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Three different types of nanophosphor materials were prepared by flame spray pyrolysis 

(FSP) from nitrate-based liquid precursor. Rare-earth doped binary oxide nanophosphor particles 

were obtained from urea-added liquid precursor using FSP without post-heat treatment. Also, 

rare-earth doped ternary oxide nanophosphors were prepared from urea-added using FSP with 

less annealing temperature and reduced time. In addition, metal-ion doped ternary oxide 

nanophosphors could be easily generatred by FSP from nitrate-based liquid precursor. The 

prepared phosphor particles properties such as crystallinity, luminescence properties, surface 

morphology and particle size were investigated by many techniques in order to obtain the 

optimum condition for high quality nanophosphor particles.  

Firstly, Y2O3:Eu3+ nanophosphor was synthesized by FSP from nitrate-based liquid 

precursor. Urea was added to the liquid precursor to enhance the crystallinity of Y2O3:Eu3+ 

phosphor particles. The resultant phosphor particles showed Y2O3:Eu3+ cubic phase in the XRD 

pattern without the need for post-heat treatment. The influence of synthesis conditions such as 

different molar concentrations of urea, overall molar concentration of liquid precursors, and 

doping concentration on luminescent properties was investigated. The particle size of product 

was found to be in the range of 20-30 nm as determined from transmission electron microscopy 
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(TEM) images. Photoluminescence (PL) measurement of the synthesized Y2O3:Eu3+ 

nanophosphor show peak in red region of visible spectrum with a maximum peak at wavelength 

of 609 nm when excited with 398 nm wavelength photons.  

Secondly, YAG:Ce3+ nanophosphors  were synthesized by FSP from nitrate-liquid 

precursor. As-prepared nanoparticles were annealed in the temperature range of 800℃ to 1100℃ 

for 1 hour. The influence of addition of urea and the molar ratio of yttrium to aluminum in the 

liquid precursor on crystallinity and luminescence properties of YAG:Ce3+ nanophosphor 

particles were studied. The heat-treated phosphor particles were spherical in shape with an 

average size blow 50 nm. The crystallinity of YAG:Ce3+ nanophosphors improved with addition 

of urea and overloaded aluminum in starting liquid precursor. In addition, high PL intensity with 

pure YAG:Ce3+ phase was observed for phosphor particles prepared with addition of urea and 

excess of aluminum in liquid precursor with less annealing temperature and reduced time 

compared to other methods.  

Green emitting Zn2SiO4:Mn2+ phosphor particles were synthesized by FSP from a function 

of different liquid precursors. Luminescence and crystalline properties were investigated as the 

different Zn-source materials in aqueous precursor. Also, the influence of post-heat treatment 

temperatures on the crystal structure and PL intensity of Zn2SiO4:Mn2+ nanophosphors was 

investigated. Mn-doped zinc silicate crystalline structures were obtained when annealed at 

1000℃ for 1hour. The emission peak was found at 525 nm. Furthermore, the effect of the flame 

temperatures by varying methane flow rate on the crystallinity and luminescence properties of 

Zn2SiO4:Mn2+ nanophosphors was investigated. The phosphor particles prepared from high flame 

temperature showed good crystallinity with pure zinc silicate phase and the maximum PL 

intensity. We conclude that different experimental conditions such as liquid precursor prepared 
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from different Zn-source and annealing temperature influence both crystallinity and the 

luminescence properties of Zn2SiO4:Mn2+ nanophosphors.  
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CHAPTER 1 
INTRODUCTION 

Presently, significant research in the field is focused on narrower and smaller universe 

called “nanotechnology”. Generally, nanotechnology can be defined as research and technology 

development at the atomic, molecular or macro-molecular level, in the scale range of 

approximately 1-100 nm [1]. The nanotechnology represents the most active discipline all over 

world and is considered as the fastest growing technology-revolution the human history has ever 

seen. Thus, nanomaterials have been extensively studied in next-generation technologies such as 

displays, devices, biotechnology, aerospace and energy, etc because of their unique properties 

and great application potentials [2]. For example, as the size of a material is decreased to the 

nanoscale, their properties may exhibit quantum size effect which leads to increase band gap as a 

result of strong reduction of quantum mechanical allowed states in a small particle and also 

surface and interface effects caused by much larger surface/volume ratio [3].  

Nanophosphors, typically solid inorganic materials, have received considerable attention 

during the past few years due to their unique chemical and physical characteristics apart from 

their bulk phosphor materials. Many studies have focused on their fundamental and practical 

applications for various novel high-performance and novel displays and devices. Typically, 

nanosize phosphor particles, having a spherical shape, are strongly desired extend their 

application to high resolution display devices [4]. Unlike semiconductor quantum dots, rare earth 

doped inorganic luminescent materials, also called nanophosphors, have different optical 

properties compare to those observed in bulk phosphors due to non-radiative relaxation and 

spatial confinement in nanophosphors [5]. However, as the particle size of phosphor materials 

was reduced to the nanoscale, the luminescence efficiency of nanophosphors decreased due to 

large surface area with many defects as compared to bulk phosphors. Thus, phosphors with 
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several micron diameters have been mostly applied to displays and lamps [6]. In order to get 

high photoluminescence in nanophosphor particles, large amount of exciting energy should be 

absorbed by the activator and simultaneously the excitons return to the ground state by the 

radiative process. The luminescence efficiency of phosphors used for lighting applications is 

mainly depends on the characteristics of the prepared phosphors such as particle size [7], surface 

morphology [8], concentration quenching [9] and crystallinity [10]. Methods for improving the 

efficiency of phosphor materials have centered on improving the physical properties of phosphor 

materials by controlling surface morphology and size of phosphor materials and reducing 

concentration quenching, etc. These properties can be controlled by preparation technique and 

processing temperatures.  

The conventional method for synthesis of phosphor materials is the solid-state reaction 

process which requires repeated milling and annealing of precursor materials. The phosphor 

materials prepared by solid-state reaction process/method usually contain impurities caused by 

poor mixing of chemical compounds and require further annealing at high temperature for a long 

time. Moreover, this conventional reaction method is not appropriate to obtain nanophosphor 

particles as it requires cumbersome and time-consuming process such as ball milling is needed 

[11]. Thus, several synthesis techniques such as as sol-gel [12], combustion synthesis [13], and 

co-precipitation [14] have been used to overcome above mentioned limitations for preparation of 

nanophosphor particles.  

However, the current synthesis methods for nanophosphor materials have some limitations 

such as high cost, low production rate, expensive precursor materials and inhomogeneous 

composition. Therefore, to overcome the main drawback of the preparation technique for 
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commercial use of nanophosphor particles, it is required to develop a new synthesis method for 

nanophosphor particles.  

FSP is one of the most powerful methods for synthesis of nanophosphor particless because 

of its advantages such as less contamination as it is a simple method, good precursor mixing 

using nitrate aqueous precursor and high purity of phase due to high flame temperature. Also, the 

composition of phosphor particles generated by FSP can be easily controlled. The FSP process 

will be used to systematically control the surface area, the particle size, and the crystallite size of 

phosphor materials like YAG:Ce3+ and Y2O3:Eu3+ which are one of the most popular yellow and 

red phosphors respectively, being used for lamp and display panel. The single isolated 

nanophosphor particle generated by FSP will show high purity, controlled stoichiometry and 

crystallinity because the flame can be maintained at high temperatures, required for complete 

thermal decompositions through intense oxidation. To better control the properties of 

nanophosphor particles such as particle size, size distribution and morphology,  an understanding 

of the effects of main factors during the FSP is required.  

Since phosphor materials have become a practical important in for modern engineering 

applications in the area of optical, electrical, biological, mechanical, it is really important to 

investigate the full potential of nanophosphor materials such as Y2O3:Eu3+, YAG:Ce3+ and 

Zn2SiO4:Mn2+ [5]. The main goal of this work is the fabrication of high quality nanophosphor 

particles using FSP for getting high light emitting efficiency. Moreover, experimental conditions 

such as addition of additives, overall concentration and different starting materials for liquid 

precursor for synthesis of nanophosphor particles by FSP having high luminescence efficiency 

were investigated. With FSP method, we can easily control the crystallinity, crystal phase, size 

and morphology of the nanophosphor particles by using different experimental conditions and 
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starting precursors. As I mentioned above, our study suggests that high quality nanophosphor 

particles have some advantages over powders for solid state lighting and flat panel display 

application and can be obtained through the FSP process. 
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Figure 1-1.  Nanotechnology; Nanoscale Particles. 
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Basic Concept and Applications of Phosphor Materials  

Phosphor materials play a key role in manufacturing high quality fluorescent lamps and 

emissive displays [15]. Rare earth doped oxide phosphor materials are widely used in optical 

devices such as cathode ray tubes (CRTs) and field emission displays (FEDs) [16]. Almost all 

the luminescent materials or phosphors are solid inorganic materials which consist of a host 

lattice and luminescent center as intentionally doped small amounts of certain impurties [17-19]. 

Small amount of intentionally added impurities, so-called activators, are primarily responsible 

for the luminescence. When externally provided excitation light hits the host, the absorption of 

the energy takes place by either the host or on impurities. The excited photoelectrons by 

absorption of energy on impurities are generated which then return to a lower energy state by the 

emission of a photon or heating of the host matrix (nonradiative return). Almost all the emissions 

occur on intentionally doped impurity atoms (such as rare-earth elements).  

Phosphor materials are widely applied to applications such as fluorescent lamps, emissive 

displays but currently they are also used in some X-ray detector systems [19].  The BaMgAl10O17 

dopoed with Eu2+ is a typical blue phosphor material for high quality fluorescent lamp and 

plasma display panel (PDP) applications because of its high luminescence properties under UV 

or VUV excitation. In CRT application, Y2O3:Eu3+ phosphor is the most popular phosphor 

material for red color because it shows good saturation behavior compared to other red phosphor 

materials. In addition, Zn2SiO4:Mn2+ as green emitting phosphors is most widely applied for 

commercial PDPs because of its high luminescence efficiency and chemical stability under UV 

or VUV excitation.  
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2.1.1 Mechanism of Light Emission in Phosphor Particles  

Typically, phosphor materials are solid inorganic materials consisting of a host lattice and 

intentionally doping with a small amount of rare-earth ion impurities, as shown in Fig 2-1. When 

the external photon sources are used for excitation of the phosphor, a phosphorescence process 

(light absorption, excitation, relaxation, and emission) takes places in the material, as depicted in 

Fig. 2-2. The photon energy is absorbed by either the host material or is directly absorbed on 

impurity atom; the absorbed energy on host atom is transferred to the impurity atom (so-called 

activators). As a result of that, the activators emit visible light by relaxation of photo excited 

electron to lower energy state. In most cases, the emission of photon from phosphors is generated 

from impurities. The energy transfer mechanism in phosphor materials is described in Fig. 2-3.  

The luminescence process in phosphor materials further explained in detail below [15, 20, 

21], as depicted in Fig. 2-4. When the excitation radiation hit the phosphor material, it is 

absorbed by the activator. Typically, the metastable state is a triplet state, and the ground state is 

a singlet state. The ground state of the activator energy level represents the singlet ground state 

(S0). Upon excitation by an incident radiation, the activator energy level is raised to the singlet-

excited state (higher than S1) by absorbing energy from the host. After the absorption, the initial 

excited states of energy level relax to an energy level S1 through radiationless transition by 

emitting phonons or lattice vibrations. The intersystem crossing from a singlet state (S1) to a 

triplet state (higher than T1) takes place by spin-orbit coupling. In a triplet state, it decays down 

relatively quickly to the lowest energy level and once gets to the lowest triplet state, and stuck 

there, at least for a while. The excited triplet state (T1) of the lowest energy level returns to the 

ground state (S0) by emission of a photon, which is emitted luminescent radiation. In the light 

emission (phosphorescence) process of the rare-earth doped phosphor materials, the color of the 

emitting light from phosphor materials depends on the type of doping impurities in the host 
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matrix. For example, red phosphor could be generated by adding europium to Y2O3 cubic 

structure when UV or VUV is used as excitation source [22-24]. In addition, Mn-doped Zn2SiO4 

(Green) [25-27], Eu-doped BaMgAl10O17 (Blue) [28-30], and Ce-doped Y3Al5O12 (Yellow) [31-

34] are used as phosphor materials for practical applications.  

2.2 Nanophosphor Particles 

Nanophosphors are phosphor particles with size close to or below 100 nm. Since early 

1990s, a novel concept of nanophosphor has been used and extensively investigated due to 

unique chemical and physical properties compared to their bulk materials. The significant 

differences are expected from the confinement effects on nanophosphor which affect 

luminescence efficiency and photodynamics [35]. For nanophosphors, the phonon density of 

states (PDOS), which are significantly different from that of bulk materials, are reduced by 

dimensionality of particles. In addition, nanophosphor phonon levels are also discrete [36, 37]. 

Further, 4f electronic states originated from rare-earth ions contained in the nanophosphor 

particles is highly localized and is not altered by reduced size of phosphors. These unique 

properties can extend nanophosphors use to many potential applications such as optical, 

electrical, medical and biological technologies.  

2.2.1 Advantages of Nanophosphor Particles 

Recently, many nanophosphor materials have been investigated for display applications 

such as Y2O3:Eu3+ and white light LEDs with Y3Al5O12:Ce3+. Nanosize phosphor particles are 

highly desirable for their use in high resolution imaging applications. One of the advantages of 

nanophosphors is that when particle size of phosphor materials is reduced to nanometer range, 

the surface/volume ratio is much larger than that of micron-sized powders. This can extenuate 

volume effects over surface and interface effects [38, 39]. In addition, the doping materials in 

nanophosphors can be well distributed and highly uniformed compare to bulk phosphor during 
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their synthesis [38]. Thus, the high surface/volume ratio can reduce the energy transfer between 

the activators as luminescence center due to well separated and located in each nanophosphors 

and, as a result of that, these interface effects of the nanosize materials would suppress the 

concentration quenching [40, 41]. According to these effects, photoluminescence characteristics 

can be enhanced by the use of nanophosphor particles. Furthermore, it has been reported that the 

efficiency of phosphors for white light application could be increased by nanophosphor because 

nano-sized YAG:Ce3+ phosphor shows higher luminescent efficiency than that of larger size 

particles [38]. This enhancement comes from reduction of internal light scattering in phosphor 

layer when coated onto a bare LED surface. When the nanophosphor particles are applied to coat 

onto the surface of LEDs, internal scattering within the materials can be reduced because the 

particle size of nanophosphor is much smaller than the wavelength of the visible light [38]. So, 

using nanophosphors for lighting applications would improve the emission efficiency of white 

LEDs [42, 43].  

With these advantages, nanophosphor materials can be extended in many areas for display 

and solid-state lighting fields. Therefore, the preparation of the nanophosphor particles with 

narrow particle size distribution and good crystallinity is very important parameter to enhance 

the photoluminescence properties for commercial applications.  

