Gd3+) activated strontium silicate  (Sr2SiO4:xGd3+; 0.01 ≤ x ≤ 0.11) systems have been synthesized via 
sol–gel technique. The structural, morphological, luminescent, and magnetic properties have been investigated using X-ray 
diffraction patterns, scanning electron microscopy (SEM), photoluminescence (PL), and electron paramagnetic resonance 
(EPR) technique, respectively. The synthesized strontium silicate samples exhibit a mixed phase of α′ and β-Sr2SiO4. The 
SEM images show irregular morphologies with a random distribution of particles. The PL spectra confirm the ultraviolet 
emission from the synthesized samples and the optimum concentration of  Gd3+ ions is observed at 0.05 mol. With low 
dopant concentrations,  Sr2SiO4:Gd3+ sample displays EPR lines, mainly in the low field region with effective g-values 5.8, 
4.5, 3.1, and 2.7. As dopant concentration increases, a broad line appears with  geff ~ 2.1 along with the low field lines. A 
relatively strong crystal field is experienced by  Gd3+ ion due to distortions in the immediate environment of the ion, which 
lead to low field EPR lines. These studies allow the use of gadolinium-activated strontium silicate in phototherapy lamps.

1 Introduction

Lanthanide activated inorganic materials have been exten-
sively investigated due to their unique electronic, optical, 
and magnetic properties [1–3]. Among various inorganic 
hosts, silicates are known as excellent host materials for 
many technological applications due to their admirable 
chemical, physical, thermal, and high irradiation power sta-
bility [4–8]. Alkaline earth metal orthosilicates  (M2SiO4; 
M = Ca, Sr, Ba) have attracted much attention in the recent 
years [9–14]. Alkaline earth silicates are resistant to many 
chemicals and air moisture [15]. Strontium orthosilicate 
 (Sr2SiO4), in particular, has attracted attention due to its 
special structural features, excellent physical, and chemical 
stability [16]. The  Eu2+ activated  Sr2SiO4 has been used 

commercially in white LEDs in place of YAG:Ce [17, 18]. 
The luminescence properties of  Sr2SiO4 activated with dif-
ferent rare earth (RE) ions such as  Eu3+,  Sm3+,  Eu2+,  Ce3+, 
 Tb3+,  Pr3+, and  Dy3+ have been extensively investigated due 
to their applications in white LEDs [12, 15, 19–22]. How-
ever, a lack of information exists regarding the exploration 
of the luminescence properties of the  Gd3+ activated  Sr2SiO4 
system.

Among the lanthanide activated inorganic materials, tri-
valent gadolinium  (Gd3+) based systems have gained signifi-
cant importance because of their simple electronic energy 
level scheme that can be used as a spectroscopic probe for 
host-dopant energy transfer dynamics, site swapping, point 
group symmetry, intricate structure-photoluminescence cor-
relation, etc. [23–25]. In addition,  Gd3+ ion contains seven 
unpaired electrons which make it an important ion as a water 
relaxation agent in MRI applications. Currently,  Gd3+ ions 
are attracting more attention as neutron capture therapy 
agents in targeted radiotherapy for cancer treatment [26, 27]. 
In addition, a Gd ion can act as an auxiliary ion to serve 
as a trap center in several hosts for energy storage in long 
afterglow materials, and ionizing radiation detectors [28].

Ultraviolet (UV) radiations have been segregated 
into three different types: long wavelength UV rays 
(UV-A: 380–320  nm), medium wavelength UV rays 
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A B S T R A C T

A series of Pb2+-doped SrZrO3 phosphors with a varying Pb2+ concentration has been successfully synthesized
using the sol-gel method. The structural, morphological, and luminescence properties along with the electron
paramagnetic resonance (EPR) properties have been investigated in details. The structural analysis was carried
out by recording X-ray diffraction (XRD) patterns, which confirms the pure-phase formation of the synthesized
phosphors. The morphological study was performed using a scanning electron microscope (SEM) that showed
micron-sized particles with irregular morphologies. The photoluminescence excitation and emission spectra
were also recorded. The emission intensity shows the maximum at 360 nm that was pumped at 278 nm for
SrZrO3:Pb2+. The optimized Pb2+ concentration is 0.015mol. Investigations of un-doped and Pb2+ doped
SrZrO3 phosphor have been carried out using electron paramagnetic resonance (EPR) technique. Pure SrZrO3

exhibits an axially symmetric EPR line with g||=1.93 and ⊥g =1.99. These lines are ascribed to Zr3+ ion.
Additional lines are not observed in the Pb2+ doped phosphors.

