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ABSTRACT 

 

     In this thesis work, feasible routes namely solid-state reaction method (SSR), 

hydrothermal method, and pulsed laser deposition technique (PLD) have been 

envisaged for the synthesis of lanthanide ion-doped molybdate based 

phosphors which has broad applications like in WLEDs, display devices, and bi-

functional (luminescence, magnetic) applications. The Eu3+ doped Intense red-

emitting (Na0.5R0.5)MoO4 (R = La, Gd) phosphor was successfully synthesized at 

900oC for 3 h by SSR technique. The estimated LER values for Eu3+ doped 

(Na0.5R0.5)MoO4 phosphor is high when compared to other commercially 

available red-emitting phosphors [Chapter - 4]. Tetragonal phase 

(Na0.5R0.5)MoO4:Ln3+ (Ln = Eu, Tb, Dy, Yb3+/Er3+, Yb3+/Tm3+, Yb3+/Ho3+) with 

almond and bi-pyramid-shaped self-assembled 3D structures were successfully 

synthesized by employing Na2EDTA using hydrothermal method under 

optimized experimental parameters. The 3D surface morphology, size, 

elemental distribution, crystal structure, and functional group analysis were 

studied. The up/down-conversion luminescence properties, energy transfer 

process, decay time, and photometric characteristics of (Na0.5R0.5)MoO4:Ln3+
 

phosphors were investigated [Chapter - 5]. The novel nanoparticle sheathed bi-

pyramid and almond-like Fe0.5R0.5(MoO4)1.5:Ln3+ (R3+ = Gd, La), (Ln3+ = Eu, Tb, 

Dy) 3D hierarchical microstructures were synthesized through a simple 

Na2EDTA facilitated hydrothermal method. The room temperature (RT) and low 

temperature (LT) magnetic properties of Fe0.5R0.5(MoO4)1.5:Eu3+ are investigated 

in detail [Chapter - 6]. Single crystalline nano thin phosphor films of 

(Na0.5R0.5)MoO4:Ln3+ (R3+ = La, Gd), (Ln3+ = Eu, Tb, Dy, Yb/Er) have been 

deposited on the quartz substrates by pulsed laser deposition (PLD) technique. 

The deposition was carried out using an Nd-YAG laser (  = 1064 nm) in an ultra-

high vacuum (UHV) with an oxygen back pressure of 300 mTorr at different 

substrate temperature. The clear demonstrations of the various experimental 

steps involving the growth of thin film have been discussed. The as-synthesized 

thin films could serve as an excellent material for electro/cathodo-luminescence 

devices, display applications and other solid-state lighting appliances  

[Chapter - 7]. 
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CHAPTER - 1 

INTRODUCTION 

 

     Owing to the increase in global demand for solid-state lighting appliances, 

energy-saving light sources are evaluated together with the performance of the 

phosphors used in them. In the interest of reducing the energy demand of these 

appliances’, extensive research has been carried out in search of alternative light 

sources. In the recent years, researchers have explored methods for the 

preparation of new ceramic luminescent phosphors and the improvement of their 

luminescence properties through various experimental techniques. Because, 

luminescent phosphors also known as ‘light-bearing materials’ are widely used in 

various potential applications such as WLEDs, display devices, imaging systems, 

monitor screens, optoelectronics, therapeutics, lumino-magnetic applications and 

biological labeling, its demand increases day-by-day as novel devices keep 

emerging [1-6]. In this study, feasible routes have been envisaged for the 

synthesis of an excellent luminescent system, which has broad applications in 

WLEDs, display devices, and bi-functional luminescence and magnetic 

applications. In this chapter, the basic phenomena of luminescence, energy 

processes involved in a phosphor, selected synthesis methodologies, and scope 

and objective of the thesis are discussed. 

 

1.1 Luminescence and Phosphor - An Introduction  

     The concept of luminescence was introduced by Eilhardt Wiedemann [7] in 

1888. According to International Union of Pure and Applied Chemistry (IUPAC) 

luminescence can be defined as “Spontaneous emission of radiation from an 

electronically or vibrationally excited species not in thermal equilibrium with its 

environment” [8]. Depending upon the source of excitation, luminescence may be 

classified into photoluminescence, cathodoluminescence, chemiluminescence, 

thermoluminescence, electroluminescence, radioluminescence, etc. In particular, 

photoluminescence (PL) is of great interest in this research in which higher-energy 

electromagnetic radiation (or light) is absorbed by a phosphor material and  
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re-emitted as light photons having lower energy than the exciting radiation. The 

absorption and emission of radiation is governed by the Franck–Condon principle 

viz., “Electronic transitions are so fast (10-15 S) in comparison to the nuclear 

motion (10-13 S) that immediately follow after the transition, that the nuclei have 

nearly the same relative position and momentum as they did just before 

transition.” Usually, most of the luminescence phenomena are concerned with the 

radiative emission of visible light, which is a down-conversion (DC) process. 

However, there are also instances in which a lower energy radiation has been 

upconverted into higher energy radiation (for example, IR to visible) in an up-

conversion (UC) process. In a PL process, during the emission, some of the 

electrons may return to the ground state through a non-radiative pathway by 

releasing energy in the form of heat in addition to the radiative pathway. Thus, the 

material may dissipate the absorbed energy either radiatively or non-radiatively. 

The luminescence process can be explained schematically as shown in  

Figure. 1.1. 

 

Figure. 1.1: Schematic representation of a luminescence process.  

     Phosphor materials are optical transducers that yield luminescence when 

excited by suitable electromagnetic radiations. Phosphors may be organic or 

inorganic. Organic phosphors (for e.g., fluorescent organic dyes used in dye 

lasers) do not have any specified activator center, whereas, inorganic phosphor is 

generally characterized by specific activator centers. Hence, inorganic phosphors 

mainly comprise of two sections: 

(1) The host compound.                                  

(2) The activator ion or the added metal cation (transition metal or rare-earth) or 

the impurity ion [9]. 
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The host lattices of the inorganic phosphors may be semiconductors or insulators 

and selecting a suitable host matrix with peculiar properties is important for 

determining the emission properties. An activator ion is selected on the basis of its 

optical activity and the stability of its valence state within the crystalline host. The 

optical properties of the activator ion are determined by its electronic 

configuration. Usually, the ions with an electronic configuration in which the spins 

are not coupled to the phonon modes of the host lattice are selected. Hence the 

activator must have a ground state with no coupled spins, no angular momenta, 

and in which the sum of all electron moments J, is zero, i.e., its ground state must 

have 1So electronic configuration. This means the ground state has a spherical set 

of Eigen state energies, which are symmetrical to the crystal field [9]. 

 

     Generally, the activator ions can be distinguished into two types: In the first 

type, the activator ions strongly interact with the host lattice. This is the case when 

‘d’ electrons are involved, for example, in Mn2+, Eu2+ and Ce3+ as well as for S2 

ions like Pb2+ or Sb3+ ions interact with complex anions such as MoO4
2- or WO4

2-. 

In the second type, the energy levels of the activator ion involved in the emission 

process show only weak/strong interactions with the host lattice. Typical examples 

are many of the lanthanide ions Ln3+ where the optical transitions take place solely 

between 4f levels that were well shielded from their chemical environment by 

outer electrons. Consequently, characteristic line emission spectra can be 

observed. These types of activators are exemplified in phosphors like 

CaMoO4:Eu3+, Y2O3:Eu3+, etc [10, 11]. Based on the type of activators involved, 

inorganic phosphors can be classified into two main types: 

(a) Self-activated, e.g., CaWO4 [12], CaMoO4 [13], ZnS [14], etc. 

(b) Impurity doped, e.g., CaMoO4:Tb3+ (green) [15], Y2O2S:Eu3+ (red) [16],      

BaMgAl10O17:Eu2+ (blue) [17], etc. 
 

     The activator ions are doped into the host compound in a smaller 

concentration, usually a few mole percentages. The activator is responsible for the 

phosphor action of the host and hence the appearance of color. Its type and 

amount can be precisely controlled; however, sometimes an activator may not be 
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required externally for the host lattice. The lattice itself could turn luminous on 

exposure to the radiation source. Therefore, these materials are considered to be 

self-activated [18]. 

 

1.2 Basics of Lanthanide Ions 

 “Lanthanum has only one important oxidation state in aqueous 

solution, the +3 state. With few exceptions, this tells the whole boring 

story about the other 14 Lanthanides” [19] 

The sixth row of the periodic table (f-block) consists of 15 metallic chemical 

elements, so-called lanthanide ions, starting from lanthanum to lutetium. ‘Rare-

earth elements’ also comprise of lanthanides along with scandium and yttrium 

(excluding promethium). The trivalent lanthanide ions are most widely used as the 

light emitting center in phosphor materials, and are extensively studied because of 

their feasibility in luminescence applications for more than two centuries. Owing to 

the intraconfigurational 4f electronic configurations, most of them exhibit intense 

narrow emission (nearly line-like bands) and produce highly pure colors. The 

presence of partly filled 4f orbitals in lanthanide ions that are well shielded by 5s2 

and 5p6 (shielding effect) results in them possessing identical chemical properties. 

From lanthanum to lutetium, the 4f orbitals are gradually filled and the electronic 

configuration changes from [Xe]4f0 to [Xe]4f14 [18, 19]. They can show different 

emissive wavelengths, including ultraviolet, visible and near-infrared regions, 

which makes them suitable candidates for many practical applications.  

 

1.3. Energy Processes in a Phosphor 

     In general, the energy processes involved in a lanthanide ion doped phosphor 

under optical illumination can be divided into the three important steps such as, 

(i) Energy absorption or excitation of ions/atoms 

(ii) Energy transfer  

(iii) Emission process.  

Figure. 1.2 shows the details of the energy processes involved in a phosphor. 
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1.3.1 Energy Absorption Process 

     According to Beer-Lambert’s law, the absorption of photons or light by a 

homogeneous and isotropic material follows equation (1.1), given by 

  ]).(exp[.),( 0 zIzI     (1.1) 

where, α - absorption co-efficient, λ - wavelength, I0(λ) - initial light intensity, and  

z - the depth to which light traveled into the material.   

 

Figure. 1.2: Schematic representation of energy processes involved in a 

lanthanide ion.  
 

Excitation energy can be absorbed in different ways: The first possibility is that it 

can be absorbed by the activator itself. For example, in R2O3:Eu3+ (R= Y, La, Gd) 

red phosphor, the Eu3+ ions can be excited directly at their term energy levels [20]. 

Secondly, energy may be absorbed by the host lattice and transferred to the 

activator. For example, in CaMoO4:Eu3+, the energy absorbed by the MoO4
2- 

group and transfers into Eu3+ ions. Thirdly, excitation energy may cause the 

transfer of electronic charges from the surrounding ligands to the luminescent ion 

so called the charge transfer transitions. For example, In Gd2O2S:Eu3+ [21], the 

electronic charge is transferred from oxygen to europium [O2- to Eu3+]. In general, 

there are two types of charge transfer type (CT) electronic transitions: (i) The most 

common type of CT process is the ligand-to-metal charge transfer (LMCT); in 

coordination compounds, it is known as metal-to-ligand charge transfer (MLCT). 

(ii) Another type is metal-to-metal charge transfer (MMCT) in which the charges 
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are transferred from one metal ion to another. If the metal ions involved are of the 

same type of element, it is called intervalence charge-transfer.  
  

     The energy absorption process not only depends on the activator but also on 

the surrounding host lattice. Depending on the host lattice for a given ion, different 

spectral properties arise. There are some factors, which decide the spectral 

properties of a given ion in different host lattices. The first factor is the covalency 

of the ion. As covalency increases, the interaction between electrons is reduced 

since they spread out over wider orbitals [9, 18]. Subsequently, electronic 

transitions between energy levels with an energy difference, which is determined 

by electron interaction, shift to lower energy for increasing covalency. This is 

known as the nephelauxetic effect [9, 18]. Higher covalency also means that the 

electronegativity difference between the constituting ions becomes less so that the 

charge transfer transitions between these ions shift to lower energy. Another 

factor determining the energy absorption process is the crystal field effect of the 

optical ions. Crystal field theory can be viewed as a special case of ligand field 

theory and it is defined as the electric field at the site of a particular ion under 

consideration due to the surroundings. The crystal field determines the strength of 

the optical transitions of an optical ion. As a consequence, the resultant orbital 

states of d electrons (3d for transition ions and 5d for rare-earth ions) will be split 

[9]. The luminescence characteristics of a phosphor are sensitive to this crystal 

field which is strongly depends on (i) nature of ligand, (ii) No. of electrons in  

d-orbital, (iii) oxidation state of the crystal, (iv) arrangement of the ligand around 

the crystal [9]. For example, Cr2O3 appears green whereas Al2O3:Cr3+ (ruby) 

appears red. The reason for such a difference in color is the strong crystalline field 

surrounding the Cr3+ ion in the case of ruby, whereas that in Cr2O3 is weak. 

Hence, optical transitions in ruby are at a higher energy than in Cr2O3 [9]. 

 

1.3.2 Energy Transfer Process 

     Particularly, in lanthanide ion-doped solid-state materials, the energy transfer 

process occurs through different ways prior to emission process. Most commonly, 
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three types of energy transfer processes are involved in a lanthanide ion-doped 

phosphor under optical excitation, which are discussed as follows: 
 

1.3.2.1. Energy transfer between ions of dissimilar luminescence center 

     Specifically, energy transfer mechanism between two luminescence centers is 

important since it enhances the sensitivity of a phosphor. This process occurs only 

when both the luminescence centers exhibit identical energy gaps between the 

ground state and the higher energy state, i.e., in resonance state. Figure.1.3 

shows the energy transfer process between an optical sensitizer (Yb3+) to an 

activator (Er3+). The energy transfer process happens only when the energy 

difference between the ground state and higher energy states are equal 

(resonance condition). This process can take place only if there is a possible 

interaction between both the luminescence centers.  

 

Figure. 1.3: Energy transfer between Yb3+ and Er3+ ions. 
 

This type of energy transfer process involves a combination of two or more 

separate mechanisms, which may operate simultaneously. It includes, ground 

state absorption (GSA), excited-state absorption (ESA), successive energy 

transfer (ET), cross-relaxation (CR), photon avalanche (PA), energy transfer by 

resonant exchange (RE), etc. Sometimes, the absorbed energy is transferred from 

a host lattice to the activator ions. For example, in CaMoO4:Eu3+, the energy 

absorbed by the host lattice MoO4
2- is effectively transferred to the Eu3+ activator. 

 

1.3.2.2 Energy transfer between ions of identical luminescence center 

     It involves the energy transfer process between two identical luminescence 

centers. Figure. 1.4 shows the energy transfer between the two identical ions. 
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After absorbing energy by ions of same type, ion1 (donor) transfers its part of the 

energy to ion2 through non-radiative transfer and relaxes to the ground state. 

Then, ion2 (acceptor) will be promoted to a higher energy state. This energy 

transfer process occurs several times between similar centers and if the 

concentration of the donor ion is high enough, consequently, migration of energy 

takes place among the donor ions. This is known as concentration quenching 

effect. The concentration quenching happens when distance between the ions 

decreases and energy transfer process continues from one ion to another until the 

energy sink in the lattice is reached.  

 

Figure. 1.4: Energy transfer between the ions of same species. 

 

1.3.3 Energy Emission Process 

 

     Emission is the inverse process of excitation, i.e. once the energy is absorbed 

by an ion or transferred to another ion; the ion relaxes to lower lying states (or 

ground states) via the emission of light photons. This dissipation of energy can 

occur either by radiative or non-radiative process. The emission of light does not 

necessarily require returning the ion to the ground state, which means that, the 

emission of light some time occurs due to the transition from excited levels to the 

lower levels. Further, the detailed mechanism of energy processes involved in a 

phosphor can be explained by the configurational coordinate model.  

 

1.4. Configurational Coordinate Diagram 

 

     The interaction of the activator center with the host lattice and the associated 

energy transfer processes can be explained well using the configurational 
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coordinate diagram (Figure. 1.5). This diagram is a plot of the variation in the 

potential energy of a luminescent center with respect to its configurational 

coordinate in a host lattice. The resulting potential energy curve is parabolic as it 

considers, only the symmetric stretching vibrational mode of a particular bond. 

The shape of an energy band, narrow or broad, can be explained using this 

diagram. During optical absorption, the luminescent center is promoted from its 

ground state to an excited state. The optical absorption transition starts from the 

lower vibration level (V = 0). The most probable transition occurs at R0 where the 

vibrational wave function has its maximum value. The transition will end on the 

edge of the excited state parabola since the vibrational levels of the excited state 

have their highest amplitude at this edge. This transition corresponds to the 

maximum of the absorption band. Less probable transitions from R values larger 

or smaller than R0 are also possible, which leads to the band type absorption 

spectra. During relaxation, the system returns to the lowest vibrational excited 

state V’ = 0 from the higher vibrational excited state. In this relaxation process, no 

energy is emitted in the form of light. Then from V’ = 0 the system relaxes to 

higher vibrational levels of the ground vibrational state (R0’).  

 

Figure. 1.5: Configurational coordinate diagram representing the electronic 

transitions between ground state and excited state. 
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The parabola offset is given by R = (R0’ - R0). The emitted energy is lower than 

the excitation energy and the shift in lower energy state is known as Stokes shift. 

From this higher vibrational level of the ground state, it again relaxes to the 

lowermost vibrational level of the ground state without emission of light. The 

Stokes shift is a direct consequence of the relaxation processes that occur after 

the optical transitions. Zero vibrational transition is likely to occur at the equal 

energy in the absorption and emission spectra. If the two parabolas have equal 

force constants (same shape), the amount of energy lost in the relaxation process 

is Sh per parabola where h is the spacing between two vibrational levels and S 

is an integer called Huang-Rhys coupling constant which is proportional to R and 

measures the strength of the coupling between the activator and the matrix. If S is 

high, the Stokes shift is also high [9]. S is associated to the offset of the parabola 

in the configurational coordinate diagram and this offset R = R0’ - R0 may vary 

considerably as a function of the dopant and the vibrating lattice. Based on the 

value of S, the luminescent centers have been can divide into three classes [9]:  

(a) Those with weak coupling (S  1); hence that the zero vibrational transition 

dominates the spectrum. E.g., LaB3O6:Gd 

(b) Those with intermediate coupling (1  S  5); so that the zero-vibrational 

transition is observable, but not the strongest line in the absorption and emission 

band. E.g.,UO2
2+ (uranyl ion) 

(c) Those with strong coupling (S  5); hence that the zero-vibrational transition is 

so weak and that are not observable in the spectra. This case is also 

characterized by large Stokes shifts [13], E.g., CaWO4. 

 

1.5. Term Symbols 

     According to the Russel-Saunders coupling scheme, the term symbol is a 

spectroscopic term which has the general form 2S+1LJ is used to represent the 

states and electronic transitions or properties of an atom. Where L is the total 

orbital angular momentum quantum number which has the values of S, P, D, F, G, 

H, I, etc. (in alphabetic order) corresponding to 0, 1, 2, 3, 4, 5, 6, etc., respectively. 

The number 2S+1 indicates the spin multiplicity of the term, where S is the total 
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spin angular momentum quantum number, and J is the total angular momentum 

quantum number (the values of J are restricted to |L - S| ≤ J ≤ |L + S|). For 

example, the term symbol 1D2 can be pronounced as a one D two or singlet D two. 

The transition between different electronic levels of lanthanide ions (4fn → 4fn, 4fn 

→ 4fn-15d) results in sharp emission peaks observed in the luminescence spectra. 

The lanthanide ion activated phosphors usually yield narrow band emission, which 

is due to 4f electrons, and any perturbation produced in the crystal field is due to 

lattice disorder and is not picked up in the f-f electronic transitions, and hence, 

sharp emission lines due to the luminescence transitions are observed. 

 

1.6. Luminescence Quenching Mechanism 

     Luminescence quenching is a process in which the emission intensity of a 

phosphor material is decreased. Excess addition of impurities or heating, or 

material exposure to infra-red radiation, or electric field results in quenching of 

luminescence. The occurrence of energy transfer within a luminescent material 

need not necessarily result in light emission. Rather the absorbed energy can 

migrate to the crystal surface or defects or impurity centers called ‘quenchers’ or 

‘killers of luminescence’ where it is lost through radiationless deactivation. 

Generally, the luminescence quenching mechanism happening in lanthanide-

doped phosphors is due to exchange interaction, dipole–dipole (d–d) interaction, 

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

interaction. Consequently, the phosphor energy yields drop. Phosphors that emit 

UV, visible or IR light upon UV excitation then show a decline in quantum 

efficiency. Luminescent materials should be highly crystalline to achieve high light 

output, that is, as few lattice defects and impurities as possible.  
 

1.7. Synthesis Methodology  

     Most commonly, depending on the type of applications, phosphors are 

synthesized using various methods, which are classified in Figure. 1.6.  
 

1.7.1. Synthesis of Bulk Phosphors  

     Solid-state reaction method is the conventional method of synthesizing bulk 

phosphors which are prepared at elevated temperatures. The solid compounds 
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that could give the desired product based on a well-balanced chemical equation 

with exact stoichiometry were taken. After homogeneous mixing and grinding, the 

sample is subjected to a programmed heating schedule under ambient conditions. 

The final product is gently crushed and washed to remove any washable 

impurities that are present (which are added as flux). The most important step in 

the synthesis of phosphors is finding the optimum firing cycle and doping 

concentration to obtain maximum energy efficiency in the synthesized phosphor. 

 

 

Figure. 1.6: Scheme of different methods employed for the preparation of bulk 

and nanophosphors. 
 

1.7.2. Synthesis of Nano Phosphors 

     In general, the synthesis of nanocrystals or nano thin films of phosphor is 

accomplished by two broadly classified methods: (1) Chemical and (2) Physical 

(given in Figure. 1.6). The chemical methods usually accomplish the synthesis of 

nanophosphors in solution. Chemical methods are most important methods for the 

growth of nanocrystals with respective dimensionalities owing to their versatility of 

preparing very large number of elements and compounds at relatively low 

temperatures. The processes are very economical and have been industrially 
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exploited to a large scale. Usually, a wet chemical process involves the 

precipitation of precursors in solution, which may or may not be further heat-

treated. Suppose the final step of phosphor synthesis is a high temperature 

process, the temperature and duration of synthesis can be considerably reduced if 

it involves the use of a wet chemical step. Among all the chemical methods, 

hydrothermal method has been exclusively investigated as a promising alternative 

technique because of its simplicity, effective growth, easy upscalability, economic 

viability, environment friendliness, and relatively low operating temperature.  

      

     The physical methods accomplish the synthesis of nanophosphors from their 

bulk counterparts by evaporation or ejection of molecular/ionic species from a 

source. Mostly, physical methods handle the synthesis of thin films (micro/nano 

scale) which requires a low or high vacuum environment. To produce stable and 

high-purity thin films, mechanical, electromechanical, thermodynamic, or pulsed 

laser energy has been used. Thin film growth process involves the production of 

appropriate molecular or ionic species, transfer of species from target to the 

substrate through a gas or vacuum medium followed by deposition and 

condensation of the thin film. The thickness and quality of film growth strongly 

depends on the type of the method used and their corresponding experimental 

conditions. The various physical methods are classified in Figure.1.6. Among the 

numerous thin film techniques pulsed laser deposition (PLD) technique is unique 

and particularly attractive in the case of complex material thin film growth. When 

compared to the other physical methods, the stoichiometry of the species is 

preserved better, which is the main advantage of PLD technique. As a whole, in 

this thesis work, three important experimental methods namely, the solid-state 

reaction method, hydrothermal method, and pulsed laser deposition technique 

were employed to synthesize lanthanide ion-doped phosphors.   

 

1.8. Objective and Scope of the Thesis 

     The objective of this present thesis work deals with the synthesis and 

characterization of lanthanide ions doped novel molybdate based phosphors by 

various feasible experimental techniques. 
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 Synthesis and characterization of molybdate based red phosphors using 

solid-state reaction method for WLED applications. 

 Synthesis, up/down-conversion luminescence properties of hierarchically 

self-assembled 3D architectures of lanthanide ions doped molybdates 

phosphors with controllable size using surfactant assisted hydrothermal 

method for opto-electronic applications.  

 Investigation of luminescence and magnetic properties of a material in a 

single entity based on magnetic iron and rare-earth molybdates for bi-

functional applications. 

 Synthesis and up/down-conversion luminescence properties of thin 

phosphor films of lanthanide ions doped molybdates by pulsed laser 

deposition technique for display applications. 

 

1.8.1 Layout of the Thesis 

 

This thesis consists of nine chapters discussed as follows. 

Chapter - 2 briefs the overview of lanthanide ion-doped molybdates through 

various techniques by different groups.  

 

Chapter - 3 describes the various sophisticated instrumentation techniques that 

were used for the characterization of as-synthesized phosphor.  

 

Chapter - 4 explains the synthesis and photoluminescence properties of Eu3+ 

activated (Na0.5R0.5)MoO4 (R = La, Gd) red phosphor using solid-state reaction 

method for UV-excited white light emitting diode applications. 

 

Chapter - 5 focuses on the synthesis and up/down-conversion luminescence 

properties of hierarchically self-assembled 3D architectures of Ln3+ (Ln = Eu, Tb, 

Dy, Yb/Er, Yb/Tm, Yb/Ho) doped (Na0.5R0.5)MoO4 (R= La, Gd) phosphor with 

controllable size using surfactant-assisted hydrothermal method. 
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Chapter - 6 presents the luminescence and magnetic properties of a novel 

nanoparticle-sheathed 3D microstructures of Fe0.5R0.5(MoO4)1.5:Ln3+ (R3+ = Gd, 

La), (Ln = Eu, Tb, Dy) for bi-functional applications.  

 

Chapter - 7 discusses the synthesis of thin phosphor films of (Na0.5R0.5)MoO4:Ln3+ 

(R3+ = La, Gd), (Ln3+ = Eu, Tb, Dy, Yb/Er) using pulsed laser deposition technique 

for electro/cathodo luminescence, display devices applications. 

 

Chapter - 8 summarizes the concluding remarks of the present thesis work. 

 

Chapter - 9 gives the idea about the future work plan.  

 

Chapter - 10 contains the bibliographic references.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

CHAPTER - 2 

LITERATURE OVERVIEW 

 

2.1. Introduction  

      

To date a number of successful research works have been reported on lanthanide 

ions doped phosphors with different host materials like molybdates [4, 5, 10], 

tungstates [12], vanadates [23], oxides [24], phosphates [25], oxysulfide [16], etc., 

using different methods are as follows.  

 

2.1.1. Solid-state Reaction Method 

 

     To understand the possible ways of improving the excitation efficiency of red 

phosphors with near-UV or Blue LEDs, AMO4:Eu3+ (A = Mg, Ca, Sr, Ba and M = 

Mo, W), R2MoO6:Eu3+, R2(MoO4)3:Eu3+ (R = Y, Gd), and ZnMoO4:Eu3+ phosphors 

were synthesized using solid-state reaction method by Dutta et al [26]. The photo-

luminescent properties of the phosphors were investigated as a function of 

synthesis method, crystal structure and coordination environment of the transition 

metal ion. These phosphors emit visible light in the range of 610–620 nm with a 

full width at half maximum (FWHM) of less than 10 nm, which makes them 

suitable for use in high color rendering index phosphor-converted white light 

emitting diodes.  

 

     Rare-earth doped gadolinium molybdate Gd2(MoO4)3:RE3+ (RE3+ = Eu3+, Tb3+, 

Tm3+ and Er3+/Yb3+) nanophosphors with broad spectral converter from the 

ultraviolet (UV) to the near infrared (NIR) regions in a single host lattice using a 

facile solid-state reaction method [22]. The Gd2(MoO4)3:Er3+/Yb3+ upconversion 

phosphor emits in the NIR spectrum region at 994 nm upon a 980 nm excitation 

wavelength. The synthesized product could be promising broad spectral converter 

phosphors which may possibly integrate with the next-generation Si-solar cell to 

enhance the efficiency of the cell [22]. 
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     Guzik et al [27] investigated the structural and spectroscopic properties of  

Cd1-3xNd2-x □xMoO4 material whose short lifetimes and high emission intensities 

could be a more promising for the generation of ultra-short pulse laser. Under 

optical excitation at 588 nm, the integral emission intensities of the transitions 

(4F3/2 - 
4I9/2) and (4F3/2 - 

4I11/2) shows values eight and half times and nine times, 

higher than YAG:Nd3+, respectively.       

 

     A series of Tm3+- and Dy3+-codoped LiLa(MoO4)x(WO4)2−x phosphors were 

prepared via the conventional solid-state reaction method and reported by Li et al. 

[28]. With increase in the Dy3+ doped concentration, the energy transfer efficiency 

of LiLa(WO4)2:0.005Tm3+, yDy3+ increased gradually and reached as high as 88% 

when the concentration of Dy3+ was 0.05. When the relative ratio of Mo/W was 

2:0, the chromaticity coordinates were much closer to the standard chromaticity 

coordinates for white light which is most essential for UV-excited white light-

emitting diodes.  

 

2.1.2. Hydrothermal Method 

 

     Homogenous and self-aggregated three-dimensional (3D) superstructures with 

uniform size distribution have attracted nowadays because of their aberrant 

behavior that tailors the physical and chemical properties of materials resulting 

from momentous advancement that has been developed for the fabrication of a 

new class of micro/nanostructured devices [4, 5, 29]. Recently, the interests have 

been expanded into controlling the size and shape of 3D micro/nanomaterials and 

also in understanding the correlations between the material shape and their 

properties. So far, different size and shapes of 3D micro/nano hierarchical 

structures have been reported through a variety of solution based techniques. 

Particularly in the hydrothermal method, various novel 3D versatile morphologies 

have been reported with and without the use of surfactants. For example, highly 

uniform NaLa(MoO4)2:Ln3+ (Ln = Eu, Dy) microspheres [30], monodisperse 

NaY(MoO4)2 architectures of nanoflakes, nanocubes, rhombic polyhedron shape 

and tetragonal bipramids [31], octahedral bi-pyramid, highly branched dendrite, 
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rod and ellipsoid-like micro crystals of NaLa(MoO4)2 [32], and quasi-cubes and 

tetragonal plates of NaGd(MoO4)2:Eu3+, Tb3+ [33] have been synthesized without 

involving any organic additives or surfactants. Sheaf-like orthorhombic 

Gd2(MoO4)3:Eu3+ nanostructures [34], microflowers and micro spindles of 

NaCe(MoO4)2 [35], rugby-like (Na0.5La0.5)MoO4 nanostructures [29], spindle-like 

and flower like NaLa(MoO4)2 microstructures [36], self-assembled 3D flower-like 

NaY(MoO4)2:Eu3+ micro architectures [37], 3D bowknot-like hierarchical 

microstructures of Y2(WO4)3:Ln3+ [38], and monodisperse and NaLa(MoO4)2:Eu3+ 

bi-pyramid nanocrystals [39] have been successfully synthesized through the 

surfactant-assisted hydrothermal method. 