2.2.2 Potential Applications of Nanophosphor Particles in Solid State Lighting Devices 

Among those applications, nanophosphor particles are promising in the application of solid 

state lighting devices. Since the blue light emitting diode (LED) based on GaN was invented, it 

has become a promising solid stat lighting (SSL) device, which has great potential in lighting 

applications due to high lighting efficiency and low consumption of electrical energy [44]. 

Especially, white light can be generated by combining a blue LED with yellow phosphor 

materials which convert part of the blue LED emission.  
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For lighting applications, white light LEDs are very comparable to sunlight spectrum. The 

most straightforward method to generate white light is by combining the lights with three 

fundamental colors, namely, red, green and blue (RGB). White LEDs may be produced in this 

way as well [45-47]. However, this method requires a more complicated electrical design for the 

control of light intensity and uniformity. A white LED may also be produced by coating down-

converting phosphor layers onto the surface of a LED. The principle is based on the absorption 

and re-emission of light [48]. One example is to coat the yellow phosphor layer (YAG:Ce3+) on a 

blue LED chip [49, 50]. Phosphor materials are deposited on top of an LED chip in order to 

convert part of the blue light in such a way that by additive color mixing, white light is generated 

(see Fig. 2-5). With the excitation by blue light, the phosphor layers can emit yellow light. The 

un-absorbed blue light, combined with the excited yellow light, can result in white light, as 

illustrated in Fig. 2-5 and 2-6, to give and illumination of white light [51-55]. Currently, the 

phosphor coating methods are commonly used because of the lower cost and this approach yields 

a higher efficiency and much better light-distribution characteristics compared to, for instance, a 

combination of separate LED chips emitting blue, green, and red light. Similarly, an UV-LED 

chip coated with red, green and blue phosphor layers can also generate white light [56, 57]. 

However, these methods require a precise weighting of each kind of phosphor layer in order to 

give desired white light.  

For white light application, coating on blue LEDs is more popular because of the higher 

energy conversion efficiency. Therefore, in order to get the high efficiency light extraction, high 

quality of yellow or green and red phosphors with strong blue absorption is needed. Specially, 

for both white light UV LEDs and white light blue LEDs, the efficiency of the devices is largely 

dependent on the efficiency of the phosphors. Color rendering of the phosphors is also critical to 
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obtain a spectrum close to sunlight. Highly efficient light emitting phosphors are important 

components for white light LEDs [58]. In table I., most important phosphors for practical uses 

are showed [59]. 

2.2.3 Issues on Nanophosphor Particles 

In recent years, nano-sized phosphor materials have been of interest in display fields 

because of its improved properties such as high luminescent efficiency, quantum effect, and 

higher doping concentration without concentration quenching [60]. Goldburt et al [61]. reported 

that the photoluminescence efficiency could be improved by decreasing the particle size of 

doped nanocrystalline phosphors. Furthermore, decrease in phosphor particles to nano-size lead 

to a large surface-to-volume ratio, which makes it a more promising material in display field [62]. 

Crystallinity of phosphor particles depends on the reaction temperature and sintering time during 

the particle formation and also on subsequent annealing treatments. In order to obtain better 

quality of phosphor particles, it is necessary to have good precursor mixing for homogeneity, 

controlled morphology and narrow size distribution in phosphor particles, and less impurity 

contents [22, 62]. 

In case of cerium-doped Y3Al5O12 (YAG:Ce3+) particle as yellow emission phosphor, it is 

one of the most important phosphors in solid state lighting fields [63-65] because it can be 

applied to generate the white light by mixing of blue LEDs. One of important parameters in 

white LED is the quality of phosphor particles. In order to improve the light emitting efficiency 

from white LEDs, it is necessary to have highly efficient light emitting phosphors on blue LEDs 

[66]. 

Mn-doped zinc silicate (Zn2SiO4:Mn2+) is widely used as a green-emitting phosphor 

materials for plasma display panels (PDPs) and cathode ray tubes because of its chemical 

stability, high luminescence efficiency and semi-conducting properties [67-70]. For these 
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application, it is important to synthesize the phosphors with high luminescence efficiency, small 

particle sizes and controlled morphology and good crystallinity with well-doped impurities. The 

luminescence properties of phosphor particles are strongly dependent upon the synthesis method.  

Therefore, it is important to develop a process which can control the characteristics of the 

prepared nanophosphor particles such as surface morphology, size, composition, and purity. 

Becoming a commercialized method to generate nanophosphor particles, the technique requires 

to be low cost, simple processing and high production rate and to be capable of producing high 

purity materials at high yields.  

2.3 Preparation Techniques for Nanophosphor Particles 

Phosphor particles can be fabricated using various techniques such as solid-state reaction 

method [71, 72], sol-gel processing [73, 74], combustion method [75, 76], and spray pyrolysis 

[77]. Traditionally, phosphor particles are prepared by a solid-state reaction method with high 

reaction temperature for long time period followed by repeated ball milling process. It is difficult 

to prepare phosphor particles with controlled shape and fine size by this method. Another 

drawback of the solid-state reaction method is the introduction of impurities in phosphors during 

milling process or washing with chemicals. These limitations strongly affect the luminescence 

properties of the phosphor particles. Another major problem with solid-state reaction method is 

very high cost particularly to obtain nano-sized particles due to multi step and long processing 

time. This makes it industrially non-reliable method. Thus, many techniques have been 

researched to prepare nanophosphors or nanoparticles for about 20 years.. 

2.3.1 Sol-Gel (SG) 

 The sol-gel method is one of the traditional wet chemical techniques for producing metal 

oxide nanoparticles through chemical processes; hydrolysis, gelation, followed by drying, and 

finally thermal treatment, as shown in Fig. 2-7. In general, the sol is defined as colloidal particles 
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suspended in a liquid from which a gel can be formed. On the other hand, the gel is an 

interconnected, rigid network, having submicrometer pores and a polymeric chain whose average 

length is of the order of microns. In sol-gel processing, metal alkoxides are used as a reactive 

metal precursor and hydrolyzed with water. By adding of the appropriate reagents, homogeneous 

gels from the mixture of alkoxides can be produced through the processes of hydrolysis and 

gelation. After gelation, the precipitate is subsequently washed, dried, and then sintered at an 

elevated temperature to obtain crystalline metal oxide nanoparticles [17, 78].  

The sol-gel process for preparation of phosphor particles has many advantages over otherl 

method. The advantages of the sol–gel method include easier composition control, better 

homogeneity and a lower reaction temperature which is better suited to synthesizing high purity, 

fine powders. In addition, the particle size of the final product can be easily controlled by 

changing the initial concentration of the starting sols and intermediate processing conditions such 

as gelation, drying, calcination, and rates of cooling.  

It has been reported that nanophosphors or metal-oxide nanoparticles can be produced by 

sol-gel method [79, 80]. However, even though sol-gel method has a lot of advantages such as 

high homogeneity of the chemical composition of the materials, processing temperature can be 

very low, and high uniformity of doping ion distribution, it has the following disadvantages. In 

sol-gel processing, the drying and annealing processes have to be slow and deliberate; otherwise, 

cracks and striations will appear in the samples, and it is difficult to completely remove the 

residual hydroxyls from the sol-gel materials. In order to get rid of these organic groups, samples 

have to be annealed above 1000℃ and this may produce undesirable side effects. 
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2.3.2 Combustion Synthesis (CS) 

In recent years, combustion synthesis has been researched to produce homogeneous, 

crystalline, oxide nanoparticles over time-consuming techniques such as solid-state reaction and 

sol-gel processing [17, 81, 82]. Combustion synthesis is a self-propagating high temperature 

synthetic method and an effective, low-cost method for the production of homogeneous, very 

fine agglomerated multicomponent oxide ceramic powders without intermediate decomposition 

and/or calcination steps [83]. For phosphor particle preparation, combustion synthesis method is 

promising technique due to its ability to produce fine size of particles without high temperature 

annealing and extra steps such as grinding or milling [84].  

In combustion synthesis, a starting aqueous precursor corresponding metal nitrates 

(oxidizers) and a suitable organic fuel (reducer), predetermined in stoichiometric ratio, is induced 

to boil. The mixture is ignited and a self-sustaining fast combustion reaction resulting from the 

appropriate combination of oxidizers and reducers produces fine crystalline oxide powders. In 

the above process, the energy released from highly exothermic (ΔH < -170 kJ/mol) reaction 

between the nitrates and the fuel, which is usually ignited at a temperature much lower than the 

actual phase transformation temperature, can rapidly heat the system to a high temperature and 

sustain it long enough, even in the absence of an external heat source. Sequence of events during 

combustion synthesis for the preparation of phosphor particles is shown in Fig. 2-8.  

The advantages of combustion synthesis method are inexpensive sources, easy to set-up 

the equipment and simple process to produce the powder samples, unlike multi-step needed in 

conventional method. Currently, it has been reported that nanophosphors or metal-oxide 

nanoparticles can be produced by combustion synthesis technique [85, 86, 87]. However, 

combustion synthesis has some problems when applied for preparation of nano-sized particles. 

The process is inherently difficult to control because of high temperature experimental condition 
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and also requires high energy consumption. Indeed, the product requires additional processing 

like grinding or milling to obtain nano-sized phosphor particles. The post-processing may 

introduce the contamination to final product. 

2.3.3 Spray Pyrolysis (SP) 

Recently, spray pyrolysis has attracted attention because it is easy to produce fine size and 

spherical morphology of phosphor particles. In addition, it has some advantages such as 

inexpensive precursor materials and high production rate. To prepare phosphor particles by spray 

pyrolysis, liquid precursors as a starting solution, usually inexpensive source materials such as 

nitrate, acetate and chloride are prepared by dissolving in water or alcohol as precursor solvent. 

Figure 2-9 shows a general stage of spray pyrolysis process [88]. The droplets, which are 

atomized from a starting solution, are supplied to a series of furnaces. And then the aerosol 

droplets experience evaporation of the solvent, diffusion of solute, drying and precipitation, 

reaction between precursor and surrounding gas. The precipitate undergoes pyrolysis, or 

sintering inside furnace at higher temperature to form final product [88]. For phosphor particles, 

two furnace systems in series are required to enhance the quality such as crystallinity and 

morphology of final product. The first furnace promotes formation of micro-porous particle, and 

the second furnace further densifies the micro-porous particle and increases the crystallinity. In 

spray pyrolysis, the final composition of phosphor particles would be determined by the starting 

precursor solution composition. Furthermore, with a starting solution, the particle size can be 

easily controlled by adjusting overall concentration of liquid precursors at fixed a sprayed 

droplet size. The schematic of spray pyrolysis system for production of fine particles is shown in 

Fig. 2-10 [88].  

Although spray pyrolysis method is relatively simple and low cost method to produce 

phosphor particles with high production rate in a single continuous process, it also has 
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limitations to obtain nanophosphor particles with high luminescence efficiency. In spray 

pyrolysis process, hollow and highly porous phosphor particles are generated. In case of 

phosphors porosity act as structural defects and can lead to decrease in luminescence efficiency 

of the prepared phosphor particles. Moreover, in order to produce nano-sized particles by spray 

pyrolysis, it is required to have lower overall concentration of starting precursor solution or by 

introducing smaller droplet size into the reactors, as a result, the production rate in decrease.  

2.4 Flame Spray Pyrolysis (FSP) 

Today, flame synthesis is the most widely used process to produce oxide nanoparticles at 

commercial level. Carbon black made by Cabot, Comlombia, Degussa., etc., fumed silica (Cabot, 

Degussa., Wacker, etc.), pigmentary titania (Dupont, Ishihara, Milenium, Kerr-McGee) and 

optical fibers (Corning, Heraeus, Lucent, Sumitomo) [89-91] are some of the commercially 

available material synthesized by FSP. Also, industrial flame reactors are well-established 

technology for the synthesis of particles. FSP is promising technique because various types of 

precursors can be applied for production of oxide nanoparticles.    

2.4.1 What is FSP? 

Flame process is the most widely used synthesis technique for production of nanoparticles 

at industrial scale due to its cost-effectiveness and process versatility for controlled production of 

nanopaticles, especially with spherical shape and fine size. More recently, classical flame aerosol 

method based on vapor-feed has evolved into a more versatile liquid-fed technique so-called 

flame spray pyrolysis (FSP). FSP is originated from combination of flame and spray techniques 

and was based on modification of conventional spray pyrolysis to overcome its drawback such as 

the formation of hollow particle. Electrical furnace was replaced to flame to give high 

temperature near the melting point of the preferred materials during flame synthesis.  
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FSP is a flame method that utilizes a liquid mixture of source salt and solvent as a 

precursor [89]. By utilization of a liquid precursor, mixed metal oxide particles can be generated 

easily. The use of a liquid precursor is also driven by the low cost of metal salts (such as nitrates 

and acetates) and the high availability and also high solubility of metal salts in water or organic 

solvent. As the name suggest, a liquid spray instead of vapors is fed into the flame, undergoing 

subsequent evaporation and combustion. In flame reactors, the energy of the flame is used to 

drive chemical reactions of precursors producing clusters which further grow to nanoparticles by 

surface growth and/or coagulation and coalescence at high temperature [92, 93].  

Synthesis of nanoparticles by FSP is a process where the precursor is released to the gas 

phase by combustion of fuel-droplets. These droplets consist of precursor and liquid fuel. This 

process is different from conventional synthesis of particles in flames, where the precursor 

already is present in the gas-phase from the beginning. The advantage of FSP compared to 

conventional flame-synthesis processes is that it is possible to use a wide range of precursors and 

liquid fuels. Furthermore, it is also possible to include a carrier-material in the liquid, which can 

be useful in the manufacture of heterogeneous catalyst. 

2.4.2 Mechanism of Nanophosphor Particle Formation by FSP 

The mechanism of particle generation and growth from aqueous droplets sprayed in the 

diffusion flame is as follows (Figure 2-11): first, large precursor droplets generated by the 

ultrasonic atomizer disintegrate into much smaller droplets as they enter the high temperature 

flame, and then the small droplets successively experience evaporation of solvent (H2O or 

Xylene), precipitation of solute and drying, thermal decomposition and oxidation, and finally 

coalescence, and coagulation at the end of high temperature flame, as illustrated in Fig. 2-11 [94]. 

The disintegration of large droplets of the precursor into smaller droplets slightly above the 

burner exit would occur due to high temperature gradient between the aqueous droplets and the 
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high-temperature flame, probably causing an abrupt change in surface energy of the droplets. 

The disintegration of large droplets plays a very crucial role in the generation of nanoparticles by 

the FSP. The disintegration of large droplets plays a very crucial role in the generation of 

nanoparticles by FSP method.  

