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ABSTRACT 

A family of monodisperse YBO3: Eu3+ 3D microstructure with nine morphologies 

were firstly synthesized under hydrothermal conditions. Different microstructures 

were controllably obtained through adjusting the molar ratio of Y: B (Yttrium: 

Boron) and solvent. Photoluminescence (PL) of nine samples were investigated and 

demonstrated that under the excitation of 254 and 363 nm honeycomb-like YBO3: 

Eu3+ spheres had the highest Red/Orange ratio as potential red phosphor for 

applications, such as PDPs (plasma display panels) and LEDs (light emitting 

diodes). Subsequently, the morphology of YBO3: Eu3+ is further controlled by 

changing the borate starting material and pH values. Moreover, related 

photoluminescence of YBO3: Eu3+ with various morphologies was compared. There 

is the graduate increase of luminescence intensity of Eu3+ on annealing the YBO3: 

Eu3+ microflowers at 400, 600, and 800 °C. The growth process of the YBO3 sparse 

and dense flowers was explored based on the time-dependent experiments and the 

results showed that the growth mechanism follows an in-situ growth through an 

initial nucleating, localized self-assembly, and Ostwald ripening process rather than 

self-assembly process as reported previously. Photoluminescence of white LEDs 

phosphors YBO3: Tb3+, Eu3+ was systematically studied demonstrating that under the 

excitation of 365 nm ultraviolet (UV) light. Tunable emission by varying the relative 

doping ratios were demonstrated, and eventually YBO3: Tb3+ (12.5%), Eu3+ (2.5%) 

exhibits a white light. It includes three emissions: a blue band attributed to self-

trapped exciton, a green band due to the Tb3+ transition of 5D4 −
7Fj (j = 6, 5, 4, 3), 

and a red band due to the Eu3+ transition of 5D0 −7Fj (j = 0, 1, 2, 3, 4). Energy 
vi
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transfers from host YBO3 to Tb3+, and Eu3+ and Tb3+ to Eu3+, as well as tunable 

emission by varying the relative doping ratios were identified through experimental 

strategies. At last, the combination of blue emission from self-trapped exciton with 

green and red emissions from activators was firstly used to fabricate white light 

emitting diodes by coating YBO3: Tb3+ (12.5%), Eu3+ (2.5%) phosphors on the 

commercial UVLED. Corresponding CIE coordinate, electroluminescence, color 

temperature, luminous efficiency, etc. were measured for the assessment of 

application.  
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CHAPTER 1  

INTRODUCTION 

1.1 Inorganic Phosphor for White Light-Emitting Diodes (WLEDs) 

WLEDs have recently attracted increasing attention, compared with currently employed 

incandescent and fluorescent lamps, due to its distinct advantages, such as high emission 

efficiencies, long life time and small size. WLEDs can save approximately 70% of the 

energy compared with abovementioned tradition light sources because it uses a longer 

excitation wavelength of 330 to 450 nm.1-3 Lanthanide ions can absorb the excitation 

radiation and exhibit unique luminescent properties, including a process of photo 

downconversion by converting blue or UV excitation energy into RGB (red, green, blue)-

emitting visible wavelengths. Such property makes lanthanide-doped inorganic material 

promising as WLEDs phosphors, whose excitation wavelength can match well with the 

blue or UV LEDs. This section focuses on the recent advancement of inorganic WLEDs 

phosphors as well as the criteria of WLEDs. 

1.1.1     Introduction 

LED is a semiconductor light source where electricity can be converted to visible light 

when a fitting voltage is applied to the leads and current flows through the p-n junction. 

Electrons are able to recombine with electron holes within the device, releasing energy in 

the form of photons. The color of the light (corresponding to the energy of the photon) is 

determined by the energy band gap of the semiconductor. On the other hand, the larger 

LED forward current comes through, the higher the luminous flux is. Fig. 1.1 shows the 

setup of the commercial LED. The LED consists of a semiconductor chip with two leads 
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and plastic silicone lens that prevent the semiconductor from being forcefully pulled out 

from mechanical strain and give optical lens action. The color converting phosphors are 

placed on top of the semiconductor chip, embedded in silicone lens to partially or fully 

convert the LED emission to white light. 

 

Fig. 1.1 Schematic diagram of a warm WLED on basis of a blue LED coated with a 
green and a red phosphor.4         

  
   Solid state lighting based on InGaN LED has received increasing attention after the 

breakthrough in the epitaxial growth of InGaN compound semiconductor material, high 

light generation efficiency and manufacturability. Inorganic phosphors including oxide, 

nitride, and oxynitride host, play a critical role in high color rendering in form of 

wavelength conversion.5-9 YAG (Y3Al5O12: Ce) phosphors as a broad band yellow 
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phosphor are firstly applied to coat on blue LEDs and produce light that appears 

white.10,11 

   Researchers had struggled for decades to produce the blue LEDs that are a crucial 

component in producing white light LEDs. Eventually, the three laureates of 2014 Nobel 

Prize made their breakthroughs in the early 1990s. The first commercially white light 

emitting diodes was developed by Nichia Corporation in 1996 based on III-IV 

semiconductors, where light is generated under appropriate forward bias conditions and 

suitable phosphors. To date, LEDs have successfully been applied to a variety of fields, 

such as traffic light, flat-panel displays, high-resolution printing, and lighting due to the 

high luminous efficiency, long lifetimes, high rendering indices, good reliability, and 

easy maintenance.  

   It is well recognized that the widespread replacement of conventional incandescent,  

and mercury-based compact fluorescent lamps and will lead will lead to a significant 

reduction in worldwide electricity consumption12, thereby saving energy and reducing 

environmental contamination, see Fig 1.2. As 2014 Nobel Prize committee said, one 

fourth of world electricity consumption is used for lighting purposes, the LEDs contribute 

to saving the Earth's resources. According to a new report published by the U.S. 

Department of Energy, it forecasts $280 billion in energy costs would be saved by using 

LEDs over the next 20 years in residential and commercial buildings compared with 

conventional white-light sources and this number is equal to the average annual per 

capita energy consumption of 10.9 million people in the U.S..13 By 2027, LED lighting 

could be an alternative light source like incandescent and fluorescent, which could lead to 

the decrease of national energy consumption for lighting by 33 percent. European and 
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U.S. companies are leading in the manufacture of LEDs, with three of the top four 

producers in Netherlands-based Philips, Germany’s OSRAM, and U.S.’s Cree in a 

gradually growing market. 

  The history of LEDs goes back to 1907, when electroluminescence was discovered by 

Round.14 However, the efficiency of the light generated by passing current through 

silicon carbide junction diode is very low.15 Much progress had been made through the 

investigation of current-voltage characteristics and led to the development of first 

practical visible spectrum LEDs in the 1960s with red/green-emitting GaP.16,17 LEDs 

with blue emission was still a challenge because it is difficult to make p type from n type 

and efficiency was as low as 1%. Only around 1995 the efficiency of high-brightness 

blue LEDs was improved by designing double-heterostructure (Ga, In)N LEDs, which 

made it possible to use LEDs for general lighting.18 

   In the past few years, the white LEDs' luminous efficacy of a startling 130 lumens per 

watt has been achieved and would be improved continuously in the future. Recently the 

use of high-efficiency UV LEDs in the wavelength range of 350-420 nm attract more 

attention for the next-generation solid-state lighting due to the low cost, long duration and 

lifetime. Meanwhile, the white LEDs' luminous efficacy has increased up to a startling 

130 lumens per watt and will continue being improved in the future.19-21 
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Fig. 1.2 The history of the luminous efficacy in incandescent, halogen, fluorescent and 
sodium-vapor lamps and white LEDs.22     
 
 
 

1.1.2   Fabrication of WLEDs 

 

   Nowadays, three principal strategies are applied to obtain white light from LEDs, as 

illustrated in Figure 4. First, separate red, green, and blue LEDs are combined to form a 

white light in a single device. The use of three LEDs is the best approach because there is 

no energy lost caused by the Stokes shift in phosphor-converted devices, but this 

technique requires complicated electronics and current low efficiency of yellow and 

green LEDs limits tricolor LED devices from gaining high efficiencies. Another 

drawback of the tricolor LEDs device is the color temperature is controlled by changing 

the power of the individual LED device, which would raise up the cost and complexity of 
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circuitry. Moreover, this device has a low color rendering index due to relatively narrow 

radiation components.23 

   On the other hand, red, green and blue light-emitting phosphors are employed to 

convert light from UV LEDs (300-410 nm) to broad-spectrum white light.24-26 This 

approach also generate good color rendering and stable emission color because the color 

output of UV LED device on the basis of (Al, Ga)N will not be affected by the changes in 

the UV emission wavelength. Although these advantageous make this strategy seem a 

promising white light generation way, multiple phosphors can generate energy transfer by 

reabsorbing the emission of other phosphors and lead to energy loss and decrease of the 

efficiency of the device. 