 

2.1.3 Pulsed Laser Deposition Technique (PLD) 

 

     Variety of thin phosphor films were fabricated using PLD technique by different 

research groups as follows. To avoid rapid degradation of commercial red 

phosphor under high current densities, Yi et al [40] found and reported that 

G2O3:Eu3+ thin film is an alternate choice for field emission display (FED) red 

phosphors. Park et al [41] investigated the photoluminescence properties of Eu3+ 

ion doped NaY(MoO4)2 thin film phosphors using a 248 nm KrF excimer laser and 

studied the effect of different oxygen pressures, deposition temperatures on the 

physical properties. The phosphor thin film shows intense red emission with good 

color purity and exhibits high color saturation and considered as a promising red 

phosphor for use in white LEDs. Bismuth molybdate gas sensors fabricated by 

pulsed laser deposition (PLD) technique which exhibits good sensitivity for the 

detection of hydrogen gas [42]. Polycrystalline Sr2FeMoO6 thin films were 

deposited at temperatures 500-800 °C on STO buffered Si (100) substrates by 

pulsed laser deposition technique [43]. The as-grown Sr2FeMoO6 thin films were 

promising candidate for magnetoresistive and spintronic applications for 

microelectronic industries [43]. Yanagihara et al [44], successfully demonstrated 

the formulation of VUV emitting lamp by employing a KMgF3 thin film as a 

phosphor and carbon nanofibres as a field electron emitter. The fabricated VUV 
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light is a powerful tool for sensing, material processing, and decomposition of 

chemical materials. 

 

2.2. Statement of the Problem 

 

     Among all, Inorganic materials belonging to the molybdates or tungstates 

group with scheelite tetragonal crystal structure have a long history of practical 

application as the subject of vast research over the past decade. Especially, 

scheelite-type molybdates with tetragonal structure have been widely used as a 

good host material for luminescence of lanthanide ions which has the strong 

technological applications. Because, they are thermally and photo-chemically 

possess stable phases. Due to lower vibrational frequency molybdates exhibit 

intense and broad optical absorption bands in the ultraviolet and visible regions. 

Molybdates with general formula of (Na0.5R0.5)MoO4 has been attracted (R3+ = La 

or Gd) due to their significant importance in the field of optoelectronics and laser 

technology. Only a limited number of works has been carried out on this scheelite 

crystal structure of (Na0.5R0.5)MoO4. For example, Kuz’michevaa et al [45] studied 

the structural properties of Er3+, Ce3+ activated (Na0.5La0.5)MoO4 single crystal 

grown by Czochralski method and found out the bond distances (Å) and angles 

(deg) in the structure. Microstructure of (Na0.5La0.5)MoO4 crystals co-activated with 

cerium and erbium ions was reported by Suvorova et al [46]. The as-grown 

crystals were analyzed by TEM, SEM, transmission electron diffraction, EDX 

microanalysis and EELS technique. To the best of our knowledge, no other 

systematic studies have been carried out on the Ln3+ doped (Na0.5R0.5)MoO4 

phosphors by different techniques. 

 

2.3. Importance of Scheelite-type (Na0.5R0.5)MoO4 (R = La, Gd) Crystal 

Structure 
 

     The compounds (Na0.5La0.5)MoO4 (NLM) and (Na0.5Gd0.5)MoO4 (NGM) possess 

tetragonal crystal structure and they are isostructural to the scheelite type CaWO4 

[39, 45, 46]. In this crystal phase, molybdenum (Mo6+) atoms replace the tungsten 
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(W6+) location and occupy in the center of tetrahedral symmetry forming isolated 

[MoO4]
2- group and surrounded by four equivalent O2- atoms which are located at 

the four apex angles [4, 5, 45]. Every oxygen in [MoO4]
2- tetrahedron is 

surrounded by the different Na+/R3+ polyhedron. The degree of tetrahedral 

distortion is given by the equation, 

)(2
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OMO

OMO
N







       (2.1) 

 

 

Figure. 2.1: Structure model of (Na0.5R0.5)MoO4 showing the positions of atoms. 

 

The detailed crystal structure is investigated by Bu et al [39] and is given in  

Figure. 2.1. The monovalent ions sodium (Na+) and trivalent R3+ (La, Gd) are likely 

to occupy the dodecahedral Ca2+ sites in the tetrahedral symmetry and 

coordinated with oxygen atoms in the dodecahedral sites (CN = 4+4) by two sets 

of bond distance [4, 5]. The molybdenum atom is in a slightly distorted tetrahedral 

oxygen coordination (MoO4) with identical Mo-O bond distances (CN = 4). Such a 

distorted dodecahedron influences the homogeneity of the crystal field around the 
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optically active ions, inducing a considerable enhancement in the luminescence 

spectra. The degree of dodecahedral distortion is given by, 

),(2
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d
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K




   (2.2) 

The Na+ atoms and the R3+ atoms are randomly distributed in the compounds 

NLM, NGM over the same structural position, resulting in intense and broad 

absorption bands appearing near the UV-region which may finds prospective 

applications in optoelectronics and laser technology [4, 5, 29].  

 

     In summary, the detailed literature survey suggests that there is no systematic 

studies have been done on the crystal structure, morphology, up/down-conversion 

luminescence properties, magnetic behaviour, and photometric parameters of 

micro/nano-structured (Na0.5R0.5)MoO4:Ln3+ phosphors using different 

experimental techniques. 
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CHAPTER - 3 

CHARACTERIZATION STUDIES 

 

3.1 Introduction 

 

     To investigate the material properties, several characterization techniques 

have been discussed in this chapter which includes some important and complex 

sophisticated equipment’s. An attempt has been made to present the over view of 

the characterization techniques such as X-ray diffraction analysis (XRD), scanning 

electron microscopy (SEM), transmission electron microscope (TEM), high 

resolution transmission electron microscope (HRTEM), energy dispersive analysis 

using X-rays (EDX), X-ray photoemission spectroscopy (XPS), Fourier transform 

Infra-red spectrometer (FT-IR), Fluorescence spectrophotometer (both up/down-

conversion measurements), UV-Vis-NIR spectrophotometer, and Vibrating sample 

magnetometer (VSM).  

 

3.2. X-ray Diffraction (XRD) Analysis 

 

     X-ray diffraction (XRD) [47] is a very powerful tool used for phase identification 

of a solid state crystalline materials and thin films. Every crystalline material has 

its own distinctive X-ray powder diffraction pattern which can be used as a 

"fingerprints" for their structural identification. XRD analysis is a unique  

non-destructive technique and furnishes multiple results including crystal 

structure, phase purity, crystallite size, orientation of atoms, lattice parameters, 

and unit cell dimensions, etc. In XRD analysis, single crystal diffractometer is 

essentially used to resolve the fundamental crystallographic details, while X-ray 

powder diffractometer rule the applied crystallography. 

 

3.2.1. Principle 

 

     When the X-ray beams incident on a set of parallel planes of the crystalline 

sample, the electron clouds of these atoms diffract the X-ray beam in a rational 



23 

 

approach. Figure. 3.1 (a) shows the diffraction from two scattering planes 

separated by a distance ‘d’ and diffract the X-rays of wavelength ‘’ at the incident 

phase for incident angle ‘’.  

 

Figure. 3.1: (a) Diffraction from two scattering planes (b) X-ray Diffractogram. 

 

     After the interaction of X-rays with the sample, secondary diffracted beams are 

produced. The experimental 2 value denotes the angle between the diffracted 

and incoming X-rays. To have a constructive interference in the beam diffracted 

from the entire family of planes in the direction ‘’, the rays from the separate 

planes must reinforce each other. This means that the path difference for rays 

from adjacent planes must be as integral number of wavelengths  

 ndSin 2      (3.1) 

where n = 1, 2, 3…and this simple equation is called as the Bragg Law [48].  

 

3.2.2. Instrumentation 

 

     The schematic of computer controlled X-ray powder diffractometer is shown in 

Figure. 3.1 (b). The XRD patterns were recorded on Philips X’Pert PRO system 

from PANalytical’s diffractometer (Almelo, The Netherlands) with Cu-Kα radiation 

(λ = 0.15406 nm) with 2 scan mode at an operating rate 40 KV, 20 mA. It 

consists of three important elements: an X-ray source, a sample stage or sample 

holder, and an X-ray detector. The X-rays with specific wavelength are produced 

using X-ray source and are collimated and directed onto the sample. Then, the  

X-rays were diffracted and their intensities are recorded using X-ray detector 
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which finally converts the signal to a count rate. The XRD patterns corresponding 

to the known peaks were identified. This was done by comparing experimentally 

observed values of 2, d and relative intensities (I/Imax) of the reflections with the 

standard data available from the Powder Diffraction (JCPDS) files.  

 

3.2.3. Crystallite Size Determination 

 

     In principle, the infinite crystal is hundred percent perfect and only for such 

crystals the Bragg law of X-ray diffraction is strictly valid. However, an assembly of 

nanocrystals can be considered to have a high level of imperfection. The effect of 

line broadening is primarily due to the micro-residual stress and particle size i.e., 

when the size of the individual crystal is less than 0.1 m (100 nm). In case of 

negligible micro-residual stress (and instrument broadening), the crystalline size 

(D) is computed from well-known Scherrer formula [49, 50], 

                                         CosKD /    (3.2) 

Where, K is the dimensionless shape factor, ‘’ is the wavelength of the X-ray, ‘β’ 

is the FWHM (full width at half maximum) of the maximum intense peak and θ is 

the Bragg angle. 

 

3.3. Scanning Electron Microscope (SEM) 

 

     Scanning electron microscopy is primarily used to study the surface 

morphology of the solids/thin film materials [51]. It provides two outstanding 

improvements over the optical microscope: it extends the resolution limits so that 

picture magnifications can be increased from 1000X to 2000X up to 30000X to 

60000X, and it improves the depth of field resolution by a factor of approximately 

300. The resolution of SEM is about 3 nm approximately two orders of magnitude 

greater than the optical microscope and one order of magnitude less than the 

transmission electron microscope. Thus, the SEM bridges the gap between the 

other two techniques. 
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3.3.1. Principle 

 

     An electron beam passing through an evacuated column is focused by 

electromagnetic lenses onto the specimen surface. The beam is then restored 

over the specimen in synchronization with the beam of a cathode ray tube display 

screen. The secondary electrons are emitted from the sample surface and 

collected by a scintillator, the signal from which is used to modulate the brightness 

of the cathode ray tube. In this way the secondary electron emission from the 

sample is used to form an image on the digital display screen. 

 

3.3.2. Instrumentation 

 

     The specimen has been scanned using SEM Hitachi (S-3000H SEM) model. 

Basic components of SEM are electron column, specimen chamber, vacuum 

pumping system, electronic control and imaging system. 

 

3.3.3. Scanning Process 

 

     In a typical SEM, electrons are thermionically emitted from a tungsten or 

lanthanum hexaboride (LaB6) cathode and are accelerated towards an anode; 

alternatively, electrons can be emitted via electron gun.  

 

Figure. 3.2: Schematic working diagram of SEM. 
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Tungsten is used because it has the highest melting point and lowest vapour 

pressure of all metals, thereby allowing it to be heated for electron emission. One 

or two condenser lenses into a beam with a very fine focal spot sized 1 nm to 5 

nm focus the electron beam, which typically has energy ranging from a few 

hundred eV to 100 keV. The beam passes through pair of scanning coils in the 

objective lens, which deflect the beam horizontally and vertically so that it scans in 

a faster fashion over a rectangular area of the sample surface. When the primary 

electron beam interacts with the sample, the electrons lose energy by repeated 

scattering and absorption within a teardrop-shaped volume of the specimen 

known as the interaction volume, which extends from less than 100 nm to around 

5 nm into the surface. The size of the interaction volume depends on the beam 

accelerating voltage, the atomic number of the specimen and the specimen's 

density. The energy exchange between the electron beam and the sample results 

in the emission of electrons and electromagnetic radiation, which can be detected 

to produce an image and the working diagram of the SEM, is as shown in  

Figure. 3.2. As a tool for examining surfaces, the scanning electron microscope 

offers the following major advantages over the optical microscope improvement in  

(i) Resolution, (ii) Depth of field, (iii) Vivid 3D view.  

 

3.2.4. Limitations 

 

1. It uses to view only surface morphology of the specimen. 

2. The main limitation of SEM is that it can't observe living things. 

3. Image quality on relatively flat samples, such as metallographically polished    

and etched samples. 

4. Feature resolution, although much better than the optical microscope, is 

inferior to the TEM and STEM. 

 

3.4. Field Emission Scanning Electron Microscope (FESEM) 

  

     The principle and working process of field emission scanning electron 

microscope is similar to the conventional scanning electron microscope as 
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discussed above. But it provides the very good spatial resolution down to few 

nanometer scales i.e. three to six times superior than conventional SEM. In order 

to attain higher image resolution, it is necessary to find the material with lower 

work function EW which means more electrons at a given temperature. In FESEM, 

tungsten or LaB6 filament is used as cathode source with the thickness of 100 nm 

or less. Several (0.5 – 30) kilovolts negative potential were applied to a nearby 

electrode and more sufficient electrons are emitted at the surface of cathode. This 

results in both improved spatial resolution and minimized sample charging and 

damage. However, the total current is lower than either the tungsten or the LaB6 

emitters; the current density is between 103 and 106 A/cm. Thus, the field 

emission gun is hundreds of times brighter than a thermionic emission source. 

Below a typical electron gun configuration used in FESEM is shown in Figure. 3.3. 

 

Figure. 3.3: A typical electron gun configuration of FESEM. 

 

3.5. X-ray Photoelectron Spectroscopy (XPS) 

3.5.1. Principle  

 

     XPS is a non-destructive and quantitative spectroscopic technique that helps to 

investigate the presence of elements, binding energy, chemical composition 

state and electronic state of the surface region of a specimen. Working principle of 

XPS technique is based on the Einstein’s photoelectric effect [52] and explains the 

ejection of electrons from a surface of the specimen when photons were incident 

on it. The surface of the specimen analyzed is irradiated with soft X-ray photons. 
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When a photon of energy hν interacts with an electron in a level X with the binding 

energy EB, the entire photon energy is transferred to the electron (inset of  

Figure. 3.4), with the result that a photoelectron is ejected with the kinetic energy 

sBkin EhXhE  ),(   (3.3) 

Where Фs is a small, almost constant, work function term and obviously hν must 

be greater than EB.   

 

3.5.2. Instrumentation 

 

Figure. 3.4: Working diagram of XPS instrument. 

 

A monochromatic X-ray beam Al-Kα (1486.6eV) or Mg-Kα (1253.6 eV) ejects the 

photoelectrons from the surface of the specimen. The X-ray photons are 

penetrated about a micrometer inside the specimen. A cylindrical mirror analyzer 

quantifies the kinetic energy of ejected electrons. The computer controlled signal 

processing unit analyzes the signal and the spectrum is plotted with binding 

energy versus the intensity. The electrons will have a collision with other electrons 

from top layers, decreasing its energy to contribute to the noise, at lower kinetic 

energy than the peak [53]. The background noise increases with binding energy 

because the addition of all noise is taken from the starting of the analysis. The 

spectroscopic notation used in XPS technique is based on the so-called J-J 
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coupling scheme describing the orbital motion of an electron around an atomic 

nucleus, in which the total angular momentum of an electron is found by summing 

vectorially the individual electron spin and angular moment [54]. Thus if L is the 

electronic angular momentum quantum number and S the electronic spin 

momentum quantum number, the total angular momentum for each electron is 

given by  J = L+S.  Because L can take the values 0, 1, 2, 3, 4… and S = ± 1/2 

clearly J = 1/2, 3/2, 5/2, etc.  The principle quantum number n can take values 1, 

2, 3, 4 …,. In spectroscopic notation, states with L = 0, 1, 2, 3… are designated s, 

p, d, f… respectively, and letter is preceded by the number n, the J values are 

then appended as suffixes [54, 55]. Therefore one obtains 1s, 2s, 2p1/2, 2p3/2. In 

this work XPS measurements were performed using a LAS-3000 surface analysis 

system (RIBER, France) and Al-Kα X-rays (1486.6 eV, width 0.5 eV). 

 

3.5.3 Limitation 

 

1. Typical detection limit is ~ 0.1 to 1.0 at% 

2. Smallest analytical area ~10 to 200 µm  

3. Limited specific organic information 

4. XPS results strongly depend on sensitivity of the material and wavelength 

of X-rays. 

 

3.6. Transmission Electron Microscope (TEM) 

3.6.1 Principle   

 

     Transmission electron microscopy is unique among materials characterization 

techniques among the other techniques. It enables essentially simultaneous 

examination of micro structural features through high-resolution imaging and the 

acquisition of chemical and crystallographic information from small 

(submicrometer) regions of the specimen. Electrons are the source of illumination, 

are transmitted through the sample, which is very thin to generate some form of 

contrast that enables observation of the internal structure of the sample. The 
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resulting image displays structural detail at very high resolution, of the order of 

fractions of nanometer, allowing examination of the structure on a microscopic 

scale. 

 

3.6.2. Instrumentation 

 

     This technique involves the use of high energy (~100 - 1000 keV) electrons to 

form images of the internal structure of materials. Electrons produced by 

thermionic emission from either a tungsten wire filament heated to ~2700 °K or a 

lanthanum hexaboride (LaB6) single crystal heated to ~2000 °K are focused by 

electromagnetic condenser lenses and are scattered by the specimen.  

 

Figure. 3.5: Schematic representation of the image formation in an ideal 

transmission electron microscope. 

 

The electron intensity distribution suitably processed gives electron diffraction and 

sample image patterns. The conventional transmission electron microscope 

typically operates at voltages exceeding 60KV; 100, 120, or 200KV are most 
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common for inorganic samples, both 300 and 400 KV instruments are now 

commercially available. Schematic representation of the image formation by the 

objective lens in an ideal transmission electron microscope is given in Figure. 3.5. 

The TEM/FFT pattern for the present work was recorded using the transmission 

electron microscope JEOL 2000 FXII (T) operating at 200KV. The electron-ray 

pass through a transmission electron microscope is analogous to the visible light 

ray path through the ground glass lenses in an optical microscope configured to 

operate in the transmitted – light mode. Consequently, the electrons “flood” the 

sample and thus illuminate the entire area of interest. The electrons are provided 

by an illumination system, which includes the electron gun and the pre-specimen 

lenses. The pre-specimen lenses include one or more condenser lenses form the 

initial beam and the upper half of the objective lens. The electrons strike the thin 

film specimen and may undergo several interactions with the specimen. One of 

these interactions, diffraction of the electrons by the periodic array of atomic 

planes in the specimen, ultimately produces the contrast that most commonly 

enables observation of structural detail in crystalline materials. The electrons that 

pass through the thin crystal without being diffracted by the atomic planes are 

referred to as transmitted electrons. The electrons that have been diffracted from 

a given (hkl) plane are the (hkl) diffracted electrons. There are several post-

specimen lenses, including the lower half of the objective lens, the magnifying 

lens, the intermediate lens and a projection lens. The series of post-specimen 

lenses is often referred to as the image-formation system. The theoretical 

resolution in a TEM image approaches the wavelength of the incident electrons, 

although this resolution is not attained absolutely due to such lens defects as 

spherical, chromatic aberration and aperture diffraction.  

 

3.7. High-resolution Transmission Electron Microscope (HRTEM) 

      

     High-resolution transmission electron microscopy (HRTEM) is an imaging 

mode of the transmission electron microscope (TEM) that allows the imaging of 

the crystallographic structure of a sample at an atomic scale [56]. The term high 
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resolution means more image detail and often used for a pixel count in digital 

imaging. Because of its high resolution, it is a valuable tool to study nanoscale 

properties of crystalline material such as semiconductors and metals. Ongoing 

research and development such as efforts in the framework of transmission 

electron aberration-corrected microscope (TEAM) will soon push the resolution of 

HRTEM very close to size of an atom. At these small scales, individual atoms and 

crystalline defects can be imaged. Since all crystal structures are 3-dimensional, it 

may be necessary to combine several views of the crystal, taken from different 

angles, into a 3D map. This technique is called electron crystallography. One of 

the difficulties with HRTEM is that image formation relies on phase-contrast. In 

phase-contrast imaging, contrast is not necessarily intuitively interpretable as the 

image is influenced by strong aberrations of the imaging lenses in the microscope. 

One major aberration is caused by focus and astigmatism, which often can be 

estimated from the Fourier transform of the HRTEM image. The diffraction pattern 

is the Fourier transform of the periodic potential for the electrons in two 

dimensions. In the objective lens all diffracted beams and the primary beam are 

brought together again their interference provides a back-transformation and leads 

to an enlarged picture of the periodic potential. 

 

3.8. Fourier Transform Infra-red Spectrometer (FT-IR) 

3.8.1. Principle 

 

     Fourier transform IR spectrophotometer uses Michelson interferometer to 

produce an interferrogram [51]. The interferogram is related to the IR spectrum by 

a mathematical operation known as Fourier transformation. A computer algorithm 

that was developed to do the operation very fast is the FFT (Fast Fourier 

Transform) program. 

 

3.8.2. Instrumentation 

     In FTIR, the infrared radiation passing through a sample can be analyzed by 

means of a scanning Michelson interferometer. This consists of a moving mirror, a 

fixed mirror, and a beam splitter, radiation from the beam splitter, half of the beam 
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passing to the mirror and half-reflected to the moving mirror. After reflection the 

two beams recombine at the beam splitter and for any particular wavelength, 

constructively (or) destructively interface depending on the difference in optical 

paths between the two arms of the interferometer. With a constant mirror velocity, 

the intensity of the emerging radiation at any one particular wavelength modulates 

in a regular sinusoidal manner. In the case of a broad band infrared source the 

emerging beam is a complex mixture of modulation frequencies, which, after 

passing through the sample compartment, is focused onto the detectors. 

 

 

Figure. 3.6: Block diagram of the FT-IR spectrometer. 

 

This detector signal is sampled at very precise intervals during the mirror scan. 

Both the sampling rate and mirror velocity are controlled by a reference signal 

from the detector, which is produced by the modulation of the beam from the 

helium-neon laser. The resulting signal is known as an interferogram and contains 

all the information required to reconstruct the spectrum, namely, a mathematical 

process known as Fourier transformation. This technique has several distinct 

advantages over conventional dispersive techniques. There is only one moving 

part involved, mirror; this is mounted on a frictionless air bearing. Dispersion or 

filtering is not required, so that energy wasting slits are not needed a major 

advantage, particularly with energy a premium in the far-infrared. The use of 

helium-neon laser as a reference results in near absolute frequency accuracy, 
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better than 0.01 cm-1 over the range of 4000 – 400 cm-1. Because all wavelengths 

are detected through the scanning process, the scanning interferometer achieves 

the same spectral signal-to-noise ratio as a dispersive spectrometer in a fraction 

of the time. The block diagram of FTIR spectrophotometer is shown in Figure. 3.6. 

 

3.9. UV-VIS-NIR Spectrophotometer  

 

     Changes in the electronic configuration and energy of molecules produce 

spectra in the visible and ultraviolet regions and will be defined as radiation 

associated with absorption in the range of 200-800 nm, which is the spectral range 

of a conventional ultraviolet/visible spectrophotometer. Absorption measurements 

involve determination of the reduction of power suffered by a beam of radiation as 

a consequence of passing through the absorbing medium. The wavelength at 

which an absorbance maximum is found depends on the magnitude of the energy 

involved for a specific electronic transition. Absorption spectra often serve for 

qualitative identification. Diffuse reflectance occurs when the sample surfaces 

reflects the light in many different directions, giving the surface of a matt finish 

[51]. In diffuse reflectance the radiation reflected from the surface of a sample is 

detected and recorded as a function of wavelength. 

 

3.9.1. Instrumentation 

     The block diagram of the computer controlled UV-VIS-NIR model 

spectrophotometer is shown in Figure. 3.7. The samples were carried out using 

Varian 500 Scan UV-VIS-NIR spectrophotometer for various measurements like 

absorbance, transmittance, specular and diffuse reflectance measurements [51]. 

All absorbance spectrophotometers must contain the light source, wavelength 

selection device, sample holder and photon detector. This type of 

spectrophotometer features a continuous change in wavelength and an automatic 

comparison of light intensities of samples and reference material; the ratio of the 

latter is the transmittance/reflectance of the sample, which is plotted as a function 
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of wavelength. The automatic operation eliminates many time consuming 

adjustments and provides a rapid spectrogram. 

 

Figure. 3.7: Block diagram of UV-Vis-NIR spectrophotometer. 

 

These instruments are well suited for qualitative analysis where complex curves 

must be obtained over a large spectral range. In the double beam-in-time 

arrangement, energy from a dispersed source passes through the exit slit of the 

monochromator and is alternated between reference (R) and sample (S) 

compartment at a rate of 60Hz (or other fixed frequency). These two beams 

alternately strike a single detector where their optical energy is converted to an 

electrical signal. The output of the detector is an alternating signal whose 

amplitude is proportional to the difference in intensities in the two channels. The 

reference signal is maintained constant by an automatic slit servo system, which 

widens or closes the slit to achieve a 100% transmittance/reflectance baseline. 

The switching between reference and sample path is done by a rotating half-

sector mirror system, or by a vibrating mirror assembly, or by a stack of thin 

horizontal glass plate that are silvered along thin edges and alternately oriented, 

or by a prismatic beam splitter. A chopper is placed either before the entrance slit 

or after the exit slit. For a prism monochromator, a control voltage that varies with 

wavelength according to the prism dispersion curve actuates the slit servo 

amplifier to keep the monochromator at a constant pre-selected bandwidth. With 

grating monochromators, a sine-bar linkage is used to solve the grating equation. 

In the second arrangement called double beam-in-space, two separate light paths 

are created by a beam splitter and mirror. Each beam is reflected by appropriate 
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mirrors through the samples and reference compartments. Unabsorbed radiation 

fails on individual detectors. The read out is based on measurements of the ratio 

of intensities in the two channels. If desired, the individual signals can be added, 

subtracted, or treated in any manner suited to a research problem, giving 

versatility in data presentation. Light chopping is done on the source side of the 

sample and reference beams. 

 

3.10 Fluorescence Spectrophotometer 

3.10.1. Principle 

 

     When electromagnetic radiation interacts with solids the electrons in the 

ground state absorb the photons and reach the excited state. The system is 

transformed to the ground state by emitting the excess energy in the form of 

photons. This process is called fluorescence. In addition, some absorbed energy 

is dissipated as heat to the lattice. The difference in energy between the emitted 

and absorbed radiation is called the Stokes shift. The radiative part of the 

relaxation following the excitation is the essence of luminescence spectroscopy. 

The photoluminescence instrument measures the emitted portion of the radiation 

for analysis and characterization. 

 

 

 

Figure. 3.8: Block diagram of fluorescence spectrophotometer. 
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3.10.2. Instrumentation 

 

     The functional block diagram and the optical path of the computer controlled 

Fluorescence spectrophotometer is shown in Figure. 3.8. The fluorescence 

spectrophotometer is capable of operating wide range of spectral region between 

220 to 800 nm. The fluorescence of phosphors is easily visible because the 

excitation wavelength was in the UV and the corresponding emission occurs in the 

visible spectrum. Practically, all fluorimeters will have at least five components, 

which include the source, two wavelength discriminators, a sample holder and a 

detector. Two types of spectra can be obtained using this instrument. If the 

wavelength at which the emission observed is held constant, while the wavelength 

at which excitation occurs is scanned, the spectrum is an excitation spectrum. If 

the wavelength of the excitation radiation is fixed, while the wavelength at which 

the emission observed is scanned, the spectrum is an emission spectrum. The 

emission and excitation spectra are characteristic of the sample being 

investigated.  

 

3.10.3. Fluorescence Lifetime 

 

     Fluorescence life-time represents the probability of finding a molecule in the 

excited state at a given time. The intrinsic fluorescence lifetime (0) is defined as 

the time required for all but 1/e of the excited state molecules to return to the 

ground state. This does not specify the path of the relaxation to the ground state 

and encompasses all relaxation processes like, radiative and non-radiative. The 

radiative, or observed, lifetime () refers specifically to the decay in fluorescent 

intensity. 









t-

exp I=I 0

    (3.4) 

Where, I = fluorescence Intensity, I0 = fluorescence at t = 0,  = observed 

fluorescence lifetime. 
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3.11. Fluorescence Up-conversion Spectrophotometer 

 

3.11.1. Principle 

     Photon up-conversion is a process in which the energies of the emitted light 

photons higher than energies of incident light photons. For example, photo 

excitation at a certain wavelength in the infra-red region to the sample followed by 

the emission of light photons in the visible region. A schematic photo up-

conversion process is illustrated in Figure. 3.9.  

 

Figure. 3.9: Schematic representation of a photo up-conversion process. 

(Courtesy: http://www.picoquant.com) 

3.11.2. Instrumentation 

 

     The fluorescence up-conversion spectrophotometer mainly consists of pulsed 

laser excitation source or laser input unit, optical filters or monochromator, single 

photon sensitive detector. The sample containing up-conversion luminescence 

center (sensitizer or activator) is being excited by using Argon ion laser can 

produce multiple watts of optical power. A Titanium:sapphire crystal was used to 

convert the visible to light into NIR light by phenomenon of birefringence. The 

emitted light is filtered using a monochromator and then detected using a hybrid 

photo multiplier tube detector. The time-correlated single photon counting is used 

to measure the life time between excitation and emission. Up-conversion 

luminescence spectra (980 nm NIR excitation from an optical parametric 

oscillator) and lifetimes of the excited state energy levels were recorded using a 

combination of a 0.25 m monochromator (CS-260; Oriel, Rochester, NY), 
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photomultiplier tube (70680; Oriel, Stratford, CT), lock-in amplifier, and 

oscilloscope. A mechanical chopper was used to modulate the excitation beam. 

 

 

Figure. 3.10: Schematic diagram of fluorescence up-conversion 

spectrophotometer with laser equipment. 

(Courtesy: http://www.picoquant.com) 

3.12. Photometric Characterization of Phosphor  

     

      To test the quality of a phosphor, the material is usually characterized by its 

colour rendering index (CRI), colour coordinates (Commission Internationale de 

l’Eclairage), colour correlated temperature (CCT), luminous efficacy of radiation 

(LER) and the emission life time under the given excitation conditions. The 

phosphor energy yield is generally measured by a quantity called quantum 

efficiency. It is the ratio of the number of photons emitted to the number of 

photons absorbed for a given quantity of radiation incident on the sample [18]. The 

tristimulus values X, Y, and Z can be estimated by the following equations, 
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The chromaticity coordinates x, y were often determined from the tristimulus 

values using the following expressions 
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    (3.9) 

The chromaticity coordinates represent a set of normalized values in order to 

compare colors having different intensity values and thus different energy values 

as well. The chromaticity coordinates are represented as x, y and z corresponding 

to red, green and blue colors and x+y+z =1.00. Only x and y are to be specified. 

