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ABSTRACT 

In the present work, NaBi(MoO4)2 (NBM) phosphor has been successfully synthesized by doping 1.0 mol% 

of Eu3+ via the conventional solid state reaction technique. The undoped & 1.0 mol% Eu3+ activated 

synthesized NBM phosphor sample was characterized to explore crystal structure, morphology, 

photoluminescence (PL) and colorimetric properties using various characterization techniques. In order to 

investigate the structural characteristics, x-ray diffraction was used. The standard JCPDS pattern (card no. 

79-2240) was compared to the diffraction peak data. The morphological studies of the sample have been 

done through FE-SEM micrograph. From the photoluminescence emission spectra, It has been noted that a 

significant peak at 615 nm under blue excitation was achieved. The shift from the ground state to several 

excited states through energy absorption is illustrated in the Partial energy level diagram of Eu3+ activated 

NBM phosphor. Colorimetric property of 1.0 mol% of Eu3+ activated NBM phosphor has been examined 

and traced in the red region with high colour purity of 92.79%. The aforementioned characteristics 

demonstrate that the NaBi(MoO4)2: 1.0 Eu3+ phosphor has great potential in the field of w-LED applications. 
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CHAPTER 1: INTRODUCTION  

1.1 Phosphor 

Phosphors are materials that exhibit the phenomena of photoluminescence when excited by 

electromagnetic radiation. These are solid inorganic material host lattices that have been intentionally doped 

with an activator to enhance the absorption of electromagnetic radiation. A number of different types of 

phosphors with varied host lattices and activators or dopants have been synthesized each having its own 

characteristic emission color and emission time, the time the phosphor glows for after the radiation event [1]. 

This makes phosphors suitable for a variety of applications ranging from lighting solutions, laser devices, 

display devices, and energy applications to temperature sensors [2].   

 

Fig. 1.1: Phosphor powder glowing and emitting light 

Photoluminescence in a phosphor occurs when the electrons of the phosphor are excited to a higher 

energy level upon absorption of photons. These excited electrons may lose their energy via radiative or non-

radiative mechanisms to return to their ground state and during this relaxation process, they emit photons 

whose energy lies in the visible range and appear to us as light of various colors as shown in Fig. 1.1. This 

time is usually in the range of 10-8 s after which they come back to ground state by losing the extra energy 

in the form of a photon. The time period between absorption and emission varies greatly and may range from 

milliseconds to even days [3]. This absorption and emission is primarily done by the activator electrons and 

mostly rare-earth ions are used as activators for the host lattice due to their superior luminescent properties 

[4]. 
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Phosphors can be synthesized using several physical and chemical means, which involve solid-state 

reaction method, sol-gel synthesis, hydrothermal, co-precipitation methods, etc. effectively. The precursors 

in the form of oxides, nitrates, sulphides are taken to form the phosphor material which is usually in the form 

of a dry powder. The size as well as shape of the phosphor particle can be controlled and tuned by the 

selection of the synthesis technique and hence depending upon the required application a suitable synthesis 

technique must be used to get a phosphor with desirable properties [5]. 

1.2 Host Matrix and Activator Ions 

The host matrix doped with the activator or dopant ions are the building blocks of a phosphor material. 

As such the selection of the host material is imperative to the successful synthesis of a phosphor material. A 

wide variety of host materials such as lanthanides, molybdates, nitrites, silicates, etc. may be used for the 

host material depending upon the required usage and application as they all come with their own set of 

properties [6]. The host materials have been researched widely and it was found that lanthanide based lattices 

provide great luminescent properties for phosphors but come with many problems namely, high toxicity, low 

relative abundance of lanthanides and their very high cost which makes then unsuitable for large scale 

production applications [7]. The activator ion or the dopant ion provides the absorption center for the incident 

radiation and hence the characteristic emission color and time are highly dependent on the choice of the 

activator ion. Trivalent rare-earth ions such as Eu3+, Er3+, Dy3+, Sm3+, etc. are most widely used as activator 

ions due to their wide variety of distinctive chemical properties owing to the f-f intra configurational 

transitions [8].   

Different ions exhibit emission in different regions of the visible spectrum and even extend to the 

NIR region. Furthermore, by co-doping to ions together on the host lattice numerous new and unique 

properties can be achieved which makes them uniquely versatile. Ions such as Eu3+ show emission in red 

region and are suitable for the red components in w-LEDs, optical display devices and the existence of 

thermally coupled energy levels also makes them suitable for non-contact thermometry applications [9,10]. 