   The third way is to use a blue LED chip combing with a yellow downconverting 

phosphor, such as yttrium aluminum garnet Y3Al5O12 doped with Ce3+ (YAG:Ce3+),  

which allows some of the blue radiation of LEDs to excite for the generation of white 

light.27 This is the most common white-lighting LEDs device produced today. These 

LEDs have been widely applied as long-life white light sources in outdoor and indoor 

lighting. The obtained light looks bluish cold owing to its high color temperature. In 

terms of the phosphors coated in blue LEDs, there are mainly three approaches used for 

making of phosphor based white LEDs, which is summarized in Fig. 1.3. The first 

approach is to mix a blue light from LED chip and the yellow emission from phosphors, 

as shown in Fig. 1.3a. Although it is highly efficient, the drawback is the obtained light 

looks bluishcold because of its high color temperature and has poor color rendering index. 

To overcome this problem for the requirement of indoor lighting, proper red phosphor is 

added into the first type to compensate LED for the red deficiency of the output light and 
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exhibit a lower color temperature, as shown in Fig. 1.3b. The rendering index and 

luminous efficiency can be improved obviously. The third one is achieved by coating red 

and green phosphors on a blue LED diode chip, as shown in Fig. 1.3c. Color rendering 

index is high, but efficiency is rather low when lowering the correlated color temperature 

of the device.   
  

 

 Fig. 1.3 Schematical diagram of the three main white-lighting strategies. (a) Tricolor 
LEDs combined by red, green, and blue (RGB) LED chips. (b) A three-phosphor strategy 
with a UV LED coated with RGB phosphors. (c) A blue LED with a yellow or other 
phosphors.28   
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Fig. 1. 4  Different methods of fabricating white light with blue LED and phosphors.29 
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1.1.3  Evaluation Criteria of WLEDs 

In order to determine whether the spectrum of a light source is suitable for general 

lighting, the main evaluation criteria of display phosphors, including color temperature, 

color rendering index, excitation/ emission spectra, luminous efficiency and quantum 

efficiency are described.  

1.1.3.1 Color temperature --- Color temperature and color rendering index are two most 

important parameters to classify white light sources. The color temperature (CT) of a 

white light source is the temperature of a Planckian black body radiator that has the same 

chromaticity coordinates as the white light considered.30, 31 CT is a necessary way to 

characterize the emission spectral from phosphors. Higher color temperatures refer to 

higher brightness and color saturation. The color purity of a phosphors can be determined 

by the spectral energy distribution in form of (x, y) coordinates on a standard CIE color 

chart (Commission International de I’Eclairage). The Planckian locus is shown in a CIE 

diagram in Fig. 1.5. CIE diagram has been used to study the color purity of materials. The 

position of a color in the CIE diagram is called the chromaticity point of the color. Any 

color in the diagram can be formed by the color coordinates of suitable blue, green and 

red primary colors. If the color of white light source does not fall on Planckian locus, 

then CCT temperature defined instead of CT. Therefore, the CCT of white light source is 

defined as the temperature of a Planckian black body radiator, whose color is the closest 

to the color of the white light source. CCT can be calculated by method proposed by the 

McCamy.32  McCamy proposed that we can calculate correlated color temperature of 

white light sources if we know the chromaticity coordinates of white light sources in CIE 

1931 diagram. 



 

  
 

Fig. 1.5 a) 1931 CIE (Commission International de I’Eclairage)
locus. The lines on Planckian locus are known as isot
of eight test samples used for calculation of color rendering indices. 
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(Commission International de I’Eclairage) diagram with Plan
locus. The lines on Planckian locus are known as isothermal lines. b) Reflectivity spectra 
of eight test samples used for calculation of color rendering indices. 

Xianwen Zhang, December 2014  

 

diagram with Planckian 
hermal lines. b) Reflectivity spectra 

of eight test samples used for calculation of color rendering indices. 31 
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1.1.3.2 Color rendering index (CRT) -- CRI is a quantitative measure of the ability of a 

light source under test to reproduce the colors of various objects in comparison with the 

colors of the samples illuminated by a reference source.33-35 Thus, the choice of this 

reference source is very crucial because it defines what the ‘true’ colors of objects are.  

The reference can be incandescent, halogen lamp or daylight etc. depends upon the 

correlated color temperature (CCT) of light source under test. A black body radiator acts 

as a reference for the comparison of test source, and the temperature of the black body 

that almost matches the spectrum of the test source is known as the CCT of the test 

source. CRI can be calculated by a procedure in which comparison of reflection spectra 

of eight color samples under the light source and a reference source has been made.  The 

difference of appearance of eight samples illuminated under test light source and 

reference source can be calculated and subtraction of this difference number for each 

color from 100 will give CRI value of light source for that particular color. Then 

averaging CRI values over 8 color samples will give us general value of CRI.  

   The color rendering indices are given by30 

                                            CRIgeneral = 	
�

�
∑ ����
�
�	�                                                         1.1                          

   where CRIi is special color-rendering indices. 

                                             CRIi = 100 – 4.6∆Ei (i =1-8, eight colors)                                       1.2                                          

where ∆Ei is the difference in color that occurs when a sample object (means each one of 

8 color object) is illuminated with reference source and the test illuminated source.  
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The procedure is explained in the refs.30, 31. The procedure to calculate CRI is a matter 

of debate in lighting industry. There is a new procedure known as color quality scale 

(CQS) alternate to CRI in process of development. In future, it may replace current 

methods of calculating CRI.36         

1.1.3.3 Emission spectrum — With the development of high-performance white LED, 

emission spectrum of phosphors needs to be paid attention because of the unique 

emission properties. Broad band emitting over a large part of the visible spectrum have 

been widely studied because it leads to good color rendering properties. Small Stokes 

shift is also required to allow excitation in the near UV or blue band of the spectrum.  

1.1.3.4 Excitation spectrum — Another important criterion for the use of phosphors 

refers to the excitability of the phosphors, which should overlap with the emission of the 

pumping UV or blue LEDs. Phosphors with suitable excitation spectrum in the near UV 

to blue region are required to obtain high energy efficiency. On the other hand, the broad 

excitation spectrum has an advantageous for the compensation of changes in the emission 

spectrum of the pumping LED, which is generated by the fluctuation in the driving 

current and the junction temperature. WLED  

1.1.3.5 Quantum efficiency — The quantum yield is the ratio between converted and 

absorbed photons. In an ideal situation the quantum efficiency should approach unity and 

maximize the overall efficiency of the lighting sources. Besides the features of the 

excitation/ emission spectra, equal attention should be paid to the efficiency of the entire 

conversion process of electrical power to the observed optical power in order to design 

suitable LEDs. The choice of good phosphors should meet the requirement of absorbing 

the excited light and emitting light afterwards as efficiently as possible. It means the 
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quantum efficiency should be maximized. Using phosphors with quantum efficiency 

close to unity plays role in the achievement of high efficiency. Unfortunately, the 

quantum efficiency of new LED conversion phosphors was not reported at all in some 

publications. 

  Generally, measuring the (internal) quantum yield is followed as below32: 

                                 nexc = nrefl + nconv + nn-r  

                                         = nrefl + Q nabs + (1 – Q)nabs                                                    1.3                                                   

 

  Here nexc stands for the number of photons excited from the phosphor, nrefl is the number 

of reflected photons, nconv is the number of photons emitted from the phosphor and nn-r 

refers to all photons lost in non-radiative transitions.  

  The quantum yield can be illustrated as follows37,38: 

                                              Q = nconv / nabs = nconv /(nexc – nrefl)                                     1.4                                                                      

 

1.1.3.6 Luminous efficiency (η) -- The luminous efficiency of the source is a 

measurement of efficiency to describe how bright the visible light is perceived by the 

average human eye.39 Not all wavelengths of light are equally visible at stimulating 

human vision, owing to the spectral sensitivity of the human eyes.   