The chromaticity coordinate diagram constructed in terms of x and y are be given 

as in Figure. 3.11. 

 

Figure. 3.11: C.I.E Chromaticity diagrams. 

 

The C.I.E (Commission Internationale del’Eclairage) chromaticity diagram is useful 

to plot the various hue values. The various hues can be compared using a color 

comparator. From the color coordinates in a color triangle, not only the color itself 
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but also the color saturation can be derived. The latter is most important for 

display applications, because, in order to display all colors of the visible spectrum 

by synthesizing them from three primary colors, their respective colors have to be 

saturated as possible, that is, their color coordinates have to be positioned close 

to the borders of the color triangle. Colour rendering index is a good way to 

measure the quality of light and its truthfulness to render the colour of material. 

The ratio of the emitted luminous flux in lumen and the power used in watts 

describes the luminous efficacy of radiation (LER). The LER is a measure of how 

bright the radiation is perceived by the average human eye in lumens per visible 

watts. Generally, LER is determined by the spectral distribution S(λ) of the source 

as given by,  
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where K is the luminous efficacy of radiation (lm/Watt), V(λ) = eye sensitivity 

curve, Km= 683 [lm/W] which is the highest possible efficiency that can ever be 

obtained from a light source [57]. 

 

3.13 Vibrating Sample Magnetometer (VSM) 

3.13.1 Principle 

 

     According to Faradays laws of magnetic induction, an e.m.f (electromotive 

force) is induced in a conductor by varying the magnetic flux linked in the circuit. 

The rate of induced e.m.f is directly proportional to the rate of change of magnetic 

flux. Generally, VSM technique can be used to study the magnetic behavior of 

materials.  

 

3.13.2. Instrumentation and Working 

 

     A typical VSM consists of electromagnets, power supply, sample vibrator with 

associated electronic circuit, detection coils, cryostat and sample holder (shown in 

Figure. 3.12). A homogenous magnetic field is utilized to magnetize the specimen 
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in horizontal direction. In order to achieve maximum sensitivity, the strength of the 

magnetic field is set and can be measured using a Hall probe-based Gaussmeter. 

A vibration exciter is attached to specimen rod and the setup is hanged down 

between the electromagnets. To achieve the preferred direction of specimen, the 

sample rod can be rotated to the constant magnetic field. The vibration exciter 

moves in up and down directions and then vibrates sinusoidally in small fixed 

amplitude with respect to stationary pick-up coils. As the specimen moves in up 

and down direction, the magnetic field is altered will cause an induce AC voltage 

detected in pick-up coils due to the Faraday's Law of Induction. The frequency of 

the current generated is same as the frequency of the vibrating specimen. This 

signal explains the information about the magnetization of the specimen which is 

strengthened by transimpedance amplifier and lock-in amplifier. The resulting 

magnetic field change at a given point inside the pick-up coils induces voltage is 

given by,  
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  (3.11) 

To investigate the magnetic behavior of a material at very low temperature a 

temperature controlled cryostat unit is used. Using VSM technique, the behavior of 

magnetic moment as a function of the applied magnetic field of specimen can be 

measured. 

 

Figure. 3.12: Schematic instrumentation of vibrating sample magnetometer. 
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CHAPTER - 4 

INTENSE RED-EMITTING PHOSPHOR (Na0.5R0.5-x)MoO4:xEu3+ (R = La, Gd) 

FOR UV EXCITED LIGHT EMITTING DIODES 

 

4.1. Introduction 

 

     Next generation solid-state lighting technology mainly focusing towards the 

fabrication of white light emitting diodes (w-LEDs) which has the merits of pleasant 

color, persistence, prolongation, energy saving nature, low cost, less heating 

effect, low operating voltages, eco-friendly nature [1, 2, 3, 58]. WLEDs have got a 

number of applications such as back light units in liquid crystal display (LCD), 

fluorescent lamps, vetronics, phototherapy, aquarium lighting, architectural lighting 

design, automobile light, traffic signals, and general illumination, etc [2, 59]. Thus, 

WLEDs are considered to be more promising solid-state light (SSL) sources than 

incandescent lamps and fluorescent lamps. Most favorably, SSL sources exhibit 

superior energy conversion compared to incandescent and fluorescent lamps [60]. 

Nowadays, phosphor converted white LEDs are more attractive due to its high 

performance and excellent efficiency. The conventional technique used to achieve 

white light emission is to combine a GaN blue LED chip with yellow emitting 

phosphor YAG:Ce3+ [2, 3, 59]. Alternatively, the most hopeful approach is by 

mixing UV LED chip with blue, green and red color phosphors so called phosphor 

converted (pc) W-LEDs provides a useful way to improve the luminescence 

properties with excellent efficiency [2, 61]. In both cases, the lack of red emission 

component results in low color rendering index (CRI) and low luminous efficacy of 

radiation (LER) which limits their applicability to some extent [2]. Also, the thermal 

and chemical stability of the commercially used red phosphor (Y2O2S:Eu3+) is poor 

when compared with blue (BaMgAl10O17:Eu2+) and green (ZnS:Cu+, Al3+) 

phosphors. The formation, chemical stability, persistence, and efficiency of red 

phosphors need improvement for white LED applications [2, 62]. Hence, it is 

essential to find an appropriate red phosphor candidate with an adequate 

chemical stability with high luminous efficacy.  
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     Recently, rare-earth activated molybdates has been studied widely due to their 

feasible luminescence applications in various fields such as laser host materials 

[63], fiber optics, LEDs, scintillation detector, opto-electronic applications etc., [4, 

29, 64-66]. It is well known that among distinct rare-earth elements, Eu3+ has been 

extensively studied due to its unique spectral character and enriched emission 

intensity in different hosts. Eu3+ activated scheelite-type molybdates with 

tetragonal structure is more attractive due to strong red-light emission under 395 

and 465 nm excitations and used as a good host material for luminescence of 

Eu3+ ions [2]. Therefore, Eu3+ activated molybdate phosphor with outstanding 

chemical stability with high luminous efficacy are much needed for potential WLED 

applications. 

 

4.2. Synthesis of (Na0.5R0.5)MoO4:Eu3+ (R = La, Gd) Phosphor Using Solid-

State Reaction Method 

 

 

Figure. 4.1: High temperature furnace with programmable PID controller. 

 

     A series of intense red emitting (Na0.5La0.5-x)MoO4:xEu3+, (where x = 0.02, 0.04, 

0.06, 0.08, 0.10 moles of Eu3+) phosphor powder samples were synthesized by 

solid-state reaction method. The Eu3+ ions are substituted for La3+ sites. All the 

starting materials used in this synthesis procedure were of analytical grade 
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(99.99% purity) and directly used without any further purification. In order to 

prepare (Na0.5La0.5)MoO4:Eu3+, stoichiometric amounts of sodium carbonate 

(Na2CO3), lanthanum sesquioxide (La2O3), molybdenum trioxide (MoO3), 

europium oxide (Eu2O3) were weighed and carefully mixed in an agate mortar. 

Later the reactants are being grounded for 2 h and the mixture was annealed at 

900°C continuously for 3 h in a high temperature furnace (shown in Figure. 4.1). 

After heat treatment the samples were allowed to cool to room temperature, and 

then the resultant powders were used for characterization. By using the same 

synthesis procedure, the stoichiometric amount of Gd2O3 is added additionally to 

the mixture of Na2CO3, MoO3, and Eu2O3 to prepare (Na0.5Gd0.5)MoO4:Eu3+. 

Finally, efficient and stable phosphor powder was obtained.  

 

4.2.1. Characterization  

 

     The XRD patterns were recorded using Philips X'Pert PRO system from 

PanAlytical diffractometer with Cu-Kα radiation (λ = 0.15406 nm) and a scanning 

rate of 0.02o s-1. Morphology and elemental composition of the product were 

investigated by scanning electron microscope (SEM JEOL JSM-840) and EDX 

analysis. XPS measurements were performed using a LAS-3000 surface analysis 

system (RIBER, France) with AlKα x-rays (1489.6 eV, width 0.5 eV). The 

reflectance measurements were recorded using UV-Vis-NIR spectrophotometer 

(Cary 5000 UV-Vis-NIR spectrophotometer). Furthermore, the room temperature 

photoluminescent properties of the sample were measured using Horiba-Jobin 

Yvon Fluromax-4P bench-top spectrofluorometer. 

 

4.3. Results and Discussion 

4.3.1. Structural, Morphological, and Elemental Analysis 

 

     The phase purity and crystalline nature of the (Na0.5R0.5-x)MoO4:Eu3+ (R = La, 

Gd and x = 0.02, 0.04, 0.06, 0.08, 0.10 moles of Eu3+) phosphor powders were 

analyzed using X-ray diffraction patterns (XRD) that were shown in Figure. 4.2 (a, 
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b). All the peaks in the XRD patterns are perfectly matches with the standard 

JCPDS card No. 79-2243 for (Na0.5La0.5)MoO4 and 25–0828 for (Na0.5Gd0.5)MoO4, 

respectively [2, 4]. From Figure. 4.2 (a, b) a well crystalline products were 

successfully synthesized, and their strongest intensity peaks are observed at 

(112) plane. The XRD patterns report that the as-prepared phosphors were 

crystallizes in the scheelite tetragonal crystal structure with space group I41/a. All 

peaks are perfectly indexed and no other extra peaks of impurity were detected. 

However, a small peak shift was observed in NLM and NGM due to the addition of 

Eu3+ ions.  

 

 

 

Figure. 4.2: XRD patterns of (a) (Na0.5La0.5)MoO4 (b) (Na0.5Gd0.5)MoO4 doped 

with different europium concentrations of (A1) 0.02 moles, (A2) 0.04 moles, (A3) 

0.06 moles, (A4) 0.08 moles, and (A5) 0.10 moles. 
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The detailed crystal structure of (Na0.5R0.5)MoO4 is explained in Chapter - 2. From 

the XRD patterns, the size of the crystallites was calculated using Scherer’s 

formula given in equation (3.2). Furthermore, the lattice strain (ε) has been 

obtained from the Debye-Scherrer relation [67]. 

 tan4/     (4.1) 

     Where β is the full width at half maximum (FWHM) of the XRD peaks and θ is 

the Bragg’s angle [67]. Due to similar valence state and electronic configuration, 

the Eu3+ ions are successfully replaces the R3+ (La/Gd) ions in (Na0.5R0.5)MoO4, 

and it is coordinated by four oxygen atoms in a dodecahedral site. However, the 

doping of Eu3+ ions greatly influences the crystallite size and the band gap. It is 

observed that, when the doping concentration increases from 0.02 moles to 0.10 

moles, the average crystallite size increases from 53 nm to 56.9 nm for 

(Na0.5La0.5)MoO4 and 46.4 nm to 54.1 nm for (Na0.5Gd0.5)MoO4, respectively [2]. 

The lattice strain values calculated from the broadening of the profile show that 

the doping concentrations of Eu3+ ions increases from 0.02 to 0.10 moles, the 

lattice strain values decreases considerably from 3.10 x 10-3 to 1.01 x 10-3 for 

NLM and 5.79 x 10-3 to 2.21 x 10-3 for NGM, respectively. 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.3: SEM image of Eu3+ doped (a) (Na0.5La0.5)MoO4, (b) (Na0.5Gd0.5)MoO4 

phosphors synthesized by solid-state reaction method at 900oC. 
 

     As a representative result, 0.08 moles of Eu3+ (maximum emission intensity 

observed) doped NLM and NGM samples were analyzed for SEM and EDX 
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analysis. Figure. 4.3 (a, b) shows the SEM images of NLM and NGM, respectively 

and the average particle size was estimated to be around 12 m and 10.8 m for 

NLM and NGM, respectively. Figure. 4.4 (a, b) shows the EDX spectra of NLM 

and NGM which confirms the presence of all the elements in the final product. 

 

 

Figure. 4.4: Energy dispersive X-ray spectrum (EDX) of  

(a) (Na0.5La0.5)MoO4:Eu3+, (b) (Na0.5Gd0.5)MoO4:Eu3+. 

 

4.3.2. XPS Analysis of (Na0.5R0.5)MoO4:Eu3+ 

 

  

Figure. 4.5: XPS survey spectrum of Eu3+ doped (a) (Na0.5La0.5)MoO4,  

(b) (Na0.5Gd0.5)MoO4 microstructures. 

      

     The XPS analysis is widely used to identify the chemical composition and 

binding energy of a material. Figure. 4.5 (a, b) shows the XPS survey spectra of 
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scheelite tetragonal Eu3+ doped (Na0.5La0.5)MoO4 and (Na0.5Gd0.5)MoO4, 

respectively. From XPS analysis, it is confirmed that the presence of core levels of 

all the elements in NLM and NGM are identified. For (Na0.5La0.5)MoO4:Eu3+, the 

binding energies of Na, La, Mo and Eu elements obtained in the ranges 100 – 300 

eV (La 4d at 103 eV, Eu 4d at 142 eV, Mo 3d5/2 at 231 eV, Mo 3d3/2 at 252 eV); 

300 – 600 eV (Mo 3p3/2at 394 eV, Mo 3p1/2at 413.73 eV, Mo 3s at 503.7 eV, O 1s 

530.7 eV) and 800 – 1200 eV (La 3d5/2 at 833.6 eV, La 3d3/2 853.3 eV, Na 1s at 

1073 eV, Eu 3d5/2at 1125.6 eV, Eu 3d3/2at 1152 eV). Similarly, For 

(Na0.5Gd0.5)MoO4:Eu3+, the ranges of 100-300 eV (Eu 4d at 142 eV, Gd 4d at 166 

eV, Mo 3d5/2 at 230 eV, Mo 3d3/2 at 253 eV, Gd 4p1/2 at 292), 300-600 eV (Mo 

3p3/2 at 393 eV, Mo 3p1/2 at 413.28 eV, O 1s 529 eV), 800-1200 eV (Na 1s at 1082 

eV, Eu 3d5/2 at 1122  eV, Gd 3d3/2 at 1187 eV) are corresponds to the binding 

energies of Na, Gd, Mo, O and Eu elements. All these peak positions are perfectly 

matched and the composition estimated by XPS using the relative sensitivity 

factors of Na, R (La, Gd), Mo, O, and Eu shows the results are in good agreement 

with the standard literature [52]. 

 

4.3.3 Diffuse Reflectance Spectra Analysis of (Na0.5R0.5)MoO4:Eu3+ 

 

     To explore the energy absorption and absorption efficiency, diffuse reflectance 

as a function of wavelength were measured at room temperature.  

Figure. 4.6 (a, b) shows the UV-Visible diffuse reflectance spectrum of 

(Na0.5R0.5)MoO4:Eu3+ recorded in the wavelength range from 250 to 600 nm. In the 

case of both NLM and NGM, a wide absorption band starting from 250 nm to 325 

nm which corresponds to ligand-to-metal (O-Mo) charge transfer transition in the 

MoO4
2- tetrahedron. The absorptions at 395 nm (7F0→5L6), 465 nm (7F0→5D2) and 

535 nm (7F0→5D1) are ascribed to the f-f electronic transitions of Eu3+ ion, which is 

consistent with the conclusion of PL excitation spectra. As a representative result, 

the optical band gap value (Eg) of (Na0.5La0.42)MoO4:0.08Eu3+, 

(Na0.5Gd0.42)MoO4:0.08Eu3+ are estimated to be 3.68 eV, 3.8 eV, respectively at 
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which maximum emission intensity is observed (which will be discussed in 4.3.4.2 

section). 
 

 

Figure. 4.6: Diffuse reflectance spectrum of (a) (Na0.5La0.42)MoO4:0.08Eu3+  

(b) (Na0.5Gd0.42)MoO4:0.08Eu3+. 

 

4.3.4. Photoluminescence Properties of (Na0.5R0.5)MoO4:Eu3+ 

4.3.4.1 Excitation Spectra Analysis 

 

     The PL excitation spectrum of Eu3+ doped (Na0.5La0.5)MoO4 and 

(Na0.5Gd0.5)MoO4 samples shows nearly similar characteristics that were shown in 

Figure. 4.7 (a, b).  

  
  

 

 

 

 

Figure. 4.7: Excitation spectrum of (λem = 615 nm) (a) (Na0.5La0.5)MoO4:Eu3+,  

(b) (Na0.5Gd0.5)MoO4:Eu3+. 

 

     The excitation spectra of Eu3+ doped NLM and NGM samples mainly consist of 

two regions: (1) An intense broad absorption band appears in the region between 
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225 nm to 350 nm is assigned as the ligand to metal (O–Mo) charge transfer 

transition (oxygen ligand to central molybdenum atom) [2, 4]. (2) In the excitation 

spectrum, both NLM and NGM showing a number of characteristic intra-

configurational f-f transitions within the (Eu3+) 4f6 configuration are clearly seen 

and appear in the wavelength range from 350 nm to 550 nm. These characteristic 

configurations were assigned to the transition from ground state (7F0) to the Eu3+ 

upper excited states (5D0, 1, 2, 3, 4 & L6, 7) i.e. 7F0→5D4, 
7F0→5L7,  

7F0→5L6, 
7F0→5D3, 

7F0→5D2, and 7F0→5D1 [2, 4]. However, the excitation spectra of both NLM and 

NGM consists of major absorption peaks observed at 395 nm, 465 nm, 535 nm 

are originated due to (7F0→5L6), (
7F0→5D2), (

7F0→5D1) f-f electronic transitions of 

Eu3+ ions, respectively. This is due to the energy transfer transitions from MoO4
2- 

to Eu3+ [2, 4]. In the excitation spectra, the absorption peak at 395 nm become 

predominant in contrast with all the other peaks. These excitation bands were well 

agreed with near-UV LED and blue LED chip and their intensities are much 

stronger than the other bands.  

 

4.3.4.2 PL Emission Spectra Analysis 

 

     As an excellent phosphor candidate for solid-state lighting applications, the 

photoluminescence emission properties of the as-prepared phosphors were 

studied. Figure. 4.8 (a, b) shows the emission (λex = 395 nm) spectra of the 

(Na0.5La0.5)MoO4 and (Na0.5Gd0.5)MoO4 doped with different europium 

concentration (0.02, 0.04, 0.06, 0.08, 0.10 moles), respectively. By varying the 

concentration of europium, there is a significant change in luminescent intensities. 

Upon excitation with 395 nm UV irradiation, the emission spectra are dominated 

by the hypersensitive red emission [2], showing a transition 5D0→7F2 (due to 

electric-dipole transition) stronger than 5D0→7F1 (magnetic-dipole transition).The 

presence of electric-dipole transition confirmed that Eu3+ ions were located at sites 

without inversion symmetry (C3v symmetry). The other transitions of 5D0→7F1, 

5D0→7F3 and 5D0→7F4 were relatively very weak for all the samples, which are 

advantageous to obtain good Commission Internationale del’Eclairage (CIE) 
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chromaticity coordinates for phosphors [2]. From the emission spectrum, it is 

clearly seen that the 5D0→7F2 transition is predominating for all the samples, and it 

indicates that the higher energy levels were coupled to molybdate stretching 

vibrations and quenched by cross-relaxation. Also, the 5D0→7F2 transition peak 

splits into two parts which is attributed to the crystal field splitting of the energy 

levels. According to the selection rule, sharp and narrow peak observed at 615 nm 

corresponding to the 5D0→7F2 transition which is due to the shielding effect of 4f 

electrons by 5s and 5p electrons in the outermost shells of Eu3+ ion. The presence 

of strong luminescent intensity indicates the good crystalline nature of 

(Na0.5R0.5)MoO4:Eu3+ microstructures. The trivalent europium ion in solids has an 

intricate energy level scheme with energy gaps of various magnitudes and shows 

rich emission spectral line [9]. Su et al [68] reported that magnetic-dipole transition 

is dominated in a site with inversion symmetry, and electric-dipole transition is 

dominated only in a site without inversion symmetry. The relative intensity ratio of 

the transitions 5D0→7F2 to 5D0→7F1 is determining the symmetry of Eu3+ site 
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The emission intensity of 5D0→7F2 transition is much higher than that of 5D0→7F1. 

The intensity ratio values are calculated for NLM and NGM are 6.4064, and 6.532, 

respectively, indicating that the electric-dipole transition dominates with other 

transitions. Hence, this suggests that Eu3+ ions mainly occupy the lattice site 

without inversion symmetry.  

 

     Generally, the optimum concentration of Eu3+ ions must play an important role 

in host lattice. Because, practically low doping concentration of Eu3+ gives weak 

luminescent intensity and is not suitable in making devices for luminescence 

applications [5]. On the other hand, higher doping concentration results in 

quenching of luminescence. The luminescence intensity of both NLM and NGM 

increased with the increase in Eu3+ doping concentration and reached the 

maximum at x= 0.08 moles of Eu3+. The Figure. 4.8 (c) shows that, when the Eu3+ 

doping concentration was higher than 0.08 moles, concentration quenching is 

active and then luminescence intensity was reduced. The concentration 
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quenching happens generally if the concentration increases, distance between the 

Eu3+ ions decreases and energy transfer process continues from one Eu3+ ion to 

another until the energy sink in the lattice is reached. So eventually it quenches 

the emission from the 5D0 level of the Eu3+ ion. At higher concentration, Eu3+ acts 

as a trapping center and non-radiatively dissipates the energy. An et al [69] 

reported that, the quenching mechanism happens generally due to exchange 

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

quadrupole-quadrupole (q-q) interaction. So it is confirmed from the result, the 

optimum concentration of Eu3+ is 0.08 moles in (Na0.5R0.5)MoO4 crystal structure 

and thus a bright red emission is observed at this doping concentration. 
 

 

 

Figure. 4.8: Emission spectra (λex = 395 nm) of (a) (Na0.5La0.5-x)MoO4:xEu3+, (b) 

(Na0.5Gd0.5-x)MoO4:xEu3+ (c) Concentration of Eu3+ versus the emission intensity 

of NLM and NGM. 
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     The photoluminescence properties of Eu3+ doped (Na0.5La0.5)MoO4 are similar 

to that those of (Na0.5Gd0.5)MoO4 and does not show any remarkable variation with 

respect to all peak positions. However, the luminescent intensity of 5D0→7F2 

transition in Eu3+ doped NLM is slightly higher than that of NGM. This is due to the 

ionic radius of lanthanum (rLa = 1.17 Å) is higher than gadolinium (rGd = 1.05 Å), 

and hence the lattice parameters were increased for NLM than NGM, which 

results in the size of the dodecahedral site increases. Kuzmicheva et al explained 

that, due to difference in ionic radius (rLa>rGd) the degree of dodecahedral 

distortion in NLM higher than NGM [45, 70]. Such a distorted dodecahedron 

influences the homogeneity of the crystal field around the optically active ions, 

inducing a slight improvement in the emission intensity of NLM than NGM [45, 70]. 

 

4.3.4.3. Energy Transfer Mechanism From MoO4
2- to Eu3+  

      

 

Figure. 4.9: The energy level diagram and the energy transfer process in 

(Na0.5R0.5)MoO4: Eu3+. 

   

     Figure. 4.9 represents the energy transfer mechanism from molybdate  

(MoO4
2-) to 4f ground level of Eu3+, which coincides with the results of Lee et al 

[66]. Upon 395 nm UV irradiation on (Na0.5R0.5MoO4), the energy is transferred 

from charge-transfer states (ligand to metal) of MoO4
2- to unexcited 4f levels of 

Eu3+ activator ions. This energy is sufficient and it excites the electrons to make 
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the transition from 7F0 ground states to 5D0 upper excited states of Eu3+. This 

implies that the energy absorbed by the MoO4
2- is effectively transferred to Eu3+. 

The 5D4, 
5L7, and 5L6 levels are non-radiatively decays into the 5D0 level and then 

corresponding emission (radiative) is from 5D0 to 7FJ (J=1, 2, 3, 4) levels of Eu3+ 

ions. Normally, the charge transfer state of molybdate to Eu3+ ions promotes more 

energy to the 5D0→7F2 transition than to 5D0→7F1 [2, 34]. The increase in 

concentration of Eu3+ from 0.02 moles to 0.08 moles, further promotes more 

energy to 5D0→7F2 resulting in hypersensitive red emission observed at 615 nm. 

Hence, the charge transfer to Eu3+ would become more probable, leading to the 

enhancement of luminescence emission in (Na0.5R0.5)MoO4:Eu3+ microstructures.  

 

4.3.5. Lifetime and CIE Chromaticity Measurements 

 

 

Figure. 4.10: Fluorescent decay time for 5D0→7F2 transition in Eu3+ doped 

(Na0.5R0.5)MoO4:Eu3+. 

 

Figure. 4.10 shows fluorescence decay time profile for the 5D0→7F2 transition in 

NLM and NGM samples under excitation of 395 nm UV-light. The luminescence 

decay curves are fitted well with the single exponential function given in equation 

3.4 (chapter - 3). The value of ‘τ’ for the transition 5D0→7F2 is found to be 0.483 

ms and 0.476 ms for NLM and NGM, respectively. For other transitions like 
5D0→7F1 and 5D0→7F3,

 5D0→7F4 there was no marked difference in the decay time 

(τ).  
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Figure. 4.11: CIE (x, y) chromaticity diagram of (Na0.5R0.5)MoO4:Eu3+. 

 

The color coordinates are determined to be x = 0.662 and y = 0.328 for NLM and  

x = 0.659, y = 0.319 for NGM, respectively and the coordinates occupy the red 

part of the CIE diagram (marked as dot) shown in Figure. 4.11. According to the 

equation given in the Chapter - 3 (Eq. no 3.5 to 3.10), the photometric 

characteristics of the (Na0.5R0.5)MoO4: Eu3+ phosphors were investigated and 

provided in the following Table 4.1. Finally, the photometric characteristics of the 

(Na0.5R0.5)MoO4:Eu3+ suggesting that, the as-prepared phosphors are found to be 

an effective light emitting luminescent center and may serve as excellent matrix 

for luminescence applications particularly in phosphor converted white LEDs and 

solid-state lighting. 

 

Table 4.1: Comparative investigation of photometric parameters of 

(Na0.5R0.5)MoO4:Eu3+ phosphors with commercial phosphors. 

 
Phosphor 

 
Peak 

Wavelength 

CCT 
(K) 

CRI 

Colour 
coordinates Life Time 

(τ)  
LER 

(lm W
−1

) 

 
Ref 

x y 

CaS:Eu
2+

 650 nm 5500 92 0.670 0.330 1 ms 85 [71-73] 

Y2O2S:Eu
3+

 627 nm 1052 35 0.645 0.354 0.675 ms 197 [71-73] 

(Na0.5La0.5)MoO4:Eu
3+

 615 nm 1292 46 0.662 0.328 0.483 ms 312 [2] 

(Na0.5Gd0.5)MoO4:Eu
3+

 615 nm 1280 46 0.659 0.319 0.476 ms 305 - 
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4.4 Conclusion  

 

      An efficient and novel red phosphor (Na0.5R0.5)MoO4:Eu3+ (R = La, Gd) have 

been successfully synthesized via solid-state reaction method. The XRD patterns 

indicate that the crystal structure of the as-prepared phosphor possess the 

scheelite crystal structure with the space group I41/a. The elemental and 

compositional analysis (EDX and XPS) warrants the presence of all the elements 

in both (Na0.5La0.5)MoO4:Eu3+ and (Na0.5Gd0.5)MoO4:Eu3+. The photoluminescence 

excitation and emission properties of (Na0.5R0.5)MoO4:Eu3+ were thoroughly 

investigated for different Eu3+ concentration. Upon 395 nm UV excitation,  

(λem = 395 nm) the phosphor (Na0.5R0.5)MoO4:Eu3+ show bright red emission 

observed at 615 nm due to the hypersensitive 5D0→7F2 transition of Eu3+. The CIE 

color coordinate values are found to be much closer to the NTSC standard values. 

The observed fluorescent decay time (τ) is about 0.483 ms and 0.476 ms for NLM 

and NGM, respectively corresponding to 5D0→7F2 transition. The quality of the 

emitted light can be evaluated by photometric parameters such as CIE 

chromaticity coordinates, color rendering index, and correlated color temperature, 

and luminous efficacy of radiation (LER). The estimated LER values for 

(Na0.5R0.5)MoO4:Eu3+ phosphors are still very high when compared to other red-

emitting phosphors. It is concluded that, the photometric characteristics of the 

(Na0.5R0.5)MoO4:Eu3+ phosphor imply great potential applications in high 

performance optoelectronic devices, display devices and most suitable for 

phosphor converted white LEDs.  
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CHAPTER - 5 

HYDROTHERMAL SYNTHESIS OF (Na0.5R0.5)MoO4:Ln3+ (R = La, Gd and Ln = 

Eu, Tb, Dy, Yb/Er, Yb/Tm, Yb/Ho) HIERARCHICALLY SELF-ASSEMBED 3D 

MICRO/NANO STRUCTURES: LUMINESCENCE AND MAGNETIC 

INVESTIGATION 

 

5.1. Introduction  

     Synthesis of homogeneous and self-aggregated three-dimensional (3D) 

hierarchical structures have been undertaken in recent years, due to colossal 

scientific and technological interest in multifaceted research fields such as opto-

electronics, high performance display devices, magneto-optics, catalysts, 

biological, waste water treatment, etc., [30, 35, 74-77]. Evolution of homogeneous 

and self-organized 3D micro/nano structures through plane-to-plane conjunction of 

primary building blocks (1D and 2D nanoparticles) with controllable size and 

morphology has been paid remarkable attention, due to their novel physical and 

chemical properties. The peculiar micro/nano scale surface characteristics of self-

organized 3D networks have unique properties that are distinct from 0D primary 

nanoparticles, 1D nanorods, and/or 2D nanosheets. Subsequently, the properties 

of the materials usually have a very close correlation with 3D morphology, size 

distribution, and dimensionality which are particularly significant in the field of 

materials science. The progressions of self-assembled architectures allow us to 

find neoteric and diversified materials, resulting in significant discovery that has 

been developed for the construction of a new class of micro/nanostructured 

devices. Self-organization of inorganic micro/nanomaterials has proved to be a 

righteous and convenient tool to control the structure and properties for the 

fabrication of intricate architectures. 