Er3+ shows emission in green region and is suitable for w-LEDs, photonic applications, display devices and 
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thermometry [11–13]. Dy3+ shows yellow emission and has possible applications in fingerprint detection, 

solid state lighting, gamma dosimetry [14–16]. All other rare-earth dopants show similar properties with just 

their emission color varying. Thus, depending upon required application and usage, the suitable dopant ion 

with matching properties must be selected. 

The quantity of dopant ions present in the host lattice also significantly impacts in determining the 

intensity of the emission and the possible application. In phosphors, a phenomenon called concentration 

quenching takes places when the amount of the dopant ion is continually raised in the lattice which leads to 

a decrease in luminescent intensity of phosphor if the dopant concentration is above a suitable value [17]. 

This quenching takes place due to the energy transfer between activators in the host as when concentration 

is increased above the suitable level the dopant ions come sufficiently close to each other and energy transfer 

can take place [18,19]. 

1.3 White Light Emitting Diodes (w-LEDs) 

Low energy consumption and environmentally safe lighting options are in high demand right now. A 

lot of research is being done in this field to come up with energy efficient lighting solutions and phosphor 

converted white LEDs (pc-WLEDs) are evolving as a great sustainable solution. Over the recent years, the 

pc-WLEDs have gained considerable fame in the solid-state lighting industry and are widely being used in 

display devices, traffic lights and as lighting in vehicles and airplanes. White light can be generated in three 

ways as shown in Fig. 1.2. The three methods comprise of:  

i. Yellow-emitting phosphor excited by blue emitting LED 

ii. By combination of RGB phosphor with near UV LEDs  

iii. Combination of red, green and blue (RGB) LED lights  

And white light generation by using phosphors has numerous benefits, involving low energy usage, 

tremendous efficiency and ecological sustainability [20].   
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Fig. 1.2: White-light generation representation using phosphors 

The first pc-WLED was realized using Ce3+ doped yellow emitting YAG phosphor coupled with a 

blue chip, but this method posed a lot of challenges such as color rendering index (CRI) is low while color 

correlated temperature (CCT) is high. Instead, RGB phosphors coupled with NUV chips are a far better 

option for pc-WLED applications due to its higher energy in comparison to blue chip and it also fulfills the 

vacancy of insufficient red light of the YAG phosphor [21]. 

1.4 Photoluminescence 

Photoluminescence is the process of radiation of light energy from a material due to absorption of 

photons. The electrons present inside the material absorb energy from incoming photons and are excited to 

higher energy states. The electrons typically undergo relaxation processes, after which they lose energy by 

non-radiative and radiative processes in order to regain their initial energy level. The energy emitted by the 

electrons during relaxation may lie in the visible, near-UV, UV or infrared ranges and can be utilized and 

fine-tuned to get desirable results. The time period between the process of absorption of photon and emission 

of energy can vary from a few microseconds to hours and even days.  

If this excitation-emission process occurs rapidly, it is known as fluorescence while if it is long lasting 

(period may vary from seconds, minutes, hours to days) it is known as phosphorescence. This occurs due to 

the existence of spin in the electrons and energy states with different multiplicities namely singlet and triplet 

states. The ground level state for electrons is a singlet state S0 and the excited state may me singlet S1 or 
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triplet T1. Upon excitation, the electron moves to another state with similar or different multiplicity and has 

to then lose energy through various processes to return. If the electron moves to a state with same multiplicity 

(S1→S0), the emission process is instantaneous as this is an allowed transition due to the ideal spin-

multiplicity values but, if the electron is in a state with different multiplicity (T1→S0), this transition is 

forbidden due to angular momentum conservation. A special phenomenon of spin-orbit coupling which 

occurs in heavy metals such as indium, europium, erbium, etc. removes this restriction and allows the T1→S0 

transition to occur. Due to the complicated nature of this restricted or forbidden transition, the time period 

taken for it to occur is high and varies greatly from a few microseconds to hundreds of seconds and gives 

rise to phosphorescence [22,23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

CHAPTER 2 

EXPERIMENTAL PROCEDURE 
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CHAPTER 2: EXPERIMENTAL PROCEDURE 

2.1 Synthesis: Conventional Solid state reaction route 

One of the most typical approaches for synthesizing crystalline solids is the solid-state reaction 

approach. The solid-state route is reasonably cheap and just needs basic equipment. It includes chemical 

processes called chemical decomposition reactions, where a blend of solid reactants is heated to create a new 

solid composition and gases. It comprises performing steps as choosing the appropriate precursor powders, 

weighing them in accordance with the intended product's molecular formula, manually mixing, mechanically 

mixing, or chemically combining, calcining at the proper temperature, and regrinding. To get the optimum 

electrical and mechanical qualities, precise calcinations at the proper temperature are essential. The greater 

the calcination temperature, the better the homogeneity and density of the final product. 