 

                                                               η = Φ / P                                            1.5           

  Where η refers to luminous efficiency; Φ refers to the luminous flux emitted by a light 

source; and P refers to energy consumed in a time. 

 
 
 



Texas Tech University, Xianwen Zhang, December 2014  

14 

 

1.2  Hydrothermal Technique for Materials Synthesis 

1.2.1  Introduction 

The term hydrothermal refers to synthesis is a process that utilizes single or 

heterogeneous phase reactions in the presence of aqueous solvents or mineralizers at 

elevated temperature (T>25ºC) and high pressure (P>100 kPa) to dissolve and 

recrystallize materials directly from solution. As mentioned above, under hydrothermal 

conditions, the reactants which are otherwise difficult to dissolve go into solution as 

complexes under the action of mineralizers or solvents.40-44
 

  Hydrothermal method was initiated by geologists, who studied laboratory simulations of 

naturally hydrothermal phenomena in the middle of the 19th century. After 1900 

scientists established a hydrothermal synthesis theory, and later turned to the studies of 

materials synthesis, predominantly in the fields of hydrometallurgy and single crystal 

growth. To date, hydrothermal synthesis is an important approach to synthesize inorganic 

materials and hundreds of crystals have been prepared through hydrothermal method in 

the world. In the past few years, more commercial attention in hydrothermal synthesis 

has been attracted because a steadily increasing large amount of materials can be 

produced under mild conditions (T<350ºC, P<100 MPa).45,46
 

   Hydrothermal method provides many advantages over conventional traditional 

synthetic methods, so it is a commonly used for synthesis of inorganic materials with a 

wide range of applications: nano-materials, bio-materials and geological materials.47-49 

The main process of hydrothermal synthesis is to make the reaction raw material form a 

solution, then heat the solution up to a certain temperature (several hundred Celsius 



Texas Tech University, Xianwen Zhang, December 2014  

15 

 

degrees) in the hydrothermal autoclave. Hydrothermal synthesis reactor, autoclave, is 

able to the reactants which are difficult to dissolve go into solution, maintain the liquid 

phase reaction under this high pressure and finally produce the material with excellent 

properties in particular in such non-equilibrium system. On the other side, precise control 

of product morphology and size can be of significance due to its corresponding physical 

properties. Hydrothermal synthesis has the ability to precipitate the as-crystallized 

products directly from solution, meanwhile control the rate and uniformity of nucleation, 

growth and Oswald aging. 

1.2.2  Sub-critical and Supercritical Hydrothermal Environment 

Water as a medium and solvent plays an important role in hydrothermal synthesis due to 

some unique features. Firstly, it can provide not only environment-friendly and cheap 

solvent, but also act as a catalyst for the preparation of designed materials by adjusting 

the temperature and the pressure. Moreover, water is considered as nontoxic, 

nonflammable, nonmutagenic, and thermodynamically stable solvent. Another feature is 

that water is so volatile that it can be removed from the sample very easily. According to 

the heating temperature, hydrothermal method can be divided into sub-critical 

hydrothermal synthesis method and supercritical hydrothermal synthesis method. Usually 

the temperature of the hydrothermal synthesis is 100-240 ℃ and the pressure in the 

autoclave is controlled in the low range in the laboratory and industrial applications, 

which is called subcritical hydrothermal synthesis method. On the other hand, in order to 

prepare some special crystal materials, such as artificial gemstones, colored quartz, 
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hydrothermal autoclave is heated to 1000 ℃, pressure up to 0.3 GPa, which is named as 

supercritical hydrothermal synthesis method. 

   It is very interesting to study supercritical water with different properties. In the Fig. 1.6, 

the critical point (374 ℃ and 221 bar) means liquid-vapor coexistence curve terminates at 

the critical temperature, Tc, and pressure, Pc, in a phase diagram for a pure homogenous 

substance. If the fluid is maintained at conditions above its critical temperature and 

pressure, the dielectric constant and viscosity reduce, but its mobility increases. The 

properties (low viscosity and high mobility) of supercritical fluids vary depending on the 

pressure and temperature and frequently make water act as a perfect reaction media for 

production of unique metastable phases and single crystal growth. As the temperature 

increases, the liquid becomes a good reaction media for transportation and intermixing of 

reagents. At the critical point the densities of both phases (liquid and gas) become the 

identical situation. It is hard to distinguish compounds in supercritical fluid, which are 

neither liquid nor gas any longer above the critical point. On the other hand, importance 

of degree of filling of the autoclave needs to be paid attention. The higher filling degrees 

are, the lower critical temperature the water will expand to fill the autoclave.50 
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Fig. 1.6 Phase diagram of water51.    
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Fig. 1.7 Diagram of pressure VS temperature in water for different degrees of filling of 
the autoclave52.       

 

1.2.3  Hydrothermal Apparatus 

To design a suitable hydrothermal apparatus and meet the requirements of different 

objectives and tolerances in each project is of importance, but a difficult task. The earliest 

autoclave designs did not have any specific provisions for the withdrawal of the sample 

from the autoclave during the experiments. The design and fabrication of autoclaves 

mainly occurred in Europe in 19th century. Subsequently, the activity was transferred to 

United States with the development of American industrial revolution. Then it spread to 

other areas in the world in the 20th century. To date, a large number of autoclaves have 
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been developed in hydrothermal technology.  Various types of autoclave and 

characteristic data are summarized in Table 1.1. Recently, some progresses have been 

made to design specific autoclaves for optical or vibrational spectroscopic measurements. 

It helps understand the nature and behavior of hydrothermal synthesis in such a “black -

box”. Fig. 1.8 shows the schematic diagram of commercial autoclave. 

 

 
Table 1.1  Types of autoclaves.40 
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Fig. 1.8 Picture of Commercial autoclaves. (Photo courtesy of Parr Instruments Co., 

Illinois, USA.) and schematic diagram of autoclaves. (Courtesy of M/S/ Toshin Kogyo Co. 

Ltd., Japan.)
40

 

 

1.2.4  Solvothermal Synthesis 

  Besides hydrothermal method, another approach is called solvothermal method, which 

refers to a general synthesis carried out in a solvent (benzene, etc.) at elevated 

temperature and pressure. It is an organic solvent in replacement of water as a solvent.53 

Solvothermal process is very similar to hydrothermal method, so it greatly expanded the 

scope of application of the hydrothermal method and developed hydrothermal method. 

The non-aqueous solvent also plays a crucial role in pressure transmission inside the 
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autoclave as the media and mineralizing agent. In addition, it also has other merits which 

cannot be replaced: Firstly, the solvent thermal reaction is an important strategy to 

control the morphology and size of nano-materials, solvents. Meanwhile, reaction 

temperature and high pressure generated materials in form of perfect crystal, regular 

crystal orientation and high purity. Reaction temperature, type of solvent can be selected 

to produce nano-materials with different particle size. Secondly, the reaction solvents 

effectively prevent precursors from thermal hydrolysis and oxidation in favor of a smooth 

synthesis reaction. Moreover, if the polymer, surfactants and other additives are applied 

in the reaction system, the morphology of the product can be effectively achieved for 

controlled crystal growth. Solvothermal method is also a strategy to achieve materials in 

form of particular phase.  The molecule or the reactants in a colloidal state have a higher 

reactivity in a solvothermal system, which can replace some of the solid phase reaction 

and lead to new chemical reactions. Due to the different systems and chemical 

environment this method may be implemented to achieve metastable phase compounds, 

which is difficult to be produced under mild conditions.  
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1.3 Rare-earth Elements and Fluorescence 

1.3.1 Introduction of Rare-earth Elements 

Since the latter half of the 20th century, rare-earth elements have played a crucial role in 

the technologies that contribute to our modern society. The term of rare earth metals, also 

known as rare earth elements, comprise 17 kinds of elements in the periodic table, 

including lanthanides stretching from lanthanum to ytterbium and yttrium in ⅢB family 

as shown in Fig. 1.9, which are denoted as RE. More progresses of established 

technologies and enabled innovations have been made by the unique properties of these 

elements, which would continue affecting many aspects of our lives in the future. Rare-

earth materials are excellent candidates for optoelectronics and have become a 

fundamental component in today’s solid-state lasers, fluorescent lights, and displaying 

devices. To obtain efficient white light with high quality, rare earth-based phosphors as a 

good electric dipole photonemitting source have been introduced in this dissertation for 

the fabrication of LEDs device.54-56 
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Fig. 1.9  Rare earth elements in periodic table57.     