2.4.3 Advantages of FSP for Nanophosphor Particles 

FSP, also called liquid flame spray (LFS), is a promising particle synthesis method because 

it can use a wide range of precursors for synthesis of a broad spectrum of functional 

nanoparticles. The heat released from the combustion of a gaseous or liquid fuel and the 

precursor itself can provide the high-temperature environment, which is favorable to phosphor 

synthesis. The flame temperature and particle residence time, which are the most important 

parameters determining the characteristics of the particles, can be easily controlled by varying 

fuel and oxidizer flow rates. Moreover, the particle size can be controlled by varying precursor 

solution concentration. Multi-component particles can also be obtained by adding different salts 

into the solution. This technique can be easily scaled up with high production rates for the 

manufacturing of commercial quantities of nanoparticles. Also, the advantages of FSP include 

the ability to dissolve the precursor directly in the fuel, simplicity of introduction of the precursor 

into the hot reaction zone (e.g. a flame), and the flexibility in using the high-velocity spray jet for 

rapid quenching of aerosol.    

   Finally, in general, most nanoparticle synthesis processes require a post production step 

for crystallization of the final products and elimination of undesirable byproducts, such as 

chlorine and water [95]. However, flame synthesis of nanoparticles eliminates this post-heat 

treatment step because calcinations take place within the process, resulting in dense (spherical 

shape) and crystalline final product.  
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2.4.4 Selection of Precursor Solvents, Additives and Source Materials 

First of all, the optimization of an efficient phosphor requires proper selection of the host 

and the activator material. The host is for the absorption of energy (excitation), chemical stability, 

thermal quenching and should be available as powder or thin film. The activators should be red, 

green and blue line emitters preferably with localized transition leading to efficient trapping 

center for high efficiency. The rare-earth (RE) activators satisfy the above requirements with the 

exception that the excited carriers in the host transfer rather slowly to the rare-earth activators. 

For example, Cerium(III)-doped Yttrium aluminum garnet (YAG:Ce3+) is a phosphor, or a 

scintillator when in pure single-crystal form, with wide range of uses. Because phase-pure YAG 

is optically transparent, the dodecahedral site can be partially doped or completely substituted 

with other rare-earth cations for applications such as solid-state lighting and phosphor powders 

for cathode ray tubes [96]. It emits yellow light when subjected to blue or ultraviolet light, or to 

x-ray light. It is used in white light-emitting diodes, as a coating on a high-brightness blue InGaN 

diode, converting part of the blue light into yellow, which then appears as white.  

In this study, nitrate-based liquid precursors are used as a starting material. These nitrate 

source materials are widely used in flame synthesis process due to low cost, simple and very 

good solubility in water. However, the metal-nitrates are well-known as the endothermic species, 

which promotes formation of hollow or fragmented phosphor particles [97, 98, 99]. The final 

product prepared using these precursors experienced through insufficient energy environment. 

Thus, in order to get enough energy to react in flame zone, it is required to give external energy 

using fuel solvents such as alcohol or xlyene and additives like urea in the precursor solutions.  
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Figure 2-1.  General luminescent materials 
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Figure 2-2.  Phosphorescence process in phosphors 
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Figure 2-3.  Energy transfer mechanism for phosphorescence 
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Figure 2-4.  Phosphorescence: light absorption, excitation, nonradiative dacay and light emission, 
and return to the ground state S0.  
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Figure 2-5.  Blue LED with yellow phosphor coating for white light generation 
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Figure 2-6.  Principle of white light generation form the mixing of blue luminescence and yellow 
phosphorescence [57] 
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Figure 2-7.  Sequence of events during sol-gel process [100] 
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Figure 2-8.  Sequence of events during combustion synthesis. A) self-proragating combustion 
mode, B) thermal explosion mode [101] 
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Figure 2-9.  Morphology of particle prepared by spray pyrolysis method  
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Figure 2-10.  Spray pyrolysis system 
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Figure 2-11.  Nanoparticle formation from precursor droplets by the FSP  
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Table 2-1. Most important phosphors for practical uses [102] 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 

3.1 Apparatus of Flame Spray Pyrolysis 

The schematic of the FSP system is shown in Figure 3-1. The system consisted of spray 

burner, quartz tube, spray generator, particle collection bag filters and vacuum pump. The fine 

droplets were supplied to the high temperature diffusion flame zone above spray burner using 

syringe pump with constant liquid feed rate, in which the phosphor particles were generated, 

resulting from evaporation, decomposition and melting of the droplets. Figure 3-2 shows the 

schematic of flame nozzle which consisted of three concentric pipes. An oxygen and methane 

gas through the outer pipes in flame nozzle was used to generate the diffusion flame. The flame 

temperature and the residence time in the diffusion flame zone can be controlled by varying the 

amounts of the methane and oxygen gases and the flow rate of the liquid precursor. The 

experiment condition for nanophosphor particles by FSP is illustrated in Table 3-1.  

3.2 The Preparation of Liquid Precursors 

3.2.1 Y2O3:Eu3+ Red Phosphor  

For the preparation of liquid precursor, yttrium nitrate(Y(NO3)3·6H2O, 99.99% Alfa Aesar) 

was used as the source of Y3+ and europium nitrate (Eu(NO3)3·6H2O, 99.99% Alfa Aeser) was 

used as doping material of Eu3+. These nitrate raw materials were dissolved in ethanol and then 

urea was added into the starting liquid precursor. Addition of urea into liquid precursor serves as 

fuel for flame synthesis. Urea addition was varied from 1 M to 4 M into the precursor. The 

mixture was stirred for 30 min at room temperature until a homogenous solution was achieved. 

The doping concentration was varied from 5 mol% to 25 mol% with respect to yttrium. To study 

the effect of overall loading concentration of liquid precursor on crystallinity and 

photoluminescent spectra, it was varied from 0.3 M to 0.9 M. Methane gas was used as the fuel 
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source gas with a constant flow rate. Oxygen gas was used for both complete combustion 

reaction and also for spraying of droplets. 

3.2.2 Y3Al5O12:Ce3+ Yellow Phosphor  

The starting materials for the YAG:Ce3+ phosphors were used yttrium nitrate 

(Y(NO3)3•6H2O, 99.99%) and aluminum nitrate (Al(NO3)3•9H2O, 99.99%) as the source of Y3+ 

and Al3+. Also, cerium nitrate (Ce(NO3)3•6H2O, 99.99%) was used as doping material of Ce3+. 

These nitrate raw materials were dissolved in ethanol and then urea was added into the starting 

liquid precursor. Addition of urea into the liquid precursor serves as fuel for flame synthesis. The 

different molar ratios of yttrium to aluminum were prepared by 3:5 and 3:7 in order to find the 

effect of excess of aluminum in liquid precursor on luminescence properties. The overall 

concentration and the mole of urea were fixed at 0.1 M and 2 M into the precursor. The doping 

concentration was fixed at 4 mol% with respect to yttrium. The mixture was stirred for 30 min at 

room temperature until a homogenous solution was achieved. Methane gas was used as the fuel 

source gas while oxygen was used as an oxidant and as a carrier gas to spray precursor. As-

prepared phosphor particles were placed in an electric furnace for post heat treatment, which was 

carried out under atmospheric conditions. The particles were annealed at different temperature 

varying from 800℃ to 1100℃ for 1hr to confirm the phase transformation temperature of as-

prepared phosphors. The heated-particles were cooled to room temperature by natural convention 

and were used as it is for further characterization. 

3.2.3 Zn2SiO4:Mn2+ Green Phosphor  

Zn2SiO4:Mn2+ green phosphor particles were prepared from three different liquid 

precursors. Three different types of starting materials for the preparation of Zn2SiO4:Mn2+ 

nanophosphors were prepared using zinc nitrate (Zn(NO3)2∙6H2O), zinc 2-ethylhexanoate 
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(Zn(OOCCH(C2H5)C4H9)2) and zinc acetate (Zn(C2H3O2)2∙2H2O) as the zinc source; and 

tetraethylorthosilicate (TEOS, Si(OC2H5)4) was used as the silica source; and manganese acetate 

tetrahydrate (Mn(CH3COO)2∙4H2O) was used as the manganese doping source. All the source 

materials were dissolved in ethanol or ethanol and water with high purity. It is well known that 

the zinc acetate is not favorable to dissolve in ethanol. Thus, in case of the zinc acetate to liquid 

precursor, distilled water and ethanol were used to prepare the starting precursor. The total 

overall concentration of the liquid precursor was fixed at 0.1 M, while the manganese doping 

concentration was at 4 mol% with respect to zinc. The molar ratio of zinc-source:TEOS:Mn = 

1.96:1:0.4 was used for the preparation of liquid precursors. The mixture was stirred for 30 min 

at room temperature until a homogenous solution was obtained. Methane gas was used as the 

fuel source gas with a constant flow rate. Oxygen gas was used for both complete combustion 

reaction and also for spraying of droplets. As-prepared phosphor particles were placed in an 

electric furnace for post heat treatment, which was carried out under atmosphere condition. The 

particles were annealed from 800℃ to 1000℃ for 1hr to confirm the phase transformation 

temperature of as-prepared phosphors. The heated-particles were cooled down naturally after 

completely annealed. 

3.3 Characterization of Nanophosphor Particles 

The crystallinity of nanophosphor particles is analyzed by using powder X-ray diffraction 

(XRD). The morphology and particle size of nanophosphors were examined using field 

emission-scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). 

Photoluminescent (PL) properties were determined using Xe-ramp as the excitation source. All 

the luminescence characterization of the phosphors was carried out at room temperature.  
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Table 3-1. Experimental Condition of Flame Spray Pyrolysis 

Nanophosphor Paritlces Y2O3:Eu3+, Y3Al5O12:Ce3+, Zn2SiO4:Mn2+

Spray Oxygen 2.1 l/min 

Combustoin Oxygen 0.75 l/min 

Methane Gas 1-3 l/min 

Feed Rate of Liquid Precusor 1.91 cc/min 

Flame Temperature > 1500℃ 

Additives Urea 

Source Materials Nitrate, Actetate, 2-ethlyhexanoate 

Precursor Solvent Acohol, Water, Xylene 
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Figure 3-1.  FSP system for nanophosphor particles 
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CHAPTER 4 
ENHANCED LUMINESCENCE PROPERTIES OF CUBIC Y2O3:EU3+ NANOPHOSPHORS 

BY FSP 

4.1 Introduction 

Phosphors are used in manufacturing high quality florescent lamps and emissive displays 

[15]. Rare earth doped oxide phosphor materials are widely used in optical devices such as 

cathode ray tubes (CRTs) and field emission displays (FEDs) [16]. Among these phosphors, 

europium doped yttrium oxide (Y2O3:Eu3+) is the most popular phosphor material for red color 

applications. In recent years, nano-sized phosphor materials have been of interest in display 

fields because of its improved properties such as high luminescent efficiency, quantum effect, 

and higher doping concentration without concentration quenching [60]. Goldburt et al [61]. 

reported that the photoluminescence efficiency could be improved by decreasing the particle size 

of doped nanocrystalline phosphors. Furthermore, decrease in phosphor particles to nano-size 

lead to a large surface-to-volume ratio, which makes it a more promising material in display field 

[62]. Crystallinity of phosphor particles depends on the reaction temperature and sintering time 

during the particle formation and also on subsequent annealing treatments. In order to obtain 

better quality of phosphor particles, it is necessary to have good precursor mixing for 

homogeneity, controlled morphology and narrow size distribution in phosphor particles, and less 

impurity contents [8, 62]. Various types of techniques, such as sol-gel method [12], 

hydrothermal synthesis [103], co-precipitation [14], and combustion [13] have been used to 

generate phosphor particles. Most phosphor materials are currently being produced by the 

conventional solid-state techniques. The conventional way to produce phosphors is by ball 

milling and calcination at high temperatures. In order to overcome multi-step process for 

generation of phosphors, flame spray pyrolysis (FSP) method as direct synthesis technique is 

attractive, particularly, for fabricating nano-sized, phosphors due to their possibility of high 
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production rate, simple method, high purity of phase, and low production cost. By use of mixed 

liquid precursors, mixed metal oxide particles can be easily generated by FSP. Also, the 

composition of phosphor particle generated by FSP can be easily controlled. In the usual method 

for production of Y2O3:Eu3+ by FSP, salts of yttrium and europium e.g. sulfates, nitrates 

dissolved in water or ethanol are used as precursor [8, 104, 105]. The europium doping 

concentration is controlled by varying its salt concentration in the precursor. Y2O3:Eu3+ produced 

by this method needs some post-production annealing treatments to improve the crystallinity and 

luminescence properties of phosphor particles. One way to form particles with better properties, 

hence avoiding any post-treatment, is to increase the reaction temperature during formation of 

these particles. Urea serves as fuel for the flame reaction. Varying the amount of urea in liquid 

precursor, the flame temperature can be controlled. The addition of urea in liquid precursor for 

generation of phosphor particles provides additional heat in flame zone, which contributes to 

complete burning during flame synthesis, and leads to nano-size particle formation [106]. In this 

study, we have investigated the influence of urea addition on properties of Y2O3:Eu3+ 

nanophosphors using FSP. The optical properties and crystallinity of Y2O3:Eu3+ nanophosphors 

without post-heat treatment were investigated. The strongly red light emitting Y2O3:Eu3+ 

nanophosphors were produced using urea-assisted flame synthesis technique without any further 

treatment.  

4.2 Experimental 

In this study, 5 mol% Eu-doped Y2O3 (Y2O3:Eu3+) nanophosphor powders were prepared 

by FSP without any post heat-treatment. For starting liquid precursor, the nitrates of yttrium and 

europium were dissolved in ethanol. The overall concentration of liquid precursor was fixed at 

0.3 M. The addition of urea into liquid precursor was varied from 1 M to 4 M. In order to 

achieve the homogeneity of aqueous solution, this mixture was stirred by ultrasonic agitation for 
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30 min at room temperature. The precursors were then placed in syringe pump for applying to 

burner. Methane gas was used as the fuel source gas with constant flow rate. Oxygen gas was 

used for both complete combustion reaction and for spraying of precursor droplets. The FSP 

system consisted of spray burner, quartz tube, spray generator, particle collection bag filters and 

vacuum pump. The fine droplets were supplied to the high temperature diffusion flame zone 

above spray burner using syringe pump with constant feed rate. The phosphor particles were 

generated by evaporation, decomposition and melting of the droplets. The flame nozzle consisted 

of three concentric pipes. Oxygen and methane gas, through the outer pipes in flame nozzle, was 

used to generate the diffusion flame. The flame temperature and the residence time in the 

diffusion flame zone could be controlled by varying the amounts of the methane and oxygen 

gases and the flow rate of the liquid precursor. The phosphor particles produced were collected 

on filter paper. The filter paper was kept over 200°C using heating tape to prevent the 

condensation of water vapor inside the metal cylinder wall.  