1. Introduction

In recent years, the development of lighting technology has at-
tracted researchers to the exploration of different hosts for diversified
applications. The inorganic phosphors have various applications in field
emission displays (FED), plasma display panels (PDP), fluorescent
lamps, sensors, and optical-communication and imaging devices [1–5].
Due to the diversified applications, researchers have deeply in-
vestigated the properties of different hosts doped with different ions to
ascertain their potential in terms of the previously mentioned applica-
tions.

The alkaline earth zirconates of the perovskite structure with the
general formula ABO3 (A = calcium [Ca], strontium [Sr], barium [Ba],
lead [Pb]; B = titanium [Ti], silicon [Si], zirconium [Zr]) are of a high
technological interest due to their high thermal and chemical stability,
high refractive indices, and wide bandgaps with ferroelectric and pie-
zoelectric properties [6]. Owing to the outstanding properties of the
alkaline earth zirconates, various applications including sensors, cera-
mics, filters, memory and microelectronic devices have been identified
[6,7]. The chemical and physical properties of these materials can be
easily tuned through the addition of some dopants into the host. Among
the heavy-metal ions, the Pb2+ can be used as an activator that emits
diverse spectral lines in different hosts. Inorganics oxide phosphors

doped with the Pb2+ have been applied in X-ray imaging devices, low-
pressure lamps, high-energy physics, photocopying lamps, sensing, and
phototherapy [7–10]. Among the various zirconates, the cubic-structure
strontium zirconate (SrZrO3) host lattice is also favored for its appli-
cation in X-ray imaging, which is an important tool in the medical
sciences, material engineering, and security screening [11,12].

The luminescence properties of a phosphor are dependent on the
size, morphology, and synthesis temperature. The citrate sol-gel
method provides an attractive alternative to the traditional synthesis
methods. The sol-gel synthesis method not only reduces the synthesis
temperature, but it also improves the morphology of the prepared
phosphors and enhances the luminescence properties [13].

As far as we know, there are no previous reports on Pb2+-doped
SrZrO3 phosphors. In the present article, the Pb2+-doped SrZrO3

phosphor has been synthesized using a citrate sol-gel method for which
the dopant concentration was varied from 0 to 0.090mol. The struc-
tural, morphological, and luminescence studies, along with an EPR
analysis, have been realized in detail for the application of the phosphor
in imaging devices.

2. Materials preparation and analysis

A series of the phosphors of Sr1–xZrO3:Pbx (x=0.005, 0.015, 0.03,
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Trivalent gadolinium (Gd3+) activated CaY2Al4SiO12 garnet compounds with a
variable concentration of Gd3+ ions were synthesized by a sol–gel method. The
synthesized garnet compounds were characterized for their structural, mor-
phological, luminescent, and magnetic properties. The x-ray diffraction data of
Gd3+ activated CaY2Al4SiO12 garnet compound reveal the cubic structure with
Ia3d space group. The scanning electron microscope images represent the
morphology of the particles. The photoluminescence properties were analyzed
from the excitation and emission spectra. The emission spectra of the
CaY2Al4SiO12:Gd3+ garnet compound under 273 nm excitation exhibit two
emission peaks at 308 nm and 314 nm and are attributed to 6P5/2 fi 8S7/2 and
6P7/2 fi 8S7/2 transitions, respectively. The emission peak observed at
314 nm is more intense than the peak observed at 308 nm. The high-intensity
peak at 314 nm is used to cure various skin disorders, and hence is beneficial
in phototherapy. The intensity of the emission peaks increases up to 0.09 mol
of Gd3+ ion concentration in the CaY2Al4SiO12 garnet compound, and beyond,
then decreases, showing concentration quenching. The electron paramagnetic
resonance of Gd3+ ions in the prepared garnet compound exhibits resonance
signals with effective g values at g � 6.5, 5.0, 2.6, 2.2, 2.0, and 1.6 of the
U-spectrum, due to cubic, octahedral, or tetrahedral distorted sites.