   The choice of rare earth element is owing to the highly stable f−electron configurational 

transitions and a broad range of emission wavelengths from deep ultraviolet to 

midinfrared.59-63  Rare earth luminescence is generated by 4f electron jumping between a 

number of discrete energy levels, where 4f shell is not entirely filled. Having a non-filled 

4f shell of the rare earth atoms or ions, the spectral about 30 to 1000 lines can be 

observed, which may be emitted from the ultraviolet, visible and infrared electromagnetic 

radiation of various wavelengths of light zone. These low-lying energy levels of rare 

earth are well seperated from the environment, and therefore the transition energy 

changes little with the host material. Rich rare earth ions 4f electron energy levels and 

transition properties of rare earth luminescent become a huge treasure, which can 

discover more new luminescent material. On basis of the excitation of different ways, 

rare earth luminescence can be divided into the light-emitting photoluminescence, 
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cathodoluminescence, electroluminescence, radiation luminescence, X-ray luminescence, 

triboluminescence, chemiluminescence and bioluminescence and so on. Rare-earth ions, 

typically trivalent, doped nanocrystals have attracted reviving interest due to the strong 

absorption capacity, high conversion efficiency, narrow emission band widths, long 

luminescence lifetime, biocompatibility, nontoxicity as well as the potential applications 

in diverse fields such as bio-imaging, displays, solar cell energy conversion, and solid-

state lasers. 

 

1.3.2 Features of Fluorescence 

1.3.2.1 The mechanism of fluorescence 

Fluorescent molecules or ions, called fluorophores, have a direct response to excitation 

light. Usually, the majority of fluorophores stay at the lowest vibration level, the ground 

states, at room temperature without any exposure to electromagnetic radiation. As shown 

in Fig. 1.10 below, if an electron of fluorophore absorbs a photon of excitation light, then 

the electron is pumped to an excited state with high energy. Due to the energy absorption, 

the fluorophores can achieve the vibrational sub-levels with electronic state. After this 

short excitation time, some of the energy is dissipated by molecular collisions or 

transferred to an adjacent molecule, as a consequence, the remaining energy is released in 

form of emission as an electron is relaxed back to the ground state with the lowest energy. 

Usually, the emitted photon has a longer wavelength than the excitation photon. 
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Fig. 1.10  Jablonski energy diagram of fluorescence.64 
 

 

1.3.2.2  Stokes Shift 
 
The difference between the absorption and emission wavelength is referred as ‘Stokes 

Shift’. The position of the emission of rare earth ions is different from that of absorption 

spectrum. In other words, when a molecule or atom absorbs a photon, it achieves energy 

and jumps to an excited state. Molecule or atom on the high energy level relaxes through 

emitting a photon, thus loss of its energy or heat energy takes place. If the energy of 

emitted photon is less than that of the absorbed photon, this energy or wavelength 

difference is the Stokes shift, as described in Fig. 1.11. 

   The Stokes shift is the basis for the sensitivity of fluorescence techniques as it allows 

emission photons to be detected isolated from excitation photons. The absorption and 

emission occur between different energy levels, which lead to the shift of the transition 

within 4f shell. Typically, absorption is a process of the transition from ground state to 
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higher excited states. Electron in the higher excited state then loses energy to lattice. 

Stokes fluorescence is the re-emission of lower energy photons by a molecule or atom, 

which absorbs photons of higher energy. If the difference between the adjacent states or 

levels is large enough, then the energy from this transition is released in form of emission 

rather than the transition to lattice.66,67 

 

Fig. 1.11 The Stokes shift of the excitation and emission spectra of a fluorophore.65 

 

 

1.3.2.3 Energy Transfer 

Energy transfer refers to the process of migration from the excitation of a certain ion to 

another ion. It is of great significance to understand this mechanism in order to develop 

efficient luminescent materials. Types of energy transfer of the luminescent materials had 

been summarized as follows68-70: 
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i. Resonant energy transfer— It is also called Förster resonance energy transfer. In 

general, resonant energy transfer is that the excitation energy of a certain molecular or 

ion transfers to another one of the same species staying in the ground state.  A "donor" 

fluorophore is pumped to an excited state by the excitation light, then, a photon is 

released. Another fluorescent or a non-fluorescent molecule acts as an "acceptor" 

molecule, and is designed to get close enough with the donor fluorophore to absorb the 

emitted photon. In this process, the emitted photon is quenched by acceptor molecule. If 

the wavelength of the absorbed photon is in accordance with the wavelength of the 

acceptor molecule, then the acceptor electron will be raised to an excited state and release 

a photon with the wavelength of the acceptor fluorophore. There are three categories of 

this type of transfer: First one refers to multipolar interaction with electric dipole 

character; the second is the exchange interaction between the adjacent donor and the 

acceptor; the last one is the phonon-assisted energy transfer taking place between the 

transition energies of the donor and the acceptor. 

ii. Spectral diffusion— If the doping ions locate at a slightly different lattice environment, 

the excited ion can migrate its energy to other ions. This will generate a shift in the 

emission spectrum with longer wavelengths, and lead to an increment on the width of the 

emission peak. 

iii. Energy donation— The energy can transfer from a donor with high energy level to an 

acceptor ion with low energy level. Then, the acceptor ions return a low energy levels 

after attaining the energy and release the differential energy in the form of phonons. 

iv. Sensitizer’s transfer— If a donor ion, like Yb3+, can efficiently absorb external 

radiation and transfers energy to an acceptor, like Er3+, the donor ion is called a sensitizer, 
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which is usually used to the enhance the emission and quantum efficiency. This process 

is referred as sensitization of the luminescence.  

v. Quenching centers transfer— The acceptor ions destroys the emission transferred from 

the active center or the donating ions, and these ions neither emit light at the required 

wavelength nor emit at all. Quenching is the basis for Förster resonance energy transfer 

discussed above. 

    

1.3.2.4 Fluorescence Lifetime 

The fluorescence lifetime refers to the average time the phosphor spends in its excited 

state before emitting a photon. It is determined by the sum of the kinetic constants of all 

deexcitation processes. In the other words, if a population of fluorophores are excited, the 

lifetime is the time it takes for the number of excited phosphors to decay to 1/e or 36.8% 

of the orininal population according to: 

                                                    
�∗(�)

�∗(�)
= ���/τ 																																                1.6 

Where n* is the number of the excited elements at time t. τ is lifetime. 

 

  The measurement of fluorescence lifetime is more robust than that of fluorescence 

intensity because it depends on the intensity of excitation nor on the concentration of 

fluorophores. The fluorescence life time of rare earth materials is an important 

characterization, which can obtain information on the transition process between energy 

levels, the interaction between host lattics and doping elements, as well as the energy 

transfer dynamics in co-doped phosphors, etc..71 It is also an important parameter for 

practical applications of   fluorescence-lifetime imaging microscopy. 
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1.3.2.5 Quenching
72-75 

"Quenching" of the emitted fluorescence from the excited fluorophore can take place 

when fluorescent or non-fluorescent molecules have a direct influence on the fluorophore 

emission. It is worth noting that quenching concentration increases as the particle size 

decreases, as has been observed in some types of nanocrystals. It is understandable that 

the concentration quenching effect is due to the dominance of nonradiative transitions 

between neighboring Eu3+ ions. The particle boundary hindrance leads to the resonance 

energy transfer only within one particle, which increases the mobility of the excited states 

within the host matrix and the probability of nonradiative de-excitation via quenching 

centers (traps). The deficiency of the traps in small particles with limited primitive cells 

per particle could cause the phenomenon that the traps distribute randomly with a 

considerable fluctuation between particles. More traps must exist in some of the particles 

while fewer traps in others. Resonance energy transfer only occurs within one particle 

because it is hindered by the particle boundary. So, as the concentration of luminescent 

centers increase, quenching occurs first in particles including more traps, while those 

particles containing few or no traps quench only at high concentration or even do not 

quench. Therefore, quenching tends to occur at higher Eu3+ concentration in smaller 

particles. 

   There are three types of fluorescent quenching: fluorescence resonance energy transfer, 

collision quenching and contact quenching, as shown in the Fig. 1.12 below. 