The crystallographic phase purity of Eu-doped Y2O3 (Y2O3:Eu3+) nanophosphors was 

examined by XRD (Philips, APD-3720). The phosphors prepared by FSP without further heat-

treatment showed the cubic phase crystalline patterns. The morphology and size of phosphor 

particles were analyzed by a FE-SEM (JEOL-6335F). TEM(JEOL-2010F) was used to determine 

particle size and shape at the accelerating voltage of 100 kV. Optical properties were measured 

using fluorescence spectrophotometer. A xenon lamp was used for excitation of Y2O3:Eu3+ 

nanophosphors in the UV region. For comparison, all luminescence characterization of the 

phosphors was measured at room temperature under the same measurement condition. 
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4.3 Results and Discussion 

The crystallographic phase purity of Y2O3:Eu3+ nanophosphors was analyzed by XRD. 

Yttrium oxide has the two types of crystal structure: cubic (α) and monoclinic (β). It is well 

known that photoluminescence intensity of the cubic phase of Y2O3:Eu3+ phosphors is higher 

than that of monoclinic phase [104]. Thus, only pure cubic phase Y2O3:Eu3+ phosphors are 

favorable for commercial luminescence. XRD patterns of as-prepared Y2O3:Eu3+ nanophosphors 

with different mole of urea addition without heat-treatment are shown in Figure 4-1. The XRD 

patterns of all synthesized products, Y2O3:Eu3+ phosphor, well matched with Joint Committee on 

Powder Diffraction Standards card No. 41-1105 for cubic Y2O3. Figure 4-1 shows no additional 

peaks of other phases, indicating that Eu3+ dopant has been well doped in the host materials. 

Mixtures of cubic and monoclinic Y2O3 were obtained by conventional FSP in previous studies 

[104, 105]. The presence of both phases necessitated a post-annealing treatment around 1000°C 

for monoclinic to cubic phase transformation. The XRD patterns (Fig. 4-1) show the possibility 

of single step fabrication of cubic nanocrystalline Y2O3:Eu3+ phosphor without any post-heat 

treatment by flame spray pyrolysis method. In FSP method, flame temperature is an important 

factor to produce the cubic phase Y2O3:Eu3+ phosphor with dense and spherical shape. It can be 

controlled by optimum methane/oxygen gas ratio and precursor composition. In previous study, 

Purwnato et al [106]. mentioned that the addition of urea into nitrate based liquid precursor 

promotes the formation of nanoparticle and supplies additional heat in the flame zone, during the 

formation of YAG:Ce nanoparticles. Inset in Figure 4-1 shows SEM image of Y2O3:Eu3+ 

phosphor particles with 2 M of urea, shows a fine size and dense morphology in a nanometer 

dimension. Figure 4-2 shows TEM images of Y2O3:Eu3+ nanophosphors prepared with 2 M of 

urea in the liquid precursor. The particle size can be observed to be in 20-30 nm range.   
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Figure 4-3 shows the luminescence properties of as-prepared Y2O3:Eu3+ nanophosphor 

with different concentration of urea. Photoluminescence excitation spectra were measured for 

emission at 609 nm, with excitation radiation from a xenon lamp varying from 350 nm to 450 nm. 

Figure 4-3 A shows the emission spectra of as-prepared phosphors with different mole of urea, at 

fixed 5 mol% Eu dopant in Y2O3. The relative photoluminescence emission spectra are presented 

in Figure 4-3 B. We can observe that Y2O3:Eu3+ nanophosphors exhibit a strong red emission at 

609 nm. The luminescent spectra of the as-prepared particles shows typical Y2O3:Eu3+ emission 

spectrum, which is a transitions from 5D0 → 7FJ (J=0,1,2,3,4) levels of the Eu3+ ion [107, 108].  

The strongest emission peak around 609 nm arises from the 5D0 → 7F2 transition while less 

emission peak around 590 nm is due to the 5D0 → 7F1 transition. Luminescence intensity 

increased with urea concentration in the precursor till around 2 M, after which the 

photoluminescence intensity shows a decreased in intensity.  

Photoluminescence intensity strongly depends on crystallinity as well as morphology of 

phosphors. Luminescent properties were observed to be dependent on the urea concentration in 

the liquid precursor. Maximum photoluminescence intensity was observed when 2M of urea was 

present in the liquid precursor. The improvement of relative photoluminescence intensity is 

related with flame temperature and complete burning step under proper experiment condition. 

Qin et al [105]. reported that higher flame temperature improves the brightness and results in 

better crystallinity on as-prepared Y2O3:Eu3+ phosphor particles. However, over 2 M of urea, low 

photoluminescence intensity results from impurity caused by further addition of urea on 

phosphors.  
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4.4 Conclusion 

In conclusion, we have demonstrated that nanocrystalline cubic phase Y2O3:Eu3+ phosphor 

can be prepared by single step route, which involves direct flame synthesis from starting liquid 

precursor with addition of urea by FSP method. The effect of addition of urea in nitrate based 

liquid precursor on crystallinity, morphology, and photoluminescence characteristics of 

Y2O3:Eu3+ nanophosphor was investigated. The addition of urea in starting liquid precursor 

provides additional heat in flame zone to produce phosphors with high crystallinity, contributes 

to complete burning during flame synthesis, and leads to nano-size particle formation. The 

phosphor particles produced were in nanometer size range with dense morphology. Y2O3:Eu3+ 

produced in the presence of 2 M of urea in the liquid precursor showed the maximum 

photoluminescence intensity.  
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Figure 4-1.  X-ray Diffraction (XRD) patterns of as-prepared 5 mol% Eu-doped Y2O3 
nanophosphor by FSP with different mole of urea. Inset is a Scanning Electron 
Microscopy (SEM) image of phosphor produced in presence of 2 M of urea.  
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Figure 4-2.  Transmission Electron Microscopy (TEM) images of as-prepared 5 mol% Eu-doped 
Y2O3 nanophosphor by FSP with 2 mole of urea in liquid precursor.  
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Figure 4-3.  Photoluminescence (PL) spectra of as-prepared 5 mol% Eu-doped Y2O3 
nanophosphor with different mole of urea in liquid precursor. A) emission intensity of 
Y2O3:Eu3+ nanophosphor, B) relative PL intensity of corresponding Y2O3:Eu3+ 
nanophosphor  
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CHAPTER 5 
LUMINESCENCE PROPERTIES OF Y2O3:EU3+ NANOPHOSPHOR PARTICLES 

PREPARED FROM UREA ADDED PRECURSOR USING FSP 

5.1 Introduction 

Phosphor materials are widely used in high quality optical display and lighting devices. 

Especially, europium doped yttrium oxide is one of the most popular phosphor materials in red 

light emitting applications [15]. Recently, use of nanometer size phosphors has become an 

attractive idea in high resolution displays because it has great potential in lighting applications 

with high efficiency [61, 109]. Many studies were focused on crystallinity, morphology, 

luminescent properties and concentration quenching of nanoscale phosphors with different 

synthesis methods and conditions. Decrease in phosphor particle size in nanometer range 

increases surface-to-volume ratio and also the quantum efficiency [110]. Moreover, a smaller 

phosphor size could result in a smaller screen pixel size and a higher degree of transparency for 

phosphors dispersed in other substrates. The luminescent efficiency of phosphors for lighting 

applications is usually related to emission efficiency, concentration quenching, and size and 

morphology of phosphors [8, 111]. The requirements for improving the efficiency of phosphor 

materials are based on high quality of host materials, and reducing concentration quenching. 

Also spherical and dense morphology of phosphors are required to get better photoluminescent 

characteristics [8]. Therefore, it is necessary to make the phosphors with higher luminescence 

efficiency and in nanometer size range.  

Many different types of techniques such as sol-gel method [12], hydrothermal synthesis 

[103], co-precipitation [14], and combustion [13] have already been applied to generate the 

phosphor particles. Among these methods, flame spray pyrolysis (FSP) is a powerful method and 

has a simple process for making particles in nanometer range. The advantage of FSP compared 

to conventional methods is the possibility to use a wide range of precursors and liquid fuels such 
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as ethanol or xylene. Furthermore, FSP is a continuous single step system to make nanophosphor 

particles without post-heat treatment because flame temperature could be easily controlled by 

varying liquid fuel and oxidizer flow rates, which is high enough to make cubic Y2O3:Eu3+ 

phosphors.  

In this research, we report the preparation of Y2O3:Eu3+ nanophosphors using flame spray 

pyrolysis under different synthesis conditions. The crystal structure, morphology, size, and 

photoluminescent properties of the phosphor particles are presented. The effect of urea addition 

in starting liquid precursor and overall concentration of aqueous solution on formation of as-

prepared phosphors was investigated. The influence of Eu-doping concentration on luminescent 

properties of nanophosphors was studied.  

5.2 Experimental 

For the preparation of liquid precursor, yttrium nitrate(Y(NO3)3·6H2O, 99.99% Alfa Aesar) 

was used as the source of Y3+ and europium nitrate (Eu(NO3)3·6H2O, 99.99% Alfa Aeser) was 

used as doping material of Eu3+. These nitrate raw materials were dissolved in ethanol and then 

urea was added into the starting liquid precursor. Addition of urea into liquid precursor serves as 

fuel for flame synthesis. Urea addition was varied from 1 M to 4 M into the precursor. The 

mixture was stirred for 30 min at room temperature until a homogenous solution was achieved. 

The doping concentration was varied from 5 mol% to 25 mol% with respect to yttrium. To study 

the effect of overall loading concentration of liquid precursor on crystallinity and 

photoluminescent spectra, it was varied from 0.3 M to 0.9 M. Methane gas was used as the fuel 

source gas with a constant flow rate. Oxygen gas was used for both complete combustion 

reaction and also for spraying of droplets.   
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The FSP system consisted of spray burner, quartz tube, spray generator, particle collection 

bag filters and vacuum pump. The fine droplets were supplied to the high temperature diffusion 

flame zone above spray burner using syringe pump with constant liquid feed rate, in which the 

phosphor particles were generated, resulting from evaporation, decomposition and melting of the 

droplets. An oxygen and methane gas through the outer pipes in flame nozzle was used to 

generate the diffusion flame. The flame temperature and the residence time in the diffusion flame 

zone can be controlled by varying the amounts of the methane and oxygen gases and the flow 

rate of the liquid precursor. 

The phosphor particles produced were collected by filter paper. The filter paper was kept 

above 200°C using heating tape to prevent the condensation of water vapor inside the metal 

cylinder wall. All samples were directly prepared by FSP method without further heat treatment. 

The crystallinity of Y2O3:Eu3+ nanophosphors is analyzed by using powder XRD. The 

morphology and particle size of Y2O3:Eu3+ nanophosphors were examined using FE-SEM and 

TEM. Photoluminescent properties were determined using Xe-ramp as the excitation source. All 

the luminescence characterization of the phosphors was carried out at room temperature.  

5.3 Results and Discussion 

Figure 5-1 shows the XRD spectra of as-prepared Y2O3:Eu3+ nanophosphor particles with 

different overall concentration of liquid precursor at fixed 2M of urea addition: (a) 0.3 M; (b) 0.5 

M; (c) 0.7 M; (d) 0.9 M; (e) JCPDS No. 41-1105 Cubic phase of Y2O3. The XRD patterns of all 

samples are in good agreement with JCPDS No.41-1105 as cubic phase. The XRD patterns show 

the possibility of single step fabrication of nanocrystalline Y2O3:Eu3+ phosphor without any post-

heat treatment by FSP method. During the formation of phosphor particles in FSP method, flame 

temperature is the most important parameter to determine the properties of the phosphor particles. 
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Flame temperature can be controlled by varying oxidizer gas flow and adding fuel such as urea 

or carbohydrazide. In previous study, Lu et al [12]. mentioned that urea addition in starting liquid 

precursor provides additional heat in flame zone for particle formation and subsequently, the 

flame temperature increased. By increasing the flame temperature, it will support to evaporate 

the precursor droplet and generate smaller particles. At high flame temperature, the crystallinity 

of phosphor particle improved [111]. It implies that cubic phase Y2O3:Eu3+ phosphor can be 

generated by urea assisted FSP method without further post-annealing step.  

The morphology of the Y2O3:Eu3+ nanophosphors observed by SEM is shown in Figure 5-2. 

It shows a dense surface of the phosphor particles with slight agglomeration between particles. 

Y2O3:Eu3+ phosphor particles have spherical shape. From analysis of TEM images, shown in 

Figure 5-3, the particle size is around 20-30nm. TEM micrograph also reveals that as-prepared 

Y2O3:Eu3+ nanophosphors are slightly agglomerated.  

Figure 5-4 shows the luminescence properties of as-prepared 5 mol% Eu-doped Y2O3 

nanophosphors with 2 M of urea addition in the precursor, while the overall concentration of 

liquid precursor was fixed at 0.3 M. The PL spectra of Y2O3:Eu3+ nanoparticles was measured 

with excitation radiation from a xenon lamp at the wavelength of 393nm. Red light emission was 

observed from Y2O3:Eu3+ phosphor particles. The strongest emission peak was found at 609 nm, 

showing the typical luminescence spectrum of Y2O3:Eu3+ phosphors, which is a transitions from 

5D0 → 7FJ (J=0,1,2,3,4) levels of the Eu3+ ions [107, 108]. The luminescent spectra around 609 

nm is due to the cubic structure of the as-prepared phosphor particles [110], which is in good 

agreement with XRD measurements. The main emission peak at 609 nm is generated from the 

5D0 → 7F2 transfer in Eu3+ whereas the secondary emission at shorter wavelength, 590 nm, is due 

to the 5D0 → 7F1 transition [112].  
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The relative PL intensity of the corresponding phosphor particles with different 

concentration of urea is shown in Figure 5-5. Luminescent properties were dependent on the urea 

concentration in the liquid precursor. PL intensity of Y2O3:Eu3+ nanophosphors increased with 

urea concentration in the precursor till 2 M, further excess of urea resulted in decrease in the PL 

intensity. The most intense PL intensity was observed when 2 M of urea was added into the 

precursor. It is well known that crystal structure of phosphor particles has influence on 

luminescence properties. The addition of urea in the liquid precursor can promote the 

luminescence intensity because it supplies additional heat in the flame zone and generates high 

flame temperature, consequently, improving the crystallinity of Y2O3:Eu3+ phosphor particles. 

The improvement of relative PL intensity is related to complete burning at high flame 

temperature from urea added liquid precursor. Qin et al [105]. mentioned that the crystallinity 

and the brightness of the phosphor particles could be improved at high flame temperature. 

However, over 2 M of urea, PL intensity decreased due to the presence of impurity from excess 

urea in the phosphor particles. 

A higher doping concentration without concentration quenching on phosphor particles 

would show higher luminescence efficiency. It is very important and challenging to develop 

phosphor materials with less quenching effect in solid state lighting fields. The effect of Eu 

doping concentration on the PL intensity of phosphors was investigated at fixed 2 M of urea in 

liquid precursor. Figure 5-6 shows the PL intensity of as-prepared phosphor particles with 

different Eu doping concentrations, while overall concentration in precursor is fixed at 0.3 M. 