2.2 Sample Preparation: NaBi(MoO4)2:Eu3+ 

 

Fig 2.1. Flow-chart depicting sample [NaBi(MoO4)2]  preparation by means of conventional solid-state reaction method 
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For the production of NBM, sodium carbonate (Na2CO3), bismuth oxide (Bi2O3), molybdenum 

trioxide (MoO3) and Europium oxide (Eu2O3) are weighed according to the stoichiometric formula. After 

accurately weighing the precursor powders, they are mixed together in ethyl alcohol and after drying the 

sample is synthesized by manually grinding the powders for 1hour in an agate mortar with the help of a 

pestle. The as-prepared uniformly mixed sample was employed in an alumina crucible and calcined at various 

temperatures (600-800 °C) in a furnace (muffle) for three hours in order to crystallize it. The so-obtained 

sample is further cooled down to room-temperature and is grinded to obtain fine particles. 

3.3 Analysis of sample 

1.0 mol% Eu3+ doped NBM phosphor is synthesized and several characterizations were performed. 

To examine the crystalline properties, the sample was employed with an X-ray diffractometer with nickel-

filtered X-rays with a Cu-Kɑ =1.54 Å wavelength (Bruker D8 Advance model). A 40 Kv accelerating voltage 

along with a current of 40 mA in the 20 to 70-degree range are correlated to the observed diffraction pattern. 

The JASCO V-770 spectrophotometer was utilized to perform the optical band-gap analyses. Using a high-

resolution FE-SEM (7610F Plus-JEOL) operated at 15 kV, the morphology and particle size distribution 

were investigated. A Xenon lamp-fitted spectrofluorometer (Jasco FP-8300 spectrofluorometer) has been 

used to study the excitation and emission bands of photoluminescence, which are then utilized to determine 

the CIE coordinates. 
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CHAPTER 3 

INSTRUMENTATION 
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CHAPTER 3: INSTRUMENTATION 

3.1 X-Ray Diffraction (XRD) 

To determine a material's crystallographic structure, a characterization approach called X-ray 

diffraction analysis (XRD) is utilized, based on their diffraction pattern. It can be used for both single crystal 

and polycrystalline materials. It involves exposing a substance to incoming X-rays and examining the 

intensity and scattering trajectory of the radiation that is diffracted from the material. The X-ray diffraction 

machine has been shown in Fig. 3.1 (a). 

 

 

 

 

 
 
 
 
           
 

Fig.3.1 (b). Bragg’s law shown schematically 

 

 

 

                       Fig.3.1 (a). X-Ray Diffraction Machine 

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

comparable magnitude. The atoms' surrounding electron clusters will distribute the X-rays when they enter 

the substance. The X-rays' constructive interference is caused by the periodicity of planes within the lattice, 

and a plot of the intensity of the scattered X-rays versus angle 2θ shows this. Bragg's law, as depicted in Fig. 

3.1(b) may be used to estimate the lattice distance from the displayed peaks [24]: 
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                                                                               2 𝑑 𝑆𝑖𝑛𝜃 = 𝑛𝜆                                                                                     (3.1) 

It is named in the honor of William Henry Bragg and William Lawrence Bragg, who identified the 

law in 1912. A collimated X-ray beam impacting on a crystal plane of the material that has to be characterized 

can be visualized as the source of the Bragg's equation. In general, ordered material is used by XRD, which 

is based on broad-spectrum elastic scattering. More specifically, long-range order crystalline material. We 

compare these to the normal JCPDS data in order to validate the XRD results. 