Fluorescence resonance energy transfer has been discussed previously. Herein, the latter 

ones are introduced. The process of contact quenching is described as follows: the energy 

from excitation is quickly transferred to the contact molecule, and this energy is then 
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relaxed in form of heat after directly contacting the fluorophores with other 

molecule. Collision quenching occurs in accompany with the interaction between excited 

fluorophore reacts and a quenching molecule, which quickly results in the energy transfer 

to the contact molecule and the relaxation of the excited fluorophore. 

 

 

Fig. 1.12  Diagram of the types of fluorescence quenching. 
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1.4  Hydrothermal Growth of Crystals 

   Solution-phase methods can easily produce the shape-controlled synthesis of various 

crystals and study their growth mechanism. Among various synthesis routes, the 

hydrothermal method, as a typical solution based approach, has several advantages over 

coprecipitation and sol-gel methods76 in achieving a variety of hierarchical architectures 

due to its mild reaction conditions, and easy control of the shape and size. In contrast to 

solid-state powder fabrication routes, nucleation and growth of crystalline powders 

during hydrothermal process takes place via dissolution and precipitation of reactants in 

an aqueous medium. The hydrothermal treatment is carried out at a relatively low heating 

temperature by the benefit of a closed system with high pressure. The high pressure is 

considered to enhance the reactivity of reactive species.77 During the hydrothermal 

process, chelating agents and/or surfactants always play an important role in controlling 

the dynamics of crystal growth and determining the final morphology of the hierarchical 

nano/microstructures.78,79 However, the addition of chelating agents or surfactants usually 

involves a complicated process and incurs a high cost, and may result in impurities in the 

final products.80 Therefore, a simple, clean, and controllable approach to the 

micro/nanomaterials with specific morphologies are desired, not only for the synthesis in 

large quantities with a desired composition and structure but also for the preparation and 

assembly using environmentally friendly, facile, and low-cost methods. 

   The crystal growth researches, constantly developing in the recent decades, have 

attracted more and more interests from physicists, chemists, crystallographers and 

mineralogists as a branch of materials science. The primary exigencies of the industries 

and the theoretical/experimental problems concerning growth mechanism include mainly 
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surface and volume diffusion, crystal-fluid interface models and the relations between 

defects structure and growth.81,82 Amorphous particles prepared from solution are 

generally spherical due to their isotropic growth nature. In contrast, crystalline particles 

generally assume the intrinsic crystallographic habits associated with the unit cell of the 

material.83 A general criterion for crystallite formation, at least in the nucleation stage in 

an unconfined environment, is to achieve the lowest total surface energy as expressed by 

the Gibbs–Wulff theorem. The criterion for particle morphology dictates that a polyhedral 

crystal in equilibrium with the vapor pressure assumes a shape with the minimum surface 

free energy84, the solvent play some roles in the particle formation through which a 

particular morphology of the particles generates rather than mere inert for an equilibrium 

crystal shape in a solution. Solid solution interactions determine the surface energy and 

subsequently influence the shape of a crystal produced in a specific solution environment. 

Moreover, the shape of a crystal is determined by the difference in relative growth rates 

of the individual crystal faces, and the resulting particles are normally bounded by facets 

with the lowest growth rate under a specific supersaturation.85 Supersaturation is the 

difference between the chemical potentials, represents the thermodynamic driving 

force for the phase transition, such as solution pH, temperature, reactant concentration, 

solvent, nature of anions present, and agitation. Specific adsorption of ions, complexes, 

polymer and organic compounds may also modify morphologies by restricting, or 

sometimes promoting, the growth of the faces onto which such species are adsorbed.86 

Therefore, control of particle morphology in solution particle synthesis is a complex 

process demanding a fundamental understanding of the interactions between solid 

state/solution chemistry, interfacial reacitons and kinetics.87 
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CHAPTER 2  

SYNTHESIS AND PHOTOLUMINESCENCE PROPERTIES OF 

HIERARCHICAL ARCHITECTURES OF YBO3: EU
3+

 

 

ABSTRACT: We present a general hydrothermal method without any organic solvent or 

surfactant for the synthesis of YBO3:Eu3+ nano- and micro-structures. The samples were 

of excellent quality with uniform, well dispersed, self-assembled and self-purified 

YBO3:Eu3+. Single crystal nanoflakes gathered together to evolve into a hierarchical 

architecture with eight different types of three dimensional morphologies. Strong 

photoluminescence spectra were obtained at 592, 611 and 627 nm at excitations 

wavelengths 254 and 363 nm. The emission spectra are associated with the transitions 

from the excited 5D0 level to the 7FJ (J = 1, 2, 3, 4) levels of Eu3+ activators. YBO3:Eu3+ 

prepared using ethanol solvent exhibited the highest chromaticity values yet reported. 
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2.1 Introduction 

Inorganic nano-/micro-materials with well-defined and controllable morphologies have 

generated recent scientific interest due to optical properties which depend on size and 

morphology.1-6 These materials are also of technological interest since nanosized 

phosphors are expected to improve display resolution.7-10 Lanthanide-doped phosphor 

systems have a wide range of applications in various fields ranging from luminescence to 

dosimetry and have been extensively investigated.11,12 Orthoborates, REBO3 (RE = Y, La, 

Gd, and Lu) doped with lanthanide ions (Eu3+, Ce3+, Dy3+, or Tb3+), have attracted much 

attention because of the strong photoluminescence intensity.13-16 This property of REBO3 

strongly depends on the structure of the orthoborates.13 Among the REBO3  phosphors, 

YBO3 has attracted much attention because of excellent vacuum ultraviolet absorption, 

high chemical stability, and exceptional optical damage threshold.15,17,18 Therefore, YBO3 

is considered a promising host material for plasma display panels.  

    In addition, solid state lighting based on inorganic white light emitting diodes (W-

LEDs) has been intensively investigated as a replacement for conventional incandescent 

and fluorescent lamps due to their long lifetimes (~100,000 hours), high rendering indices, 

high luminous efficiencies, and environmentally friendly properties. Large scale 

application of light emitting diodes LEDs for general lighting will lead to a significant 

reduction in electricity consumption, thereby saving energy and reducing negative 

environmental impacts. The most convenient method to fabricate W-LEDs is phosphor 

converted LEDs.19,20 There are two current strategies for utilizing optically active rare-

earth (RE) atoms for producing phosphor-based W-LEDs. These strategies are 

summarized: Type 1) Blue LED (450-470 nm) combined with yellow phosphors and 
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RGB (R: red G: green B: blue) phosphors with LED combinations; Type 2) Near-UV-

LED or UV-LED (350–420 nm) combined with RGB phosphors.  

    The first white LEDs (Type 1) became commercially available in 1997 by combining a 

blue-light emitting GaN chip with yellow YAG (yttrium aluminum garnet):Ce3+ 

phosphors.21 Nowadays, most commercially available white LEDs are produced on the 

basis of the combination of yellow phosphor and blue GaN LED. However, the 

YAG:Ce3+ yellow phosphors lack a sufficient red emission component resulting in white 

light with a poor color rendering index (CRI) and low light conversion efficiency. As 

may be expected, the CRI and light conversion can be greatly improved by combining a 

small amount of red phosphors, as described here. Recent work has emphasized use of 

Y2O3:Eu3+ for obtaining red emission for conversion of blue LED into white light using 

this phosphor.22 However, the luminosity of W-LEDs decreased significantly with LED 

operating voltage. Other compelling factors for experimenting with alternative oxides 

include: (1) The temperature (300°C) of the previously reported microwave synthesis is 

high; high-temperature synthesis precludes the necessary control over morphology and 

agglomeration. Moreover, the process of synthesis is complicated. (2) A passivating 

ligand acetylacetonate (acac) on a nanocrystal is used as a molecular antenna for 

enhancing the optical cross section for absorption of the exciting LED energy. This 

ligand is a type of organic material, which is not stable thermally and chemically. Other 

successful synthesis of Y2O3:Eu3+ has been reported using various methods such as wet 

chemical method,23 use of citrate precursors,24,25  and co-precipitation method.26 

    To improve the efficiency of the phosphor, it is necessary to research and develop new 

families of red-emitting phosphors with high absorption in the UV or blue wavelengths 
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now readily available from GaN-based commercial LEDs.27 Accordingly, it is an 

attractive and challenging research task to develop novel, stable, and inorganic red 

phosphors doped by RE ions that can be excited effectively by the near UV or blue LEDs, 

i.e., the Type 2 strategy described above. An understanding of luminescent properties, 

structure, phase and morphology of these luminescent materials such as YBO3:Eu3+
 will 

be helpful for tailoring these materials for LED and other applications.  