Figure 5-6 A shows the emission spectra of as-prepared phosphors with different doping 

concentration. The relative photoluminescence emission spectra are presented in Figure 5-6 B. 

From the luminescence spectrum, we can observe the strong red emission at 609 nm from 
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Y2O3:Eu3+ nanophosphor. The emission intensity increased with increasing Eu doping 

concentration till around 20 mol%, after which it shows quenching phenomena in PL intensity. It 

is well known that luminescence begins to quench when the activator concentration reaches a 

limit. In bulk Y2O3:Eu3+ phosphor usually prepared by conventional methods, the concentration 

quenching was observed around 6 mol% whereas Qin et al [105]. reported the concentration 

quenching limit of as-prepared nanophosphor particles prepared by flame synthesis to be 18 

mol% Eu, which was higher than other studies. However, as-prepared Y2O3:Eu3+ nanophosphor 

from urea assisted liquid precursor shows higher doping concentration compared to previous 

studies [8, 105, 113]. The increase of quenching concentration in nanophosphor materials could 

be explained by interference of energy transfer because of the interface effects of nanoscale 

materials [114]. From this result, it implies the possibility of synthesis of nanophosphor using 

FSP, which has higher doping concentration than previously reported quenching limits.  

Figure 5-7 A and B shows the influence of overall concentration of the precursor on PL 

intensity of as-prepared phosphor by FSP. As the overall concentration increased from 0.3 M to 

0.9 M at fixed 2 M of urea addition and 10 mol% Eu, PL intensity of as-prepared phosphor 

increased. It can be seen from Figure 5-7 B that the emission intensity reaches the maximum 

value when the overall concentration of precursor is 0.9 M. The spectrum peak position does not 

exhibit any shift with increase in loading concentration. The rate of increase of PL intensity is 

decreasing as the loading concentration increases from 0.3 M to 0.9 M. It indicates that 

saturation concentration will be achieved with no further increase in PL intensity. This saturation 

loading concentration appears to be closer to 0.9 M.  

5.4 Conclusion 

In this study, we have investigated the effect of synthesis conditions on the properties such 

as crystal structure, particle size, photoluminescent properties of the Y2O3:Eu3+ nanophosphor by 
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FSP method. Nanocrystalline Y2O3:Eu3+ phosphor can be prepared via flame spray synthesis 

with different quantity of urea into nitrate based liquid precursor. XRD patterns show that the 

cubic phase phosphors prepared by FSP was synthesized using urea additive in the liquid 

precursor without annealing step. The emission peaks in photoluminescent measurement show 

the red light emission and the intensity changes as the ratio variation of urea to Y3+ is varied. 

Urea assisted FSP methods can improve the relative PL intensity and achieve higher doping 

concentration in phosphor materials compared to other methods. 
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Figure 5-1.  XRD patterns of as-prepared 5% Eu-doped Y2O3 nanophosphor by FSP with 
different overall concentration of liquid precursor with 2 M of urea addition.  
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Figure 5-2.  SEM image of as-prepared 10% Eu-doped Y2O3 nanophosphor by FSP with 2 M of 
urea addition in 0.9 M loading concentration of liquid precursor 
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Figure 5-3.  TEM image of as-prepared 5% Eu-doped Y2O3 nanophosphor by FSP with 2 M of 
urea in the liquid precursor 
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Figure 5-4.  PL excitation and emission spectra of as-prepared 5% Eu-doped Y2O3 nanophosphor 
at 2 M of urea addition: PL emission of corresponding Y2O3:Eu3+ nanophosphor 
excited with wavelength of 393 nm 
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Figure 5-5.  PL intensity of as-prepared 5% Eu-doped Y2O3 nanophosphor at different mole of 
addition of urea to the liquid precursor  
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Figure 5-6.  PL intensity of Y2O3:Eu3+ nanophosphor with different doping concentrations. A) 
emission intensity of Y2O3:Eu3+ nanophosphor, B) relative PL intensity of 
corresponding Y2O3:Eu3+ nanophosphor  
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Figure 5-7.  PL spectra of as-prepared 10% Eu-doped Y2O3 nanophosphor with different overall 
concentration at fixed 2 M of urea addition. A) PL exciation of Y2O3:Eu3+ 

nanophosphor, B) PL emission of corresponding Y2O3:Eu3+ nanophosphor excited 
with wavelength of 393 nm
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CHAPTER 6 
LUMINESCENCE PROPERTIES OF YAG:CE3+ NANOPHOSPHORS PREPARED FROM 

UREA ADDED LIQUID PRECURSOR BY FSP 

6.1 Introduction 

Cerium-doped Y3Al5O12 (YAG:Ce3+) particles are yellow emission phosphors that have 

been widely studied in solid state lighting applications [14, 60, 63-65, 115]. Particularly, in white 

lighting application, YAG:Ce3+ phosphor is a promising material because YAG:Ce3+ phosphors 

can be combined with blue light emitting diodes (LED) for the generation of white LED. The 

efficiency of white LED is dependent upon the quality of phosphor particles. For the point of 

view of enhancement in light output efficiency, nano-sized YAG:Ce3+ phosphors are of current 

interest. Due to their novel properties such as low internal scattering when nano-sized phosphors 

are coated onto a bare LED surface [60, 66, 116], they are extensively being researched.  Also, it 

has been reported that higher doping concentration in nanophosphors could be achieved without 

concentration quenching because the energy transfer between luminescent centers is confined by 

decreasing particle sizes [9, 41]. This increase in dopant concentration in phosphor particles 

would increase luminescence efficiency.  

Generally, YAG:Ce3+ phosphor particles can be fabricated by the conventional solid state 

method [117], sol-gel [12], combustion synthesis [13], and co-precipitation [118]. In order to get 

nano-sized phosphor particles, most of methods require multi-steps and are time-consuming 

processes. In addition, many techniques require post-heat treatment with annealing temperature 

above 1000℃. Among these processing techniques, FSP is one of the most powerful methods for 

synthesis of YAG:Ce3+ nanophosphors on large scale. This technique has various advantages 

over other methods such as low contamination, good precursor mixing and high purity of phase 
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in synthesized material. Also, a wide range of precursors and liquid fuels such as ethanol or 

xylene can be used to easily to control the composition of phosphor particles.  

In this study, YAG:Ce3+ nanophosphors were synthesized via FSP method without long 

processing time and high annealing temperatures currently required for post treatments. Urea 

was added to liquid precursor which can raise flame temperature and as a result of that, it leads 

to enhancement in emission efficiency from getting better crystallinity by complete combustion 

of droplets in flame zone with high flame temperature.  

6.2 Experimental 

The starting materials for the YAG:Ce3+ phosphors were used yttrium nitrate 

(Y(NO3)3•6H2O, 99.99%) and aluminum nitrate (Al(NO3)3•9H2O, 99.99%) were used as the 

source of Y3+ and Al3+. Cerium nitrate (Ce(NO3)3•6H2O, 99.99%) was used as the dopant source 

material. Two molar ratios of yttrium to aluminum were prepared (3:5 and 3:7) in order to study 

the effect of excess aluminum in the liquid precursor on the luminescence properties. The overall 

concentration and the number of mole of urea were fixed at 0.1 M and 2 M, respectively. The 

doping concentration was fixed at 4 mol% with respect to yttrium. These nitrate raw materials 

were dissolved in ethanol and urea was added into the liquid precursor subsequently. Addition of 

urea into the liquid precursor serves as fuel for flame synthesis. The mixture was stirred for 30 

min at room temperature until a homogenous solution was achieved. Methane gas was used as 

the fuel source gas with a constant flow rate. Oxygen gas was used for both oxidants as the 

combustion reaction and as the carrier gas. 

FSP system consists of spray burner, quartz tube, spray generator, bag filters for particle 

collection and a vacuum pump. Fine droplets were supplied to the high temperature diffusion 

flame zone above the spray burner using syringe pump with a constant liquid feed rate. The 

flame nozzle consists of three concentric pipes. Outer pipes were used for supplying the oxygen 
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and methane gas while central most feed the liquid precursor. The flame temperature and the 

residence time of the synthesized material in the diffusion flame zone can be controlled by 

varying the amounts of the methane and oxygen gases and the flow rate of the liquid precursor. 

The phosphor particles produced were collected by filter paper. The filter paper was kept above 

200°C using heating tape to prevent the condensation of water vapor inside the metal cylinder 

wall.  All as-prepared YAG:Ce3+ nanophosphors were annealed at 1100℃ for 1 hour to get 

transformed cubic phase YAG.  

The size and the morphology of phosphor particles were observed by a field emission 

scanning electron microscopy (FE-SEM). The crystallinity of YAG:Ce3+ nanophosphor particles 

was analyzed by powder X-ray diffraction (XRD). The excitation and emission spectrum were 

determined using Xenon lamp as the excitation source. All the luminescence characterization of 

the phosphors was carried out at room temperature.  

6.3 Results and Discussion 

Figure 6-1 shows the XRD patterns of the final products, which were prepared from 

different liquid precursors. The as-prepared phosphor particles were annealed at 1100℃ for 1hr 

as a result of which they were transformed to pure cubic YAG structure. The XRD results of 

heat-treated phosphors are in good agreement with JCPDS No. 33-0040 for YAG. The XRD 

pattern of YAG:Ce3+ particles from the liquid precursor with different amount of urea at the 

molar ratio of yttrium to aluminum 3:5 is shown in Fig. 6-1 A. From XRD results, the addition of 

urea in liquid precursor does not affect the crystal structure of cubic YAG. However, it can be 

seen that the intensities of characteristic peaks increase on addition of urea in the liquid precursor. 

Previous studies have shown that as-prepared phosphor particles by FSP show hexagonal YAlO3 

phase and with increasing annealing temperature, it begins to show pure YAG structure [64]. In 
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this study, the annealed samples at 1100℃ are almost cubic YAG phase with some intermediate 

peaks of hexagonal YAlO3. When YAG:Ce3+ phosphor particles were generated from liquid 

precursor with the Y:Al molar ratio of 3:5, the intermediate phases appear which are identified as 

hexagonal YAlO3 phase. This small amount of hexagonal YAlO3 in XRD is due to non-uniform 

composition (aluminum deficient) of the final product by. It is well known that pure YAG 

crystalline structure is formed when reaction between diffused aluminum ions with YAlO3 

during the annealing process [119]. Thus, minor amounts of the hexagonal YAlO3 phase was 

obtained due to insufficient diffusion of aluminum in YAlO3 phase during post heat treatment.  

Pure YAG phase particles were obtained from slight excess of aluminum in the liquid 

precursor as shown in Figure 6-1 B. It can be seen from the XRD results that the excess 

aluminum in starting liquid precursor favors the formation of YAG phase during post-heat 

treatment. Furthermore, addition of urea has similar effect on the intensity of the XRD peak i.e. 

intensity increases with urea addition (see Fig. 6-1 B). Terashi et al. [120] reported that both 

particle morphology and crystallinity were influenced by addition of urea to the liquid precursor. 

The addition of urea in the flame zone delivered additional heat to the particles during synthesis, 

which produced a large amount of decomposed gases. These gases combined with oxygen and 

methane contributes to towards overall energy provided to the particles during synthesis. The 

presence of urea in flame zone is useful to form nano-sized particles and improve the 

crystallinity [106, 120]. 

Figure 6-2 shows the FE-SEM photographs of the YAG:Ce3+ phosphor particles prepared 

from the nitrate-based liquid precursor with and without addition of urea. As-prepared phosphor 

particles by FSP were annealed at 1100℃ for 1hr. It can be seen from FE-SEM images that the 

addition of urea to liquid precursor affects the morphology and size of the prepared-phosphor 
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particles by FSP. Using the liquid precursor without added urea, the heat-treated phosphor 

particles exhibited small amount of droplets and nano-sized particles, as shown in Fig. 6-2 A. 

When 2 M of urea was added to the liquid precursor, well-dispersed nanoparticles were easily 

obtained using FSP, as shown in Fig. 6-2 B. 

The excitation and emission spectra of YAG:Ce3+ prepared from nitrate-based liquid 

precursor with 2 M urea by FSP are presented in Figure 6-3, while the doping concentration and 

the overall concentration of liquid precursor were 4 mo% and 0.1 M, respectively. As-prepared 

YAG:Ce3+ phosphor particles were annealed at 1100℃ for 1hr. The excitation peaks of 

YAG:Ce3+ phosphor particles in excitation spectra (shown in Fig. 6-3) were found at 344 nm and 

465 nm. These excitation peaks were originated by electron transitions from 4f ground state to 5d 

split energy level of Ce3+ by crystal field [60, 116]. There is a broad emission band in range 480-

650 nm corresponding to the yellow light. The strongest emission peak was found at 524 nm, 

showing the typical luminescence spectrum of YAG:Ce3+ phosphors, which due to electron 

transitions from 5d to 4f of Ce3+ ion in the YAG lattice [121]. Also, the emission peak at 524 nm 

can be combined with the emitted blue light from GaN-LEDs to yield white light.  

The emission spectra for the YAG:Ce3+ phosphor particles prepared from different liquid 

precursors after annealing at 1100℃ for 1hr are shown in Figure 6-4. The figure shows the effect 

of urea and the molar ratio of yttrium to aluminum in liquid precursor on the luminescence 

intensity. The luminescence properties of the prepared-phosphor particles by FSP are dependent 

on the addition of urea to liquid precursor. It was found that the emission intensity of YAG:Ce3+ 

phosphor particles prepared from the liquid precursor with urea was higher than that of the 

phosphor particles prepared without added. No shift in the peak position of the emission spectra 

was observed under different conditions of liquid precursor. Generally, it is well known that the 
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luminescence properties of phosphor particles are strongly dependent upon the characteristics of 

the prepared phosphors such as particle size [7], surface morphology [8], concentration 

quenching [9] and crystallinity [10]. The crystallinity is one of the most important parameters to 

obtain the phosphor particles with high luminescence efficiency. Pan et al. [122] reported that the 

emission intensity increases with increasing the sintering temperature due to improved 

crystallinity of YAG particles. Thus, the luminescence properties, as shown in Fig. 6-4, are in 

good agreement with the XRD results. Furthermore, we studied the effect of molar ratios yttrium 

to aluminum on luminescence properties of the YAG:Ce3+ phosphor particles. In case of Y:Al 

molar ratios of 3:7, the higher luminescence intensity of YAG:Ce3+ phosphor particles could be 

obtained by the FSP method. The improvement in the emission intensity of YAG:Ce3+ 

nanophosphors prepared with slight excess aluminum to liquid precursor is probably due to the 

improved the crystallinity with presence of pure cubic phase YAG by better incorporation of Al-

ions in YAG lattice. Similar results have been reported by Kinsman et al. [119] that 

luminescence intensity was enhanced with slight excess of aluminum. 

6.4 Conclusion 

YAG:Ce3+ nanophosphor particles were synthesized using FSP from the nitrate-based 

liquid precursor with urea addition and slight excess of aluminum. The effect of different liquid 

precursor on properties of YAG:Ce3+ nanophosphors prepared by FSP method was investigated. 