3.1.1 Joint Committee on Powder Diffraction Standards (JCPDS) 

 In order to gather, examine, and provide access to precise and legitimate powder diffraction data, the 

Joint Committee on Powder Diffraction Standards (JCPDS), a global organization was founded in 1941. An 

extensive database of diffraction patterns and related data for a variety of crystalline materials is made 

available by the organization. The JCPDS was primarily focused on X-ray powder diffraction. Inorganic and 

organic compounds' diffraction patterns and associated crystallographic information were compiled and 

published in a series of reference volumes by the JCPDS known as the Powder Diffraction File (PDF). These 

databases were widely utilized by researchers and other professionals working in a variety of disciplines, 

such as solid-state physics, chemistry, geology, and materials science. 

 In order to create the International Centre for Diffraction Data (ICDD), the American Society for 

Testing and Materials (ASTM) and the International Centre for Diffraction Data (ICDD) joined with the 

JCPDS in 1989. The ICDD, which also provides a range of services, is responsible for preserving and 

growing the Powder Diffraction File (PDF) and resources to the scientific community engaged in powder 

diffraction research, relying on the work of the JCPDS [25]. 
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3.2 Field-Emission Scanning Electron Microscope (FE-SEM) 

Morphology and the sample composition are provided by FESEM. SEM is a high vacuum device that 

produces images of the object with resolutions in the low nanometer range by scanning the sample's surface 

with a low-energy electron beam (typically between 1 and 30 keV). By contrast, conventional electron 

microscopes are high vacuum devices that are prone to sample alterations because they require drying 

samples and coating them with gold before microscopy. [26]. 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 3.2. Field Emission Scanning Electron Microscope (FESEM) Setup 

Field-emission scanning electron microscopy (FE-SEM) as depicted in Fig. 3.2 is an unconventional 

technology in Scanning Electron Microscopy (SEM) to provide better resolution image, since it uses the 

backscattered and secondary electron emitted from the electron beam [27]. FE-SEM may also be used to 

yield better, low-voltage imaging with minimal electrical sample charging. The fact that insulating materials 

do not necessarily need to be covered with conducting materials is one of the outstanding aspects of FE-SEM 

[28]. 

Different types of emission sources include thermonuclear emitters and field emitters. The 

fundamental distinction between a SEM (Scanning electron microscope) and a FE-SEM (Field-emission 

scanning electron microscope) is the type of emitter utilized. The two most popular filament materials used 
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in thermonuclear emitters are tungsten (W) and lanthanum hexaboride (LaB6). Electrical current is employed 

to heat the filaments. In the case where applied heat is sufficiently high to surpass the work function of the 

filament material, the electrons can escape from the filament material. Thermionic sources function with 

relatively low brightness, cathode material evaporation, and thermal drift. Field emission is one technique 

for creating electrons that avoids these problems. A field emission source (FES), often called a cold cathode 

field emitter, does not heat the filament. To produce the emission, a sizable electrical potential gradient is 

applied to the filament. Typically, the FES is a tungsten (W) wire with a sharp end. SEMs may efficiently 

combine with the FE source thanks to improvements in secondary electron detector technology. The setup 

involves a high vacuum (10-6 Pa) in the microscope's column, and the acceleration voltage between the 

cathode and the anode is normally in the range of 0.5 to 30 Kv [29]. 

3.3 Diffuse Reflectance Spectroscopy (DRS) 

 
 

Fig. 3.3. Diffuse Reflectance Spectroscopy (DRS) Setup  

Diffuse reflectance spectroscopy (DRS) is a type of absorbance spectroscopy where the light reflected 

from sample is measured instead of light transmitted through it. The technique is most commonly used to 

obtain molecular spectroscopic information of powder samples with a need for minimum sample preparation. 

To ascertain the molecular spectroscopic nature of the nanoparticles, DRS makes use of visible and near-

infrared (NIR) light. Using UV-visible and NIR radiation the fundamental electronic absorptions and 
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vibrational modes are excited and can be studied. A diffuse reflectance spectrophotometer is shown in Fig. 

3.3. 