 

     Investigation of analytical synthetic routes to control the formation of inorganic 

functional materials with intricate 3D structures through the medium of chemical 

self-assembly route still remains a hot research topic of investigation. To date a 

number of research works have been reported on controlled fabrication of 3D 

architectures including, hydrothermal [78, 79], microwave synthesis [13], 
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solvothermal [80, 81], Pechini process [82, 83], molten salt synthesis [84], 

template-assisted [85], and co-precipitation method [86], etc. Among all, the 

hydrothermal method has been exclusively investigated as a promising alternative 

technique for the fabrication of 3D hierarchical structures under feasible conditions 

[87]. To date, different shapes of 3D micro/nano hierarchical structures have been 

reported through a variety of solution based techniques using with and without 

capping agent that were elaborately discussed in Chapter - 2.  

 

     The expedition of deliberate synthetic routes for controlled synthesis and the 

construction of complex 3D architectures can be acquired by tuning reaction 

parameters, such as molar ratio between surfactant and metallic precursor, 

temperature, pH, reaction time and sequential addition of reactants. Apart from the 

influence of thermodynamical factors on the structure of the crystals, the 

surfactant or capping agent used in the synthesis process often can provide an 

effective way to regulate the nucleation, growth, morphology, and oriented 

aggregation mechanism, which involves the spontaneous self-organization of 

adjacent particles along a common crystallographic orientation of the 

micro/nanoparticles [88]. Surfactant or chelating agents effectively provide a 

spacious class of nanostructure (minimizes the particle-particle interaction by 

steric effects) with controllable size and morphology by adsorbing the metal 

cations into the center and forming a complex molecule thereby greatly mobilizing 

the metal cations [89]. The capping agents usually have a complex structure 

containing one or more functional groups that tie up all the coordination positions 

of one or more central metal ions. The surfactants usually work through the 

interaction of covering capping molecules and original materials or the stability of 

the capping ligand complex [90]. Among the various types of surface complex 

agents, disodium ethylenediaminetetraacetic acid (Na2EDTA) is the multidentate 

chelating ligand extensively studied as a capping agent. EDTA is a polydentate 

ligand that simultaneously forms more than one bond with the same metal 

atom/ion, and it complexes with numerous doubly, triply and quadruply charged 

cations. With this view, EDTA has been chosen as a selective chelating agent for 
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the fabrication of micro/nanostructures. Lanthanide based compounds, whose 

electronic and magnetic properties are coupled, hold promise for applications in 

spintronics and opto-electronics [91, 92]. Rare-earth activated luminescent 

nanomaterials have proven their significance in wide applications on high-

resolution displays, and integrated optical systems, as substitutes for organic 

dyes, and especially as biological labels due to their extraordinary properties 

arising from the 4f electron configurations. Due to the localized nature of 4f 

electrons in rare-earth elements and their compounds, exhibits both high magnetic 

moment and anisotropic behavior at room/low temperature [93, 94]. This superior 

magnetic anisotropy is due to the electric field generated by the crystalline 

environment of the rare-earth ions so called crystal field. 
 

5.2. Experimental Procedure 

5.2.1. Hydrothermal Synthesis of (Na0.5R0.5)MoO4:Ln3+ (Ln = Eu, Tb, Dy, 

Yb/Er, Yb/Tm, Yb/Ho) Self-assembled Structures 

 

 

Figure. 5.1: The fabricated non-stirred (moderate-pressure) autoclave used for 

hydrothermal growth. Inset: shows non-stirred pressure vessels. 

 

     The technical specifications of the fabricated non-stirred autoclave were 

provided in Table 5.1. Size and shape controlled synthesis of self-aggregated 3D 
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networks were achieved by performing a series of experiments by changing the 

reaction time, molar concentrations of capping agent and doping concentrations of 

Ln3+ ions at fixed temperature and pH. The experimental parameters were 

optimized for the synthesis of self-assembled almond and bi-pyramid-shaped 

structures and are provided in Table 5.2.  

 

Table 5.1 Technical specifications of the autoclave. 

 

 

The starting materials used for the synthesis of almond-shaped 

(Na0.5La0.5)MoO4:Ln3+ structures is chloride precursors and purchased from Sigma 

Aldrich with 99.99% purity. In the typical synthesis, stoichiometric amount of 

lanthanum chloride (LaCl3.6H2O) and LnCl3.6H2O (Ln3+ = Eu, Tb, Dy, Yb/Er, 

Yb/Tm, Yb/Ho) were separately dissolved in 30 mL of double distilled water and 

mixed with each other. Then Na2MoO4.2H2O was dissolved in 25 mL of double 

distilled water under vigorous stirring. The rare-earth chloride mixture solutions 

were carefully added drop-wise to the Na2MoO4 solution, and white colloidal 

precipitate was obtained. Then the colloidal precipitate was vigorously stirred for 

30 minutes. Finally, disodium EDTA (0.5–2.0 mM) was dissolved in 20 mL of 

double distilled water and added to the resultant colloidal solution. The pH value of 
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the colloidal solution was subsequently adjusted to a value of 7 to 8 by adding 

NaOH solution. After additional agitation for 30 minutes, the as-obtained white 

colloidal precipitate was transferred into a 100 mL teflon autoclave, sealed in a 

stainless steel vessel. The autoclave was allowed to heat at 200°C for different 

reaction time. Further, it was allowed to cool to room temperature, and the 

resultant solid products were centrifugally (5,000 rpm for 30 minutes to remove 

organic containments and NaCl) separated from the suspension, washed with 

distilled water and absolute ethanol several times, and then dried at 60°C in air for 

5 h. 

 

     In order to synthesize various versatile morphologies, similar kind of 

experiments were also carried out for (Na0.5Gd0.5)MoO4:Ln3+ using nitrate 

precursor. i.e Gd(NO3)3 and Ln(NO3)3 were used. However, the optimized molar 

concentration of EDTA used in this synthesis procedure is 1.5 mM which will be 

discussed later. Figure. 5.2 shows the flow chart diagram which clearly 

demonstrates the procedure to synthesize (Na0.5R0.5)MoO4:Ln3+ by hydrothermal 

method.  
 

 

Figure. 5.2: Flow chart for the hydrothermal synthesis of (Na0.5R0.5)MoO4:Ln3+. 
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Table 5.2 Optimized experimental parameters. 

 
 

5.2.2 Characterization 

 

     The phase purity and crystallinity of the products were identified using 

PANalytical X'Pert PRO materials research X-ray diffractometer (Almelo, The 

Netherlands) equipped with a Cu-Kα radiation (λ = 0.15406 nm) at a scanning rate 

of 0.02o s-1 in a 2θ range of 20–60o. The morphology of the samples, energy 

dispersive spectroscopy (EDS), and elemental mapping measurements were 

examined by field emission scanning electron microscope (FESEM-Quanta 3D 

FEG) operated at an acceleration voltage of 15-20 kV. Double-side carbon coating 

was applied to reduce the possible damages by the electron beam. The energy 

loss induced by the K, L shell electron ionization was detected for the mapping of 

Na, R (La or Gd), Mo, O, and Eu. The spacing between the two adjacent lattice 

planes was measured using high-resolution transmission electron microscope 

(HRTEM JEOL 3010). FTIR measurements were carried out in Nicolet 6700 FTIR 

(Waltham, MA, USA) equipped with a deuterated triglycine sulfate detector. 

Furthermore, down-conversion PL emission spectra were recorded at room 

temperature using Horiba-Jobin Yvon Fluromax-4P bench-top spectrofluorometer 

(HORIBA Instruments, Kyoto, Japan). Up-conversion luminescence spectra (980 

nm NIR excitation from an optical parametric oscillator) and lifetimes of the excited 

state energy levels were recorded using a combination of a 0.25 m 

monochromator (CS-260; Oriel, Rochester, NY), photomultiplier tube (70680; 
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Oriel, Stratford, CT), lock-in amplifier, and oscilloscope. A mechanical chopper 

was used to modulate the excitation beam. Room temperature magnetic 

properties of the samples were analyzed using (Lake Shore 7307 model) vibrating 

sample magnetometer (VSM). 

 

5.3. Results and Discussion 

5.3.1. Effect of Time For The Formation of Almond-shaped 

(Na0.5La0.5)MoO4:Eu3+ 3D Micro/nano Structures 

 

     Shape controlled synthesis of self-aggregated 3D networks were synthesized 

by changing the reaction time (1.30 h, 4 h, 8 h, 12 h, 24 h, 36 h) with fixed EDTA 

concentration (1 mM) and fixed temperature (200°C). The surface morphology and 

dimension of the self-aggregated hierarchical structures of (Na0.5La0.5)MoO4:Eu3+ 

purely depend on the reaction time. By increasing the reaction time from 1.30 h to 

36 h, the final products consisting of particles with various three dimensional 

surface morphology was observed under ambient conditions. Figure. 5.3 (a-e) 

indicates the SEM images of scheelite-type tetragonal structure 

(Na0.5La0.5)MoO4:Eu3+ structures which were synthesized at different reaction time 

with fixed EDTA concentration; fixed Na+, [La3+/Eu3+] and MoO4
2- at a temperature 

of 200°C. It can be clearly seen that the reaction time plays a significant role in 

controlling the surface morphologies of the (Na0.5La0.5)MoO4:Eu3+ crystal structure. 

It is well known that the primary driver for the growth of 3D micro/nano structures 

is basically starting from its constituent’s such as 0D nanoparticles, 1D nanorods 

and/or 2D nanosheets. Initially, tiny crystalline nuclei forms in a supersaturated 

solution acts as the nuclei for further growth of crystallization and a bigger particle 

grows at the expense of smaller crystals as described by Gibbs-Thomson 

equation [95] 

                 
)2exp( rRTVSS mbr       (5.1) 

Where σ is the specific surface energy; Vm molar volume of the material; r radius 

of the crystal; R is the gas constant; T is the absolute temperature; Sb and Sr are 

the solubility of the bulk crystal and crystal with radius r, respectively. When the 
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reaction time was 1.30 h, 2D nanosheets becoming the prominent product with 

few tens of nanometer thickness was observed (Figure. 5.3 (a)). When the 

reaction time was prolonged to 4 h, 2D nanosheets were joined together through 

plane to plane fusion to form a sphere like micro structures with an average of 

1µm in diameter (Figure. 5.3 (b)). Further, increasing the reaction time to 8 h, 

nanosheets were continuously self-organized to form oval-microspheres with an 

average length of 2.3 m and diameter of 1.20 m (Figure. 5.3 (c)). This will act as 

the strong base for the subsequent growth of rugby--ball-shaped and almond-

shaped structure. As the hydrothermal reaction time was increased to 12 h, rugby-

ball-shaped microstructure with an average of 2.5 µm in length and 1.1 µm in 

diameter were observed (Figure. 5.3 (d)). 
 

 

Figure. 5.3: SEM images of (Na0.5La0.5)MoO4:Eu3+ structures prepared with 

different reaction time i.e. (a) 1.30 h, (b) 4 h, (c) 8 h, (d) 12 h, (e) 24 h, and (f) 36 

h, respectively at 200oC with fixed EDTA concentration (1 mM). TEM image of 

sample prepared at 24 h reaction time (g) HRTEM image (h), inset the 

corresponding FFT image. 

 

     It can be seen from Figure. 5.3 (e), the almond-shaped microstructures was 

observed at 24 h with an average length of 2.0 m and diameter of 1 m. 
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However, homogeneity and size distribution of particles was found to be less 

uniform in nature. The smaller concentration of EDTA used in the reaction process 

had little effect on the adsorption of metal cations. As a result, the two amine and 

four carboxylic groups are scarcely present in EDTA unable to extract a greater 

number of Na+, La3+/Eu3+ in the white colloidal solution. If the reaction time is 

increased to 36 h, almond-shaped structures were obtained with broken edges 

(Figure. 5.3 (f)) and this may be due to elapsed reaction time with thermal collision 

between the particles. This is because of higher reaction times imply in a higher 

exposure of (Na0.5La0.5)MoO4 microcrystals with the hydrothermal heat treatment. 

This interaction accelerates the dissolution/recrystallization process promoted by 

the heating as well as the effective collision rates between the small microcrystals 

(growth stage, the self-assembly process predominates between these 

nanocrystals because of its high surface energies) [90]. Figure. 5.3 (g) shows the 

TEM image of the sample prepared at 24 h reaction time with 1mM of EDTA 

concentration. The HRTEM image of almond-shaped structure illustrates (Figure. 

5.3 (h)) the lattice spacing of 0.3154 nm corresponds to the (200) plane of 

tetragonal crystal structure and the inset shows the corresponding Fast Fourier 

transform (FFT) pattern (inset Figure. 5.3 (h)). Based on the above time 

dependant self-assembly of 3D structures, it is evident that the appropriate 

amount of EDTA is an essential factor for the formation of such rugby and almond-

shaped structures. 
 

5.3.2 Effect of Molar Ratio of EDTA on the Evolution of (Na0.5La0.5)MoO4:Eu3+ 

Almond-shaped nanostructures 

 

     Size controlled synthesis of self-assembled almond-shaped 3D nanostructures 

were synthesized by modulating the amount of EDTA (0.5 mM, 1.25 mM, 1.5 mM, 

1.75 mM, and 2.0 mM) with fixed reaction time (24 h) and temperature (200°C). 

The morphology and size of the self-aggregated superstructures of 

(Na0.5La0.5)MoO4:Eu3+ also depend on the molar concentration of the chelating 

agent EDTA. By increasing the amount of EDTA from 0.5 mM to 2.0 mM, the final 

product morphology consisting of particles with 3D almond-shaped structures with 
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different sizes achieved under favorable circumstances. Hence, the amount of 

EDTA introduced to the reaction system was found to have a great influence on 

the morphology and size distribution of the final products. Even a small change in 

the concentration of EDTA, shows a drastic impact on the size of the final product. 

Figure. 5.4 (a-e) indicates the FESEM image of (Na0.5La0.5)MoO4:Eu3+ almond-

shaped structures that were synthesized by modulating the amount of EDTA with 

a fixed Na+, [La3+/Eu3+] and MoO4
2- at a temperature of 200°C for 24 h.  It can be 

clearly seen that the molar ratio of EDTA with the metal cations Na+, La3+/Eu3+ 

and the molybdate anions MoO4
2- plays a significant role in controlling the size of 

the (Na0.5La0.5)MoO4:Eu3+ final product.  
 

 

Figure. 5.4:  FESEM images of (Na0.5La0.5)MoO4:Eu3+ almond-shaped 3D 

structures prepared with different molar concentration of EDTA i.e. (a) 0.5 mM, (b) 

1.25 mM, (c) 1.50 mM, (d) 1.75 mM, and (e) 2.0 mM, respectively at 200oC for 24 

h. The histogram depicts the mean particle size distribution estimated around 250 

nm using FESEM (Figure. 2f) image. 
 

At 0.5 mM EDTA concentration, the formation of almond-shaped structures is not 

clear and gets agglomerated, because of less capping ability of EDTA (Figure. 5.4 

(a)). However, the size distribution of particles was found to be not uniform. It can 
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be seen from Figure. 5.4 (b) that, when the molar ratio of EDTA was increased to 

1.25 mM, microstructures with an average of less than 1 m in diameter and 1.50 

m in length were observed. This shows that a greater amount of EDTA adsorbs 

the metal cations, resulting in a reduction in the size of the particle. This suggests 

an increase in the chelating ability of the capping agent EDTA. However, the size 

distribution improves slightly and the morphology remains unchanged. Moreover, 

a considerable decrease in particle size was observed when the molar ratio of 

EDTA was increased to 1.50 mM, showing almond-shaped 3D networks with an 

average diameter of 800 nm and average length of 1.20 m (Figure. 5.4 (c)).      

When the EDTA concentration was further increased to 1.75 mM, the average 

diameter of the particles decreased to less than 500 nm and an average length of 

800 nm was obtained (Figure. 5.4 (d)). When the EDTA molar ratio was increased 

to 2.0 mM, the size distribution improved further, showing with an average 

diameter of 250 nm and an average length of 750 nm (Figure. 5.4 (e)). As a 

representative result, Figure. 5.3 (f) shows the histogram depicting the mean 

particle size distribution estimated at around 250 nm using FESEM.  

 

     At 2.0 mM EDTA concentration, it is observed that the final product is 

composed of monodispersed particles with almond-shaped 3D nano structures. 

This indicates that greater number of EDTA molecules successfully adsorbed the 

metal cations and formed a complex structure [96, 97]. If the amount of EDTA 

crosses 2.0 mM, the metal ion sorption ability of the surfactant increases further, 

leading to the formation of large, irregular agglomerated structures. The optimum 

concentration of EDTA was found to be 2.0 mM for the synthesizing 

nanostructures, and it plays a vital role in the evolution of the self-aggregated 

almond-shaped 3D micro and nanostructures. However, the size reduction from 

micron scale to nano scale considerably changes the emission intensity of 

(Na0.5La0.5)MoO4:Eu3+ phosphors which will be discussed later (section 5.3.1.5). 

Figure. 5.5 (a) shows the FESEM image of a single almond-shaped nanostructure 

prepared with a 2.0 mM EDTA molar concentration with fixed reaction time (24 h), 

temperature (200C), and pH (~7). Formation of the 3D almond-shaped 
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(Na0.5La0.5)MoO4:Eu3+ superstructures are again confirmed by TEM investigation 

(Figure. 5.5 (b)). The HRTEM image of the single almond-shaped structure shows 

the spacing between the two adjacent lattice planes to be 0.3078 nm which 

corresponds to the plane (200) of scheelite-type tetragonal structure 

(Na0.5La0.5)MoO4:Eu3+ (Figure. 5.5 (c)). The Fast Fourier transform (FFT) pattern 

(inset of Figure. 5.5 (c)) reveals that the nanocrystallites are highly single-

crystalline in nature. Most of the previous literature suggested that Eu3+ ions are 

incorporated in to the crystal structure. This was further evidenced using 

elemental mapping analysis equipped with FESEM.  

 

 

Figure. 5.5: (a) FESEM image of the almond-shaped nanostructure prepared with 

a 2.0 mM EDTA molar concentration at 200 °C for 24 h. (b) TEM image  

(c) HRTEM image of the sample, inset the corresponding FFT image. 

 

 

Figure. 5.6: (a-e) Elemental mapping images of Na, La, Mo, Eu, O. (f) FESEM 

image of an individual almond-shaped (Na0.5La0.5)MoO4:Eu3+ structure. 
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Relative distributions of several important elements (Na, La, Mo, O, and Eu) in the 

almond-shaped structure were analyzed. Figure. 5.6 (a-e) clearly depicts the 

incorporation of rare-earth ions and its distribution inside the almond-shaped 

structure. 
 

5.3.3 Growth Mechanism of Self-aggregated 3D (Na0.5La0.5)MoO4:Eu3+  

Structures 

 

     The appropriate formation mechanism of uniform (Na0.5La0.5)MoO4:Eu3+ 

almond-shaped nanostructures could be explicated in four paths: dissolution, 

adsorption, in-situ transformation in acidic and basic media and the effective 

collision rates between micro/nano crystals [98, 99]. Initially, the dissolution can be 

described as follows. 

Na2MoO4 ·2H2O(s) → 2Na+
 (aq) + MoO4

2- 
(aq) + 2H2O    (5.2) 

(0.44)LaCl3.6H2O (s) → (0.44) La3+ 
(aq) + (1.32) Cl-(aq) + 2.64H2O  (5.3) 

(0.06) EuCl3.6H2O (s) → (0.06) Eu3+ 
(aq) + (0.18) Cl-(aq) + 0.36H2O  (5.4) 

And then, 

2Na+
 (aq) + MoO4

2- 
(aq) + 0.44 La3+

(aq) + 0.06Eu3+
(aq) + 1.32 Cl-(aq) + 0.18 Cl- 

2000 𝐶−24ℎ       →           (Na0.5La0.44Eu0.06)MoO4(s) + 1.5 NaCl    (5.5) 

 Generally, capping agents used in the hydrothermal process, such as EDTA, 

effectively provide a spacious class of hierarchical 3D networks with controllable 

size and morphology by adsorbing one or more metal cations in its center. The 

molar concentration of EDTA present in the solution considerably increases the 

metal ion sorption ability. When EDTA is introduced in the precipitating medium, it 

effectively adsorbs the metal cations Na+, La3+/Eu3+ from MoO4
2- and forms a 

complex structure. Finally, a white colloidal solution is obtained at room 

temperature. EDTA can effectively change the surface characteristics of the 

absorbent. It is well known that disodium EDTA consists of two amines and four 

carboxyl groups through which EDTA may adsorb the metal cations and form a 

complex structure [100, 101]. During the reaction between the EDTA molecule 
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and the Na+, [La3+/Eu3+] ions, the donor atoms of EDTA successfully shield the 

metal cations, so that the hydrogen ions present in EDTA can be replaced by the 

metal cations of group Na+ and [La/Eu]3+. The actual number of coordination sites 

depends on the size of the metal ions. The sequestering agent EDTA acts as a 

quadridentate ligand bonded with Na+, La3+/Eu3+, and finally a water soluble 

complex structure is formed. This leads to the competition between the Na+ and 

[La3+/Eu3+] with [H2L
2-]. The complex reaction between the metal cations and 

EDTA can be described as given below.  

0.5Na++ 0.5[La/Eu]3+ + [H2L]2- → Na0.5 [La/Eu] 0.5 [L] + 2H+  (5.6) 

Generally, when the pH value is less than 6, EDTA forms a monodentate complex 

with the metal ions. When the pH value is greater than 6, EDTA forms a 

multidentate surface complex with the metal ions [101]. A smaller pH value of the 

solution would probably lead to less stability than a higher pH value. In acidic 

aqueous media, disodium EDTA species exist in acid form (H4L) instead of anion 

(L2-), which weakens the coordination ability of EDTA. Therefore, it is not favorable 

to the formation of (Na0.5La0.5)MoO4: Eu3+ self-assembled structures. When the pH 

value is higher than 10, the carboxylates and the hydrogen ions are removed 

[102].This results in the combination of Na+, La3+/Eu3+, MoO4
2- and L2- being 

weakened. This may also be due to the strong interaction between the metal ions 

and OH- , which may be the main reason that pure (Na0.5La0.5)MoO4 

nanostructures cannot be obtained at higher pH [4, 34, 103]. Therefore, the pH 

was adjusted to ~7 in all the mixed starting solutions during the synthesis process.  
 

 

Figure. 5.7: Schematic diagram illustrating the formation mechanism of 

(Na0.5La0.5)MoO4:Eu3+ almond-shaped nanostructures. 
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The almond-shaped (Na0.5La0.5)MoO4:Eu3+ nanostructures were formed in a weak 

basic media in the presence of EDTA as chelating agent to tune the product 

morphology. Thus, it is worthwhile to adjust the pH value to ~7 by adding a 

suitable amount of NaOH. 
 

     When the amount of EDTA was very small, the metal ion sorption ability of the 

chelating agent was negligible and the anisotropic characteristic was dominant, 

leading to the formation of agglomerated structures which were insignificant for 

the formation of almond-shaped (Na0.5La0.5)MoO4 networks. However, as the 

amount of EDTA reached a certain value, the capping ability of EDTA was 

dominant, thus preventing the further growth of nuclei. EDTA effectively mobilized 

a greater number of Na+, La3+/Eu3+ from molybdate, indicating that the 

dissociation rate increased, leading to the formation of (Na0.5La0.5)MoO4:Eu3+ 

micro and nanostructures. With the increase in the reaction temperature to 200 ºC, 

Na+, La3+/Eu3+ ions could have been gradually released from the intermediate 

EDTA complexes, and these reacted with MoO4
2-. Finally, well crystalline 

(Na0.5La0.5)MoO4:Eu3+ products were formed. Figure. 5.7 shows the schematic 

representation of the formation of (Na0.5La0.5)MoO4:Eu3+ 3D superstructures. 

When molar concentrations of EDTA were increased from 0.5 mM to 2.0 mM there 

was a considerable reduction in size of the particle from micrometers to a few 

hundred nanometers, which may be due to the increase in dissociation of the 

metal ions in the solution, which facilitates the formation of monodispersed 3D 

almond-shaped nanostructures with high yield. 

 

5.3.4. Structural and Functional Group Analysis of Self-Assembled  

Almond-shaped (Na0.5La0.5)MoO4:Eu3+ Structures 

 

     The crystal structure and phase purity of the product were identified using 

powder XRD analysis. Figure. 5.8 shows the XRD pattern of the self-assembled 

almond-shaped nanostructures of (Na0.5La0.5)MoO4:Eu3+ obtained at different 

reaction time with fixed EDTA and bulk sample prepared by solid-state reaction 

method. All the diffraction peaks can be assigned to type-scheelite tetragonal 
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structure in agreement with the respective Joint Committee on Powder Diffraction 

Standards (JCPDS) card No. 79-2243. It is clearly seen from the XRD pattern that, 

well crystalline products were successfully synthesized, with their strongest 

intensity peaks at 2θ = 28.05 degrees corresponding to the (112) plane. The XRD 

pattern reveals that, both the bulk and self-assembled structures belong to the 

scheelite-type tetragonal structure with space group (I41/a). No other additional 

peaks of impurity were observed. In the crystal structure of (Na0.5La0.5)MoO4:Eu3+, 

sodium ion (Na+) and lanthanum/europium ions [La3+/Eu3+] jointly occupy the 

dodecahedral positions and molybdenum (Mo6+) atoms are at the centers with 

tetrahedral coordination bonded to four oxygen atoms [45, 104, 105]. 

 

Figure. 5.8: X-ray diffraction (XRD) pattern of the (Na0.5La0.5)MoO4:Eu3+ bulk 

sample (A) prepared by solid-state reaction method and the self-assembled 3D 

structures prepared with different reaction time, specifically, 4 h (A1), 8 h (A2), 12 h 

(A3), 24 h (A4), 36 h (A5) using the hydrothermal method at 200oC  with fixed 

EDTA concentration (1 mM). 

   

     The average crystallite size for bulk and almond-shaped nanoparticles were 

determined from peak broadening of the (112) line using the Scherrer formula was 

approximately 55.4 nm (bulk) and 17 nm (nano), respectively. Owing to the similar 
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ionic radius and valance states, Eu3+ ions successfully replace the La3+. This 

cannot alter the crystal structure of (Na0.5La0.5)MoO4: Eu3+ and the crystal phase is 

highly pure. 

 

Figure. 5.9: FTIR transmittance spectra of almond-shaped nanostructures 

synthesized at 24 h reaction time. 
 

     As a representative result, Figure. 5.9 shows the FTIR transmittance spectra of 

the (Na0.5La0.5)MoO4:Eu3+ almond-shaped structure prepared with 2 mM of EDTA. 

It consists of a strong and broad absorption bands starting from 700 to 850 cm−1 

and it was assigned to the stretching vibrations of O-Mo-O in the MoO4
2− group 

[37].  This absorption band was assigned to the antisymmetric stretch F2 (ν3) of the 

scheelite tetragonal crystalline structure [29]. The weak absorption at 1,409 cm-1 is 

assigned to the CH2 group, and the sharp absorption at 1,576 cm−1 is due to H-O-

H bending vibration of the absorbed water from air. In addition, the wide bands 

corresponding to O-H stretch vibrations were observed around 3,386 cm−1 [29]. 
 

5.3.5. Down-conversion Luminescence and Magnetic Properties of  

Self-assembled Almond-shaped (Na0.5La0.5)MoO4:Ln3+ Structures 

 

     The photoluminescence property of bulk and nano-crystalline phosphors are 

highly size dependent, because of their abnormal behavior that tailors the physical 
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and chemical properties of the materials that mainly come from the high surface to 

volume ratio in the nanosystems, as well as the size dependent effect. The 

cluster-to-cluster charge transfer (CCCT) in a (Na0.5La0.5)MoO4:Eu3+ crystal 

containing more than one kind of cluster is characterized by excitations involving 

electronic transitions from one cluster to another cluster. It is well known that 

fluorescence of rare-earth ions originates mainly from electron transition within the 

4f shell [73]. Figure. 5.10  shows the room temperature excitation spectra of bulk 

and almond-shaped nanostructures of (Na0.5La0.5)MoO4:Eu3+, monitored at λem= 

615 nm. The excitation spectrum of bulk and nanocrystalline samples shows 

nearly similar characteristics. 

 

Figure. 5.10: Excitation spectra of (λem = 615 nm) (Na0.5La0.5)MoO4:Eu3+ bulk and 

almond-shaped nanocrystalline sample and the inset shows the Gaussian fit. 
 

Generally, an intense broad band appears in the region between 225 nm to 350 

nm, and is assigned as the ligand to metal (O-Mo) charge transfer transition. 

Nevertheless, the charge transfer band in the excitation spectrum does not appear 

clearly due to the overlap of the bands O→Mo and O→Eu3+ [108]. In the excitation 

spectrum, bulk and nano samples of (Na0.5La0.5)MoO4:Eu3+ showing a number of 

characteristic intra-configurational f-f transitions within the (Eu3+) 4f6 configuration 
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are clearly seen and appear in the wavelength range of 350 nm to 535 nm. These 

characteristic configurations were assigned to the transition from ground state 

(7F0) to the Eu3+ upper excited states (5D0, 1, 2, 3, 4& L6, 7) i.e. 7F0→5D4, 
7F0→5L7,  

7F0→5L6, 
7F0→5D3, 

7F0→5D2, and 7F0→5D1. The intense sharp excitation bands at 

395 nm, 465 nm and 535 nm are the strongest lines observed in the excitation 

spectrum for both bulk and nano samples, and this is mainly due to energy 

transfer transitions from MoO4
2- to Eu3+ [109]. These excitation bands are much 

stronger than the other bands showing (Na0.5La0.5)MoO4:Eu3+ as excellent 

phosphor candidates for display panel and lighting device applications. However, 

in the case of nanocrystalline samples a considerable peak shift towards the 

shorter wavelength region from the bulk counterpart is observed. Further, to 

confirm the blue shift in the absorption band, Gaussian fit analysis were performed 

and shown in inset of figure 5.10. In general, the energy states associated with the 

luminescent center are greatly influenced by the host lattice material. The degree 

to which they are influenced strongly depends on the size and shape of 

nanostructures. The slight spectral blue-shift in the excitation bands for the 

nanostructures from the bulk can be attributed due to size dependent effect [21, 

106] and it may be due to the change in covalency between O2- and Eu3+ in both 

the samples [107]. Also, the observed blue-shift in PLE is may be due to change 

in position of 4f energy levels of Eu3+ ions and changes of the crystal field around 

Eu3+ arising from the nanosized particles in (Na0.5La0.5)MoO4:Eu3+. In the 

excitation spectrum a weak fine structure due to direct f-f excitation lines of Eu3+ 

centers can be observed in the bulk sample, whereas this is absent in the case of 

the nanocrystalline sample. This may be due to the pronounced interaction 

between f-f transition levels of the Eu3+ and the blue-shifted fundamental 

absorption edge for the almond-shaped nanocrystalline sample in the 

(Na0.5La0.5)MoO4 matrix. The blue shifted absorption edge means that the 

absorption bands of solid solutions slightly shifted to a higher energy when the 

particle size decreases. Moreover, Fu et al [107] reported that in the emission 

centre of 5d energy level of the rare-earth activator ion has a closer position to the 

conduction band of the host matrix. For nano crystalline sample, the distance 
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between 5d energy levels of Eu3+ ions and the conduction band is close when 

compared to the bulk sample [107].  