YAG:Ce3+ nanophosphors exhibit higher emission intensity when liquid precursor were prepared 

by the addition of urea. Addition of urea to liquid precursor provides the additional heat by 

decomposition and burning of urea in flame zone, which promotes well-dispersed particles in 

nanometer range and increase the crystallinity of the prepared-phosphor particles. Particles 

prepared with higher yttrium to aluminum molar ratio (3:7) show higher luminescence intensity 

as compared to one with Y:Al ratio of 3:5.  
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Figure 6-1.  XRD patterns of YAG:Ce3+ prepared with different Y:Al molar ratios in the 
precursors with and without urea. A) Y:Al = 3 : 5, B) Y:Al = 3 :7 
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Figure 6-2.  SEM images of YAG:Ce3+ particles prepared from liquid precursor without and with 
the addition of urea. A) 0 M, B) 2 M  
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Figure 6-3.  PL spectra for 4 mol% Ce-doped YAG after annealing at 1100℃ for 1hr. A) 
excitation spectra for the YAG:Ce3+ nanophosphor, B) emission spectra for the 
YAG:Ce3+ nanophosphor excited with wavelength of 465 nm 
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Figure 6-4.  Emission spectra of YAG:Ce3+ (4 mol%) nanophosphors prepared from different 
liquid precursors after annealing at 1100℃ for 1hr 
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CHAPTER 7 
THE INFLUENCE OF DIFFERENT CONDITIONS ON THE LUMINESCENCE 

PROPERTIES OF YAG:CE3+ NANOPHOSPHORS USING FSP 

7.1 Introduction 

Cerium-doped Y3Al5O12 (YAG:Ce3+) particle as yellow emission phosphor is one of the 

most important phosphors in solid state lighting fields [14-16, 60, 63-65, 115] because it can be 

applied to generate the white light by mixing of blue light emitting diodes  (LEDs). One of 

important parameters in white LED is the quality of phosphor particles. In order to improve the 

light emitting efficiency from white LEDs, it is necessary to have highly efficient light emitting 

phosphors on blue LEDs [66]. It has been reported that the efficiency of phosphors for white 

light application could be achieved by using nanophosphor because nano-sized YAG:Ce3+ 

phosphor shows higher luminescent efficiency than that of larger size particles [60]. This 

enhancement comes from reduction of internal light scattering in phosphor layer when coated 

onto a bare LED surface.  

Traditionally, YAG particles have been prepared by the conventional solid-state reaction 

method which requires annealing at temperatures higher than 1000℃. The phosphor particles 

prepared by the solid-state reaction method usually contain impurities caused by poor mixing of 

chemical compounds and requires annealing for a long time at high temperature. Moreover, in 

order to get fine phosphor particles, a cumbersome and time-consuming process such as ball 

milling is needed. In recent years, several synthesis techniques such as sol-gel [12], combustion 

synthesis [13], and co-precipitation [14] were used to overcome the above mentioned limitations 

for preparation of the YAG particles. Among the processing techniques, FSP is one of the most 

powerful methods for synthesis of YAG:Ce3+ nanophosphors because of its advantages of less 

contaminations from being a simple method, good precursor mixing using nitrate aqueous 
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precursor, and high purity of phase from high flame temperature. Also, the composition of 

phosphor particle generated by FSP can be easily controlled. 

In this paper, YAG:Ce3+ nanophosphors are prepared from nitrate based liquid precursor at  

different molar ratios Y:Al of 3:5 and 3:7 by flame synthesis with different flame temperature. 

The effect of different methane flow rate and the ratio of yttrium to slight excess aluminum in 

starting aqueous precursor on luminescence properties were comparatively investigated. The 

heat-treated phosphor particles were examined by X-ray diffraction (XRD) for the phase 

formation and field-emission scanning electron microscopy (FE-SEM) for the morphology and 

size of phosphors.  

7.2 Experimental 

FSP system consists of a spray burner, quartz tube, spray generator, bag filter for particle 

collection and a vacuum pump. The spray burner is the most important component of the system. 

It consists of three concentric pipes, outer two for fuel and oxygen gas while inner is for spraying 

liquid precursor. The fuel i.e. methane in this case and oxidant i.e. oxygen flow rate are adjusted 

using flow meter to control the flame temperature. The liquid precursor is introduced in the high 

temperature flame zone in form of fine droplets using a syringe. The syringe needle diameter and 

the syringe plunger velocity control the droplet size and hence, the particle size of synthesized 

YAG phosphor particles. The phosphor particles produced were collected by filter paper. The 

filter paper was kept above 200°C using heating tape to prevent the condensation of water vapor 

inside the metal cylinder wall.  

For the preparation of liquid precursor, yttrium nitrate (Y(NO3)3•6H2O, 99.99%) and 

aluminum nitrate (Al(NO3)3•9H2O, 99.99%) were used as Y3+ and Al3+ source, while cerium 

nitrate (Ce(NO3)3•6H2O, 99.99%) was used as doping material of Ce3+. Yttrium and aluminum 

nitrates were dissolved in ethanol at different molar ratios to vary yttrium to aluminum ratio from 
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3:5 to 3:7. The total overall concentration of the liquid precursor was fixed at 0.1 M and the 

doping concentration was fixed at 4 mol% with respect to yttrium. The mixture was stirred for 30 

minutes at room temperature until a homogenous solution was achieved. Methane gas was used 

as the fuel source gas while oxygen was used as an oxidant and as a carrier gas to spray 

precursor. As-prepared phosphor particles were placed in an electric furnace for post heat 

treatment, which was carried out under atmospheric conditions. The particles were annealed at 

different temperature varying from 800℃ to 1100℃ for 1hr to confirm the phase transformation 

temperature of as-prepared phosphors. The heated-particles were cooled to room temperature by 

natural convention and were used as it is for further characterization.  

The size and morphology of phosphor particles were determined using a field emission 

scanning electron microscopy (FE-SEM). The crystallintiy of the synthesized YAG:Ce3+ 

nanophosphors was analyzed by powder X-ray diffraction (XRD). The excitation and emission 

spectrums were obtained using Xe-ramp as the excitation source. All the luminescence 

characterization of the phosphors was carried out at room temperature.  

7.3 Results and Discussion 

The post heat treatment is required to transform the hexagonal YAIO3 to pure cubic YAG 

phase. As-prepared phosphor particles were annealed in the electric furnace at different 

annealing temperatures varying between 800℃ to 1100℃ under atmospheric condition. Figure 

7-1 shows the XRD patterns for the synthesized YAG:Ce3+ nanophosphor particles after post-

heat treatment at different annealing temperatures. It can be seen from the XRD results that the 

as-prepared phosphor particles by FSP present a hexagonal YAlO3 phase. While on increasing 

the annealing temperature, it begins to transform into the YAG phase and also increase the peak 

intensity of XRD patterns. The cubic phase YAG was obtained after annealing at 1000℃. These 
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XRD patterns are in good agreement with JCPDS No. 33-0040 for YAG. On further increasing 

the temperature, the intensity of the characteristic peaks increased showing improvement in 

crystallinity.  

Figure 7-2 shows the SEM micrographs of as-prepared phosphor particles (Fig. 7-2 A) and 

annealed phosphor particles (Fig. 7-2 B). It can be observed that the particle size of the 

synthesized phosphors is less than 100 nm with broad particle size distribution. From the SEM 

images, we clearly see that the nano-sized particles can be easily produced by FSP from nitrate-

based liquid precursor.  

The PL emission spectra of heat-treated nanophosphors are shown in Fig. 7-3 A. It can be 

seen from the Fig. 7-3 B that relative PL intensity increases with the annealing temperature. The 

phosphor particles were excited by 465 nm wavelength rays from xenon lamp and start to emit 

broad yellow emission at an annealing temperature of 1000℃. The strongest emission peak was 

found at 524 nm, showing the typical luminescence spectrum of YAG:Ce3+ phosphors, which is 

due to a transitions from 5d to 4f of Ce3+ ion in the YAG lattice [121]. The phosphor particles 

annealed below 900℃ do not show luminescence. The maximum PL intensity was obtained 

when annealing was carried out at 1100℃. In addition, no shift in peak was observed under 

different heat treatment conditions. The PL intensity is improved with increasing of annealing 

temperature, which is due to the improvement of crystallinity from high temperature anealing.  

 YAG:Ce3+ nanophosphors were prepared by different methane flow rate and molar ratios 

of yttrium and aluminum in liquid precursor. It should be noted that all samples were post-heat 

treated at 1100℃ for 1hr under atmospheric conditions. The effect of methane flow rate with 

constant oxygen flow rate and the overloaded aluminum in liquid precursor on the crystallinity of 

the YAG:Ce3+ nanophosphor particles is depicted in Figure 7-4. In the formation of phosphor 
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particles using FSP method, flame temperature is the most important parameter which 

determines the properties of the phosphor particles. The increase methane flow rate influences 

the flame temperature and the residence time of droplets in flame zone. At higher flame 

temperatures, the crystallinity of phosphor particles improves [8]. In Fig. 7-4, nanophosphor 

particles prepared by the flame in lower methane flow rate at fixed oxygen flow exhibit better 

crystallinity than that in higher methane flow rate. The increase in the intensity of the XRD 

patterns results from complete burning of liquid precursor at lower methane flow rate. Moreover, 

it can be seen from Fig. 7-4 that in case of slight excess of aluminum in liquid precursor, it 

shows better XRD results. In addition, YAG:Ce3+ nanophosphors prepared by Y:Al ratio of 3:5 

in liquid precursor exhibit some additional peaks in XRD patterns. This is due to the insufficient 

diffusion of aluminum in the YAlO3 phase during post heat treatment. As a result of this, no pure 

YAG phase was obtained. In order to form YAG structure, it is necessary to react between Al 

and YAlO3 by the diffusion mechanism of Al that during the annealing process [119]. From the 

XRD results, it can be seen that the environment of the overloaded aluminum in starting 

materials helps the hexagonal YAlO3 to transform the cubic YAG phase. Thus, during the 

synthesis of YAG:Ce3+ nanophosphors by FSP method, it is shown in Fig. 7-4 that the liquid 

precursor with slight excess of aluminum is favorable to generate the pure YAG phase as a final 

product.  

  The emission spectra of YAG:Ce3+ nanophosphor particles are shown in Figure 7-5 A. 

The curves show the effect of methane flow rate in flame zone and the stoichiometry in liquid 

precursor on relative PL intensity. PL measurements show that nanophosphor particles prepared 

at lower methane flow rate exhibit higher PL intensity than with higher methane flow rate at a 

constant oxygen flow. This can be attributed to the reducing characteristics of the flame. At 
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higher methane flow rate, the flame is oxygen deficient which leads to reducing flame. Such 

reducing environment/flame in turn causes oxygen vacancies in the newly synthesized 

YAG:Ce3+ nanophosphors due to incomplete burning of the precursor. It can be corroborated by 

the flame temperature which was observed to be higher for lower methane to oxygen ratio flame 

as compared to the flame with higher ratio. Furthermore, Figure 7-5 B shows the relative PL 

intensity of YAG:Ce3+ nanophosphors at different Y:Al molar ratios and different methane flow 

rate. The relative PL intensity of nanophosphors with Y:Al molar ratios of 3:7 is higher than that 

of 3:5, as shown in Figure 7-5 B. The improvement of the relative PL intensity of YAG:Ce3+ 

nanophosphors is probably due to the good crystallinity from pure cubic phase YAG by 

incorporation of Al-ions in YAG lattice. Kinsman et al [119]. also demonstrated that relative 

intensity in emission spectra is increased with slight excess of aluminum. The luminescence 

properties of phosphors are influenced by various parameters such as particle size [7], surface 

morphology [8], and crystallinity [122]. Among those, the crystallinity is the most important 

parameter to determine the luminescence efficiency in phosphors. To obtain good luminescence 

properties in yellow light emitting YAG:Ce3+phosphors, the phosphors should have pure cubic 

YAG structure [64].  

7.4 Conclusion 

YAG:Ce3+ nanophosphors were successfully prepared by FSP method combined with post-

heat treatment. Nano-sized phosphor particles can be easily generated via simple process from 

nitrate aqueous precursor. As-prepared particles found to be hexagonal YAlO3, transformed to 

cubic YAG phosphor upon heat treatment above 900°C. The increase in annealing temperature 

raises the PL intensity of YAG:Ce3+ nanophosphors with occurring maximum emission intensity 

at annealing temperature of 1100°C. The nanophosphor particles showed the improvement in PL 

intensity with slight excess of aluminum and lower methane flow rate at a constant oxygen flow.  
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Figure 7-1.  XRD patterns of 4 mol% Ce-doped YAG at different annealing temperatures  
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Figure 7-2.  SEM images of 4 mol% Ce-doped YAG nanophosphor prepared by FSP. A) as-
prepared phosphor particles, B) annealed phosphor particles  
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Figure 7-3.  PL spectra of 4 mol% Ce-doped YAG at different annealing temperatures.  A) 
emission spectra for YAG:Ce3+ nanophosphor excited with wavelength of 465 nm, B) 
Relative PL intensity at different annealing temperature. 
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Figure 7-4.  XRD patterns of 4 mol% Ce-doped YAG at different flame temperatures by 

controlling the methane flow rate and the molar ratio of yttrium to aluminum in liquid 
precursor 
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Figure 7-5.  PL spectra of 4 mol% Ce-doped YAG after annealing at 1100℃ for 1hr. A) 
emission spectra for YAG:Ce3+ nanophosphor excited with 465 nm wavelength, B) 
Relative PL intensity versus Y:Al molar ratios with different methane flow rate 
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CHAPTER 8 
SYNTHESIS AND CHARACTERIZATION OF ZN2SIO4:MN2+ NANOPHOSPHORS 
PREPARED FROM DIFFERENT ZN SOURCE IN LIQUID PRECURSOR BY FSP 

8.1 Introduction 

Phosphors are generally composed of highly pure host material and a small amount of 

intentionally added impurity, so-called activator. Such phosphor particles have been extensively 

investigated to obtain high luminescence efficiency properties for field emission displays (FED), 

fluorescent lamps and optoelectronic devices [15, 67, 123, 124]. Especially, Mn-doped zinc 

silicate (Zn2SiO4:Mn2+) is widely used as a green-emitting phosphor materials for plasma display 

panels (PDPs) and cathode ray tubes because of its chemical stability, high luminescence 

efficiency and semi-conducting properties [67-70]. For these applications, it is important to 

synthesize phosphors which have high luminescence efficiency, smaller particle size, controlled 

morphology, good crystallinity and appropriately doped with activators. The luminescence 

properties of phosphor particles are dependent upon the synthesis method. Traditionally, 

Zn2SiO4:Mn2+ phosphor particles are prepared by solid-state reaction method at high reaction 

temperature for a long period, involving repeated ball milling process, which is required to 

obtain the pure phase of phosphors. It is difficult to prepare phosphor particles with controlled 

shape and smaller size by this method. Another drawback of the solid-state reaction method is 

the contamination of phosphors by impurities during milling process or while washing with 

chemicals. These limitations strongly affect the luminescence properties of phosphor particles. 