    Phosphors are usually synthesized via the solid state method28 which requires heating 

at high temperatures which can cause serious conglomeration, irregular shape, and 

unfavorable grain growth. In order to solve the above drawbacks, various methods 

including the spray pyrolysis process,29,30 the hydrothermal method,31 the solvothermal 

process,32,33 the spinodal-type phase separation method,34 and the oxalate precipitation 

route35 have been used to synthesize YBO3-based phosphors. However, these techniques 

have the problems of high-temperature processing and long heating time. The high 

heating temperatures and long reaction time result in the formation of large-sized 

particles with a wide size distribution.  

   The fabrication of nano-phosphor materials with well-controlled dimensionality, 

morphologies, phase purity, chemical composition and desired properties remains one of 

the most challenging issues. One simple solution to control the particle size and 

morphology is soft chemistry routes and in particular the hydrothermal process. This 

process is extensively employed in the synthesis of rare earth ions activated inorganic 

compounds, such as yttrium vanadate, lanthanum fluoride, lanthanum phosphate and 

yttrium oxide.36,37 In contrast to solid-state powder fabrication routes, nucleation and 

growth of crystalline powders during hydrothermal processing takes place via dissolution 
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and precipitation of reactants in an aqueous medium. The hydrothermal treatment is 

carried out at a relatively low heating temperature by the benefit of a closed system with 

high pressure. The high pressure is considered to enhance the reactivity of reactive 

species.38  

    Self-assembly of nanoparticles constitutes autonomous organization into patterns and 

structures.39 Factors which influence the self-assembly process include temperature, 

solution chemistry, surface tension, etc. Self-purification is a second common attribute of 

nanoparticle formation, and is strictly related to bottom-up formation energetics which 

tend to favor ideal structures over the imperfect ones.40 

    In this chapter, controllable synthesis, characterization and photoluminescence (PL) 

measurements, of uniform, well-dispersed and of hierarchical architectures YBO3 nano-

/micro materials with nine morphologies, are reported. Hydrothermal synthesis method 

was used without the use of any additional organic solvent or surfactant. 

2.2  Experimental Section 

2.2.1   Synthesis 

Eight different kinds of three dimensional (3D) morphologies of YBO3:Eu3+ with a Eu3+ 

doping concentration of 5% have been hydrothermally synthesized without any template 

through the reaction of Y(Eu)(NO3)3.6H2O and K2B4O7.4H2O in water, ethanol and 

ethylene glycol (EG), respectively (Table 2.1). Three different Y:B molar ratios (i. e. 1:1. 

1:2 and 1:3) were used. All chemicals were analytical grade and used directly without 

any treatment. In a typical synthesis, an aqueous solution of 0.2 M Y(NO3)3. 6H2O and 

Eu(NO3)3. 6H2O (ion molar ratio Y3+:Eu3+ = 95:5) was mixed with water (50 mL), 
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ethanol: water (1:1), or ethylene glycol: water (1:1) solution under vigorous stirring. An 

aqueous solution of 0.2 M K2B4O7.4H2O with different volumes was added into the 

former solution and stirred. A white precipitate appeared immediately. After stirring for 

about 10 min, the solution was rapidly adjusted to a designated pH = 8.5 using 1 M 

ammonia water. Both the solution and the precipitate were then transferred into a 60 mL 

autoclave, which was filled with the respective solvent (i.e. water, ethylene or EG) up to 

80% of the total volume, sealed, and heated to 180 oC for 12 hours. The system was then 

cooled to room temperature. The final product was collected by filtration, washed with 

deionized water and ethanol to remove any possible ionic remnants, and then dried in a 

vacuum at 60 oC for 4h. Table 2.2 gives the description of the growth conditions. 

2.2.2   Characterization 

The powder X-ray diffraction (XRD) patterns of the synthesized samples were recorded 

using a Rigaku Ultima III diffractometer and Cu Kα radiation. The morphology and 

particle size were characterized by a scanning electron microscopy (Hitachi, S-570). For 

the High-resolution transmission electron microscopy (HRTEM), the YBO3 powders 

were separated by diluting them in methyl alcohol and dropped onto holy carbon film 

supported on 200-mesh Cu grids. High-resolution lattice imaging was performed using a 

JEOL 2100 TEM operated at 200 kV and point to point resolution of 0.14 nm. 

    PL spectra were generated using a Spectra Physics laser system consisting of a diode-

pumped Nd: YAG, tunable Ti: sapphire, and harmonic generators capable of second, 

third, and fourth order laser emission. For 363 nm excitation, an argon ion laser 

(Coherent 306) was used. PL spectra were dispersed using a 0.32-m single (ISA) or 0.74-
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m double (Spex) spectrometer, and detected with a cooled photomultiplier tube 

(Hamamatsu). All spectra were obtained with the samples at room temperature. 

2.3  Results and Discussion 

2.3.1 Morphology 

A variety of factors have been investigated for the synthesis of YBO3:Eu3+, as shown in 

Table 2.1. It is found that long time (over 6 hours) and high temperature (higher than 150 

oC) can successfully lead to the formation of YBO3:Eu3+. The yield of YBO3:Eu3+ is 

determined by the pH value in the precusor solution. Low pH value, such as pH=7,  

results in low yield of YBO3:Eu3+. Meanwhile, Y/B ratio and solvents type can affect the 

morphology of YBO3:Eu3+, respectively, as shown in Table 2.2. It is known that YBO3 

has  the two-dimensional growth habit. Polyoxy salt also plays a critical role in the 

formation of three-dimenstion micro/nanomaterials as a starting source. Polyphosphate 

salt K2B4O7 was used as both a source of borate and a complexing agent for the rapid 

formation of borate ions by hydrolysis and the stability of micro/nanoparticles by 

complexation of lanthanides. On the other hand, the solubility of the precursors of YBO3 

in the ethanol/EG gradually decreases resulting in higher supersaturation of YBO3 at an 

early stage of the reaction. Poor solubility of the solutes also suppresses Ostwald ripening 

by dissolution and reprecipitation processes of the particles, resulting in the self-assmebly 

of nanosheets and formation of different morphologies. 

Table 2.1 The effect factors of the formation of YBO3:Eu3+ samples  

Factors: Time Temperature pH value Y/B ratio Solvents 

Influence: Formation Formation Yield Morphology Morphology 



Texas Tech University, Xianwen Zhang, December 2014  

45 

 

Table 2.2 The characteristics of YBO3:Eu3+ samples prepared via the hydrothermal 
method under different conditions. 

Sample  

No. 

 Molar Ratio of     

Y:B 

Solvent  Morphology 

1  1:1 Water  Compact Microspheres 

2  1:2 Water  Symmetric Microflower 

3  1:3 Water  Microflowers 

4  1:1 Ethanol  Flower like spheres 

5    1:2 Ethanol  Honeycomb like spheres 

6  1:3 Ethanol  Microflowers 

7  1:1 EG  Hexagonal microstructure 

8  1:2 EG  Round like microstructure 

9  1:3 EG  Bowl like microstructure 

 

   Summarized in Fig. 2.1, 2.2 and 2.3 are SEM images illustrating the dependence of 

morphology on solvent and Y to B molar ratio. Fig. 2.1 a-f show the result of using water 

as solvent while varying the Y:B ratio. Compact microspheres, of diameter 

approximately 15 µm (Fig. 2.1 a and b) and each constructed from densely curved 

nanoflakes, were formed with the volume ratio of Y:B as 1:1. Changing the molar ratio of 

Y:B to 1:2, microflowers consisting of short symmetrical nanoflakes with diameters 
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ranging from 4 to 6 µm (Fig. 2.1 c and d) were synthesized. Another kind of microflower, 

with the diameter approximately 6 µm (Fig. 2.1 e and f), was synthesized with the molar 

ratio of Y: B tuned to 1:3. 

   The result of using ethanol as solvent, while varying Y:B ratio, is summarized in Fig. 