This technique is extremely useful for characterizing solid and opaque samples that absorb light too 

strongly during transmission. DRS is based upon the principle that the light reflected from a material comes 

not only comes from surface (specular reflection) as but as well as internal reflection in material (diffuse 

reflectance). When light is shined on a surface such as a powder that is densely packed, the light undergoes 

reflection, refraction and diffraction simultaneously and some component of light is absorbed by the sample 

at specific wavelengths as well. DRS is easily applicable to powdered samples and can be applied to all 

samples that can simultaneously scatter and absorb electromagnetic radiation. This happens to be a 

combination of complicated phenomenon which can be treated using two-constant theories such as Kubelka-

Munk theory where the constants each characterize the scattering and absorbance components of the 

sample.[30] 

3.4 Photoluminescence (PL) spectroscopy 

When a substance is exposed to a laser beam, photoluminescence spectroscopy or PL, is used to 

collect the light that is produced when it transitions from an excited state to a ground level. It is feasible to 

see material defects and impurities upon doing luminescence spectrum measurements [31]. Apparatus for 

photoluminescence spectroscopy is depicted in Fig. 3.4. 

 

 

 

 

 

 

Fig. 3.4. Photoluminescence Spectroscopy Setup 
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It is a technique where a material traps photons and then emits them again at lower energy and with 

reduced photons. Photoluminescence spectroscopy analyses the distribution of energies involved in the 

photoabsorption and photoemission processes in addition to the efficiency of the photoemission and its 

temporal features. Due to its non-destructive and contactless nature, photoluminescence spectroscopy is an 

extremely sensitive technique for identifying molecules and structural analysis that may be used with solids, 

liquids, solid suspensions, and gaseous materials. [32]. 

The photoluminescence analysis procedure includes the following fundamental steps: 

1. Excitation: When a material is exposed to photons of a particular frequency or wavelength, the 

electrons inside the material are stimulated to move from the valence band to the conduction band or 

to higher energy levels. 

2. Absorption: When incident photons are absorbed by the substance, electrons are excited to higher 

energy levels. Usually, the absorbed energy takes into account the form of photons with a higher 

energy (shorter wavelength) than the light that was released. 

3. Relaxation: Through non-radiative processes like phonon interactions or defect-related mechanisms, 

the excited electrons revert to lower energy states. The energy is dissipated as heat instead of light in 

these non-radiative processes. 

4. Emission: Some of the excited electrons proceed through radiative recombination and return to lower 

energy states, where they release extra energy as photons. The released photons, which are lower 

energy and have longer wavelengths than the absorbed photons, contain data on the characteristics of 

the material. 

5. Detection and analysis: Various methods, including spectroscopy, are used to gather and analyse the 

light that has been emitted. The energy levels, bandgap, exciton dynamics, and other optical 

characteristics of the material are revealed in the photoluminescence spectrum that is emitted. 

Photoluminescence analysis can reveal important details about the band structure, carrier dynamics, and 

material flaws. It is widely employed in the characterization and investigation of semiconductor materials, 
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luminous materials, optoelectronic devices, and energy transfer processes. Additionally, it is often employed 

to investigate the characteristics of materials and enhance their performance for diverse applications in 

domains with materials science, solid-state physics, chemistry, and nanotechnology. 

3.4.1 Jablonski Diagram 

Aleksander Jablonski performed studies on the molecular absorbance and emission of light and 

created a literary illustration that typically depicts some of the potential effects of exposing a certain molecule 

to photons from the visible spectrum of light. Jablonski diagram as depicted in Fig. 3.5, is the name given to 

these schematics. 

 

Fig. 3.5. A typical Jablonski Diagram 

An energy diagram with quantitative notations for the energy levels is basically a Jablonski diagram. 

There is a designated spin multiplicity for the particular species for each column. In diagrams, the energy 

levels within the same spin multiplicity sometimes split into different columns. The eigenstates of each 

chemical are shown by horizontal lines in each column. The boundaries of electrical energy levels are shown 

by horizontal lines in bold type. Each electronic energy state has a variety of vibronic energy levels that can 

be coupled with the electronic state. Because a molecule can vibrate in a huge variety of ways, often just a 
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part of these vibrational eigenstates are noted. However, most Such high degrees of information are avoided 

in Jablonski diagrams. It is possible to further divide each of these vibrational energy states into rotational 

energy levels. The energy differential eventually forms a continuum that may be explored using classical 

mechanics as the electronic energy levels get greater. Additionally, when electrical energy levels go closer, 

the overlap of vibronic energy levels increases. [33, 34]. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Structural studies 

The X-ray diffraction pattern of the synthesised NaBi(MoO4)2: 1.0Eu3+ phosphor is displayed in Fig. 