Thus, many synthesis methods have been applied to improve the performance of Zn2SiO4:Mn2+ 

phosphor particles [69, 70, 125, 126]. Recently, FSP has been introduced as a promising method 

for producing phosphor particles with high luminescence efficiency, having spherical shape and 

small size. FSP is one of the most powerful methods for synthesis of Zn2SiO4:Mn2+ 

nanophosphors because of its advantages such as good precursor mixing using aqueous precursor 
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and high purity of phase from high flame temperature of being a simple method it causes less 

contamination. Also, the composition of phosphor particle generated by FSP can be easily 

controlled. 

In this work, we report the fabrication of Zn2SiO4:Mn2+ phosphor particles from different 

Zn-source in aqueous medium by FSP. It was investigated that proper Zn source in liquid 

precursor is required to produce high quality Zn2SiO4:Mn2+ phosphor particles. In order to study 

the effect of different zinc source on the size, morphology, crystallinity and luminescence 

properties of Zn2SiO4:Mn2+ phosphor particles. Three types of precursors were prepared by 

dissolving zinc-nitrate, zinc-2-ethylhexanoate and zinc-acetate in ethanol. To find optimal 

condition for obtaining high luminescence efficiency in Zn2SiO4:Mn2+ phosphor particles, as-

prepared phosphor particles were annealed in the temperature range from 800℃ to 1000℃.  

8.2 Experimental 

Zn2SiO4:Mn2+ green phosphor particles were prepared from three different liquid 

precursors. Three different types of precursors for preparation of Zn2SiO4:Mn2+ nanophosphors 

were prepared using zinc-nitrate (Zn(NO3)2∙6H2O), zinc 2-ethylhexanoate 

(Zn(OOCCH(C2H5)C4H9)2) and zinc-acetate (Zn(C2H3O2)2∙2H2O) as zinc sources, 

tetraethylorthosilicate (TEOS, Si(OC2H5)4) was used as the source of silica and manganese 

acetate tetrahydrate (Mn(CH3COO)2∙4H2O) was used as the source of manganese doping. All the 

source materials were dissolved in ethanol or water with high purity. It is well known that zinc-

acetate has less solubility in ethanol, so in the case of using zinc-acetate as zinc source to liquid 

precursor, distilled water and ethanol were used to prepare the starting precursor. The total 

overall concentration of the liquid precursor was fixed at 0.1 M, while the manganese doping 

concentration was at 4 mol% with respect to zinc. The molar ratio of zinc-source:TEOS:Mn = 
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1.96:1:0.4 was used for the preparation of liquid precursors. The mixture was stirred for 30 mins 

at room temperature until a homogenous solution was obtained. Methane gas was used as the 

fuel source gas with a constant flow rate. Oxygen gas was used for both complete combustion 

reaction and spraying of droplets. As-prepared phosphor particles were placed in an electric 

furnace for post heat treatment, which was carried out under atmospheric condition. The particles 

were annealed from 800℃ to 1000℃ for 1hr to determine phase transformation temperature of 

as-prepared phosphors. The heated-particles were cooled down naturally after completion of 

annealing.  

FSP system mainly consisted of spray burner, quartz tube, spray generator, particle 

collection bag filters and vacuum pump. Fine droplets were supplied to the high temperature 

diffusion flame zone above spray burner using syringe pump with a constant liquid feed rate. In 

this phosphor particles were generated as a result of evaporation, decomposition and melting of 

the droplets. The flame nozzle consisted of three concentric pipes and the outermost pipe had 

oxygen and methane gas flowing through it for generating diffusion flame. The flame 

temperature and residence time in the diffusion flame zone can be controlled by varying the 

amounts of methane and oxygen gases and the flow rate of the liquid precursor. The phosphor 

particles produced were collected by filter paper which was kept above 200°C using heating tape 

to prevent condensation of water vapor inside the metal cylinder wall.  

The effects of precursor types from different zinc sources and annealing temperature on the 

crystalline structure and luminescence properties of the produced Zn2SiO4:Mn2+ nanophosphors 

were investigated. The crystallinity of prepared particles by heat-treatment was examined by 

powder X-ray diffractometry (XRD) and the morphology and size of phosphors were observed 

using field emission scanning electron microscopy (FE-SEM). The excitation and emission 
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spectrum were determined using Xenon ramp as the excitation source. Characterization of the 

phosphors for luminescence is carried out at room temperature.  

8.3 Results and Discussion 

In order to investigate the effect of the precursor type from different zinc sources on the 

crystallinity of prepared phosphor particles, XRD analysis was carried out. Figure 8-1 shows 

XRD patterns for Zn2SiO4:Mn2+ green phosphor particles prepared by FSP and annealed at 

1000℃. XRD patterns illustrated that typical zinc silicate structure was obtained with liquid 

precursors prepared by adding Zn-nitrate and acetate. However, when Zn-2-ethylhexanoate 

source was added to liquid precursor, XRD patterns showed presence of intermediate phases that 

were identified as ZnO structure, even for the same experimental conditions and annealing 

procedure. In case of Zn-2-ethlyhexanoate used for liquid precursor, although the particles were 

prepared from the same experimental condition including post heat-treatment, the final products 

did not exhibit pure zinc silicate structure. This is probably caused by poor homogenitiy in liquid 

precursor, which produces incomplete phase formation during flame synthesis. From Fig. 8-1, 

we observe that the crystallinity of Zn2SiO4:Mn2+ phosphor particles prepared from zinc nitrate-

based liquid precursor is better compared to that from zinc acetate-based liquid precursor. XRD 

analysis of the samples showed that good quality Zn2SiO4:Mn2+ phosphors can be synthesized 

using nitrate-based liquid precursor in FSP. For synthesis of phosphor particles by FSP method, 

precursor type is a key parameter for producing preferred products [89]. Moreover, selecting of 

precursor is critical as the combustion of liquid precursor itself provides significant amount of 

heat to flame zone [127]. Typically, nitrate-based liquid precursor is widely used as the source 

material in flame method. Usually nitrate source materials are highly soluble in ethanol and so 

easy to prepare, while acetate is relatively less soluble in ethanol. For the preparation of liquid 
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precursor using zinc acetate, distilled water and ethanol were used as precursor solvent. Qin et al 

[105]. reported that the flame temperature from ethanol based precursor is higher than the water 

based precursor as ethanol itself acts as fuel and provides heat to the flame compared to the 

combustion of water based precursor. Thus, increased flame temperature promotes the 

crystallinity of particles prepared by FSP [64, 105, 129]. As a result of, it can be seen from Fig. 2 

that the crystallinity of phosphor particles prepared using nitrate-based liquid precursors is higher 

than that of phosphors from other precursors. 

The morphology and size of thermally treated Zn2SiO4:Mn2+ phosphor particles prepared 

using different liquid precursors is as shown in Figure 8-2. All synthesized phosphor particles are 

observed particle size to have in nanometer range with spherical shape and were slightly 

agglomerated. From the SEM images in Fig. 8-2, it is observed that the nano-sized phosphor 

particles can be easily synthesized by FSP using various types of precursors. When 

Zn2SiO4:Mn2+ phosphors were prepared using zinc nitrate and acetate precursors and 4 mol% 

Mn-doped, dense particles which were close to stoichiometric of Zn2SiO4:Mn2+ molar ratios of 

Zn:Si:O:Mn as 1.96:1:0.4 were obtained. However, in case of adding Zn-2-ethylhexanoate to 

precursor, the prepared phosphor particles do not show uniform composition, although the 

preparation of the starting chemicals is carried out under exact same procedure. It indicates that 

the homogeneity of liquid precursor composition affects the properties of the final product and 

hence is very important parameter to produce the desired phosphor particles by FSP. 

Excitation and emission spectra for Zn2SiO4:Mn2+ nanophosphors is as shown in Figure 8-

3 A and B and shows the effect of precursor type on luminescence properties of Zn2SiO4:Mn2+ 

nanophosphors. All samples were post heat treated at 1000℃ for 1hr under atmospheric 

conditions. The prepared phosphor particles emits bright green light when excited with 
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wavelength of 266 nm. The strongest emission peak was found at 524 nm, showing the typical 

luminescence spectrum of Zn2SiO4:Mn2+ phosphors, which is a transition from 4T1(4G) to 6A1(6S) 

for tetrahedral-coordinated Mn2+ [129, 131]. From Figure 8-3, we observe that the luminescence 

intensity is a maximum for nanophosphor when prepared using Zn-nitrate based liquid precursor 

compared to other liquid precursors. However, no shift in the wavelength peak was observed for 

different precursor types. Zn-nitrate is a better zinc source for formation of Mn-doped zinc 

silicate phosphor particles than that of Zn-acetate or Zn-2-ethylhexanoate. Zn2SiO4:Mn2+ 

nanophosphors prepared from Zn-nitrate based liquid precursor have higher emission intensity 

than nanophosphors from other liquid precursors. Lower emission intensity of phosphors 

prepared from Zn-acetate and 2-ethylhexanotate-based liquid precursor is due to non-uniformity 

in composition of the precursor. The crystallinity of phosphor particles is one of the most 

important factors for determining the luminescence properties as increase in crystallinity of 

phosphor particles results in improvement of photoluminescence. The higher emission intensity 

in PL measurements can be supported by their XRD results shown in Fig. 8-1. We can see the 

presence of good crystalline structure in the prepared phosphor particle by FSP from Zn-nitrated 

based liquid precursor. These results reveal that the Zn-nitrate added liquid precursor is favorable 

to produce high quality of Zn2SiO4:Mn2+ phosphors by FSP. As a result of that, Zn-nitrate source 

was used as main precursor for the rest of our study below. 

XRD pattern of Zn2SiO4:Mn2+ phosphor particles prepared from Zn-nitrate based liquid 

precursor at different annealing temperatures ranging from 800℃ to 1000℃ is shown in Figure 

8-4. As annealing temperature is increased, it begins to show zinc silicate phase and produces 

higher crystalline phosphor particles with increase in peak intensity of XRD patterns. Pure zinc 

silicate phase was obtained at 1000℃. XRD pattern is in good agreement with JCPDS No. 37-
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1485 for Zn2SiO4. XRD result suggests that crystallinity can be improved by increasing of the 

annealing temperature. 

Figure 8-5 shows the effect of annealing temperatures on luminescence intensity was 

investigated. It can be seen from Fig. 8-5 that PL intensity for zinc silicate varies with annealing 

temperature and increases with increasing annealing temperatures. The phosphor particles were 

excited by 266 nm wavelength rays from xenon lamp and emit green emission peaks after further 

heat-treatment. The luminescence properties of phosphors are influenced by various parameters 

such as particle size [7], surface morphology [128], and crystallinity [122]. Among those, the 

crystallinity is the most important parameter for determining luminescence efficiency in 

phosphors. High crystallinity of phosphor particles results in improvement of photoluminescence 

[131]. All heat-treated Zn2SiO4:Mn2+ nanophosphors showed increase PL intensity with 

increasing annealing temperature. From PL spectra it is observed that maximum PL intensity for 

Zn2SiO4:Mn2+ phosphor particle, prepared from nitrate based precursor, was obtained for 

phosphor particles that were annealed at 1000℃.  

8.4 Conclusion 

In summary, Zn2SiO4:Mn2+ phosphors were synthesized by FSP and comparison of the 

crystalline properties and luminescent efficiencies of Zn2SiO4:Mn2+ nanophosphor particles 

prepared from liquid precursors with different zinc sources. XRD results show that the zinc 

nitrate-based liquid precursor is better than other precursors for the synthesis of Zn2SiO4:Mn2+ 

nanophosphor particles using FSP. The PL intensity of synthesized Zn2SiO4:Mn2+ nanophosphor 

particles was characterized for each liquid precursor type of zinc source. The most intense peak 

in luminescence properties was obtained for product of synthesized Zn2SiO4:Mn2+ nanophosphor 

particles prepared from nitrate-based precursor. Flame synthesis is a promising method for the 
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preparation of Zn2SiO4:Mn2+ nanophosphor particles annealed at temperatures varying from 

800°C to 1000°C. The emission intensity was found to increase with increase in annealing 

temperature.  
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Figure 8-1.  XRD patterns of 4 mol% Mn-doped Zn2SiO4 prepared using different liquid 
precursors by FSP  
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Figure 8-2.  SEM images of 4 mol% Mn-doped Zn2SiO4 nanophosphor prepared by FSP using 
different liquid precursors after annealed at 1000℃. A) Zn-nitrate, B) Zn-acetate, C) 
Zn-2-ethlyhexanoate  
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Figure 8-3.  PL spectra of 4 mol% Mn-doped Zn2SiO4 prepared using different liquid precursors 

by FSP. A) excitation spectra for Zn2SiO4:Mn2+ nanophosphors, B) emission spectra 
for Zn2SiO4:Mn2+ nanophosphors.  
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Figure 8-4.  XRD patterns obtained from 4 mol% Mn-doped Zn2SiO4 prepared from nitrate-
based liquid precursor at different annealing temperatures 
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Figure 8-5.  PL spectra of 4 mol% Mn-doped Zn2SiO4:Mn2+ phosphor obtained at different 
annealing temperatures. A) excitation spectra for Zn2SiO4:Mn2+ nanophosphor, B) 
emission spectra for Zn2SiO4:Mn2+ nanophosphor.  
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CHAPTER 9 
LUMINESCENCE PROPERTIES OF ZN2SIO4:MN2+ NANOPHOSPHORS BY FSP 

9.1 Introduction 

Mn-doped zinc silicate (Zn2SiO4:Mn2+) is the widely used green-emitting phosphor for 

plasma display panels (PDPs) and cathode ray tubes because of its chemical stability, high 

luminescence efficiency and semi-conducting properties [67-70]. Generally, commercial 

phosphors are synthesized by solid-state reaction method, which is carried out at a high 

temperature of over 1000℃ and produces phosphors having high luminescence. However, 

phosphors prepared/synthesized by solid-state reaction method have irregular shape and large 

diameter in the ranges of 2 and 20 ㎛. It is difficult to prepare phosphor particles with controlled 

shape and smaller size by this method. Another drawback of the solid-state reaction method is 

the contamination of phosphors with impurities during milling process or while washing with 

chemicals. For enhancing the efficiency of phosphors in display devices, smaller size and 

uniformity in shape is required. Thus, many synthesis methods have been applied to improve the 

performance of the phosphor particles [69, 70, 125, 126]. Recently, flame spray pyrolysis (FSP) 

has been introduced as a promising method for producing phosphor particles with high efficiency 

luminescence, having spherical shape and small size [106, 131, 132]. Moreover, FSP is one of 

the most powerful methods for synthesis of nanophosphor particles because of its advantages 

such as good precursor mixing using aqueous precursor, high purity of phase from high flame 

temperature and less contamination from being a simple method. Also, the composition of 

phosphor particle generated by FSP can be easily controlled.  