2.2 a-f. A flower-like microstructure, of diameter approximately 8 µm (Fig. 2.2 a and b) 

and consisting of densely petal-like nanoflakes, was formed using the molar ratio of Y:B 

as 1:1. Changing the molar ratio of Y:B to 1: 2 produces honeycomb-like spheres 

consisting of sparse nanoflakes with the diameter approximately 6 µm (Fig. 2.2 c and d). 

A larger flower-like microstructure with diameters ranging from 10 to 15 µm was formed 

when the molar ratio of Y: B was tuned to 1:3 (Fig. 2.2 e and f). 

   Finally, Fig. 2.3 a-f show the result of using EG solvent while varying the Y:B ratio. 

We also obtained hexagonal microstructure, with diameters ranging from 2 to 4 µm (Fig. 

2.3 a and b), consisting of densely curved nanoflakes, with the volume ratio of Y:B as 1:1. 

Changing the molar ratio of Y:B to 1:2 produces circular donut shaped microstructure 

consisting of sparse nanosheets approximately 4 µm in size diagonally was synthesized 

(Fig. 2.3 c and d). A bowl-like microstructure with diameters ranging from 2 to 4 µm (Fig. 

2.3 e and f) was realized when the molar ratio of Y:B was tuned to 1:3. 

   The result of varying solvent and Y:B ratio is thus seen to be a broad variety of unique 

morphologies which may be produced. We now examine the resulting physical and 

optical properties of these structures using x-ray diffraction, HRTEM, and PL 

measurements. 
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Fig. 2.1 SEM images of representative YBO3:Eu3+ morphologies using water as a solvent 
and different Y to B molar ratios. (a) & (b) microsphere. (c), (d), (e) & (f) sparse flower. 

 

 



Texas Tech University, Xianwen Zhang, December 2014  

48 

 

 

 

 

Fig. 2.2 SEM images of representative YBO3:Eu3+ morphologies using ethanol as a 
solvent and different Y to B molar ratios. (a) & (b) dense flower. (c) & (d) honeycomb. (e) 
& (f) large flower.  
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Fig. 2.3 SEM images of representative YBO3:Eu3+ morphologies using EG as a solvent 
and different Y to B molar ratios. (a) & (b) hexagonal. (c) & (d) circular donut. (e) & (f) 
bowl.  
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2.3.2  X-ray Diffraction Analysis  

X-ray diffraction analysis of the nine samples listed in Table 2.1 confirms that good 

crystal quality is obtained for each condition (Fig. 2.4). All samples were well 

crystallized and they could be recognized as a single phase according to JCPDF (16-0277) 

for pure YBO3. The EuBO3 has a similar crystal structure (JCPDF 13-0485) and 

diffraction pattern with that of YBO3 but a small shift towards lower angle. The fact that 

the peaks are not split, even at large angles of the diffraction pattern, clearly indicates that 

Eu3+ is a substitutional dopant in YBO3 and no individual EuBO3 phase has formed even 

at 5% Eu. 
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Fig. 2.4 XRD patterns of the YBO3:Eu3+ samples grown under different conditions. 
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2.3.3  HRTEM Analysis 

 

 

Fig. 2.5 High resolution transmission electron microscopy (HRTEM) image of a 
nanosheet of the YBO3:Eu3+ powder with the honeycomb-like morphology. The inset is 
the corresponding Fast Fourier transform (FFT). 

 

   To further investigate crystalline type status and growth of YBO3:Eu3+ samples, 

HRTEM was performed. Fig. 2.5 shows the HRTEM image from a single nanosheet of 

the YBO3:Eu3+ sample with the honey-comb like microstructure (sample 5 in Table 2.1). 

The corresponding fast Fourier transform (FFT) pattern shows that the nanosheets are 

oriented along the [0001] zone axis and reveals that the YBO3:Eu3+ has a hexagonal 

structure, in accordance with the XRD result. Moreover, FFT patterns taken from 
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different areas on a single nanosheet and from different nanosheets were identical within 

experimental accuracy, indicating that the YBO3:Eu3+ nanoflakes are single-crystalline 

and that different nanosheets have identical crystallization habits. The patterns also reveal 

that the nanosheets are stable enough to withstand the irradiation of convergent high-

energy electron beams. The lattice fringes show the imaging characteristics of the 

hexagonal YBO3 crystal, in which the interplanar spacing, d, of 0.324 nm corresponds to 

the distance between the (101�0) planes. Further analysis indicates that the YBO3:Eu3+ 

nanosheet grows along the [101� 0] [1� 1 0 0] or [0 1 1� 0] crystallographic direction and is 

enclosed by (0001) facets, that is, the widest facets.  

2.3.4  Photoluminescence Spectra Analysis  

The emission spectra shown in Fig. 2.6 for all nine samples in Table 2.2 (~ 254 nm 

excitation), consist of sharp lines in the 580 to 700 nm range, which are associated with 

the transitions from the excited 5D0 level to the 7FJ (J = 0, 1, 2, 3, 4) levels of Eu3+ centers, 

as shown in Fig. 2.7,41 and possibly transitions originating on the 5d1 manifold in the 

spectra excited by deep UV light. The major emissions of YBO3:Eu3+ are at 592 nm (5D0 

- 7F1), and 611 and 627 nm (5D0 - 
7F2). The emission at 5D0 - 

7F2 is red with intensity 

either equal to or stronger than the emission at 5D0 - 
7F1 (orange color) for the YBO3:Eu3+ 

powder prepared using ethanol solvent (samples 4, 5 and 6, Fig. 2.6 and Table 2.3). The 

improvement in color chromaticity (R/O, intensity ratio of red to orange color) can be 

attributed to the distinct multilayered microstructure of this sample. The multilayered 

hierarchical architectures possess especially large surface area, and hence high surface 

energies. These provide a driving force for self-assembly and result in a high degree of 
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disorder near the surface and corresponding lower symmetry of the crystal field around 

the Eu3+ ions than in the bulk materials. According to the Judd-Ofelt theory,42 a lower 

symmetry of the crystal field around the Eu3+ ions would result in a higher R/O value and 

a better color chromaticity.  

 

Fig. 2.6 Emission spectra of YBO3:Eu3+ samples grown under different conditions with 
the excitation wavelength 254 nm. 

 

    Fig. 2.8 shows the photoluminescence emission spectra for all samples for the 

excitation wavelength 363 nm. The spectra consist of sharp lines in the same range as 

mentioned above. Again the red color emission at 5D0 - 
7F2 is stronger than the orange 
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color for all three YBO3:Eu3+ samples prepared using ethanol solvent (Fig. 2.8 and Table 

2.2). This is the highest R/O ratio reported for this system and the chromaticity 

coordinates (x = 0.64, y = 0.33) as shown by letter R in the CIE diagram43-45 in Fig. 2.9 

represents standard red light. By mixing this phosphor with blue LEDs, it is anticipated 

that standard white light (center of the CIE diagram in Fig. 2.9) can be easily obtained. 

 

Fig. 2.7 Energy level diagram illustrating pumping schemes and emission from Eu3+ 
phosphor.41 
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Fig. 2.8 Emission spectra of YBO3:Eu3+ samples grown under different conditions with 
the excitation wavelength 363 nm. 
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   Table 2.3 R/O ratios of the YBO3:Eu3+ samples prepared using ethanol solvent 

 Sample No.   R/O 
                                                    ________________________ 
   λex = 254 nm     λex = 363 nm 
       4       0.99  1.16 

       5        1.29  1.22 

       6        1.11  1.2 

 

 

Fig. 2.9 CIE diagram. Letter R indicates the region of our result. 
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2.4. Conclusions 

In summary, a general hydrothermal method was successfully used without any 

additional organic solvent or surfactant for the synthesis of YBO3:Eu3+. The resulting 

material was uniform, well dispersed, self-assembled and self-purified. The crystal 

structure, morphology and photoluminescence properties were characterized. YBO3:Eu3+ 

had a hierarchical architecture with eight different types of morphologies. The samples 

had a hexagonal structure with single crystal nanoflakes. Strong photoluminescence 

spectra were obtained from all nine samples with the same europium doping level of 5%. 