4.1. Peaks are completely aligned with the prevalent JCPDS (Card no. 79-2240) pattern, as can be noted from 

the diffraction plot. Also, the well matching of diffraction peaks with the standard pattern indicates the good 

crystallinity of the as-synthesized phosphor. The absence of any additional peaks in the XRD pattern of 

NBM: 1.0 mol% Eu3+ phosphor proves that Eu3+ ions were properly incorporated into the host NaBi(MoO4)2 

crystal without making any structural changes. Furthermore, the dopant ion (Eu3+) can occupy the Bi3+ site 

in the host matrix without much lattice distortion due to the similar ionic radii and valence state of Bi3+ (1.03 

Å) and Eu3+ (0.95 Å) ions.  

 

Fig. 4.1. XRD pattern of 1.0 mol% of Eu3+ activated NBM phosphor compared with typical JCPDS data 

Hence, the tetragonal structure of NaBi(MoO4)2 crystal with space group I41/a and lattice parameters 

V=321.82 Å3 and a= b=5.27 Å, c =11.58 Å has been successfully synthesized with solid state reaction route 

[35,36]. Moreover, the average crystallite size for NBM: 1.0 mol% Eu3+ phosphor was determined using the 

familiar Debye-Scherrer equation (D=Kλ/βCosθ) and found to be 22.81 Å [37].  
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4.2 Morphological studies  

Using a high resolution field emission scanning electron microscope (FE-SEM), the surface 

morphology, size, and dimension of the particle for the as-synthesised NBM:1.0 mol% Eu3+ phosphor were 

examined. The micrographs of 1.0 mol% Eu3+ activated NBM phosphor captured by FE-SEM is shown in 

Fig. 4.2 (a & b) at various resolutions. It can be observed from the FE-SEM micrographs that the particles 

lie in micron range are fairly agglomerated with irregular shape and sharp edges. [38]. 

 

Fig. 4.2.(a & b). SEM micrographs of NBM:1.0 mol% Eu3+ phosphor at 1µm and 2µm resolution. 

 
4.3 Band gap calculation studies 

 The optical band gap of the as-synthesised undoped and NBM:1.0 mol% Eu3+ phosphor has been 

investigated by means of diffuse reflectance spectroscopy (DRS), displayed in Fig. 4.3. Broad absorption 

observed using DR spectra in the 275–600 nm wavelength range is shown in the inset of Fig. 4.3.  

The data points of DR spectra are used to estimate the optical band gap (Eg) via transmuting them into 

Kubelka-Munk function, as mentioned in Eq. 4.1: 

 𝐹(𝑅) =
(1 − 𝑅)ଶ

2𝑅
=

𝐾

𝑆
                                                                             (4.1) 

 where R is the ratio of the reflectance of the sample to the standard sample, K & S are the absorption and 

scattering coefficients, respectively, while F(R) is the Kubelka-Munk function. [39]. Moreover, the linear 
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absorption coefficient and the materials' energy band gap may be correlated using the Tauc equation provided 

below in Eq. 4.2: 

 𝛼ℎ𝜗 =  𝐴(ℎ𝜗 − 𝐸)                                                                           (4.2) 

 

Fig. 4.3. Utilising the Kubelka-Munk function to calculate the band gap of 1.0 mol% of Er3+ activated NBM phosphor (Inset: 

Diffuse reflectance spectrum of NBM: 1.0 mol% of Er3+ phosphor) 

 In the above equation, the parameter A and hν corresponds to the proportionality constant and energy of 

light. Here, n symbolises the type of electronic transition such as forbidden direct, allowed direct, forbidden 

indirect and allowed indirect band gap correspond to the values [40]. Comparing above Eq. 4.1 and 4.2, Tauc 

equation can be reframed as [41]: 

      [𝐹(𝑅)ℎ𝜗] =  𝐴(ℎ𝜗 − 𝐸)                                                                     (4.3) 

 The direct allowed band gap was calculated using associated value (i.e., n=1/2) and by projecting a linear 

fit line towards the x-axis in Fig. 4.3. The displayed graph shows the direct permitted bandgap for the 

undoped and NBM: 1.0 mol% Eu3+ phosphor samples with the values of 3.10 eV and 3.15 eV, respectively. 
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4.4 Photoluminescence studies 

Excitation and emission spectra of NBM: 1.0 mol% Eu3+ phosphor have been recorded in n-UV and 

visible region comprises the range 350-750 nm, as shown in Fig. 4.4 (a & b). Excitation spectra of NBM: 1.0 

mol% Eu3+ phosphor captured by observing the emission at 615 nm wavelength in a range of 350-500 nm, 

as expressed in Fig. 4.4 (a). Sharp distinct peaks were appeared in excitation spectrum positioned at 393, 

415, 464 and 486 nm for which association with the transition 7F0 (ground state) to 5L6, 5D3, 5D2, and 5D1 

(excited states), respectively. The utmost intense peak is detected at 464 nm ascribed to be 7F0→5D2 transition 

and demonstrates that the NaBi(MoO4)2: Eu3+ phosphor can be readily excited by blue light [42].  