 

Figure. 5.11: Emission spectra (λex = 395nm) of (Na0.5La0.5)MoO4:Eu3+ samples 

prepared at different reaction time with 1.0 mM EDTA concentration. 

  

     Figure. 5.11 shows the emission (λex = 395 nm) spectra of the 

(Na0.5La0.5)MoO4:Eu3+ samples synthesized at different reaction time with fixed 

EDTA concentrations and are measured in the spectral range from 550 to 725 nm 

at room temperature. The PL emission spectrum of the samples grown during 

different time periods consists of major emission lines, which are associated with 

the transitions from the excited level of 5D0 to the levels of 7FJ (J= 1, 2, 3 and 4) of 

Eu3+. It is clearly seen in Figure. 5.11 that, upon excitation with 395 nm UV 

irradiation, the emission spectra are dominated by the hypersensitive red emission 

[4, 34], showing a transition 5D0→7F2 (due to the electric dipole transition) stronger 

than 5D0→7F1 (magnetic dipole) for all the samples prepared at different reaction 

time. The other transitions 5D0→7F1, 
5D0→7F3 and 5D0→7F4 are seen to be 

relatively very weak for all the self-assembled 3D networks, which is 

advantageous in obtaining good Commission Internationale del’Eclairage (CIE) 

chromaticity coordinates for phosphors. The trivalent europium ion (Eu3+) in solids 

has an intricate energy level scheme with energy distances of various magnitudes 

and shows a rich emission spectral line [9]. When the reaction time increases to 
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24 h, the PL emission intensity increases which shows an improvement in 

crystallinity. When the reaction time further increases to 36 h, there is a slight 

decrement in the PL intensity. This was observed when compared with 24 h 

samples and it may be due to fragmentation of particles (Figure. 5.3 (f)). 

 

     Figure. 5.12 shows the room temperature PL emission spectra of the 

(Na0.5La0.5)MoO4:Eu3+ bulk sample prepared using solid state reaction and nano 

samples that were synthesized at different EDTA concentrations at 200°C for 24 h 

using hydrothermal method. A moderately resolved photoluminescence emission 

spectrum and the corresponding Stark-splitting pattern for various 5D0 →7FJ 

emission components of nanosamples indicate a close similarity with the bulk 

counterpart, suggesting nearly identical chemical surroundings for the Eu3+ center 

in both the cases. However, a significant blue shift towards a shorter wavelength 

can be noticed in the nanosamples compared with the bulk sample for the hyper-

sensitive 5D0 →7F2 transition of Eu3+. This may be due to the size miniaturization 

effect and to the reduction of equilibrium distance between the Eu3+ activator and 

its ligand. This alters the influence of the local electric field on the activator ion 

Eu3+ [110]. 

 

Figure. 5.12: Emission spectra (λex = 395 nm) of bulk and almond-shaped 

nanocrystalline (Na0.5La0.5)MoO4:Eu3+samples prepared with different EDTA 

concentration. 



79 

 

 

It is well known that magnetic dipole transition dominate only in a site with 

inversion symmetry, whereas electric dipole transition dominates only in a site 

without symmetry [68]. The relative intensity ratio of the transitions 5D0→7F2 to 
5D0→7F1 reflects the symmetry of Eu3+ site. In the present case for both the bulk 

and nanosamples, the emission intensity of 5D0→7F2 transition is much higher than 

that of 5D0→7F1. The R/O (red emission / orange emission) value for the almond-

shaped nanostructure is (5.03) distinctly lowers than that of R/O values for bulk 

(6.76). This is due to lower crystal field symmetry for the surface of Eu3+ ions in 

the almond-shaped nanostructure [111]. The color purity of Eu3+ doping 

phosphors can be characterized as the intensity ratio between the electrical dipole 

transition (red emission) and the magnetic dipole transition (orange emission) 

[112]. When the molar concentration of EDTA increases, the PL emission intensity 

decreases indicating that an increase of the surface area of the products causes a 

decrease in the size of the final product. An increase in the surface of the nano 

phosphors leads to nonradiative recombination and thus quenching is observed 

[112]. The corresponding FESEM images clearly indicate the reduction of particle 

size. The emission intensity of the nano phosphor system is comparably lower 

than that of the bulk system, which may be due to the soft-chemical synthesis 

condition. Compared with bulk, however the nanophosphor system is a very 

convenient tool to achieve good resolution to make the picture more vivid [112]. It 

is interesting that, the emission peak gets broader for all the nanosamples, which 

suggests the formation of particles with different crystal sizes in the substance due 

to different amounts of EDTA. The size of the phosphor particles decreasing from 

micron to nano scale, shows an increase in surface area, and leads to more Eu3+ 

activator ions occupying the lower symmetry sites. This will finally increase the 

transition probability of electrical dipole transition, and thereby improving the color 

purity of the phosphor. The presence of strong clear peaks in bulk and nano 

samples indicates the relatively good crystallinity of the as-prepared products, 

which is very beneficial for obtaining brighter luminescence bands. In the present 

case, both the bulk and nano samples of (Na0.5La0.5)MoO4:Eu3+ have a tetragonal 
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structure, and Eu3+ ions occupy C3v site symmetry. In such a condition, the 

transitions from the major lines of Eu3+ are greatly enhanced, and thus a bright red 

emission is observed in bulk and nanosamples.  
 

     Figure. 5.13 shows the emission spectrum of the (Na0.5La0.5)MoO4:Tb3+ 

almond-shaped nanostructures under excitation at 278 nm. It is well known that 

Tb3+ has the electronic configuration of 4f8 with 7F6 ground state.   

 

Figure. 5.13: Excitation and emission spectra (λex = 278 nm) of almond-shaped 

(Na0.5La0.5)MoO4:Tb3+ nanostructures at 200 oC for 24 h. 

      

 

Figure. 5.14: Excitation and emission spectra (λex = 390 nm) of almond-shaped 

(Na0.5La0.5)MoO4:Dy3+ nanostructures at 200oC for 24 h. 
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The emission spectra consists of several bands due to 5D4→7FJ (J = 3, 4, 5, and 6) 

electronic transitions characteristic of the Tb3+ cations. The emission spectra of 

(Na0.5Gd0.5)MoO4:Tb3+ show maximum intensity at 540 nm (characteristic green 

emission of Tb3+ ions) which is assigned to the transition 5D4→7F5. All the other 

transitions such as 5D4→7F6, 
5D4→7F4, 

5D4→7F3 are very weak [36]. Figure. 5.14 

depicts the PL emission spectra of (Na0.5La0.5)MoO4:Dy3+ phosphor under the 

excitation at 390 nm. The emission spectrum has two dominant bands observed at 

481 nm (blue region) and 570 nm (yellow region), which are assigned to the 

transition from the 4F9/2 level to 6H15/2 and 6H13/2 of Dy3+ ions, respectively [113]. 

The intensity of yellow band at 570 nm is high when compared with the blue band 

at 480 nm, which shows that dysprosium ions occupy the site without inversion 

symmetry. 

 

Figure. 5.15: CIE (x, y) chromaticity diagram of (Na0.5La0.5)MoO4 nanocrystalline 

samples doped with (A) Eu3+, (B) Tb3+, (C) Dy3+, respectively. 
 

All the chromaticity coordinates are calculated by using the CIE 1931 color 

matching functions. Figure. 5.15 shows the color chromaticity coordinates (x, y) for 

almond-shaped nanocrystalline samples (A) of (Na0.5La0.5)MoO4:Eu3+. Under 

strong excitation at 395 nm, the chromaticity coordinates are found to be x = 

0.662, y = 0.3280 for bulk and x = 0.593, y = 0.326 for nanocrystalline samples, 

exhibiting an enhancement in the color coordinates observed in the red region due 
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to the size dependent effect. The CIE co-ordinates for nanocrystalline 

(Na0.5La0.5)MoO4:Tb3+ are found to be x = 0.228 and y = 0.619 at 278 nm 

excitation. Upon 390 nm excitation the chromaticity coordinates are x = 0.3851 

and y = 0.4334 for (Na0.5La0.5)MoO4:Dy3+ nanosamples. All the chromaticity 

coordinates are calculated by using the CIE 1931 color matching functions.  

 

Figure. 5.16: Fluorescent decay curve of 5D0→7F2,
 5D4→7F5,

 4F9/2→6H13/2 

transitions in Eu, Tb, Dy doped nanocrystalline (Na0.5La0.5)MoO4 samples, 

respectively. 
 

     The fluorescence decay time can be well fitted by a single exponential function 

given in equation 3.4 (Chapter - 3). Figure. 5.16 show the decay time profile of 

Eu3+, Tb3+ and Dy3+ doped (Na0.5La0.5)MoO4 almond-shaped nanostructures 

synthesized at 200°C for 24 h, respectively.  The fluorescence decay time of 
5D0→7F2 emission in almond-shaped nanocrystalline (Na0.5La0.5)MoO4:Eu3+ 

sample is determined to be 0.417 ms and it is comparable with the bulk sample 

where it is 0.483 ms [2]. Also, the life time values are found to be 0.411 ms for 

(Na0.5La0.5)MoO4:Tb3+ samples (5D4→7F5) and 0.185 ms for (Na0.5La0.5)MoO4:Dy3+ 

samples (4F9/2→6H13/2) under the excitation at 278 nm and 390 nm, respectively. 

These results may be important for the fabrication of high-resolution optical 
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detectors, solar cells, and high-definition luminescent displays. In addition, the 

photometric characteristics of almond-shaped (Na0.5La0.5)MoO4: Ln3+ (Ln = Eu, Tb, 

Dy) nanostructures synthesized at 200°C for 24 h were listed in Table 5.3. 

 

Figure. 5.17: Magnetic behavior the phosphor (Na0.5La0.5)MoO4:Eu3+ prepared 

using solid-state reaction method, inset the applied magnetic field in the range 

from -20 kOe to 20 kOe fields. 
 

 

Figure. 5.18: Room temperature magnetic hysteresis (M-H) loop of almond-

shaped nanostructure of (Na0.5La0.5)MoO4:Eu3+ and inset shows the applied 

magnetic field in the range from -20 kOe to 20 kOe fields. 
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To investigate the magnetic properties of (Na0.5La0.5)MoO4:Eu3+ of bulk and 

almond-shaped nanostructures, magnetization as a function of applied magnetic 

field were measured using a vibrating sample magnetometer. Figure. 5.17 and 

5.18 shows the particle size dependent magnetic behavior of bulk and almond-

shaped nanostructures. The existence of paramagnetism is clearly seen in bulk 

(Na0.5La0.5)MoO4:Eu3+ sample (Figure. 5.17) due to the presence of non-magnetic 

elements in the phosphor phase. Since La3+ and Eu3+ possess no magnetic 

moment, magnetic hysteresis of nanocrystalline (Na0.5La0.5)MoO4:Eu3+ sample 

shows (Figure. 5.18) weak ferromagnetic hysteresis with significant remnant 

magnetization 1.84E-4 emu/gm (Ms= 8.17E-4 emu/gm) which is high when 

compared with the bulk sample. The more surface area in the nanocrystalline 

sample results in larger fraction of atoms deposited at the surface, which has 

lower coordination numbers than that of the interior atoms [4]. The increased 

surface area to volume ratio in the nano structures with higher surface energies 

results in a substantial proportion of atoms having different magnetic coupling with 

neighbouring atoms when compared to bulk samples. Also, the magnetic 

properties of (Na0.5La0.5)MoO4 almond-shaped nanostructure are unaffected by the 

doping of different rare-earth elements such as Tb3+, Dy3+. The room temperature 

ferromagnetic behavior is important for the possible magnetic tracking of phosphor 

by applying external magnetic field.  

 

Table 5.3: Photometric characteristics of almond-shaped (Na0.5La0.5)MoO4:Ln3+ 

(Ln = Eu, Tb, Dy) nanostructures synthesized at 200°C for 24 h. 
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5.3.6. Morphological Evolution and Growth Mechanism of Self-Organized  

Bi-pyramid-shaped (Na0.5Gd0.5)MoO4:Eu3+ Structures 

 

     From the optimized parameters given in the Table 5.2, a series of time-

dependent experiments were also carried out using nitrate precursors in order to 

synthesize (Na0.5Gd0.5)MoO4:Eu3+ and the resultant products were investigated. 

Figures 5.19 and 5.20 show the FESEM images (Na0.5Gd0.5)MoO4:Eu3+ phosphors 

obtained at fixed temperature (200°C), pH (7~8) and with fixed EDTA 

concentration (1.5 mM) at different reaction time (3, 6, 9, 12, 24, and 48 h). 

Morphology, dimension, size, and distribution of elements in as-synthesized 

particles of (Na0.5Gd0.5)MoO4:Eu3+ were investigated by FESEM and TEM. The 

surface morphology and dimension of the self-organized hierarchical structures of 

(Na0.5Gd0.5)MoO4:Eu3+ purely depend on the reaction time. While increasing the 

reaction time there is a substantial change in the final product which consists of 

particles of various versatile morphology and sizes.  
 

 

Figure. 5.19: SEM images of (Na0.5Gd0.5)MoO4:Eu3+ 3D networks prepared with 

different reaction time, i.e. (a) 3 h, (b) 6 h, (c) 9 h, (d) 12 h (e) 18 h, (f) 24 h, at 

200°C with fixed EDTA concentration (1.5 mM). 
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     While increasing the reaction time there is a substantial change in the final 

product which consists of particles of various versatile morphology and sizes 

observed. It  is  well  known  that  the  building blocks for the growth of 3D 

micro/nano structures is basically starting from its constituents such as 0D 

nanoparticles, 1D nanorods,  and/or  2D nanosheets. When the reaction was 

carried out for about 3 h, the SEM image (Figure. 5.19 (a)) shows that particles 

made up-of numerous and sharp rectangular 2D nanosheets with an average of 

200 nm in length and few tens of nm in thickness were observed which might be 

the initial stage for the formation of self-assembled 3D networks from tiny nuclei.  
 

 

Figure. 5.20: High magnification SEM images of (Na0.5Gd0.5)MoO4:Eu3+ bi-

pyramidal-shaped 3D structures prepared with fixed EDTA concentration at 200°C 

for (a) 24 h, (b) 48 h, (c), representative EDX spectrum for the sample prepared at 

24 h reaction time. 
 

It was observed that when the reaction time was increased to 6 h and 9 h, 

nanosheets began to self-organized continuously through plane-to-plane 
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conjunction to form a spherical morphology (average diameter of 2.25 m) and 

then prolate-sphere like structure (average length of the polar axis is 4.5 m), 

respectively (Figure. 5.19 (b, c)). By increasing the reaction time to 12 h, the 

nanosheets were further fused together strongly and they try to form bi-pyramid-

shaped structure. However, the final product composed of particles with 

incomplete bi-pyramid structure coexisted and the homogeneous size distribution 

was not formed. The SEM image depicts clearly that particles with an average of 

600 nm diameter and 1 m length were observed (Figure. 5.19 (d)). When the 

reaction time was prolonged to 18 h, the size distribution of the particles was 

much improved but still few particles had not grown completely. The SEM image 

shows particles with an average of 800 nm diameter and 1.3 m length (Figure. 

5.19 (e)). The SEM image of the sample synthesized at 24 h shows nearly bi-

pyramid-shaped structure with an average of 1 m diameter and 1.6 m length 

(Figure. 5.19 (f), 5.20 (a)). As the hydrothermal reaction growth period was 

prolonged to 48 h, the edges of the bi-pyramids expanded (Figure. 5.20 (b)) and 

this may be due to elapsed reaction time with thermal collision which leads to 

fragmentation of particles at the edges. The size distribution of particles was found 

to be not uniform. It can be clearly seen that reaction time plays a significant role 

in controlling the surface morphologies of the (Na0.5Gd0.5)MoO4:Eu3+ crystal 

structure.  
 

 

Figure. 5.21: (a) TEM image of sample prepared at 24 h reaction time, (inset the 

corresponding FFT pattern), (b) HRTEM image (inset typical HRTEM image taken 

on the marked part). 
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Based on the above time-dependent self-assembly, oriented attachment could be 

a governing process in the layer-by-layer self-organization of 2D nanosheets and 

leads to the formation of bi-pyramid-shaped microstructures. As the hydrothermal 

reaction time increases, the bi-pyramid-shaped (Na0.5Gd0.5)MoO4:Eu3+ could grow 

up continuously via hierarchical self-assembly process which is related to the 

function of the chelating agent EDTA. The energy dispersive X-ray spectrum 

(EDX) confirms the presence of Gd, Eu, Na, Mo, and O in the product (Figure. 

5.20 (c)). TEM image of the sample prepared at 24 h reaction time with 1.5 mM of 

EDTA concentration is shown in Figure. 5.21 (a) and its respective inset shows 

the FFT pattern. The HRTEM image of bi-pyramid-shaped structure illustrates 

(Figure. 5.21 (b)) the lattice spacing of 0.3248 nm corresponds to the (200) plane 

of tetragonal crystal structure and the inset of Figure. 5.21 (b) shows the HRTEM 

image taken on the marked part. Figure. 5.22 (a-e) clearly depicts the 

incorporation of rare-earth ions and its distribution inside the bi-pyramidal 

structure.  

 

 

Figure. 5.22: Elemental mapping images of Na, Gd, Mo, Eu, O. (a-e) FESEM 

image of an individual bi-pyramid-shaped (Na0.5Gd0.5)MoO4:Eu3+ networks 

synthesized at 24 h (f). 
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The appropriate formation mechanism of uniform (Na0.5Gd0.5)MoO4:Eu3+ bi-

pyramid-shaped structures could be explicated using the following stoichiometric 

equations. 

Na2MoO4 ·2H2O(s) → 2Na+
 (aq) + MoO4

2- 
(aq)+ 2H2O    (5.7) 

 

(0.44) Gd(NO3)3.6H2O (s) → (0.44) Gd3+
(aq) + (1.32) NO3

-
(aq) + 2.64H2O (5.8) 

(0.06) Eu(NO3)3.6H2O (s)→ (0.06) Eu3+ 
(aq) + (0.18) NO3

-
(aq) + 0.36H2O              (5.9) 

 

And then, 
 

2Na+
 (aq) + MoO4

2- 
(aq) + 0.44 Gd3+ 

(aq) + 0.06Eu3+
(aq) + 1.32 NO3

-
(aq) + 0.18 NO3

- 2000 𝐶−24ℎ       →           Na0.5Gd0.44Eu0.06MoO4(s) + 1.5 NaNO3     (5.10) 

The formation mechanism and the evolution of self-assembled 3D 

(Na0.5Gd0.5)MoO4:Eu3+ bi-pyramid-shaped structures follows to the formation 

mechanism of (Na0.5La0.5)MoO4:Eu3+ almond-shaped structure which were 

discussed in the previous section (Section 5.3.3). 

 

5.3.7. Powder X-ray Diffraction and Functional Group Analysis of 

(Na0.5Gd0.5)MoO4:Eu3+ phosphor 

   

     The chemical purity and crystallinity of the product were analyzed using X-ray 

diffraction patterns. Figure. 5.23 shows the XRD patterns of the self-assembled bi-

pyramid-shaped microstructures of (Na0.5Gd0.5)MoO4:Eu3+ obtained at different 

reaction time with fixed EDTA (1.5 mM) at 200°C with neutral pH (pH~7 to 8) and 

bulk sample prepared by solid-state reaction method. The compound 

(Na0.5Gd0.5)MoO4:Eu3+ crystallizes in the scheelite (CaWO4) structure (space 

group I41/a) [5]. In this tetragonal phase molybdenum atoms (Mo6+) occupy W 

sites located at the centers of tetrahedra and surrounded by four equivalent 

oxygen (O2-) atoms. The monovalent sodium (Na+) ions and trivalent gadolinium 

ions (Gd3+) are likely to occupy the dodecahedral Ca2+ sites in the tetrahedral 

symmetry [5]. All peaks in XRD pattern are perfectly indexed, which shows a pure 

tetragonal phase with scheelite structure and the (112), (004), (200), (204), (220), 

(116), (312) and (224) planes are good in agreement with the respective Joint 
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Committee on Powder Diffraction Standards (JCPDS) card No. 25–0828 of 

(Na0.5Gd0.5)MoO4. No peaks attributable to other types of molybdates are 

observed in the XRD patterns, indicating the high purity of the phases obtained. 

From the XRD pattern, a strong peak (112) is observed in contrast to other peaks, 

while the (224) peak is low. The average crystallite size for bulk and bi-pyramid- 

shaped microstructures were determined from peak broadening of the (112) line 

using the Scherrer formula was approximately 52 nm and 35 nm for bulk and bi-

pyramid-shaped particle, respectively.  

 

 

Figure. 5.23: X-ray diffraction (XRD) pattern of the (Na0.5Gd0.5)MoO4:Eu3+ bulk 

sample (A6) prepared by solid-state reaction method and the self-assembled 3D 

structures prepared with different reaction time, specifically, (A1) 6 h, (A2) 12 h, 

(A3) 18 h, (A4) 24 h, (A5) 48 h, using the hydrothermal method at 200oC  with fixed 

EDTA concentration (1.5 mM). 

 

     It is well known that FTIR is a unique tool used to identify the functional groups 

and frequency of vibration between the bonds with the atoms in the crystal lattice. 

Figure. 5.24 shows the FTIR transmittance spectra of (Na0.5Gd0.5)MoO4:Eu3+ 

obtained in the range over 500 to 4000 cm-1. Marques et al reported that for 

tetrahedral symmetry, F2 (ν3) modes of vibrations are IR active [114]. The FTIR 
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results show that the strong absorption bands at 798 cm-1, and 708 cm-1 are 

related to the stretching vibrations of O-Mo-O in the MoO4
2- tetrahedron [29]. 

These absorption bands were assigned to the antisymmetric stretch F2 (ν3) of the 

scheelite tetragonal crystalline structure. The peak at 2924 cm-1 is owed to 

adsorption of carboxylate group in the surface of the (Na0.5Gd0.5)MoO4:Eu3+ 

microstructures [39]. The weak absorption at 1626 cm-1 is assigned due to H-O-H 

bending vibration of the absorbed water from air [115]. In addition, the wide and 

weak band corresponding to O-H stretch vibrations were observed around 3405 

cm−1. 

 

Figure. 5.24: FTIR spectra of (Na0.5Gd0.5)MoO4:Eu3+ synthesized with different 

reaction time. 

 

5.3.8. Down-Conversion Luminescence and Magnetic Properties of 

(Na0.5Gd0.5)MoO4:Ln3+  Bi-pyramid-shaped Structure 

 

     The scheelite tetragonal phased (Na0.5Gd0.5)MoO4:Ln3+ crystal structure 

exhibits similar PL properties to that of Ln3+ doped (Na0.5La0.5)MoO4:Eu3+ 

phosphor discussed in the section (5.3.1.5) and is expected to be a promising 

phosphor candidate. Figure. 5.25 (a-c) shows the RT excitation spectra of 
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(Na0.5Gd0.5)MoO4 doped with Eu3+, Tb3+, Dy3+. The excitation spectra of Eu3+, Tb3+, 

Dy3+ doped (Na0.5Gd0.5)MoO4 samples mainly consist of two regions. The first 

region (225 - 350 nm) consists of high intense and wide band (centered at around 

294 nm) mainly due to ligand to metal charge transfer transition in the MoO4
2- 

tetrahedron (oxygen ligand to central molybdenum atom). In the second region 

(between 350 nm to 450 nm), several high intense sharp as well as weak 

absorption bands in the visible range are observed due to the f-f electronic 

transitions of Eu, Tb, Dy, respectively and explained as follows [4, 5].   

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.25: Excitation spectrum of (Na0.5Gd0.5)MoO4 doped with (a) Eu3+,  

(b) Tb3+, (c) Dy3+. 
 

     The excitation spectra of (Na0.5Gd0.5)MoO4:Eu3+ consists of major absorption 

peaks observed at 394 nm, 464 nm, 534 nm are originated due to (7F0→5L6), 
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(7F0→5D2), (7F0→5D1) f-f electronic transitions of Eu3+ ions, respectively  

(Figure. 5.25 (a)) [5]. In addition, the peak identified at 361 nm, 382 nm and 415 

nm corresponds to 7F0→5D4, 
7F0→5L7, 

7F0→5D3 are weak. These characteristic 

configurations were assigned to the transition from ground state (7F0) to the Eu3+ 

upper excited states (5D 1, 2, 3, 4 and L6, 7) [2, 34]. In the excitation spectra, the 

absorption peak at 395 nm become predominant in contrast with the other peaks. 

For Tb3+ doped (Na0.5Gd0.5)MoO4 samples, the excitation spectra consists of 

peaks observed at 355 nm, 363 nm, 373 nm and 382 nm are assigned due to the 

transitions of 7F6→5D2, 
7F6→5L10, 

7F6→5G5 and 7F6→5G6 , Tb3+ ions, respectively 

[5, 15] (Figure. 5.25 (b)). However, the intensity of the LMCT band observed at 

294 nm is much higher than that of f-f transitions of Tb3+. For 

(Na0.5Gd0.5)MoO4:Dy3+, the absorption bands identified at 354 nm, 368 nm, 390 

nm, 429 nm are ascribed to 6H15/2→6P7/2, 
6H15/2→6P5/2, 

6H15/2→4I13/2, 
6H15/2→4G11/2 

transitions of Dy3+ ions, respectively (Figure. 5.25 (c)) [116].  

 

 

Figure. 5.26: Room temperature emission spectra of (Na0.5Gd0.5)MoO4:Eu3+ 

samples prepared for different reaction time at 200°C by EDTA-assisted 

hydrothermal method. 

 
 

Among all the peaks in the excitation spectra, the peak identified at 388 nm shows 

maximum absorption. The presence of the absorption peak of both the MoO4
2- 
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group (LMCT band) and f-f electronic configurations of Ln3+ (Eu3+, Tb3+, Dy3+) ions 

are most important for perspective applications in the field of opto-electronics and 

laser technology. Figure. 5.26 shows the RT PL emission spectra (λex = 394 nm) 

of the (Na0.5Gd0.5)MoO4:Eu3+ samples prepared at different reaction time at 200°C 

with fixed EDTA concentrations and were recorded. The PL emission spectrum of 

(Na0.5Gd0.5)MoO4:Eu3+ shows a number of characteristic  intra-configurational  f-f  

transitions  of  Eu3+ which are associated with the transition from the excited level 

to 5D0 to the ground levels of 7FJ (J= 1, 2, 3 and 4) and are purely time dependent. 

While exciting  with  394 nm  UV  irradiation,  the  emission  spectra are  

dominated  by  the hypersensitive  red  emission  (614  nm),  showing  parity 

forbidden f-f (∆J = 2) transition 5D0→7F2  (due  to  electric-dipole transition). The 

other transitions, 5D0→7F1 (magnetic-dipole transition), 5D0→7F3, and 5D0→7F4, 

are seen to be relatively very weak for all the samples prepared at different 

reaction time. It is noticed that, the emission peak at 614 nm consists of two sub 

peaks due to Stark energy splitting, that is the (2J+1) Stark components of J-

degeneracy splitting [36]. The presence of electric dipole transition confirms that 

Eu3+ ions are located at sites without inversion symmetry.  In the present case, 

(Na0.5Gd0.5)MoO4:Eu3+ belongs to tetragonal structure, and Eu3+ ions occupying 

C3V site symmetry. It is thus observed that emission intensity of the samples after 

aging for a long time period is higher than after aging for a short time period [117]. 

This is due to product synthesized after aging for a long period show the improved 

crystallization than for shorter reaction time. The PL emission intensity increases 

with increase in the reaction time and reaches its maximum at 24 h due to 

continuous growth of crystallites. While the reaction time further increases to 48 h, 

the PL emission intensity decreases due to elapsed reaction time with thermal 

collision between the particles resulting in fragmentation of particles [4]. Practically 

lower doping concentration of Eu3+ gives weak luminescent intensity and is 

unsuitable for making display devices. Also, the higher doping concentration of 

Eu3+ will results in quenching of luminescence. So the optimum concentration of 

Eu3+ must play an important role in host lattice. From Figure. 5.27 it was observed 

that when the Eu3+ doping concentration was increases, the luminescence 
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intensity also increases and reached a maximum of x = 0.06 moles. The 

concentration of Eu3+ increased from 0.02 to 0.06 moles which promotes more 

energy to 5D0→7F2 (hypersensitive) transition to obtain bright red emission.  

 

 

Figure. 5.27: Photoluminescence emission spectra of (Na0.5Gd0.5-x)MoO4:xEu3+ 

samples prepared at 24 h reaction time with different Eu3+ concentration. 
 
 

     Hence, the charge transfer to Eu3+ would become more probable, leading to 

the enhancement of luminescence emission in (Na0.5Gd0.5)MoO4:Eu3+ 

microstructures. Further increasing the doping concentration of Eu3+ to 0.08 and 

0.10 moles the luminescence intensity was decreased and resulted in quenching 

of Eu3+ ions. Figure. 5.28 (a) shows the PL emission spectra of bi-pyramid-shaped 

(Na0.5Gd0.5)MoO4:Tb3+ structure that consists of sharp lines in the wavelength 

range from 450 nm to 650 nm. Upon excitation  by (λex) 294  nm, the sample 

exhibits  four peaks  centred at  around  486,  542,  587  and  620  nm  due  to  the  

characteristic  green  luminescence  originating  from  the  transitions  between the  

excited 5D4 level  to ground levels of 7FJ (J  =  6,  5,  4,  3)  Tb3+ ion, respectively. 

The emission spectra of (Na0.5Gd0.5)MoO4:Tb3+ were dominated at 542 nm which 

is assigned to the transition 5D4→7F5 that shows the highest among the all other 

transitions such as 5D4→7F6, 
5D4→7F4, 

5D4→7F3.
45 Due to Stark energy splitting, 

the emission peak (dominant) consists of two sub peaks which are also observed 

in the case of (Na0.5Gd0.5)MoO4:Eu3+. The emission spectra of bi-pyramid-shaped 

(Na0.5Gd0.5)MoO4:Dy3+ structures were recorded upon 390 nm UV excitation under 
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the same experimental conditions. Figure. 5.28 (b) depicts the PL emission 

spectra of (Na0.5Gd0.5)MoO4:Dy3+ which consists of two dominant bands mainly 

due to transition of Dy3+ ions. It is well known that, Dy3+ has the electronic 

configuration, 4f9 with 6H15/2. The yellow line (centered at 570 nm) originates from 

excited 4F9/2 levels of Dy3+ ions to ground level 6H13/2 which belongs to forced 

electric dipole transition.  