Key words: Sol–gel, EPR, Gd3+, CaY2Al4SiO12, garnet, luminescence

INTRODUCTION

Garnet host materials are one of the most impor-
tant host materials for rare earth (RE) ions, because
of their physical stability, high luminescent effi-
ciency, good chemical stability, and high thermal
properties.1–5 Garnet-type structure offers promis-
ing candidates for electrolytes in solid-state electro-
chemical devices, and in rechargeable lithium
batteries.6,7 Garnet compounds have the general
crystal formula {A3}[B2](C3)O12, where A, B, and C

are in dodecahedral, octahedral, and tetrahedral
coordinates, respectively.8,9 In recent years, by
combining the ions of different valence states, such
as A = RE3+, Ca2+, Ba2+, Sr2+, or Mg2+; B = Sc3+,
Ga3+, or Al3+; and C = Ga3+, Al3+, or Si4+ at various
crystallographic sites, a significant number of dif-
ferent compositions were obtained, without chang-
ing the garnet structure.10,11 Although the
structure of garnet does not show any change, the
local coordination structure of the sites can be
changed, depending on the garnet composition.
Exploiting the isomorphism in garnets is another
approach to obtain new compounds with garnet
structure that belong to the Ia3d space group.12 In
recent years, MY2Al4SiO12 (where M = Ca, Ba, Sr,
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A B S T R A C T

Thulium (Tm3+) doped Zinc Lead Tungsten Tellurite (ZnPbWTe) glasses having the composition 5ZnO-15PbO-
20WO3-(60-x)TeO2-xTm2O3 were prepared by using melt quenching technique and analysed with optical ab-
sorption, photoluminescence (PL) and PL decay spectral measurements. The absorption data was used to cal-
culate oscillator strengths and the Judd-Ofelt (J-O) parameters. The emission spectra were recorded under
472 nm excitation exhibit intense fluorescent peaks 650 nm and 806 nm. The emission spectral data correlated
with J-O theory was used to determine radiative parameters like radiative transition probability (AR), total
radiative transition probability (AT), branching ratio (βR) and radiative lifetimes (τR) for the fluorescent levels of
Tm3+ ions in ZnPbWTe glasses. The decay curves for the 1G4→

3F4 transition under 472 nm excitation were
investigated to calculate experimental lifetimes (τexp) and quantum efficiency (η). The σse and η reveals that
ZnPbWTe glasses doped with 1mol% of Tm3+ ions are most suitable for fabricating deep red emitting optoe-
lectronic devices and lasers.

1. Introduction

Emerging scientific trends and immense technological develop-
ments in the field of rare earth (RE) doped glassy and crystalline sys-
tems today are a researcher's treat due to the various applications that
these systems find in the field of solid state laser systems, modern
lighting technologies, display, photovoltaics etc. [1–5]. Homogenous
light emitting property along with high thermal stability, low manu-
facturing procedure, free from organic polymer and cost make these RE
doped glasses superior to other crystalline materials. Also, RE ion doped
materials show diverse applications due to their emissive properties
which arise due to intra 4f transitions. Among all the RE ions, Tm3+

doped materials exhibit emission in red and NIR region of electro-
magnetic spectrum. Therefore, such materials show potentiality in
white light emitting diodes (w-LEDs), NIR lasers, sensors in atmosphere
pollution monitoring, laser surgery and other applications [6–8]. Tm3+

ions emission in NIR and MID-IR regions have numerous applications
that include Light Detection and Ranging (LIDAR), welding and co-
herent Doppler velocimetry. The energy level structure of Tm3+ is such
that it increases the quantum efficiency of materials by aiding cross
relaxation (3H4+ 3H6→

3F4+ 3F4). Such critical scientific advantages

make Tm3+ systems very important in the field of optoelectronic de-
vices [9]. Moreover, in visible emission for white light generation,
Tm3+ doped materials are studied along with co-doping of Dy3+ ions to
improve the CRI and CCT of white light generated [10]. The transitions
of Tm3+ ions are host dependent and crystal field effect can greatly
influence the red and NIR region emissions. Among lanthanides, the
energy level transitions of Tm3+: 3F4→ 3H6 is responsible for the
emission in the 2 μm region. These transitions operate in the 3-level
quantum scheme, and the luminescence spectrum emitted from this
transition is relatively broad [11–14]. The transition 1G4→

3F4 of Tm3+

is responsible for red light emission [15]. Further, among all the RE
ions, Tm3+ ions also show color tunability in various host matrices. The
previous results present interesting properties of different materials
singly and doubly doped with Tm3+ ions. G. Lakshmi Narayana et al.
reported the optical absorption and gamma-radiation-shielding para-
meter studies of Tm3+-doped multicomponent borosilicate glasses [16].
They observed that addition of Tm2O3 content leads to the improve-
ment of the shielding efficiency of the prepared Li and Mg glasses.
Spectroscopy and energy transfer in lead borate glasses doubly doped
with Tm3+ and Dy3+ ions were thoroughly investigated by Agata
Górny et al. [10]. They estimated the efficiencies of energy transfer
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