In this work, we report the synthesis of Zn2SiO4:Mn2+ nanophosphor particles using nitrate 

precursor by FSP. For synthesis of Zn2SiO4:Mn2+ phosphor particles, using nitrate precursor as 

starting chemical has some advantages such as high solubility in ethanol which acts as precursor 
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solvent, inexpensive and easy to prepare. We investigate how the annealing temperature affects 

the crystal structure and luminescence properties of Zn2SiO4:Mn2+ nanophosphor particles. 

Moreover, the effect of flame temperature on the crystallinity, luminescence intensity and 

morphology of Zn2SiO4:Mn2+ nanophosphor particles was studied. X-ray diffraction (XRD), 

field emission scanning electron microscopy (FE-SEM) and photoluminescence (PL) 

measurements have been carried out to characterize the nanophosphor particles.  

9.2 Experimental 

FSP system consists of spray burner, quartz tube, spray generator, bag filter for particle 

collection and a vacuum pump. Spray burner is the most important component of the system and 

it consists of three concentric pipes, outer two for fuel and oxygen gas while inner is for spraying 

liquid precursor. The flow rate of fuel i.e. methane in this case and oxidant i.e. oxygen are 

adjusted using flow meter for controlling the flame temperature. The liquid precursor is 

introduced in high temperature flame zone in the form of fine droplets using a syringe. The 

syringe needle diameter and the syringe plunger velocity control the droplet size and hence, the 

particle size of synthesized Zn2SiO4:Mn2+ phosphor particles. The phosphor particles produced 

were collected by filter paper which was maintained above 200℃ using heating tape to prevent 

condensation of water vapor inside the metal cylinder wall.  

For preparation of liquid precursor, zinc nitrate (Zn(NO3)2∙6H2O) and 

tetraethylorthosilicate (TEOS, Si(OC2H5)4) were used as the zinc and silica source, respectively; 

and manganese acetate tetrahydrate (Mn(CH3COO)2∙4H2O) was used as the source of manganese 

dopant. The starting materials were dissolved in ethanol. Overall concentration of the liquid 

precursor was fixed at 0.1 M while the doping concentration was fixed at 4 mol% with respect to 

zinc. The mixture was stirred for 30 minutes at room temperature until a homogeneous solution 

110 



 

was obtained. Methane gas was used as the source of fuel while oxygen was used as an oxidant 

and carrier gas to spray precursor. The particles were annealed at different temperatures varying 

from 800℃ to 1000℃ for 1hr to determine the phase transformation temperature of as-prepared 

phosphors. The heated-particles were cooled to room temperature by natural convection and used 

as it is for further characterization.  

The size and morphology of phosphor particles were determined using field emission 

scanning electron microscopy (FE-SEM) while the crystallintiy of the synthesized Zn2SiO4:Mn2+ 

nanophosphors was analyzed by powder X-ray diffraction (XRD). The excitation and emission 

spectrums were obtained using Xe-ramp as the excitation source. Luminescence characterization 

of the phosphors was carried out at room temperature.  

9.3 Results and Discussion 

For increasing the crystallinity of as-prepared phosphor particles, it is necessary to carry 

out post-heat treatment for phase transformation and obtaining the pure phase. As-prepared 

phosphor particles were annealed in the electric furnace at different temperatures in the ranges 

from 800℃ to 1000℃ under atmospheric conditions. Figure 9-1 shows XRD patterns for 

synthesized Zn2SiO4:Mn2+ nanophosphor particles after post-heat treatment at different annealing 

temperatures. As the annealing temperature is increased from 800℃ to 1000℃, there is an 

increase in the crystallinity of the heat-treated phosphor particles with the enhanced in peak 

intensity. When the as-prepared particles are annealed at 800℃, they exhibit zinc silicate 

structure with intermediate phases that are identified as ZnO structure (JCPDS 36-1451). 

However, it can be seen from XRD result in Fig. 9-1 that the typical zinc silicate structure with 

pure phase obtained when annealed at 1000℃.  
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The morphology and size of as-prepared and annealed Zn2SiO4:Mn2+ phosphor particles 

prepared by FSP from nitrate liquid precursors are shown in Figure 9-2. While the morphology 

and size of the particles were characterized by FE-SEM, the elemental contents were analyzed by 

an energy-dispersive X-ray spectrometer (EDS) attached to FE-SEM. The nitrate liquid precursor 

for droplet was prepared at a molar ratio of Zn:Si:Mn as 1.96:1:0.4. EDS confirmed the heat-

treated nanophosphor particles as Zn2SiO4:Mn2+ and having uniform composition. The phosphor 

particles annealed at 1000℃ depicted in Fig. 9-2 B shows the particle size to be in nanometer 

ranges, having filled morphology and spherical shape with little agglomeration. However, it can 

be observed from SEM images in Fig. 9-2 A that as-prepared particles exhibits irregular shape 

with agglomeration and broad particle size distribution. From SEM images in Figure 9-2, it is 

observed that nano-sized phosphor particles can be easily synthesized by FSP method using 

nitrate liquid precursor.  

Excitation and emission spectra for Zn2SiO4:Mn2+ nanophosphors are presented in Figure 

9-3. Phosphor particles that were heat treated at 1000℃ for 1hr under atmospheric conditions 

exhibit bright green emitting light when excited with wavelength of 266 nm. The strongest 

emission peak was observed at 524 nm, displaying typical luminescence spectrum of 

Zn2SiO4:Mn2+ phosphors, based on the transition from 4T1(4G) to 6A1(6S) for tetrahedral-

coordinated Mn2+ [129, 130]. The inset in Figure 9-3 shows relative emission intensity as a 

function of annealing temperatures. It indicates that the emission intensity of Zn2SiO4:Mn2+ 

nanophosphor particles enhances with the increase of annealing temperatures and exhibits higher 

intensity when annealed at 1000℃. This increase in emission intensity is due to the improvement 

in crystallinity as well as the incorporation of Mn2+ ions in the zinc silicate matrix, which results 

from the annealing treatment. The efficiency of phosphor materials is strongly influenced by the 
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chemical stability of host matrix and well-distributed activators in its host system. The 

crystallinity of phosphor particles is the most important factor when determining the 

luminescence properties. Higher crystallinity of prepared-phosphor particles leads improvement 

in luminescence intensity. Thus, higher emission intensity in PL measurements was attributed to 

increase crystallinity as shown in Figure 9-1 by XRD measurements. Based on this analysis, 

annealing temperature of 1000℃ was chosen for rest of the study below.  

 The effect of methane flow rate on the crystallinity of as-prepared and heat-treated 

nanophosphor particles was investigated using XRD (Figure 9-4). As shown in Fig. 9-4 A, as-

prepared particles were identified as mostly unreacted ZnO and silica crystal phases. The 

diffraction peaks of as-prepared particles shows increase in intensity increased with increasing 

methane flow rate from 1 l/min to 3 l/min. In order to obtain typical zinc silicate crystal structure, 

post-heat treatment was carried out. As-prepared nanoparticles by FSP with different methane 

flow rate from 1 l/min to 3 l/min were annealed at 1000℃ for 1hr in electric furnace under 

atmospheric conditions. Figure 9-4 B shows XRD patterns for heat-treated Zn2SiO4:Mn2+ 

nanophosphor particles prepared at different methane flow rates. The characteristic peak 

intensities increased with increasing methane flow rate. For the formation of particles in flame 

synthesis, flame temperature is the most important parameter which determines the properties of 

the phosphor particles. The increased methane flow rate influences flame temperature and the 

residence time of droplets in flame zone. Increasing the methane flow rate raises the flame 

temperatures in flame zone and as a result of higher flame temperature improves crystalline 

structure in the prepared nanophosphor particles by FSP [8, 64]. These figures suggest that 

crystallinity of as-prepared and annealed nanophosphor particles can be improved with increase 

of the flame temperature by varying methane flow rate.  
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The morphology and size of Zn2SiO4:Mn2+ phosphor particles obtained at different flame 

temperature by varying methane flow rate using FSP are shown in Figure 9-5. It can be seen 

from FE-SEM images that flame temperature affects the morphology and size of the prepared-

phosphor particles by FSP. At lower flame temperature with less methane flow rate (Figure 9-5 

A), it presents irregular shape particles with highly agglomeration. However, when higher flame 

temperature applied to flame reaction, it leads to formation of nanophosphor particles with 

spherical shape and less agglomeration (Figure 9-5 B).  

The effect of methane flow rate in flame zone on luminescence intensity is as shown in 

Figure 9-6. For all samples that were annealed at 1000℃ for 1hr under atmospheric conditions. 

PL measurement shows the improvement of emission intensity of Zn2SiO4:Mn2+ nanophosphor 

particles with increasing methane flow rate though no shift in peak position was observed. PL 

measurements show that PL intensity of Zn2SiO4:Mn2+ nanophosphor particles prepared at 

higher methane flow rate (3 l/min) is higher than that prepared with lower methane flow rate. 

Increasing methane flow rate in flame zone raises the flame temperature which introduces to 

generate the particles with good crystallinity. This is due to complete combustion of the 

precursor in flame zone as resulting in higher flame temperature. As discussed, the luminescence 

properties of phosphors are influenced by various parameters such as particle size [7], surface 

morphology [8], and crystallinity [122]. Among those, the crystallinity is the most important 

parameter to determine the luminescence efficiency in phosphors. Higher crystallinity of 

prepared-phosphor particles leads to improvement in luminescence intensity [130]. The PL 

intensity usually exhibits enhancement in intensity of phosphor particles obtained at high flame 

temperature.  
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9.4 Conclusion 

For FSP method, it was observed that nitrate liquid precursor can supply the droplet with 

homogeneous composition into spray burner during flame synthesis and as a result of that, it can 

easily produce the preferred phosphor particles as final product. In order to investigate the phase 

transition of as-prepared particles by FSP, post-heat treatment was performed at different 

annealing temperature from 800℃ to 1000℃ for 1hr. Pure Zn2SiO4 structure and the most 

intense peak in PL measurement were obtained when annealed at 1000℃. There are no 

significant differences in size and surface morphology between the phosphor particles with and 

without post-heat treatment. 

Furthermore, the effect of flame temperature on the crystal structure and luminescence 

properties of Zn2SiO4:Mn2+ nanophosphors was studied. High flame temperature by increasing 

methane flow rate leads to high crystalline structure of particles as it results in improvement in 

luminescence properties of prepared phosphor particles by FSP. Thus, FSP can be used for 

synthesis of high luminescence efficiency phosphors, using nitrate based liquid precursor 

followed by annealing at 1000℃ and high flame temperature. 
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Figure 9-1.  XRD patterns of 4 mol% Mn-doped Zn2SiO4 at different annealing temperatures 
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Figure 9-2.  SEM images of 4 mol% Mn-doped Zn2SiO4 nanophosphors prepared from nitrate-

based liquid precursor. A) as-prepared, B) annealed at 1000℃ for 1hr   
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Figure 9-3.  Excitation and emission spectra of 4 mol% Mn-doped Zn2SiO4 annealed at 1000℃ 

for 1hr. The inset in Figure 9-3 shows the relative PL intensity as a function of 
annealing temperature 
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Figure 9-4.  XRD patterns for Zn2SiO4:Mn2+
 phosphor particles at different flame temperature as 

functions of methane flow rate. A) as-prepared, B) annealed at 1000℃ for 1hr 
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Figure 9-5.  FE-SEM images of Zn2SiO4:Mn2+
 phosphor particles at different flame temperature 

as functions of methane flow rate. A) CH4-1 l/min, B) CH4-2 l/min, C) CH4-3 l/min 
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Figure 9-6. Emission spectra of 4 mol% Mn-doped Zn2SiO4:Mn2+ phosphor obtained at different 

methane flow rate. 
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CHAPTER 10 
CONCLUSION 

The objectives of this research focused on enhancement in the qualities of nanophosphor 

particles, which can be determined by controlling in shapes, size and crystallinity of particles. 

The luminescence properties of prepared phosphor particles were analyzed to understand the 

effect of different conditions in liquid precursors.  

10.1 Single Step Processing For Nanophosphor Particles 

Firstly, Y2O3:Eu3+ nanophosphor was synthesized by FSP from urea added nitrate based 

liquid precursor. The end product shows cubic phase Y2O3:Eu3+ nanophosphor successfully 

prepared by FSP without heat treatment. The influence of synthesis conditions such as different 

moles of urea, overall concentration of liquid precursors, and doping concentration on 

luminescent properties were investigated. The particle size of product was found to be in the 

range of 20-30 nm from TEM. In the photoluminescence (PL) properties, Y2O3:Eu3+ 

nanophosphor emitted red light with a peak wavelength of 609 nm when excited with 398 nm 

wavelength photons.  

10.2 The Effect of Addition of Urea to liquid Precursors on the Properties of 
Nanophosphor Particles  

Seconldy, YAG:Ce3+ nanophosphors  were synthesized by FSP from nitrate liquid 

precursor. As-prepared nanoparticles were annealed in the temperature range of 800℃ to 1100℃ 

for 1 hour. The influence of the addition of urea and the molar ratio of yttrium to aluminum in 

the liquid precursor on crystallinity and luminescence properties of YAG:Ce3+ nanophosphors 

prepared by FSP were comparatively studied. The heat-treated phosphor particles are spherical 

shape with an average size blow 50 nm. The crystallinity of YAG:Ce3+ nanophosphors improved 

with addition of urea and overloaded aluminum in starting liquid precursor. The nanophosphors 
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from urea-added and slight excess of aluminum in liquid precursor presents higher luminescence 

intensity than those of from non-urea and less aluminum.  

10.3 The inflence of Different Zn-source to Liquid Precursors on Luminescence Properties 
of Nanophosphor Particles  

Green emitting Zn2SiO4:Mn2+ phosphor particles were synthesized by FSP from nitrate 

liquid precursor. Luminescence and crystalline properties were investigated as the different Zn-

source materials in aqueous precursor. Also, the influence of post-heat treatment temperatures on 

the crystal structure and PL intensity of Zn2SiO4:Mn2+ nanophosphors were investigated. Mn-

doped zinc silicate crystalline structures were obtained when annealed at 1000℃ for 1hour. The 

emission peak was found at 525 nm as green emitting phosphor. Furthermore, it was investigated 

the effect of the flame temperatures by varying methane flow rate on the crystallinity and 

luminescence properties of Zn2SiO4:Mn2+ nanophosphors. The phosphor particles prepared from 

high flame temperature showed good crystallinity as pure phase and the maximum PL intensity. 

We conclude that the influence of different experimental conditions including liquid precursor 

from different zn-source and annealing temperature on both crystallinity and the luminescence 

properties of Zn2SiO4:Mn2+ nanophosphors.  
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