 

 

 

 

 

 

Figure. 5.28: PL emission spectra of (a) (Na0.5Gd0.5)MoO4:Tb3+ (observed at 542 

nm), (b) (Na0.5Gd0.5)MoO4:Dy3+ (observed at 570 nm) sample synthesized at 

200°C for 24 h. 

 

The blue line (centered at 482 nm) is assigned for the transition of 4F9/2 →6H15/2 

which corresponds to magnetic dipole transition. The emission intensity of 4F9/2 

→6H13/2 transition is much higher than that of 4F9/2 →6H15/2. Hence, this suggests 

that Dy3+ ions mainly occupy the lattice site without inversion symmetry [118].  

Under excitation of 390 nm, the Y/B (yellow to blue line) ratio of the two transitions 
4F9/2 →6H13/2 and 4F9/2 →6H15/2 found to be the value of 4.6074 which find potential 

applications in the field of opto-electronics. Figure. 5.29 represents the possible 

energy transfer process from molybdate (MoO4
2-) to all the observed emissive 

transitions of Tb3+ and Dy3+, respectively, and well reported in the literature [116, 

119]. Generally, MoO4
2- have higher tendency to receive more electrons from an 

oxygen ligand, so that lower energy is sufficient for ligand-to-metal charge transfer 

state (LMCT). Upon UV illumination, the energy is transferred from charge-transfer 
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states (ligand to metal) of MoO4
2− to unexcited 7F6 levels of Tb3+ and 6H15/2 levels 

of Dy3+, respectively. Then, corresponding visible emission transitions of Ln3+ 

(Tb3+, Dy3+) are clearly seen while relaxed to the ground state. 

 

 

Figure: 5.29 The energy level diagram and the energy transfer process in the 

(Na0.5Gd0.5)MoO4:Ln3+ (Ln= Tb3+, Dy3+). 

 

     The detailed description of energy transfer mechanism in Eu3+ singly doped 

system was investigated in section 4.3.4.3 of Chapter - 4. Figure. 5.30 shows the 

down-conversion PL decay curves of as-prepared (Na0.5Gd0.5)MoO4 3D structure 

doped with (a) Eu3+, (b) Tb3+, and (c) Dy3+ can be fitted into a single exponential 

function and given in equation 3.4. The estimated life time values are found to be 

0.429 ms, 0.402 ms and 0.180 ms for Eu3+, Tb3+, Dy3+ doped with 

(Na0.5Gd0.5)MoO4 microstructures, respectively. The color chromaticity coordinates 

(x, y) were calculated for (Na0.5Gd0.5)MoO4 micro structures doped with Eu3+, Tb3+, 

Dy3+ and indicated as A, B, C, respectively and shown in Figure. 5.30 (c). The 

chromaticity co-ordinates are found to be x = 0.589, y = 0.334 for 

(Na0.5Gd0.5)MoO4:Eu3+ (λex = 395 nm), x = 0.232, y = 0.625 for 
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(Na0.5Gd0.5)MoO4:Tb3+ (λex = 294 nm) and x = 0.386, y = 0.433, for 

(Na0.5Gd0.5)MoO4:Dy3+. 

 

 

Figure. 5.30: Fluorescence decay time of (a) 5D0→7F2transition in Eu3+, (b) 
5D4→7F5 transition in Tb3+, (c) 4F9/2→6H13/2 transition in Dy3+ doped 

(Na0.5Gd0.5)MoO4 samples, respectively. (d) The corresponding CIE diagram. 

 

  

Figure. 5.31: Magnetization vs. magnetic field of the as-synthesized (a) bulk, (b) 

bi-pyramid-shaped structures of (Na0.5Gd0.5)MoO4:Eu3+ synthesized by 

hydrothermal method at 200°C for 24 h. 
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     As a representative result, RT magnetic properties of (Na0.5Gd0.5)MoO4:Eu3+ of 

phosphor was investigated. Figure. 5.31 (a, b) shows the magnetization as a 

function of applied magnetic field (from -2000 Oe to 2000 Oe) of bulk and 

hydrothermally synthesized bi-pyramid-shaped (Na0.5Gd0.5)MoO4:Eu3+ samples, 

respectively. From the Figure. 5.31 (a, b) it is clear that a straight line crossing the 

origin, indicating that the phosphor (Na0.5Gd0.5)MoO4:Ln3+ synthesized by both 

bulk and hydrothermally synthesized samples were exhibiting a paramagnetic 

behavior due to the presence of paramagnetic Gd3+ ions [120]. The highly 

localized nature of the seven unpaired inner 4f electrons in Gd plays a significant 

role also which determines its magnetic properties. These unpaired electrons in 

the outer orbital are closely bound to the nucleus and effectively shielded by the 

outer closed shell electrons 5s2 5p6 from crystal field [120, 121]. The interaction 

among the Gd3+ ions in the crystal structure (Na0.5Gd0.5)MoO4 is weak and hence 

insufficient overlap of the orbitals associated with 4f shells gives rise to 

paramagnetism. The saturation magnetization value of (Na0.5Gd0.5)MoO4:Eu3+ is 

relatively high (0.8695 emu/g) compared to the bulk (0.2143 emu/g) at around 

16,000 Oe. The combination of near infrared emission and magnetic properties 

within the same material enhances the signal-to-noise ratio (SNR) and penetration 

depth in MRI (magnetic resonance imaging). Even though, the observed 

magnetization is small this phosphor can also finds great as a contrast agent in 

multi-modality imaging. [94, 122].  
 

Table 5.4: Photometric characteristics of bi-pyramid-shaped 

(Na0.5Gd0.5)MoO4:Ln3+ (Ln = Eu, Tb, Dy,) under optimized condition (200°C for 24 

h). 
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5.4. Up-conversion Luminescence - An Introduction 

 

     Next generation up-conversion luminescence materials containing rare-earth 

elements are currently being investigated because they efficiently converts low 

energy (infrared) to high energy (visible/UV radiation) which is hypersensitive to 

the composition and the crystal structure of the host lattice. Specifically, Gd3+ 

based up-conversion luminescence materials are more attractive due to magnetic 

and luminescence applications [5]. Due to the strong electron–phonon coupling to 

the lattice, longer energy-storage lifetime, narrow emission bands and smaller 

quantum defect which shows their prospective applications in luminescent 

phosphors, white light-emitting diodes [123], pumping of diode lasers [124], 

lumino-magnetic applications [120], solar cell [125], and temperature sensors 

[126]. Not only that, also their infrared excitation is less harmful to human/animal 

cells, reduces auto-fluorescence from biological tissues, and penetrates to a 

deeper extent, photo damage to living organisms is reduced, which finds potential 

application in drug delivery [127], biological imaging [128], fingerprint detection, 

cancer therapy, and medical diagnostics [129,130]. However, the luminous 

efficacy limits their applications to some extent and further improvement is needed 

for its potential applications. The most widely used up-conversion luminescence 

centers are Yb3+, Er3+, Tm3+, and Ho3+ ions, because they are convenient for 

pumping by near infrared (NIR) radiation to generate desired visible radiation by 

tuning the doping concentration. Yb3+ has the electronic configuration of 4f13, so 

called resonant energy transfer donor ions and acts as a sensitizer to improve the 

up-conversion efficiency of the activators such as Er3+, Tm3+, Ho3+, Nd3+ ions by 

energy transfer in various host materials. According to energy gap law, higher 

phonon energy vibrations result in quenching of luminescence [131]. In order to 

minimize the non-radiative energy loss in rare-earth ions, host materials with lower 

phonon energy are required. Inorganic materials belonging to the molybdates or 

tungstates group with scheelite tetragonal crystal structure have a long history of 

practical application as the object of vast research over the past decade. They 

possess thermally and photo-chemically stable phase. Due to lower vibrational 
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frequency molybdates or tungstates are most widely used in opto-electronic 

applications also which exhibits intense and broad optical absorption bands in 

ultraviolet and visible regions. The lanthanide ions doped (Na0.5La0.5)MoO4 and 

(Na0.5Gd0.5)MoO4 phosphors possess a scheelite-type crystal structure and their 

up-conversion luminescence properties may finds prospective applications in 

optoelectronics and biological applications [5].  

 

5.4.1 Up-conversion Luminescence Properties of (Na0.5R0.5)MoO4:Yb3+/Ln3+ 

(where R = La, Gd and Ln= Er, Tm, Ho) 

 

     Figure. 5.32 (a) shows the up-conversion luminescence spectra of the 

(Na0.5Gd0.5)MoO4:0.05Yb3+/yEr3+ (where y= 0.01, 0.02, 0.03, 0.04, 0.05 moles) 3D 

bi-pyramid-shaped structure under 980 nm excitation. The PL spectra consists of 

three up-converted visible light emission peaks at 525 nm (Green), 550 nm 

(Green) and 653 nm (Red) emission peaks can be assigned to the 2H11/2 → 4I15/2,  
4S3/2 → 4I15/2, and 4F9/2 →  4I15/2 transitions of Er3+, respectively. The intensity of the 

emission peak centered at 527 nm is much stronger than the other two emission 

peaks at 550 nm and 653 nm for all the doping concentrations. Similar results 

have also been found in the NaLn(MoO4)2 sub-micron crystals synthesized by a 

hydrothermal method [132]. The influence of doping concentration on 

(Na0.5Gd0.5)MoO4:Yb3+/Er3+ were investigated and shown in Figure. 5.32 (a). The 

upconverted emission intensity increasing with increase of Er3+ concentration and 

reaches a maximum at 0.03 moles of Er3+. Due to concentration-quenching effect, 

the emission intensity was decreases when the doping concentration reaches 

above 0.03 moles of Er3+. Wang et al reported that the distribution of erbium ions 

on the surface morphology is of greater fraction than that of the interior of the 

micro/nano particle [133]. Hence, the interaction between the erbium ion and its 

surrounding crystal lattice become weaker due to isotropic coordination of erbium 

ions with higher symmetry. As a result, the emission from hypersensitive transition 
2H11/2 → 4I15/2 is stronger than the other two transitions. The red emission from the 
4F9/2 → 4I15/2 transition is very weak also due to the efficient cross-relaxation of 
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4I11/2+
2G7/2 → 4F7/2+ 2H11/2 / 

4S3/2 between Er3+ ions [132]. In order to understand 

the fundamental up-conversion mechanisms, the luminescence intensities of 

green emission peak (centered at 525 nm) and red emission peak (centered at 

653 nm) have been calculated as a function of pump power density. 

 

 

Figure. 5.32: (a) Up-conversion luminescence spectra of  

(Na0.5Gd0.5)MoO4: 0.05Yb3+/yEr3+ (where y= 0.01, 0.02, 0.03, 0.04, 0.05 moles, 

respectively) prepared at 200°C for 24 h, (b) corresponding CIE diagram, (c) 

Representative example for pump power dependence of green and red emissions 

in 0.05 Yb3+/0.03Er3+ doped sample. 
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The up-converted emission intensity is proportional to the nth power of the infra-

red excitation intensity, and integer n is the number of the infra-red laser photon 

absorbed per up-converted visible photon emission and is given by, 

n

expem )(II 
    (5.11) 

From Figure. 5.32 (c) the slope of a straight line was obtained by fitting the double 

logarithmic plot of pump power density versus up-conversion emission intensity. In 

(Na0.5Gd0.5)MoO4:0.05Yb3+/0.03Er3+ the value of n for the up-converted green and 

red emission bands was found to be 3.02 and 2.09, respectively. This illustrates 

that the up-conversion mechanism was occurring via a three-photon and two 

photon processes might be involved in populating of 2H11/2 levels and 4F9/2, 

respectively. 

 

 

Figure. 5.33: NIR-to-visible upconverted emission of  

(a) (Na0.5Gd0.5)MoO4:Yb3+/Tm3+, (b) (Na0.5Gd0.5)MoO4:Yb3+/Ho3+. 

 

     Under 980 nm infra-red laser radiation, intense up-converted visible emission 

spectrum was observed in (Na0.5Gd0.5)MoO4:Yb3+(0.05 M)/Tm3+(0.03M) as shown 

in Figure. 5.33 (a). Three energy transfer transitions are involved, while the pump 

light excites the Yb3+ ions and the energy is transferred from Yb3+ ions to Tm3+ 

ions which populate 1G4 and 3F3 levels.  The peak centered at 474 nm of the blue 

emission, and two red emission bands at 649 nm and 693 nm are corresponding 

to transitions of 1G4→3H6, 
1G4→3F4 and 3F3→3H6, Tm3+ ions, respectively [5]. From 
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the emission spectrum it is seen that the intensity of the narrow blue emission 

peak originates from the transition of 1G4→3H6, monitored at 474 nm higher than 

the other two peaks [5]. Due to the large energy mismatch between Yb3+ and Tm3+ 

ions, the 1D2 of Tm3+ cannot be populated so that the transition 1D2→3F4 and 
1D2→1G4 are not observed. The 1D2 of Tm3+ ions can be populated by increasing 

the doping concentration of Tm3+ ions. Because, the doping concentration of Tm3+ 

ions determines the population of 1D2 level, due to the efficient cross-relaxation 

process between Tm3+ ions [5]. Wang et al reported that 1D2 level of Tm3+ can be 

populated by the well-known cross-relaxation processes 3F2+ 3H4 →3H6+ 1D2 and 
1G4+ 3H4 → 3F4+ 1D2 and the up-conversion emission intensity increases by 

increasing the doping concentration of Tm3+ ions [134]. 

 

     Figure. 5.33 (b) shows the up-converted visible emission spectrum of 

(Na0.5Gd0.5)MoO4:Yb3+(0.05 M)/Ho3+(0.03 M) under 980 nm laser irradiation. The 

green emission peak centered at 541 nm can be assigned to the 5S2→5I8 

transition, and the red emission peak at 660 nm may originate from the 5F5→5I8 

transition. The presence of up-converted green and red emission bands, the 

phosphor (Na0.5Gd0.5)MoO4:Yb3+ (0.05 M)/Ho3+ (0.03 M) exhibit yellowish colour. 

According to energy gap law, vibrational frequency of the host matrix is 5 times 

smaller than that of the gap of an energy state in an activator (Ho3+), and non-

radiative transitions cannot occur [135, 136]. The (Na0.5Gd0.5)MoO4:Yb3+/Ho3+ 

matrix has a phonon vibration frequency of about 798 cm-1 and the energy gap 

between the 5F4/
5S2 to 5F5 levels in Ho3+ is about 3000 cm-1. This shows that three 

or four intrinsic phonons are needed to bridge the gap between 5F4/
5S2→5F5 levels 

and hence non-radiative transitions occur. Due to the aforesaid reason the up-

converted red emission is intense than up-converted green emission in the case of 

(Na0.5Gd0.5)MoO4:Yb3+/Ho3+.   
 

5.4.2. NIR Emission Properties of (Na0.5Gd0.5)MoO4:Yb3+/Er3+ 

     Furthermore, the NIR and IR emission was measured by exciting the sample at 

980 nm and 1.53 µm, respectively. Under 1.53 µm excitation, a broad NIR 
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emission band centered at 977 nm shown in Figure. 5.34 (a) is observed which is 

attributed to the combination of both Er3+ and Yb3+ and the corresponding 

emissions are 4I11/2 4I15/2 (Er3+) and 2F5/22F7/2 (Yb3+), respectively. Also, under 

980 nm laser excitation, a significant inhomogeneous broadening is observed at 

1530 nm which is ascribed to the IR emission from 4I13/2 to 4I15/2 of Er3+ ions. 

 

 

Figure. 5.34: (a) NIR emission spectra of ( em = 977 nm) of Yb3+/Er3+ codoped 

(Na0.5Gd0.5)MoO4, (b) 1.53 m NIR emission spectra of 

(Na0.5Gd0.5)MoO4:(0.05M)Yb3+ / (0.03M)Er3+. 

 

     Figure. 5.34 (b) shows that the luminescence spectra profiles at 1.53 m 

emission could effectively explain that Yb3+ is a good sensitizer to the 

fluorescence of Er3+ in the infrared region. The laser excitation (1.53 µm) 

populates the 4I11/2 (Er3+), 2F5/2 (Yb3+) levels via ground state absorption by the 
4I15/2 (Er3+), 2F7/2 (Yb3+) levels, respectively. The excited 2F5/2 (Yb3+) level promotes 

more energy to the level 4I11/2 (Er3+) via energy transfer and subsequently relaxed 

to the level 2F7/2 (Yb3+). Finally, the populated level 4I11/2 (Er3+) decays radiatively 

to the 4I15/2 (Er3+) ground state directly [5]. As a result, the emission band was 

observed at 977 nm. The spectroscopic feature of Er3+ emission is related with the 

Stark splitting of the energy levels. For the 1.53 m emission the related energy 

levels are 4I13/2 and 4I15/2 [5]. The proposed energy transfer process is given in 

Figure. 1.3 of Chapter - 1. 
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5.4.3. Up-conversion Energy Level Scheme of (Na0.5Gd0.5)MoO4:Yb3+/Ln3+ 

(Ln= Er, Tm, Ho) 

 

Figure. 5.35: The possible up-conversion energy level scheme 

(Na0.5Gd0.5)MoO4:Yb3+/Ln3+ (Ln = Er, Tm, Ho) under 980 nm NIR excitation. 

 

     Several well-known mechanisms such as ground-state absorption (GSA), 

excited-state absorption (ESA), successive energy transfer (ET), photon 

avalanche (PA), and cross-relaxation (CR) processes can be used to analyze the 

up-conversion phenomena involved in 4f levels in lanthanide ions discussed 

below. The electronic energy levels of (Na0.5Gd0.5)MoO4:Yb3+/Ln3+ (Ln = Er, Tm, 

Ho) and the possible up-conversion luminescence mechanism under infrared 

excitation is depicted in Figure. 5.35 which coincides with the results of Huang et 

al [38]. Under 980 nm infrared radiation on (Na0.5Gd0.5)MoO4:Yb3+/Er3+, ytterbium 

ions are first populated from unexcited 2F7/2 level to the excited 2F5/2 level through 

GSA process. Also, the pump light excites some of the Er3+ ions to make the 

transition from ground level 4I15/2 to 4I11/2 excited level. This happens because the 

energy levels of 2F7/2 and 4I15/2 are closer. Second, the populated level of 2F5/2 in 

Yb3+ promotes more energy to excited 4I11/2 level of Er3+ via ET [5]. Further, the 
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4F7/2 level of Er3+ is populated from 4I11/2 of Er3+ through ESA process. 

Immediately, the excited 4F7/2 level of Er3+ non-radiatively decays into 2H11/2 level. 

Some of the Er3+ ions in the level 2H11/2 non-radiatively decay to 4S3/2 level, which 

further relaxes to 4F9/2 levels of Er3+. Finally, the levels 2H11/2, 
4S3/2 radiatively 

transfer their energy to the ground level 4I15/2 by emitting up-converted green light 

photons with wavelength of 527 nm and 550 nm respectively. Also, the radiative 

relaxation occurs from the excited 4F9/2 level to 4I15/2 ground level which results in 

up-converted red emission with weak intensity [5].  

 

     For (Na0.5Gd0.5)MoO4:Yb3+/Tm3+ the pump light excites with 980 nm, first 2F7/2 

ground levels of Yb3+ ions and 3H6 ground levels of Tm3+ ions are elevated to 2F5/2 

level (Yb3+) and 3H5 level (Tm3+), respectively. Then, the populated 2F5/2 levels of 

Yb3+ ions non-resonantly transfer their energy to 3H5 level. The level 3H5 of Tm3+ 

ions non-radiatively depopulates to 3F4 level. The state 3F4 Tm3+ ions also can 

absorb the energy from another Yb3+ ion and can be further excited to 3F2 level. 

The 3F2 level decays to 3F3 level and 3H4 level, respectively. Then 3F3 level 

depopulates to 3H6 ground levels by emitting weak red light. Also, some of the 

Tm3+ ions in the state 3F2 relax to 3H4 state. The 1G4 level of Tm3+ can be 

populated through excited state absorption of 3H4 level of Tm3+ which plays an 

important role in blue emission. Finally, the up-converted blue emission is 

generated from depopulation of 1G4 level to 3H6 levels in Tm3+ ions. The transition 

from 1G4 level to 3F4 generates weak red emission [5].   

 

     In the case of (Na0.5Gd0.5)MoO4:Yb3+/Ho3+, the green and red emissions 

originated due to ground state absorption (GSA) from level 5I8 to 5I6 of Ho3+ ions 

and 2F7/2  to 2F5/2 levels of Yb3+ ions. The level 5I6 (Ho3+) is populated due to 

successive energy transfer from 2F5/2 (Yb3+) and 5I8 (Ho3+), respectively. Further, 

the Ho3+ ions in the level 5I6 are populated to 5S2 level through ESA by another 

photon  as well as energy transfer from 2F5/2 (Yb3+) level. Subsequently, some of 

the Ho3+ ions in the level 5I6 non-radiatively depopulate into the level 5I7. Also, the 

level 5F5 Ho3+ is populated by energy transfer process from the level 5I7 (Ho3+) and 
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2F5/2 (Yb3+), respectively. Finally, the populated 5S2, 
5F5 levels are relaxed in to 5I8 

ground levels of Ho3+ (also the level 5S2 non-radiatively relaxed to 5F5) by 

radiatively emitting up-converted green and red light. From Figure. 5.37, it is 

observed that the up-conversion properties of (Na0.5La0.5)MoO4:Yb3+/Ln3+ are 

similar to that those of (Na0.5Gd0.5)MoO4:Yb3+/Ln3+ and do not show any 

remarkable variation. 

 

 

Figure. 5.36: Decay profile of (a) 525 nm emission in (Na0.5Gd0.5)MoO4:Yb3+/Er3+ 

(b) 474 nm emission in (Na0.5Gd0.5MoO4):Yb3+/Tm3+ (c) 660 nm emission in 

(Na0.5Gd0.5)MoO4:Yb3+/Ho3+, (d) the corresponding CIE chromaticity diagram. 

 

All the luminescence decay curves are fitted well with the single exponential 

function given in equation 3.4. The emission decay curve of 525 nm up-converted 

green emission from Er3+  due to 2H11/2 → 4I15/2 transition in (Na0.5Gd0.5)MoO4:Yb3+ 

/Er3+ under 980 nm excitation is shown in Figure. 5.36 (a). The estimated lifetime 

was determined to be 9.8 µs. The observed decay curves of the major blue 

emission is due to 1G4→3H6 transition at 474 nm in (Na0.5Gd0.5)MoO4:Yb3+ /Tm3+ is 

determined to be 19.4 s and is shown in Figure. 5.36 (b). Figure. 5.36 (c) shows 
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the fluorescence decay curve for 5S2→5I8 transition of holmium ions was found to 

be 21.7 s. 

 

 

Figure. 5.37: NIR-to-visible upconverted emission of (Na0.5La0.5)MoO4 doped with 

(a) Yb3+/Er3+,  (b) Yb3+/Tm3+, (c) Yb3+/Ho3+. 

 

Under 980 nm laser excitation the CIE chromaticity coordinates of the 

(Na0.5Gd0.5)MoO4:Yb3+/Ln3+ (Ln= Er, Tm, Ho) phosphors were calculated based on 

their corresponding up-conversion luminescence spectra which was shown in 

Figure. 5.36 (d). The CIE chromaticity coordinates for Yb3+/Er3+ (a),Yb3+/Tm3+ (b), 

Yb3+ /Tm3+ (c) doped (Na0.5Gd0.5)MoO4 phosphors were found to be (x = 0.178,  

y = 0.766), (x = 0.153, y = 0.145), (x = 0.394, y = 0.510), respectively. These 

coordinates are found to locating the green, blue, and red region of the CIE 

chromaticity diagram, respectively (marked as A, B, C). The novel 

(Na0.5R0.5)MoO4:Ln3+ 3D structures would be a promising material which expands 

its potential in up/down-conversion luminescence applications, optoelectronics, 

low-dimensional physics and materials science, biological technology. 



110 

 

5.5. Conclusion 

 

     In summary, (Na0.5R0.5)MoO4:Ln3+ (R3+ = La, Gd and Ln = Eu, Tb, Dy, Yb/Er, 

Yb/Tm, Yb/Ho) self-assembled micro/nano structures were successfully 

synthesized through the EDTA-assisted hydrothermal method at 200°C for 24 h 

under ambient conditions. The reaction time plays a vital role in the formation of 

self-aggregated almond-shaped and bi-pyramid shaped structures and the size of 

the particles are well controlled by altering the molar concentrations of chelating 

agent EDTA. Highly monodispersed particles with uniform size distribution were 

obtained at 2.0 mM EDTA concentration, and this is clearly indicated in FESEM 

and TEM images. The XRD patterns indicate that the sample (Na0.5R0.5)MoO4:Ln3+ 

belongs to the scheelite-type tetragonal structure. Based on the excitation 

wavelengths, red, green and yellow emissions were obtained for Eu3+, Tb3+, Dy3+ 

doped (Na0.5R0.5)MoO4 3D structures. Under 980 nm NIR laser pumping, the self-

assembled (Na0.5R0.5)MoO4 structures doped with Yb3+/Er3+, Yb3+/Tm3+ and 

Yb3+/Ho3+ exhibits strong green, blue, and yellow up-conversion luminescence, 

respectively. The possible energy transfer mechanism of both down-conversion 

and up-conversion luminescence were discussed in detail. The as-synthesized 

phosphor not only exhibits down- and up-conversion visible luminescence but also 

exhibits the characteristic emission spectra in the near infra-red region. The 

magnetic hysteresis of the almond-shaped (Na0.5La0.5)MoO4:Eu3+ nanostructure 

exhibits a ferromagnetic behavior at room temperature when compared with the 

bulk system. RT magnetic properties of bulk and bi-pyramid-shaped 

(Na0.5Gd0.5)MoO4:Eu3+ microstructures exhibits the paramagnetic behavior. The 

magnetic and luminescence properties of the (Na0.5R0.5)MoO4:Ln3+ suggest the 

potential applications in magnetic tracking of phosphor for biomedical imaging 

applications. 

 

 

 

 

 



111 

 

CHAPTER - 6 

LUMINESCENCE AND MAGNETIC PROPERTIES OF NOVEL 

NANOPARTICLE-SHEATHED 3D MICRO-ARCHITECTURES OF 

Fe0.5R0.5(MoO4)1.5:Ln3+ (R = Gd3+, La3+), (Ln = Eu, Tb, Dy) FOR  

BI-FUNCTIONAL APPLICATION 

 

6.1. INTRODUCTION 

 

     The combination of luminescence and magnetic properties in a single entity 

material based on magnetic iron and lanthanide compounds with peculiar 3D 

surface morphology (micro/nano structures) has inspired intensive research 

worldwide. In recent years, researchers have explored novel materials that can 

exhibit both up/down-conversion luminescence and para/ferromagnetic properties, 

as these are strongly required for fluorescent bioimaging in biophotonics, as 

contrast agents in magnetic resonance (MRI), and in drug delivery, therapeutics, 

optoelectronic, and lumino-magnetic applications [5, 94, 137-139]. By controlling 

the external magnetic fields, phosphor particles can be magnetically directed, 

aligned, tracked, and their luminescence can be visualized under optical 

excitation. This property can be used for sensitive labels for imaging human and 

animal cells, tissues, and other biomedical applications (in vitro and in vivo) [140, 

141]. In addition, selecting a suitable host matrix with peculiar properties is 

important for determining the colour tunable emission properties of the particles, 

as well as their magnetic properties depending on the kind of application in 

question. Mostly, iron-based core-shell micro/nanostructures are used for bi-

functional magnetic and luminescence applications. However, incomplete core 

coating, difficulty in controlling the shell thickness, uncovered shells, non-uniform 

size distribution, and a multi-step synthesis procedure limit their applicability to 

some extent [142-144]. So, it is necessary to develop an alternative novel material 

that exhibits outstanding luminescence and magnetic properties. 

 

     As members of the scheelite family, metal molybdates are ideal candidates, 

and are receiving considerable attention due to their remarkable optical, magnetic, 
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catalytic, sensing, and photocatalytic properties [4, 65, 78, 145, 146]. Iron 

molybdate is reported to be an effective catalyst [147] used in the oxidation of 

methanol to formaldehyde [145]. However, very few studies explain the magnetic 

properties of iron molybdates. For example, Ding et al reported that the magnetic 

properties of the monoclinic and orthorhombic Fe2(MoO4)3 crystal phases in 

complex 3D microspheres have been successfully synthesized using a template-

free hydrothermal method, and exhibit ferromagnetic and antiferromagnetic 

behavior at low temperature [65]. Zhang et al synthesized pancake-like 

Fe2(MoO4)3 microstructures through a rapid microwave-assisted hydrothermal 

method and investigated their magnetic behavior at low temperature [78]. 

Similarly, lanthanide compounds with micro/nano architectures are also being 

extensively studied as good hosts for up/down-conversion luminescence in 

comparison with semiconductor quantum dots [140].  

 

     In order to investigate the magnetic and luminescence properties of a single 

entity, it is worth combining iron molybdates with lanthanide ions using a facile 

hydrothermal method to open a new platform for potential lumino-magnetic 

applications. The existence of non-magnetic elements Gd3+ or La3+ with magnetic 

iron molybdates should either increase or decrease the net magnetic moment 

through exchange interaction. Kachkanov et al reported that, although most of the 

trivalent rare-earth ions exhibit a lack of magnetic moment at room temperature 

[148]. However, an induced magnetic moment has been detected in Eu3+ ions 

doped with non-magnetic GaN [148]. Hughes et al reported that, via an indirect 

exchange interaction, the localized magnetic moments of the rare-earth elements 

were coupled using chemically inert 4f electrons, resulting in a wide magnetism 

range [149]. In this chapter, the synthesis, luminescence and magnetic properties 

of novel nanoparticle sheathed bi-pyramid, and almond-like 

Fe0.5R0.5(MoO4)1.5:Ln3+ (R = Gd3+, La3+), (Ln = Eu, Tb, Dy) 3D microstructures 

discussed in detail.  

 

 



113 

 

6. 2. Experimental Procedure 

6.2.1 Materials and Synthesis Method 

 

Figure. 6.1: Flow chart illustrates the hydrothermal synthesis of 

Fe0.5R0.5(MoO4)1.5:Ln3+. 
 