 

Fig. 4.4.(a & b). PLE and PL spectra of NBM: 1.0 mol% Eu3+ phosphor under λem=615 nm and λex=464 nm, respectively. 

The emission spectrum of NBM: 1.0 mol% Eu3+ phosphor has been measured under the strongest 

excitation wavelength in a range of 550-750 nm as depicted Fig. 4.4 (b). The peaks emerge at 579, 591, 615, 

654 and 702 nm under 464 nm excitation are cause by the shifts from 5D0 to 7F0, 7F1, 7F2, 7F3 and 7F4 levels, 

respectively [43]. The strongest emission peak arises at 615 nm resembles to electric dipole (ED) with 

5D0→7F2 transition whereas the second highest peak is observed at 591 nm corresponds to magnetic dipole 

(MD) 5D0→7F1 transitions. The highest emission at 5D0→7F2 transition delivers that the activator ion seems 
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to be placed at low site symmetry without inversion centre. MD transition generally follow selection rule ∆J 

= 1, whereas ED transition upholds the selection rule |∆L| ≤ 2 and |∆J| ≤ 2, and is significantly affected by 

the crystal field surroundings. The ED to MD transition's integrated emission intensity ratio shows an 

asymmetric ratio found as 9.26 for NBM: 1.0 mol% Eu3+ phosphor under 464 nm excitation. The high 

asymmetric ratio signifies the purity of emitted red color in the visible region [44, 45]. Fig. 4.5 illustrate 

partial energy level diagram of Eu3+ activated NBM phosphor, where the ion suffers shift from ground state 

to various excited states through absorption of energy. Moreover, the ion relaxes non-radiatively to 5D0 level 

and further de-populated radiatively to various ground states in the visible region [46]. 

 

Fig. 4.5. Partial energy level diagram of Eu3+ doped NBM phosphor 

4.5 Colorimetric properties 

To investigate the radiative colour of the as-prepared phosphor, CIE colour coordinates for NBM: 

1.0 Eu3+ phosphor under blue (464 nm) excitation wavelength have been evaluated and found to be (0.63, 

0.35) using the emission data, represented in Fig.4.6.  The calculated CIE coordinates lie in the green region 
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under n-UV excitation. Moreover, the colour correlated temperature (CCT) values are obtained by adopting 

the typical McCamy's polynomial formula [47]: 

   𝐶𝐶𝑇 = −437𝑛ଷ + 3601𝑛ଶ − 6861𝑛 + 5514.3                                          (4.4) 

 

Fig. 4.6 NBM: 1.0 mol% Eu3+ phosphors’ CIE chromaticity diagram for an excitation wavelength of λex=464 nm. 

In the given equation, n illustrates inversion slope line, expressed as (𝑥 − 𝑥)/ (𝑦 − 𝑦)where, xe and 

ye are equates as 0.332 and 0.186, respectively. Using Eq. 4.4, the calculated CCT values for NBM: 1.0 

mol% Eu3+ phosphor excited at 464 nm wavelength is 2334 K. The phosphor materials with CCT values 

above 5000 K, which are suitable for cool white light applications. However, values under 5000 K are 

much more serviceable in production of warm white light [48]. Therefore, the as-synthesized NBM 

phosphor may have a good potential to be utilized for warm w-LED applications, as the evaluated CCT 

values are lower than 5000 K.  
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Indeed, the colour purity of the synthesized phosphor is an essential criterion to achieve optimal 

materials for w-LED applications and can be evaluated by the formula mentioned below 

[49]                                            

𝐶𝑜𝑙𝑜𝑟 𝑃𝑢𝑟𝑖𝑡𝑦 =  ඨ
(𝑥 − 𝑥)

ଶ + (𝑦 − 𝑦)ଶ 

(𝑥ௗ − 𝑥)ଶ + (𝑦ௗ − 𝑦)
ଶ

⨯ 100 %                                            (5) 

where the coordinates (xi, yi) denote the 1931 CIE standard white illumination coordinates as (0.33, 

0.33), (x, y) signifies the chromaticity coordinates of the as-synthesized NBM phosphor and (xd, yd) 

represent the dominant wavelength coordinates in the colour space found as (0.65, 0.35) for the 1.0 mol% 

Eu3+ activated sample. Thus, using Eq. 5, the value of colour purity for the NBM phosphor with 1.0 mil% 

Eu3+ concentration is found to be 92.79%. The CCT value and high colour purity of the synthesized 

phosphor provides further support to the viability of NBM phosphor in w-LED applications. 
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CHAPTER 5: CONCLUSIONS 

Eu3+ activated single phase NBM phosphor material has been successfully fabricated by following 

the conventional solid-state reaction technique. Pure tetragonal scheelite structure has been obtained and 

confirmed phase purity by comparing the diffraction pattern with the typical JCPDS (card no. 79-2240) 

pattern. The micron range particles and agglomerated morphology have been analyzed using FE-SEM 

micrographs. The direct permitted optical band gap for undoped and NBM:1.0 mol% Eu3+ samples have been 

calculated using Kubelka-Munk function and calculated as 3.10 eV and 3.15 eV, respectively. The emission 

spectrum for NBM: 1.0 mol% Eu3+ phosphor exhibit an intense peak observed at a wavelength of 615 nm 

under the excitation of 464 nm in a range 550-750 nm. CIE chromaticity coordinates of as-synthesized NBM 

phosphor under blue excitation (464 nm) are located in the red region of CIE diagram with higher color 

purity of 92.79%. Hence, according to the obtained results, the feasible features of NBM phosphor reflects 

that this phosphor would be effectively utilized for warm w-LED applications  

. 
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CHAPTER 6: SCOPE OF THE WORK  

The present work is focused on the synthesis of red emitting NBM: Eu3+ phosphor which can be 

utilized as a cost efficient, low energy consuming and environmentally-friendly red component in pc-wLEDs. 

Furthermore, calcination temperature optimization has been done by sintering the sample at various other 

temperatures to achieve pure phase is formed. In order to further enhance the luminescent properties of this 

material, doping level of europium (Eu3+) in the host lattice can be varied until concentration quenching 

occurs, i.e., we achieve the optimum dopant concentration at which the photoluminescence intensity is 

maximum. Furthermore, the tunable luminescence of the synthesized phosphor can be obtained by co-doping 

the rare-earth ion such as erbium (Er3+), samarium (Sm3+), dysprosium (Dy3+), praseodymium (Pr3+), etc. in 

the host matrix to implement the co-doped phosphor in versatile display device applications.  

As an extension of the work presented in this report, intense green emitting Er3+ doped NaBi(MoO4)2 

phosphor has been synthesized using the conventional solid state reaction route and has shown great potential 

towards the generation of white light. The XRD pattern of the synthesized material matched well with the 

standard JCPDS (card no. 79-2240) pattern and no extra peaks were observed. Additionally, the 

photoluminescence studies showed peaks that are centered at 530 and 552 nm (green) upon 488 nm (blue) 

excitation. The CIE diagram confirms the emission to be in the green region with a high colour purity of 

95.85%. As illustrated in section 1.3, to generate white light three colour components are necessary, them 

being red, blue and green. Hence, if we add this Er3+ doped green component to our synthesized Eu3+ doped 

red emitting system and excite it by using a blue LED chip, the combination of these three should in theory 

render white light. Thus, this combination is fully capable of generating white light for efficient device 

fabrication.. 

Furthermore, the present phosphor material has been prepared via solid state reaction route which 

inevitably endorse larger particle size with irregular shape due to high temperature sintering process in this 

specific route. Thus, another chemical routes viz. sol-gel, hydrothermal, combustion and co-precipitation can 

be employed and achieve smaller particle size especially in nano-range. The advantageous chemical route 
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meets the demand of the efficient nanophosphor material to be utilized in various other applications such as 

bio-imaging, latent fingerprinting, lip print and security ink. Moreover, the above listed routes are crucial to 

improve the luminescent features of as-prepared phosphor and motivate to improve the existing applications 

such as contact-thermometry, solar cell and display devices etc. Despite of these applications, a prototype 

device can be fabricated using highly proficient molybdate phosphor for w-LED application.       
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