     All the chemical reagents were procured from Sigma Aldrich and used with 

99.99% purity and no further purification was employed. The novel bi-functional 

candidate Fe0.5R0.5(MoO4)1.5 was synthesized by an EDTA-facilitated hydrothermal 

method under ambient conditions. Initially, a stoichiometric amount of FeCl3.6H2O 

was dissolved in 15 ml of double-distilled water through vigorous stirring. Next, an 

appropriate amount of RCl3.6H2O (R = La3+, Gd3+), LnCl3.6H2O (Ln3+ = Eu, Tb, Dy) 

was separately dissolved in 15 ml of double-distilled water with continuous 

magnetic stirring for 15 min and the two solutions were then mixed. Then, 

Na2MoO4.2H2O was dissolved in 20 ml of double-distilled water and carefully 

mixed with a rare-earth chloride solution. A white colloidal precipitate was 

obtained. Next, a FeCl3 solution was slowly introduced into the above white 

precipitate solution, forming a brown mixture solution. Finally, 1.5 mM of EDTA 

was dissolved in 15 mL of double-distilled water and then added to the brown 

mixture solution. The pH value of the solution was subsequently adjusted (nearly 

7-8) by the addition of NaOH. After additional stirring for 30 min, the resultant 

product was transferred into a 100 ml teflon-lined stainless autoclave. After 
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treating the mixture for 200°C at different reaction time, the autoclave was allowed 

to cool to atmospheric temperature naturally. The product was repeatedly 

collected and centrifuged using double-distilled water and then dried at 80°C in air 

for 2 h. 

 

6.2.2 Characterization  

 

     The phase purity and crystallinity of the products were identified using the 

PANalytical X'Pert PRO Materials Research X-ray diffractometer (Almelo, The 

Netherlands) equipped with Cu-Kα radiation (λ = 0.15406 nm) at a scanning rate 

of 0.02o s-1 in a 2θ range of 20–60o. The morphology of the samples, energy 

dispersive spectroscopy (EDS), and elemental mapping measurements were 

examined using a FESEM (Quanta 3D FEG) operated at an acceleration voltage 

of 15-20 kV. The spacing between the two adjacent lattice planes was measured 

using a high resolution transmission electron microscope (HRTEM JEOL 3010). 

Down-conversion PL emission spectra were recorded at room temperature using 

a Horiba-Jobin Yvon Fluromax-4P bench-top spectrofluorometer (HORIBA 

Instruments, Kyoto, Japan). The RT and LT magnetic properties of the samples 

were analyzed using a (Lake Shore 7307 model) vibrating sample magnetometer 

(VSM). 

 

6.3. Results and Discussion 

6.3.1 Morphology, Formation Mechanism, And Chemical Composition 

Analysis of Fe0.5R0.5(MoO4)1.5:Eu3+ (R = La, Gd) 

 

     To investigate the surface morphology, size distribution, dimensions, and 

formation of the hierarchical nanoparticle-sheathed bi-pyramid-like structures, a 

series of time-dependent experiments were carried out using a simple EDTA 

facilitated hydrothermal method. The resultant products were analyzed using 

FESEM and TEM. By mutating the hydrothermal reaction time with fixed 

temperature (200°C), pH (~7), and molar concentration of the EDTA (1.5 mM), a 

significant variation was observed in the resultant product with novel morphology 
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and size (Figure. 6.2 - 6.6). During the initial period of 1 h, the as-received 

products consisted of numerous 2D nanoflakes or nanosheets with thickness of 

approximately a few tens of nm and length of 2 - 3 m (Figure. 6.2 (a)). After 

hydrothermal treatment for 2 h, the nanosheets were stacked together in a 

common crystallographic facet and formed an irregular morphology (Figure. 6.2 

(b)).  

 

 

Figure. 6.2: FESEM image of the Fe0.5Gd0.5(MoO4)1.5:Eu3+ 3D networks prepared 

with different reaction time, i.e. (a) 1 h, (b) 2h, (c) 3 h, (d) 6 h at 200°C with fixed 

EDTA concentration (1.5 mM). 

 

     When the reaction time was further extended to 3 h, the stacked nanosheets 

were continuously self-organized and interlaced themselves to initiate the 

subsequent growth of a bi-pyramid-like structure (Figure. 6.2 (c)). As the 

hydrothermal reaction time was increased to 6 h and then to 12 h, the as-

synthesized product was composed of bi-pyramid-like microstructures with an 

average diameter of 1.5 m, and length of 2.5 µm (6 h), and then an average 

diameter of 1.75 m, and length of 3.8 m (12 h) (Figure. 6.2 (d) & Figure. 6.3 

(a)). With the further increase of reaction time to 24 h and to 48 h, the final product 

morphology consisted of nanoparticle-sheathed bi-pyramid-like structures with an 



116 

 

average polar axis length (5 - 6 m) greater than the equatorial diameter (2 m) 

(Figure. 6.3 (b, c) & Figure. 6.3 (d)). On the basis of the aforementioned FESEM 

analysis, oriented attachment could be a dominant process in the formation of this 

nanoparticle-sheathed bi-pyramid-like Fe0.5Gd0.5(MoO4)1.5:Eu3+ structure. This 

involves growth from 0D primary particles to 2D nanosheets, followed by the 

formation of 3D hierarchical architectures through an assembly-disassembly 

process.  

 

 

Figure. 6.3: Low and high magnification FESEM image of 

Fe0.5Gd0.5(MoO4)1.5:Eu3+ hierarchical microstructures synthesized at (a) 12 h, (b, c) 

24 h, (d) 48 h reaction time. 

 

     The proposed mechanism for the formation of a nanoparticle-sheathed bi-

pyramid-like Fe0.5Gd0.5(MoO4)1.5:Eu3+ structure can be described as follows. 

Initially, when the EDTA was introduced into the precipitating medium, it effectively 

capped the ions or molecules and was preferentially adsorbed onto certain faces 

to form an intermediate complex [4]. The capping ability of EDTA is a key factor in 

the formation of self-assembled networks and can possibly control the growth of 

the nuclei in certain specific directions [4, 5]. The chelating agent EDTA is a Lewis 
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acid that has four carboxyl groups (–COOH) and two lone pairs of electrons on 

two nitrogen atoms [150], through which the EDTA may shield the metal ions and 

form the intricate Fe3+/Gd3+-EDTA structures. The donor atoms of EDTA 

successfully shield the Fe3+/Gd3+ ions during their interaction. With an increase in 

reaction temperature, Fe3+/Gd3+ ions can be gradually released from the 

intermediate complex, which controls the germination of nuclei and, the growth 

rate, and facilitates the formation of self-assembly [4].  

 

     Initially, tiny crystalline nuclei formed in a supersaturated solution initiate the 

crystallization process for subsequent growth. Here, as regards thermodynamics, 

during the self-assembly process tiny nanocrystals were grown continuously to 

form bigger particles through the Ostwald ripening process at higher reaction time, 

due to interactions between the 0D particles, resulting in 2D nanosheets [151]. 

When the time period was prolonged, these 2D nano particles were fused together 

along a common crystallographic orientation through plane-to-plane coalition of 

adjacent particles. The arrangement of atoms/ions in molecules/crystals can 

induce dipole moments which can be associated with certain specific 

crystallographic orientations [151]. The interaction between dipole moments in 

adjacent nanoparticles is highly probable and serves as a driving force for the 

oriented attachment process by sharing a common crystallographic facet. The 

growth rate in Fe0.5Gd0.5(MoO4)1.5:Eu3+ crystals is oriented preferentially along the 

[001] direction. According to the Donnay-Harker rules, for tetragonal structures, 

the surface free energy of the [001] face is higher than that of the [101] face [39, 

152]. As a result, the faster growth rate in the [100], [010], and [001] faces in 

comparison with that in the [101] direction facilitates the formation of hierarchical 

self-assembly. The formed 2D nanoparticles are constantly self-aggregated via a 

layer-by-layer stacking style to form quasi-bipyramidal bases for the subsequent 

growth of 3D bi-pyramid structures [4]. After the continuous growth and 

development of bi-pyramid particles, some of the mature particles are readily 

disassembled into tiny nanocrystals (size ~ 135 -170 nm) which are finally 

sheathed on individual bi-pyramid like particles. The disassembly of well-



118 

 

organized structures could raise the systemic entropy and thus reduce the free 

energy of the whole system [153] when they are aged for a longer time period. As 

a result, nanoparticles are randomly sheathed on individual bi-pyramid-like 

particles. Similar kinds of nanoparticle-encapsulated rhombic-like structures have 

been synthesized by Li and co-workers [153] as a result of the assembly-

disassembly process. The time-dependent experiments confirm that the 

hierarchical nanoparticle-sheathed bi-pyramid-like structures originated from the 

spontaneous self-aggregation of 2D nanosheets with subsequent disassembly of 

some individual ripened particles.  
 

 

 

Figure. 6.4: (a) EDX spectrum of single bi-pyramid-like Fe0.5Gd0.5(MoO4)1.5:Eu3+ 

particle, (b) EDX spectrum of single nanoparticle-sheathed on a bi-pyramid-like 

particle (inset: EDX taken on marked part of the image). 

      

 

Figure. 6.5: (a) TEM image of bi-pyramid-like Fe0.5Gd0.5(MoO4)1.5:Eu3+ particle 

(inset: FFT pattern), (b) HRTEM image (inset: image taken on marked part). 
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The EDX spectrum shown in Figure. 6.4 (a) confirms the presence of Fe, Gd, Eu, 

Mo, and O in the single bi-pyramid-like particle. Also, Figure. 6.4 (b) shows the 

EDX spectrum of a single nanoparticle-sheathed bi-pyramid-like particle, while the 

inset is the corresponding FESEM image. Figure. 6.5 (a) is the TEM image of the 

sample synthesized over a 24 h time period with fixed EDTA concentration (1.5 

mM) and the corresponding inset shows the Fast Fourier transform (FFT) pattern. 

Figure. 6.5 (b) is the HRTEM image of the as-obtained microstructure, in which 

the spacing between the adjacent lattice planes is found to be 0.3274 nm, 

corresponding to the (200) plane, and the inset is an image taken on a marked 

part. Most previous studies suggested that Eu3+ ions are evenly distributed in the 

crystal structure. This was further confirmed by the EDS mapping analysis 

equipped with FESEM. As a representative result, homogeneous distributions of 

all the elements are mapped for a single particle and are shown in Figure. 6.6. 

The energy loss induced by the K, L shell electron ionization was observed in 

order to map the Fe, Gd, Mo, O, and Eu elements. 
 

 

Figure. 6.6 (a-e) EDS mappings of elements Fe, Gd, Mo, Eu, O present in 

Fe0.5Gd0.5MoO4:Eu3+. (f) FESEM image of an individual nanoparticle-sheathed bi-

pyramid-like structure synthesized at 24 h for 200 °C. 
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     Similar time-dependent experiments were also carried out for 

Fe0.5La0.5(MoO4)1.5:Eu3+  and the final products were analyzed using FESEM and 

TEM. Low and high magnification FESEM images of the Fe0.5La0.5(MoO4)1.5:Eu3+ 

sample synthesized during the 24-h (Figure. 6.7 (a, b)) and 48-h (Figure. 6.7 (c, 

d)) reaction time for 200°C, with fixed EDTA concentration (1.5 mM). Further, 

Figure. 6.8 (a) shows the EDX spectrum confirming the presence of all the 

elements (Fe, La, Mo, O, Eu). The FESEM image of Fe0.5La0.5(MoO4)1.5:Eu3+ 

nanoparticle-sheathed almond-like structures with an average diameter of 2.2 m 

and a length of 4 m, synthesized over a 24 h time period. Figure. 6.8 (b) depicts 

the respective TEM image, and the inset shows the HRTEM image (the distance 

from the adjacent plane is 0.3354 nm) and the FFT pattern. The difference in 

shape and size of the hierarchical structures is due to the differences in the ionic 

radii of the lanthanide ions [154]. Finally, Figure. 6.9 is the schematic 

representation of the formation of the self-assembled Fe0.5R0.5(MoO4)1.5:Eu3+ (R= 

Gd, La) 3D hierarchical networks. 

 

 

Figure. 6.7: Low and high magnification FESEM image of Fe0.5La0.5(MoO4)1.5:Eu3+ 

sample synthesized at (a, b) 24 h, and (c, d) 48 h  reaction time. 
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Figure. 6.8: (a) EDX spectrum of Fe0.5La0.5(MoO4)1.5:Eu3+, (b) TEM image (inset: 

HRTEM image and FFT pattern). 

 

 

Figure. 6.9: Schematic illustration for the formation of self-assembled 

Fe0.5R0.5(MoO4)1.5:Eu3+ (R= Gd, La) 3D hierarchical networks. 

 

6.3.2 Crystal Structure Analysis  

 

     Figure. 6.10 shows the XRD pattern of self-assembled novel 

Fe0.5R0.5(MoO4)1.5:Eu3+ (R = La3+, Gd3+) 3D architectures synthesized at 200°C for 
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24 h. The XRD patterns confirms that both Fe0.5Gd0.5(MoO4)1.5:Eu3+ and 

Fe0.5La0.5(MoO4)1.5:Eu3+ crystallize in the scheelite-type tetragonal crystal structure 

with the space group I41/a. The crystal structures of Fe0.5Gd0.5(MoO4)1.5:Eu3+ and 

Fe0.5La0.5(MoO4)1.5:Eu3+ are identical to the scheelite tetragonal (Na0.5Gd0.5)MoO4 

(card no. 25–0828) and (Na0.5La0.5)MoO4 (card no. 79–2243) structures, 

respectively. All the peak positions in the XRD patterns of both 

Fe0.5Gd0.5(MoO4)1.5:Eu3+ and Fe0.5La0.5(MoO4)1.5:Eu3+ have been indexed and no 

other additional impurity peaks were detected. From Figure. 6.10, it can be 

concluded that high purity crystal phases in which molybdenum atoms (Mo6+) 

occupy the centers of the tetrahedra (body-centered) were successfully 

synthesized. The trivalent Fe3+ and R3+ (R = La, Gd) ions probably occupy the 

dodecahedral sites in the tetrahedral symmetry and are distributed over the same 

iso-structural positions. 

 

 

Figure. 6.10: XRD patterns of Fe0.5Gd0.5(MoO4)1.5:Eu3+ and 

Fe0.5La0.5(MoO4)1.5:Eu3+ hierarchical microstructures synthesized at 24 h using the 

EDTA mediated hydrothermal method for 200°C. 
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6.3.3 Photoluminescence Properties of Fe0.5R0.5(MoO4)1.5:Ln3+ (R = La, Gd), 

(Ln = Eu, Tb, Dy) 

 

     Figure. 6.11 (a) shows the photoluminescence emission spectra of the 

Fe0.5Gd0.5(MoO4)1.5:Ln3+ (Ln = Eu, Tb, Dy) nanoparticle-sheathed bi-pyramid-like 

microstructures. Under 394 nm UV-excitation, the emission spectra of 

Fe0.5Gd0.5(MoO4)1.5:Eu3+ are dominated by hypersensitive red emission (as 

expected for Eu3+) due to the well-known electric dipole transition 5D0→7F2 (614 

nm), which is stronger than the magnetic dipole transition 5D0→7F1 (593 nm). 
 

  

Figure. 6.11: Emission spectra of (a) Fe0.5Gd0.5(MoO4)1.5, (b) Fe0.5La0.5(MoO4)1.5 

doped with Eu3+, Tb3+, Dy3+, respectively. 

 

The other transitions, such as 5D0→7F3, 
5D0→7F4, are comparatively weak (not 

given in the PL graph). The emission spectra of the Tb3+-doped 

Fe0.5Gd0.5(MoO4)1.5 samples (λex = 291 nm) display the characteristic green 

luminescence originating from the transition 5D4→7F5 (at 541 nm), which is 

stronger than the 5D4→7F6 (at 484 nm) transition. For a Dy3+-doped 

Fe0.5Gd0.5(MoO4)1.5 sample, the emission spectra consist of peaks at 481 nm and 

569 nm, which can be assigned to a transition from the excited 4F9/2 to the 6H15/2 

and, 6H13/2 ground levels of the Dy3+ ions, respectively. However, the existence of 
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magnetic iron (Fe3+) in the scheelite-type Fe0.5Gd0.5(MoO4)1.5 structure 

considerably reduces their luminescence, as Fe3+ ions share the dodecahedral 

sites with Gd3+/Ln3+ [141, 155, 156]. Further, the photoluminescence properties of 

Fe0.5La0.5(MoO4)1.5:Ln3+ are similar to that those of Fe0.5Gd0.5(MoO4)1.5:Ln3+ and do 

not show any remarkable variation Figure. 6.11(b). 

 

6.3.4. Magnetic Properties of Fe0.5R0.5(MoO4)1.5:Eu3+ (R = La, Gd) 
      

     Figure. 6.12 (a, b) shows the RT and LT magnetic behavior (M-H) of 

hierarchically self-assembled Fe0.5R0.5(MoO4)1.5:Eu3+ (R = La, Gd) 3D 

microstructures synthesized over a 24-h reaction time. Due to the presence of 

Gd3+ ions, a magnetic hysteresis (M-H) loop was not observed for the 

Fe0.5Gd0.5(MoO4)1.5:Eu3+. The straight line intersecting the origin indicates 

paramagnetic behavior and the saturation magnetization (Ms) value is determined 

as 0.039 emu/gm for RT (15,000 Oe) and 0.74642 emu/gm for LT of 20 K (16,000 

Oe). However, for Fe0.5La0.5(MoO4)1.5:Eu3+, the RT and LT magnetic 

measurements reveal that the sample exhibits a hysteresis loop, which confirms 

the existence of ferromagnetism with significant saturation magnetization. The 

remnant magnetization (Mr) and coercivity (Hc) were found to be Mr = 1.57 E-2 

emu/gm and Hc = 662 Oe at room temperature, and Mr = 4.933 E-2 emu/gm and 

Hc = 464 Oe at 20K.  

 

 

Figure. 6.12: Room temperature and low temperature (20 K) magnetic properties 

of (a) Fe0.5Gd0.5(MoO4)1.5:Eu3+ (b) Fe0.5La0.5(MoO4)1.5:Eu3+. 
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Figure. 6.13: Schematic diagram represents the interaction between magnetic 

Fe3+ ions and the R3+ (R = Gd, La) ions. 

 

Although the R3+ (La, Gd) ions jointly occupy the dodecahedral sites with Fe3+ 

ions, the atomic unit cell volume of R3+ ions plays a distinctive role in determining 

the magnetic properties [149]. As the atomic unit cell volume decreases (from La 

to Gd), the ionic radii decrease due to the well-known lanthanide contraction.[18] 

Firstly, the number of 4f electrons in the R3+ ions (increasing from La to Gd) and 

the direct f-f exchange interactions between neighboring R3+ atoms are 

responsible for setting up the magnetic moments [149]. On the other hand, the 

super exchange interaction between the local fields introduced by the magnetic 

Fe3+ ions and the R3+ (La, Gd) ions in the dodecahedral sites determine the 

magnetism in the Fe0.5R0.5(MoO4)1.5:Eu3+. The Gd3+ ion has orbital angular 

momentum L = 0, due to a partially filled 4f shell [149] and, hence, the spin orbit 

coupling between the partially filled 4f electrons in the Gd3+ and Fe3+ ions are 

weak, which prevents sufficient orbital association (essential for ferromagnetism) 

[93]. Nonetheless, Fe0.5La0.5(MoO4)1.5:Eu3+ possesses ferromagnetic behavior as a 

result of strong coupling between La3+ (having empty 4f electrons) and Fe3+ ions in 

Fe0.5La0.5(MoO4)1.5:Eu3+. Since the magnetic moment of Fe3+ is higher than La3+ 

[157], a strong interaction between them gives rise to ferromagnetism. In 

summary, the sub-lattice of La3+ is ferromagnetically ordered at room temperature 



126 

 

and at low temperature, with magnetic moments aligned parallel with respect to 

the applied field. However, more detailed studies are required to determine the 

magnetic behavior of Fe0.5R0.5(MoO4)1.5:Eu3+ at varying low temperatures. To 

explain further, the morphology and magnetic properties of Fe0.5R0.5(MoO4)1.5:Eu3+ 

(R = La, Gd) were compared with the morphology and magnetic properties of 

Na0.5R0.5(MoO4):Eu3+ (R = La, Gd), and the results are summarized in Table 6.1. 

 

Table 6.1: Comparative investigation of Fe0.5R0.5(MoO4)1.5:Eu3+  (R = La, Gd) with 

(Na0.5R0.5)MoO4:Eu3+ (R = La, Gd) micro/nano structures synthesized at 200°C 

(pH ~7 to 8). 

 

S. No Compound Morphology Magnetism Ref. 

1.  (Na0.5La0.5)MoO4:Eu3+ Almond-shaped Ferro [4] 

2.  (Na0.5Gd0.5)MoO4:Eu3+ Bi-pyramid-shaped Para [5] 

3.  Fe0.5La0.5(MoO4)1.5:Eu3+ 
Nanoparticle sheathed  

almond-like 
Ferro - 

4.  Fe0.5Gd0.5(MoO4)1.5:Eu3+ 
Nanoparticle sheathed  

bi-pyramid like 
Para - 

 

 

6.4 Conclusion 

     In conclusion, a novel and facile EDTA facilitated hydrothermal method was 

employed for the first time to synthesize nanoparticle-sheathed 

Fe0.5Gd0.5(MoO4)1.5:Eu3+ bi-pyramid-like and Fe0.5La0.5(MoO4)1.5:Eu3+ almond-like 

microstructures, respectively. The hydrothermal reaction time plays a crucial role 

for the morphological evolution of self-aggregated 3D hierarchical architectures. A 

plausible mechanism was proposed for the formation of microstructures involving 

the layer-by-layer self-assembly of 2D nanosheets with subsequent disassembly, 

which resembles the typical Ostwald ripening phenomena. Elemental mapping 

analysis warrants the preferential incorporation and uniform distribution of all the 

elements inside the microstructure. Under optical excitation, the as-synthesized 

Fe0.5Gd0.5(MoO4)1.5:Ln3+ (Eu, Tb, Dy) samples show down-conversion 
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luminescence properties. Room temperature and low temperature magnetic 

properties indicated that the Fe0.5Gd0.5(MoO4)1.5:Eu3+ and the 

Fe0.5La0.5(MoO4)1.5:Eu3+ samples could exhibit paramagnetic behavior and 

ferromagnetic properties, respectively. The novel Fe0.5R0.5(MoO4)1.5:Ln3+ micro 

architectures could serve as an excellent material for bi-functional applications. 

The present method may open up a new platform for the design and formulation of 

other inorganic functional materials, with well-controlled size and shape, for 

potential magnetic and luminescence applications. 
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CHAPTER - 7 

 

SYNTHESIS, AND LUMINESCENCE PROPERTIES OF (Na0.5R0.5)MoO4:Ln3+ 

(R3+ = La, Gd), (Ln3+ = Eu, Tb, Dy, Yb/Er) THIN PHOSPHOR FILMS GROWN 

BY PULSED LASER DEPOSITION TECHNIQUE 

  

7.1. Introduction  

The growth of high quality single-phased ceramic thin films with improved 

physical and chemical properties have been received accelerating interest due to 

colossal scientific and technological applications in electronic and optoelectronic 

devices [158-160]. Numerous well-known thin film techniques includes chemical 

bath deposition, sputtering, polymerization method, electro deposition, metal–

organic chemical vapor deposition, molecular beam epitaxy, pulsed laser 

deposition (PLD), are widely used to prepare variety of thin film materials such as 

molybdates [41], tungstates [161], vanadates [162], and fluorides [44], etc. Among 

all, PLD is a versatile technique to fabricate multicomponent thin film materials in 

which raster scanning of high energy pulsed laser ablates the target material and 

produces the plasma plume [163, 164].  

 

Figure. 7.1: Schematic diagram of pulsed laser deposition unit.  
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     The hyperthermal reaction between ablated ions/molecules in the plume with 

the background gas results in scattering, expansion of angular spreading of the 

plume and then the number of eroded species trying to move towards the 

substrates [165]. The mean free path of the ablated plume particles in the 

background gas is strongly depends on the pressure and type of the gas used 

[165]. Then, highly forward directed plasma plume reach the substrates with 

specific kinetic energy which deposits it as a thin film on the substrates and 

distributed over wider areas [165]. Figure. 7.1 explains the schematic working 

diagram of PLD unit along with the laser source. For the growth of complex thin 

film materials, the stoichiometry of the target material is preserved in the thin film 

which is the main advantage of the PLD technique. The PLD is a rapid, most 

simple technique and it has several important features which includes excited 

oxidizing species, instant deposition, high deposition rate, environmentally clean, 

small target size, deposition in inert or high pressure gas, and provides better 

crystalline films, etc [165]. McKittrick et al synthesized Y2O3:Eu3+ thin phosphor 

films deposited using metallorganic chemical vapor deposition (MOCVD) at 600°C 

for 8 h [166]. The results suggesting that the emission intensity of Y2O3:Eu3+ film is 

increases with increasing the post-deposition annealing treatment at 850°C for 24 

h. Li et al fabricated (Sr,Ba)2SiO4:Eu2+ thin phosphor film using magnetron 

sputtering and found that the emission intensity reaches maximum at a post-

deposition annealing to 1000°C [167]. To avoid the aforesaid drawbacks, PLD is 

an alternative technique used for multi-component coating and extremely cutthroat 

in controlling the thickness of the film, despite the intricacy of crystal chemistry in 

comparison to the other film growth methods [165]. 

 

     To obtain good quality thin films with enhanced physical and chemical 

properties, it is necessary to investigate the key factors that were influences the 

film thickness, growth rate and surface morphology and its properties. In general, 

thin film growth per laser pulse depends strongly on the distance between the 

target and substrate, pressure of background gas, type of substrate, deposition 

temperature, size of the laser spot, wavelength and energy density of the laser 
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pulse [165]. Nowadays, laser rastering system attached into PLD technique has 

been used to fabricate a homogeneous and large scale thin film [168]. In the 

application point of view, aforesaid reasons make the PLD technique become 

unique and most suitable for the growth and fabrication of good quality micro/nano 

thin films for complex ceramic materials. Rare-earth activated metal molybdates 

and tungstates with scheelite crystalline phase have gained colossal interest and 

considered as an important class of phosphor material owing to their brilliant 

optical properties, high thermal conductivity, adequate stability in higher 

temperature and vacuum. These properties explain their significance to the 

applications in the area of flat-panel displays [41, 169], electroluminescence 

displays [170], field emission displays [171], solar cell [172], white LEDs, [13] etc. 

In this chapter, synthesis and characterization of single-crystalline nano thin 

phosphor films of (Na0.5R0.5)MoO4:Ln3+ (R3+ = La, Gd), (Ln3+ = Eu, Tb, Dy, Yb/Er) 

have been fabricated on the quartz substrates by pulsed laser deposition (PLD) 

technique.  

 

 

Figure. 7.2: Photograph of various experimental procedures demonstrated  

(a) pelletized ceramic target, (b) annealed target, (c) substrate cleaning, (d) 

loading of target, (e) substrates loading, (f) removal of impurities in UHV chamber 

(glow discharge), (g) laser ablation, (h) ablated target, (i) as-deposited thin films. 
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7.2. Experimental Details 

 

     The Na0.5R0.5(MoO4):Ln3+ (R = La, Gd and Ln = Eu, Tb, Dy, Yb/Er) nano thin 

phosphor films were successfully deposited onto the quartz substrates by using 

the PLD technique at a substrate temperature of 600°C with an ambient oxygen 

partial pressure of 300 m Torr. Figure. 7.2 (a-i) shows the photographs of various 

experimental steps involved for the growth of thin films and are described as 

follows. 

 

7.2.1. Target Preparation 

 

     In order to prepare robust and highly dense ceramic target for laser ablation, 

stoichiometric amounts of starting materials such as Na2CO3, La2O3, MoO3, and 

Ln2O3 (Ln = Eu, Tb, Dy, Yb, Er) were grounded in an agate mortar pestle for 2 h. 

The doping concentrations of Ln3+ were optimized and discussed in the  

Chapter - 4 and kept at constant (0.08 M) for all the Ln3+ ions. Then the powder 

mixture was pressed and pelletized into a disk at a pressure of 6 tons without 

using any binders. To remove the volatile impurities, avoid pores and cracks, 

promote densification, and to facilitate atomic diffusion throughout the target [167], 

the as-prepared pellet was annealed at 900°C for 3 h. The strong and dense 

pellets with 2.2 cm diameter and 0.4 cm thickness are obtained and used as a 

target for laser ablation. 

 

7.2.2. Pre-deposition Cleaning of Substrates 

 

     The thin films were grown on 1 cm x 1cm quartz substrates (with 0.7 mm 

thickness) that were cut from the same quartz wafer. Prior to the deposition, each 

piece of substrates was chemically cleaned using the piranha cleaning procedure 

[173, 174]. The pre-deposition cleaning of substrates is as follows. 

 

(i) First, all the substrates were immersed into a piranha solution 

(H2SO4:H2O2=3:1 ratio) at 80-90 °C for 30 minutes. After cooled to the 
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room temperature, the substrates were then rinsed in double distilled (DD) 

water.  

(ii)  Followed by dipping in HF:H2O (1:50 ratio) mixture solution for 30 sec at 

room  temperature and rinsed with DD water. 

(iii)  Finally, dipping in H2O:HCl:H2O2 (6:1:1) mixture solution at 80-90 °C for 30 

minutes and rinsed with DD water and then dried. 

 

7.2.3. Growth of Na0.5R0.5(MoO4):Ln3+ (Ln = Eu, Tb, Dy, Yb/Er) Nano Thin 

Phosphor Films 

 

     The (Na0.5La0.5)MoO4:Ln3+ nano thin films were fabricated on to the quartz 

substrates and the deposition was carried out in an ultra-high vacuum (UHV) unit 

along with Nd-YAG laser fundamental (λ = 1064 nm) was used during the ablation 

process. After cleaning the substrates by aforesaid piranha cleaning procedure, 

the substrates and target were mounted on the respective holders using a silver 

paste (to ensure good contact) into the UHV chamber. In order to clean the 

vacuum chamber prior to the deposition, high plasma current (DC current) has 

been applied to remove the unwanted impurities by glow discharge. Subsequently, 

to create UHV, the chamber was primarily evacuated to a pressure of 5 x 10-6 

mbar. Next, the chamber was backfilled with ambient oxygen (99.99%) partial 

pressure of 300 mTorr. Further, to achieve high quality thin films, the substrates 

(attached with substrate holder) were thermally annealed and maintained at a 

temperature of 300 to 600°C. In order to ensure the uniformity of ablation and 

plasma plume, the target material was connected to a rotating head so as to 

enable homogeneous laser ablation on the surface of the target. The distance 

between the quartz substrate and ceramic target were kept at 45 mm space. The 

target was ablated using the laser output approximately 200 mJ/pulse operated at 

a repetition rate of 10 Hz with the pulse duration of 6 ns. The ablated species 

interact with background gas and directed forwardly towards the quartz 

substrates.  After the deposition of thin phosphor films, the UHV chamber was 

allowed to cool down to room temperature. Similar kind of experimental procedure 
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was repeated for (Na0.5Gd0.5)MoO4 sample doped with Eu3+, Tb3+, Dy3+ and 

Yb3+/Er3+ respectively by keeping all the parameters constant. 

 

7.2.4. Characterization 

 

     The Philips X’Pert PRO unit from PANalytical’s diffractometer were used to 

record the XRD patterns and performed with Cu Kα radiation (λ = 0.15406 nm), 

scanning rate of 0.05° s−1. The elemental analysis and the surface morphology of 

the as-deposited thin films were inspected using scanning electron microscope 

(SEM JEOL JSM-840). The surface topography of the thin phosphor films was 

examined using atomic force microscopy (NTEGRA PRIMA-NTMDT, Ireland). 

Down-conversion luminescence properties and fluorescence decay time of the 

thin phosphor films were investigated using Agilent Cary Eclipse 

spectrophotometer (G9800AA) operated with a 150 W Xenon lamp as the 

excitation source. Up-conversion luminescence and the corresponding lifetime 

values (980 nm laser excitation from an optical parametric oscillator) are analyzed 

using a combination of a 0.25 m monochromator (CS-260; Oriel, Rochester, NY), 

photomultiplier tube (70680; Oriel, Stratford, CT), lock-in amplifier, and 

oscilloscope. 

 

7.3. Results and Discussion 

7.3.1 X-ray Diffraction Analysis of (Na0.5R0.5)MoO4:Ln3+ Thin Phosphor Films 

 

     The phase purity and crystalline nature of the (Na0.5R0.5)MoO4:Ln3+ (R = La, Gd 

and Ln = Eu3+, Tb3+, Dy3+, Yb3+/Er3+) thin phosphor films were analyzed using X-

ray diffraction patterns (XRD) that were shown in Figure. 7.3 (a, b).  The XRD 

patterns elucidates that the as-prepared thin films were crystallizes in the scheelite 

crystal structure (space group I41/a). Kuzmicheva et al reported that, since the 

ionic radius of lanthanum (rLa = 1.17 Å) is higher than gadolinium (rGd = 1.05 Å), 

the lattice parameters were increased for NLM than NGM, which results in the size 

of the dodecahedral site increases [45, 70]. Hence, the dodecahedral site in NLM 
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is distorted in higher degree rather than NGM [45, 70]. The indexed peaks in the 

XRD patterns are consistent with the Joint Committee on Powder Diffraction 

Standards (JCPDS) and matches well with 79-2243 and 25–0828 of scheelite 

tetragonal (Na0.5La0.5)MoO4 and (Na0.5Gd0.5)MoO4, respectively. No other impurity 

peaks were detected in the XRD pattern, vindicating good quality thin films were 

successfully synthesized and exhibits single-phased nature. The doping of Ln3+ 

(Eu, Tb, Dy, Yb/Er) successfully replaces the R3+ (La, Gd) and does not alter the 

crystal structure of the host. The Figure. 7.4 (a-f) shows the EDX spectra which 

confirms the existence of respective elements in Ln3+ doped (Na0.5R0.5)MoO4 thin 

film samples. 

 

 

Figure. 7.3: XRD patterns of pulsed laser deposited (a) (Na0.5La0.5)MoO4,  

(b) (Na0.5Gd0.5)MoO4 doped with Ln3+ (Ln = Eu, Tb, Dy, Yb/Er) thin phosphor films, 

respectively. 
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Figure. 7.4: EDX spectra of (Na0.5La0.5)MoO4 doped with (a) Eu3+, (b) Tb3+,  

(c) Dy3+, and (Na0.5Gd0.5)MoO4 doped with (d) Eu3+, (e) Tb3+, (f) Dy3+ thin films, 

respectively. 

 

7.3.2 Morphological Investigation of (Na0.5R0.5)MoO4:Ln3+ Thin Phosphor 

Films 

    

     As a representative result, Figure. 7.5 (a, b) shows the high magnification SEM 

image of the (Na0.5La0.5)MoO4:Eu3+, (Na0.5Gd0.5)MoO4:Eu3+
 thin phosphor films, 
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respectively grown at 600°C with 300 mTorr. The as-deposited phosphor films 

consist of homogeneous, highly ordered circular grains with well-defined 

boundaries with an average grain size vary approximately between 225 nm to 250 

nm.  

 

Figure. 7.5: SEM image of the as-deposited (a) (Na0.5La0.5)MoO4:Eu3+,  

(b) (Na0.5Gd0.5)MoO4:Eu3+thin films. (c, d) the corresponding vertical cross-

sectional images. 

 

Figure. 7.5 (c, d) shows the cross-sectional view of the SEM images, suggesting 

that the average thickness of the thin phosphor films were found to be nearly 275 

nm for (Na0.5La0.5)MoO4 and 250 nm for (Na0.5Gd0.5)MoO4, covering the entire 

surface area of the substrate. Using AFM technique the surface topography, 

roughness and line profile of the as-grown thin phosphor films were investigated. 

Figure. 7.6 (a, b) shows the 3D AFM images of Eu3+ doped (Na0.5La0.5)MoO4 and 

(Na0.5Gd0.5)MoO4 thin films, respectively and the scan was performed on 4x4 µm2 

area. From the AFM images, it is observed that the as-deposited thin films 

appeared to be of smooth surface and the particles are homogeneously 

distributed, less agglomerative. At 300 mTorr, the average roughness of the as-

grown thin films were measured to be 25.85 nm for (Na0.5La0.5)MoO4:Eu3+ and 

26.41 nm for (Na0.5Gd0.5)MoO4:Eu3+.  
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Figure. 7.6: Representative 3D surface topography of Eu3+ doped  

(a) (Na0.5La0.5)MoO4, (b) (Na0.5Gd0.5)MoO4 thin films, respectively. 

 

7.3.3. Down-conversion Luminescence Properties of Laser Ablated 

(Na0.5R0.5)MoO4:Ln3+ (R = La3+, Gd3+ and Ln = Eu3+, Tb3+, Dy3+) Thin Phosphor 

Films 

 

     The photoluminescence excitation spectra of Ln3+ doped NLM and NGM 

phosphors have been well investigated and reported in the previous chapters 

(Chapters - 4, 5). Practically, the thin film with lower crystallinity gives weak 

luminescence intensity. In order to improve the crystalline nature of the samples, 

the phosphor films were synthesized at different substrate temperature (300°C to 

600°C) with fixed oxygen pressure (300 mTorr).  

 

Figure. 7.7: Emission intensity of (Na0.5La0.5)MoO4:Eu3+ as a function of different 

substrate temperature. 
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Figure. 7.8: XRD patterns of (Na0.5La0.5)MoO4:Eu3+ thin films deposited at 

different substrate temperature. 

 

From Figure. 7.7, it is observed that the substrate temperature increases from 

300°C to 600°C, the luminescence intensity of (Na0.5La0.5)MoO4:Eu3+ thin film is 

also increased due to improved crystalline nature of the thin films.  

 

 

Figure. 7.9: Down-conversion luminescence spectra of (Na0.5La0.5)MoO4 doped 

with (a) Eu3+, (b) Tb3+, (c) Dy3+ thin phosphor films, respectively deposited at 

600°C with 300 mTorr pressure. 
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The XRD patterns of (Na0.5La0.5)MoO4:Eu3+ thin films shown in Figure. 7.8 

supports improved crystalline nature of films when the deposition temperature is 

increases to 600°C which play a crucial role in increasing the luminescence 

properties. Figure. 7.9 (a) shows the photoluminescence emission spectra of 

(Na0.5La0.5)MoO4:Eu3+ thin film excited at 394 nm UV irradiation. It is well-known 

that, Eu3+ has the 4f6 electronic configuration with 7F0 ground state in which the 

major emission lines are originated from populated 5D0 level to 7FJ ground levels 

(J = 0, 1, 2, 3, 4) and the major lines are 5D0→7F1 (due to magnetic dipole 

transition), 5D0→7F2 (due to electric dipole transition) [2, 5, 175]. Upon excitation, 

the PL emission spectra of (Na0.5La0.5)MoO4:Eu3+ consists of four peaks noticed at 

588 nm, 614 nm, 651 nm and 698 nm are attributed to the transitions of 5D0→7F1, 
5D0→7F2, 

5D0→7F3, 
5D0→7F4, Eu3+ ion, respectively. Among all the emission 

peaks, the electric dipole transition 5D0→7F2 is hypersensitive and much stronger 

than the other peaks which are necessary to improve the color purity of the red 

phosphor.  
 

 

Figure. 7.10: Down-conversion PL graph of (a) Eu3+ (b) Tb3+, (c) Dy3+ doped 

(Na0.5Gd0.5)MoO4 thin films deposited at 600°C with 300 mTorr pressure. 
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According to the selection rule, narrow peak observed at 614 nm corresponding to 

the transition 5D0→7F2 is due to the shielding effect of 4f electrons by 5s and 5p 

electrons in the outermost shells of Eu3+ [176, 177]. The transition 5D0→7F1 

(orange light) or the transition 5D0→7F2 (red light) strongly relies on the local 

symmetry of Eu3+ ions; i.e., when the Eu3+ ions occupy the inversion center sites, 

the transition 5D0→7F1 should be predominant, and when the Eu3+ ions occupy the 

lower symmetry sites, the transition 5D0→7F2 should be predominant [2, 178]. In 

the case of (Na0.5La0.5)MoO4:Eu3+ scheelite tetragonal structure, the dominance of 
5D0→7F2 transition vindicates that Eu3+ ions were located at sites without inversion 

symmetry (C3v symmetry). The ratio of integrated emission intensities of the two 

transitions 5D0→7F1 and 5D0→7F2 is called as the asymmetry ratio which 

determines the degree of distortion from the inversion symmetry of Eu3+ ions [179]. 

The R/O ratio values calculated for NLM, NGM are found to be 4.89, 4.81, 

respectively, showing that the hypersensitive electric dipole transition dominates 

with magnetic dipole transition. 

 

     The Tb3+ ion has the electronic configuration 4f8 with 7F6 ground state. Under 

294 nm ultraviolet excitation, Tb3+ doped samples show the characteristic 

transitions from populated 5D4 level to 7FJ ground levels (J = 6, 5, 4, 3). Figure. 7.9 

(b) shows the PL emission spectra of Tb3+ doped (Na0.5La0.5)MoO4 thin phosphor 

films, exhibits four emission bands observed at 489 nm, 543 nm, 587 nm, and 621 

nm and are assigned for the transitions 5D4→7F6, 
5D4→7F5, 

5D4→7F4,
 5D4→7F3 of 

Tb3+ ions, respectively [4, 5, 178]. Generally, the luminescence intensity of the 

transition 5D4→7F5 is much higher than the other transitions. The intensity and 

peak position of 5D4→7F5 transition, strongly influenced by the symmetry at the 

metal ion site and nature of bonding with coordinating ligand [180]. The green 

emission peak is instigated due to characteristic 4f electrons of Tb3+ ions centered 

at 543 nm which corresponds to magnetic dipole allowed transition 5D4→7F5 which 

is unaffected by the site symmetry of Tb3+ ion. The hypersensitive and most 

intense 5D4→7F5 transition satisfies the selection rule ΔJ = 1 and much stronger 

than other transition with ΔJ = 3, 4, 6 (electric dipole transitions) [9]. 
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     The Dy3+ ion has also chosen as an activator which has the electronic 

configuration of 4f9 with 6H15/2 ground state. In general, the blue emission is 

originated from the transition 4F9/2→6H15/2. Whereas the yellow emission is 

originated from the hypersensitive transition 4F9/2 →6H13/2 belongs to a forced 

electric dipole transition allowed only Dy3+ ions occupy non-inversion symmetry 

[116]. The transition 4F9/2 →6H13/2 can be influenced by the surrounding chemical 

environment of Dy3+ ions [4, 5]. But, the intensity ratio between the blue band and 

yellow band varies with respect to the hosts. Becerro et al reported that for Dy3+ 

doped GdPO4 the transition 4F9/2→ 6H15/2 was predominant when compared with 
4F9/2→ 6H13/2 [181]. But in the case of molybdates, it is reported that the intensity of 

yellow band originated due to 4F9/2→ 6H13/2 transition is high when compared with 

the blue band due to the transition 4F9/2→ 6H15/2 [4, 5]. Figure. 7.9 (c) shows the 

emission spectra of Dy3+ doped (Na0.5La0.5)MoO4 thin phosphor films excited at 

390 nm and the corresponding emission is originated due to the transition from the 

populated 4F9/2 levels to the 6HJ (J= 15/2, 13/2) ground levels of Dy3+ ions, 

respectively [4, 5]. The integral intensity of the blue band observed at 482 nm is 

higher than that of the yellow band (hypersensitive to the chemical environment) 

noticed at 569 nm which figure out the information on the site occupancy of Dy3+ 

in the scheelite tetragonal (Na0.5R0.5)MoO4 crystal structure. Further, Figure. 7.10 

(a-c) shows the photoluminescence properties of Ln3+ doped (Na0.5Gd0.5)MoO4 

thin film samples were investigated. The down-conversion luminescence 

properties of Ln3+ doped (Na0.5Gd0.5)MoO4 are similar to that those of 

(Na0.5La0.5)MoO4:Ln3+
 and does not show any remarkable variation with respect to 

peak position. However, the luminescent intensities Ln3+ doped NLM are slightly 

higher than that of NGM. Kuzmicheva et al explained that, due to difference in 

ionic radius (rLa>rGd) the degree of dodecahedral distortion in NLM higher than 

NGM and [2, 173]. Such a distorted dodecahedron influences the homogeneity of 

the crystal field around the optically active ions, inducing a slight improvement in 

the emission intensity of NLM than NGM [2, 173]. 
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7.3.4. Up-conversion Luminescence Properties of Pulsed Laser Ablated 

(Na0.5R0.5)MoO4:Yb3+/Er3+ (R = La3+, Gd3+) Thin Phosphor Films 

 

     Figure. 7.11 (a) illustrates the up-conversion luminescence spectra of pulsed 

laser deposited (Na0.5R0.5)MoO4:Yb/Er thin phosphor films. The presence of 

intense up-converted emission lines in the green region accompanied with weak 

emission in the red region which are mainly originated due to the transitions of 

Er3+ ion. Under 980 nm laser excitation, the emission spectra consists of three 

characteristic up-converted lines observed in the visible region at 524 nm, 550 nm, 

653 nm which are assigned for the transitions 2H11/2→4I15/2, 
4S3/2→4I15/2, and 

4F9/2→4I15/2, respectively implies a strong ground state absorption of Er3+ ion.  

 

 

Figure. 7.11: (a) Up-conversion luminescence spectra of Yb3+/Er3+ doped 

(Na0.5R0.5)MoO4, (b, c) Luminescence decay profile of 2H11/2→4I15/2 transition in 

Yb3+/Er3+ doped  NLM and NGM, respectively, (d) their corresponding CIE 

diagram. 
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The emission spectra are ruled by an intense up-converted green emission 

noticed at 524 nm due to the transition from the populated 2H11/2 levels to 4I15/2 

ground levels of Er3+ ion. The hypersensitive transition 2H11/2→4I15/2 is much 

stronger than the other transitions. Under 980 nm infrared laser excitation on 

Yb/Er doped (Na0.5R0.5)MoO4 thin films, Yb3+ ions are initially excited from 2F7/2 

level to the 2F5/2 level via well-known ground state absorption process [5]. Also, the 

laser excitation populates the electrons from the 4I15/2 ground level to the 4I11/2 

level of Er3+ ions. Then, the excited 2F5/2 level of ytterbium ions promotes more 

energy to the populated 4I11/2 level of Er3+ through the energy transfer process [5]. 

Consequently, the 4F7/2 level of Er3+ is excited from 4I11/2 of Er3+ through the 

excited state absorption process and then relaxed non-radiatively into the 2H11/2 

level. Next, 2H11/2 and 4S3/2 levels in Er3+ ion are partly decays non-radiatively into 
4S3/2 and 4F9/2 levels, respectively. At last, 2H11/2, 

4S3/2 and 4F9/2 levels radiatively 

depopulated in the 4I15/2 ground level by emitting intense up-converted visible light 

photons with a wavelength of 524 nm, 550 nm, and 653 nm, respectively. The 

integrated up-conversion emission intensity ratio of the transitions 2H11/2→4I15/2 

(green) to 4S3/2→4I15/2 (red) for (Na0.5La0.5)MoO4:Yb/Er is found to be 3.453 

whereas (Na0.5Gd0.5)MoO4:Yb/Er is determined to be 3.421. The up-conversion 

luminescence mechanism explains that the energy is successfully transferred from 

the Yb3+ (sensitizer) to the Er3+ (activator). In the case of Yb/Er doped NLM and 

NGM, shape and position of the peaks are almost similar and does not show any 

remarkable variation in the up-conversion luminescence spectra. Hence, the Yb/Er 

ions doped samples shows their strong up-conversion luminescence irrespective 

of the NLM, NGM crystal structures. 

 

7.3.5. Decay-time and Color Coordinates Measurements 

 

     The luminescence decay curves of Ln3+ doped (Na0.5R0.5)MoO4 were fitted well 

with the single exponential function given in equation (3.4.). Figure. 7.11 (b, c) 

shows the decay time profile for the transition 2H11/2→4I15/2 in Yb3+/Er3+ doped 

(Na0.5R0.5)MoO4 thin films and the values are determined to be 8.5 µs (for R = La) 
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and 8.1 µs (for R = Gd). The color chromaticity coordinates are estimated using 

the commission of Internationale del’Eclairage (CIE) 1931 color matching 

functions. Under 980 nm NIR excitation, the color chromaticity coordinates of 

Yb3+/Er3+ doped (Na0.5La0.5)MoO4, and (Na0.5Gd0.5)MoO4 were calculated and 

found to be x = 0.184 , y = 0.779  and x = 0.183 , y = 0.776, respectively and the 

corresponding CIE diagram is shown in Figure. 7.11 (d). Further, the photometric 

properties of the as-synthesized thin films such as color rendering index, color 

correlated temperature, and luminous efficacy of radiation were calculated and 

provided in Table 7.1. The presence of strong up/down-conversion luminescent 

intensity indicates the good crystalline nature of nano sized phosphor films. The 

novel (Na0.5R0.5)MoO4:Ln3+ nano thin phosphor films could serve as an excellent 

material for electroluminescence devices, flat-panel display applications and other 

opto-electronic applications. 

 

Table 7.1: Photometric characteristics of (Na0.5R0.5)MoO4:Ln3+ thin phosphor films. 

 
Thin Phosphor 

film 
 

Doping 
ion 

(Ln
3+

) 

CCT 
(K) 

CRI 

Colour 
coordinates LER 

(lm W
−1

) 

τ 
 

Value x y 

(Na0.5La0.5)MoO4:Ln3+ 

Eu3+ 1046 50 0.648 0.351 286 0.423 (ms) 

Tb3+ N/A 9 0.298 0.622 312 0.419  (ms) 

Dy3+ 4198 19 0.387 0.433 421 0.177 (ms) 

Yb3+/Er3+ N/A 22 0.184   0.779 448 8.5 (µs) 

(Na0.5Gd0.5)MoO4:Ln3+ 

Eu3+ 1053 47 0.645 0.352 281 0.424 (ms) 

Tb3+ N/A 8 0.297 0.624 300 0.417 (ms) 

Dy3+ 4012 17 0.386 0.429 407 0.172 (ms) 

Yb3+/Er3+ N/A 21 0.183   0.776 445 8.1 (µs) 
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7.4 Conclusion  

     

     In summary, nano-sized single-phased (Na0.5R0.5)MoO4:Ln3+ (R3+ = La, Gd), 

(Ln3+ = Eu, Tb, Dy, Yb/Er) ceramic thin phosphor films were deposited on quartz 

substrates by pulsed laser deposition technique using Nd-YAG laser source in an 

ultra-high vacuum. The clear demonstrations of the various experimental steps 

involving the growth of thin film have been discussed. The XRD analysis reveals 

that the as-deposited (Na0.5R0.5)MoO4:Ln3+
 films possess scheelite tetragonal 

crystal structure in which molybdenum ions are located in the centers of the 

tetrahedra and R3+/Ln3+ atoms occupy the dodecahedral positions in the 

tetrahedral symmetry. The presents of all the elements in Ln3+ doped 

(Na0.5R0.5)MoO4 thin phosphor films were confirmed by EDX analysis. The 3D 

surface topography, grain size distribution, and roughness values are investigated 

by AFM technique. The SEM image clearly depicts that the average thickness of 

the thin films was determined to be 275 nm. The down-conversion 

photoluminescence properties of the thin phosphor film were investigated in detail. 

Under optical excitation, Eu3+, Tb3+ and Dy3+ doped samples show their 

characteristic luminescence in red, green, yellow region due to the transitions 
5D0→7F2, 

5D4→7F5, 
4F9/2→ 6H13/2, respectively. Upon 980 nm NIR laser pumping, 

Yb3+/Er3+ doped (Na0.5R0.5)MoO4 thin films exhibits strong green due to the 

hypersensitive transition 2H11/2→4I15/2 noticed at 524 nm. The CIE color 

chromaticity coordinates, fluorescence decay time and other photometric 

parameters of Ln3+ doped (Na0.5R0.5)MoO4 thin films were estimated. The current 

results suggest that the deposition of high quality single-phased phosphor thin 

films could serve as an excellent material for electro/cathodo-luminescence 

devices, display applications and other solid-state lighting appliances. 
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CHAPTER - 8 

SUMMARY AND CONCLUSION  

 

The objective of the research presented in this thesis was to synthesize and 

characterize lanthanide ions doped molybdate based phosphors with 3D 

micro/nano structures using feasible techniques to improve the luminescence 

properties for various practical applications. The major conclusion of the present 

study is summarized as follows. 

 

     The luminescent ceramic red phosphors (Na0.5R0.5)MoO4:Eu3+ (R = La, Gd) 

were successfully synthesized via solid-state reaction method for the first time. 

Upon 395 nm UV excitation, the phosphor (Na0.5R0.5)MoO4:Eu3+ show bright red 

emission observed at 615 nm due to the hypersensitive 5D0→7F2 transition of 

Eu3+. The luminescence intensity enhances with an increase of Eu3+ concentration 

up to 0.08 moles and reduces with a further increase of Eu3+ concentration. The 

presence of strong absorption bands are well agreed with near-UV and blue LED 

chips and can be used as red phosphor for WLED applications. The CIE color 

coordinate values are found to be much closer to the NTSC standard values. The 

energy transfer process and photometric parameters such as colour coordinates, 

CCT, CRI, luminous efficacy of radiation, and fluorescence decay time were 

determined. The estimated luminous efficacy of radiation of (Na0.5R0.5)MoO4:Eu3+ 

phosphors are nearly 1.5 times high when compared to commercially available 

sulfide based red-emitting phosphors. Finally, the photometric characteristics of 

the phosphor imply that the as-synthesized red emitting phosphor may serve as 

an excellent matrix for luminescence applications particularly in phosphor 

converted white LEDs, solid-state lighting applications.  

 

     A facile EDTA facilitated hydrothermal method was employed for the synthesis 

of self-assembled almond-shaped (Na0.5R0.5)MoO4:Eu3+ and bi-pyramid-shaped 

(Na0.5R0.5)MoO4:Eu3+ 3D architectures under ambient conditions. The reaction 

time plays a vital role in the formation of self-aggregated almond and  
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bi-pyramid-shaped structures and the size of the particles are well controlled by 

altering the molar concentrations of chelating agent EDTA. The sequestering 

agent EDTA acts as quadridentate ligand coordinated with metal ions [Na+, 

R3+/Ln3+] facilitating the formation of self-organized 3D networks. Highly 

monodispersed nanoparticles with uniform size distribution were obtained at  

2.0 mM EDTA concentration, and this is clearly discussed using FESEM and TEM 

analysis. Elemental mapping analysis warrants the preferential incorporation of all 

the elements inside the hierarchically self-assembled micro/nanostructure. The 

XRD pattern indicates that the sample (Na0.5R0.5)MoO4:Ln3+ belongs to the 

scheelite-type tetragonal structure with space group I41/a in which Mo6+ occupies 

the center of tetrahedral symmetry and Na+ and Gd3+/Ln3+ are distributed in the 

dodecahedral sites of the tetrahedral symmetry.  

 

     Photoluminescence spectra clearly depict a spectral blue shift is observed for 

nanocrystalline (Na0.5La0.5)MoO4:Eu3+ samples in comparison with the bulk 

counter-part for the hyper-sensitive red emission yielding the transition 5D0→7F2 at 

615 nm. The down-conversion luminescence properties suggesting that, based on 

the excitation wavelengths, multiple (red, green and yellow) emissions were 

obtained by changing the lanthanide ions in (Na0.5R0.5)MoO4 (R = La, Gd). Under 

980 nm NIR laser pumping, the self-assembled 3D structures of (Na0.5R0.5)MoO4 

(R = La, Gd) doped with Yb3+/Er3+, Yb3+/Tm3+ and Yb3+/Ho3+ exhibits strong green, 

blue, and yellow up-conversion luminescence, respectively. The possible energy 

tranfer mechanism of both down-conversion and up-conversion luminescence 

were discussed in detail. The up-conversion mechanism suggested that, the 

energy is effectively transferred from sensitizer (Yb3+) to the activator (Er, Tm, Ho) 

through multiphoton process. The as-synthesized phosphor not only exhibits 

down- and up-conversion visible luminescence but also exhibits the characteristic 

emission spectra in the near infra red region. The magnetic hysteresis of the 

almond-shaped nanostructure exhibits a ferromagnetic behavior at room 

temperature when compared with the bulk system. The magnetic and 

luminescence properties of the almond-shaped (Na0.5La0.5)MoO4:Eu3+ 
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nanostructures imply potential applications in the biological and biomedical 

imaging. RT magnetic properties of the bi-pyramid-shaped (Na0.5Gd0.5)MoO4:Eu3+ 

phosphor clearly displays the paramagnetic behavior finds the potential 

applications in magnetic tracking of phosphor for biological applications. The 

above results suggesting that the self-aggregated (Na0.5R0.5)MoO4:Ln3+ 

micro/nanostructures can serve as excellent luminescence markers which being 

controlled by external magnetic field for biological applications. 

 

     A novel nanoparticle sheathed bi-pyramid and almond-shaped 

Fe0.5R0.5(MoO4)1.5:Ln3+ (R = Gd3+, La3+), (Ln = Eu, Tb, Dy) 3D hierarchical 

microstructures through a simple disodium ethylenediaminetetraacetic acid 

(Na2EDTA) facilitated hydrothermal method. A plausible mechanism was 

proposed for the formation of microstructures involving the layer-by-layer self-

assembly of 2D nanosheets with subsequent disassembly, which resembles the 

typical Ostwald ripening phenomena. Under optical excitation, the as-synthesized 

Fe0.5Gd0.5(MoO4)1.5:Ln3+ (Eu, Tb, Dy) samples show down-conversion 

luminescence properties. Room temperature and low temperature magnetic 

properties indicated that the Fe0.5Gd0.5(MoO4)1.5:Eu3+ and the 

Fe0.5La0.5(MoO4)1.5:Eu3+ samples could exhibit paramagnetic behavior and 

ferromagnetic properties, respectively. The novel Fe0.5R0.5(MoO4)1.5:Ln3+ micro 

architectures could serve as an excellent material for lumino-magnetic 

applications. 

 

     Nano-sized single-phased (Na0.5R0.5)MoO4:Ln3+ (R3+ = La, Gd), (Ln3+ = Eu, Tb, 

Dy, Yb/Er) ceramic thin phosphor films deposited on quartz substrates by pulsed 

laser deposition technique using Nd-YAG laser source. The deposition was 

carried out using an Nd-YAG laser (λ = 1064 nm) in an ultra-high vacuum (UHV) 

with an oxygen back pressure of 300 mTorr at different substrate temperature. 

The clear demonstrations of the various experimental steps involving the growth of 

thin film have been discussed. The 3D surface topography, grain size distribution, 

roughness and rms value are investigated by AFM technique. The SEM image 
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clearly depicts that the average thickness of the thin films was determined to be 

275 nm. The down-conversion photoluminescence properties of the thin phosphor 

film were investigated in detail. The substrate temperature increases from 300°C 

to 600°C, the luminescence intensity of (Na0.5La0.5)MoO4:Ln3+ thin film is also 

increased due to improved crystalline nature of the thin films. Under optical 

excitation, Eu3+, Tb3+ and Dy3+ doped samples show their characteristic 

luminescence in red, green, yellow region due to the transitions 5D0→7F2, 
5D4→7F5, 

4F9/2→ 6H13/2, respectively. Upon 980 nm NIR laser pumping, Yb3+/Er3+ 

doped (Na0.5R0.5)MoO4 thin films exhibits strong green due to the hypersensitive 

transition 2H11/2→4I15/2 noticed at 524 nm. The nano-sized phosphor thin films 

could serve as a superb material for electro/cathodo-luminescence and display 

devices applications and other solid-state lighting appliances. 
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CHAPTER - 9 

SCOPE OF THE FUTURE WORK 

The suggested research directions for the future work related to this thesis are 

discussed as follows.  

 

 To improve the luminescence properties of the Eu3+ doped molybdate 

phosphors, one may select suitable co-dopants by using different synthesis 

techniques such as solid-state meta-thesis reaction method, molten-salt 

synthesis method. 

 

 In order to synthesize various kinds of self-assembled 3D morphology 

using hydro/solvothermal method, different types of surfactant or chelating 

agents with different molar concentration can be explored. To control the 

size and shape of self-organized 3D structures, the other experimental 

parameters such as temperature of the hydrothermal reaction, pH of the 

solution, type of solvent and precursors etc. may be changed and 

optimized. 

 

 The up/down-conversion luminescence and magnetic properties of other 

lanthanide ions (such as Pr3+, Sm3+, Ce3+, Nd3+) doped molybdate may be 

investigated. Also, to achieve high luminous efficacy of radiation and better 

color rendering index, the optimum doping concentrations of sensitizer and 

activator ions can be explored. 

 

 To improve the quality of thin phosphor films using PLD/ALD technique, 

other deposition parameters such as pressure of background gas, 

deposition time, distance between the target and substrate, type of 

substrate, size of the laser spot, wavelength and energy density of the laser 

pulse, etc. may be investigated.  
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