Samples prepared using ethanol solvent have the highest chromaticity values reported so 

far. Experiments are needed to examine the effect of Eu doping level, these studied are 

under way.  
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CHAPTER 3 

EFFECTS OF DOPING CONCENTRATION, ANNEALING AND 

BORATE SOURCE ON MORPHOLOGY, CRYSTALLINITY AND 

LUMINESCENCE OF YBO3: EU
3+

 

 

ABSTRACT: The morphology and size of the as-prepared YBO3: Eu3+ are mainly 

affected by the following conditions, such as Y/B ratio, type of solvent, time, and 

temperature, which have been discussed in detail in the first chapter. The as-obtained 

YBO3: Eu3+ products are annealed under different temperatures, which has a great 

influence on the crystallinity and the emission intensity can be distinctly enhanced by 

post-annealing due to the improvement of crystal structure and better crystallization. Eu3+ 

concentration of 5%, 10%, 15%, 20% has an apparent influence on emission intensity 

under the excitation of 365 nm. To further investigate morphologically controlled 

synthesis of YBO3: Eu3+, in the present work, the effects of borate source and pH value 

on the size and morphology have been investigated in various solvents using 

hydrothermal/solvothermal method. Results indicate that the replacement of K2B4O7 by 

NaBH4 generates YBO3: Eu3+ micromaterials with different morphologies and shapes. 

When the solvothermal temperature and time were settled, and other conditions were 

identical, with the decrease of the pH value, the morphologies of YBO3: Eu3+ synthesized 

using NaBH4 was changed slightly.  
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3.1  Introduction 

Luminescent nano/micromaterials, a newly emerging field at the frontier of science, 

provide challenges to both fundamental research and breakthrough development of 

technologies in various areas such as fluorescent lamps, light emitting diodes, emissive 

displays, etc.1 The flat panel display (FPD) such as the liquid crystal display (LCD), the 

electroluminescence display (ELD) and the plasma display panel (PDP) have a 

competitive edge in the large screen display market compared with large screen cathode 

ray tubes (CRT) because of their small size. When the screen size is greater than 40 inch 

or more, PDP are highly accepted because they not only involve relatively simple 

fabrication processes compared to the other two flat panels, but also offer a wide screen 

area (in excess of 40 inch), a flat profile, a wide viewing angle, and other advantages.2.3 

Solid state lighting based on inorganic white light-emitting diodes has been intensively 

investigated for replacing the conventional incandescent and fluorescent lamps due to 

their long lifetimes (~100,000 hours), high rendering indices, high luminous efficiencies 

and environmentally friendly properties. A large scale application of LEDs for general 

lighting will lead to a significant reduction in electricity consumption and will save 

energy and environmental pollution. The most convenient method to fabricate W-LEDs is 

phosphor converted LEDs that use phosphors or luminescent materials to convert the 

radiation of a near-ultraviolet (n-UV) or blue LED chip into white light. 

   Over the last few years, much attention has been paid to the synthesis and luminescent 

properties of yttrium orthoborate (YBO3) because of its low toxicity, strong luminescence 

intensity, high chemical stability, and exceptional optical damage threshold.4,5  Various 

synthesis techniques have been developed to obtain YBO3: Eu3+ phosphors with different 
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morphologies, such as sol-gel,6 hydrothermal,7, 8  solvothermal,9  solution precursor 

methods,10 and combustion method.11  Highly control pure and homogeneous materials 

with control size and morphology can be conveniently synthesized through wet-chemical 

methods. Out of these methods, hydrothermal method has attracted considerable interest 

and proves to be the effective way to fabricate hierarchical YBO3:Eu3+ by the assembly 

of nano-particles, nano-sheets or nano-belts.12,13  This technique has many advantageous, 

such as low reaction temperature, convenient size and morphology tuning of required 

products.14  On the other hand, thermal annealing after hydrothermal process are need to 

improve the crystallinity and change the crystal structure, which could lead to the 

enhancement of photoluminescence.15, 16 

  The control over the synthesis of micro/nanocrystals with suitable shape and uniform 

morphology receives increasing attention in modern synthetic chemistry, because there is 

a close correlation on morphology, size distribution and dimensionality between the 

chemical and physical properties of functional materials. Tuning shape and size of 

micro/nanocrystals can lead to remarkable modifications of properties in optical, 

magnetic, electrical properties, and are model system for basic research. On this basis of 

this consideration, synthesis of monodispersed nanocrystals with novel shapes has has 

been the subject of great interest recently in order to achieve physical and chemical 

properties.1,2 In comparison with nanomaterials, such as nanosheets, nanoribbon, 

nanotubes and nanowires, have many interesting properties. However, most 

nanomaterials often have a main limitation in pratical application due to aggregation. It is 

now well known that the three-dimensional (3D) microstructure of materials exhibits 

their unique and physical properties. Currently, significant progresses have been made in 
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the production of rare-earth phosphors through the use of various physical and chemical 

processes, because of its wide range of applications in display, LEDs, and biolabelling.17, 

18 

   In this chapter YBO3: Eu3+ microflowers with various doping concentrations (5%, 10%, 

15%, 20%) were prepared by hydrothermal method using K2B4O7 as borate source. The 

concentration quenching of luminescent centers in YBO3: Eu3+ samples was investigated. 

Subsequently, post-annealing (400, 600, 800 oC) was carried out on YBO3: Eu3+ (15%) 

samples produced in comparison with the sample without annealing. On the other side, 

YBO3: Eu3+ with different morphologies has been hydrothermally synthesized using 

NaBH4, in neutral and alkaline environment in order to investigate the effect of borate 

sources and pH value. The enhancement of crystallinity and emission intensity in the red 

light wavelength range by increasing Eu concentration, annealing and morphological 

control would make YBO3: Eu3+ become a promising candidate to compensate LED for 

the red deficiency of the output light. 

3.2  Experimental Section 

3.2.1 Hydrothermal Synthesis and annealing treatment of YBO3: Eu
3+

:  

All chemicals were of analytic grade purity and were directly used without any treatment. 

The similar synthesis process was also applied to YBO3: Eu3+ (5%, 10%, 15% and 20%) 

in the solution of water and ethanol (1:1) using K2B4O7 as borate source. To investigate 

the influence of annealing treatment on luminescent properties, the YBO3: Eu3+ samples 

are annealed for 2 h at different temperatures (400, 600, 800 oC). In a typical synthesis, 

NaBH4 and 2 mmol, 0.2 molL-1 Y(NO3)3•6H2O (Alfa Aesar, 99.9%) and Eu(NO3)3•6H2O 



Texas Tech University, Xianwen Zhang, December 2014  

66 

 

(Sigma Aldrich, 99.9%) were mixed with deionized water / ethanol(50%) / EG(50%) / 

PEG (50%), under vigorous stirring. 5 mmol NaBH4 or HBO3 (Alfa Aesar, 99%),  was 

added into the former solution and stirred. A white precipitate appeared immediately. 

After stirring for about 10 min, the solution was rapidly adjusted to a designated pH = 9.0 

using 1 molL-1 ammonia water (Sigma Aldrich, A.C.S regent). For the investigation of 

pH effect on YBO3: Eu3+ obtained using NaBH4, pH value was controlled at 7. The final 

solution was then transferred into a 50 mL autoclave, which was filled with deionized 

water up to 80% of the total volume, sealed, and heated to a set temperature (190 oC). 

The system was then cooled to room temperature. The as-producted samples were 

collected by filtration, washed with deionized water and ethanol to remove any possible 

ionic remnants, and then dried in a vacuum at 60 oC for 2 h.  

3.2.2 Characterization 

The instrument used for the analysis of the (Y:Eu)BO3 samples before and after 

annealing was a Rigaku MiniFlex II powder diffractometer with a Cu source and a 

scintillation detector.  The X-ray source was operated at a power setting of 30 kV and 15 

mA.  The data was collected with a step size of 0.02 degrees and a collection time of 2 

seconds per step. The geometry was Bragg-Brentano. The slit widths for both the X-ray 

source and detector were 1.25 degrees. The powder XRD patterns of the synthesized 

samples were recorded using a Rigaku Ultima III diffractometer with Cu-Ka radiation 

operating in a parallel-beam geometry. The morphologies of YBO3: Eu3+ were 

characterized using scanning electron microscopy (Hitachi 4300). The 

photoluminescence spectra were measured using a steady-state/lifetime 
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spectrofluorometer (JOBIN YVON, FLUOROLOG-3-TAU) with a 450W 

monochromatized xenon lamp. For photoluminescence measurement, fine powdered 

phosphor samples were pressed into a square cell volume of approximately 14×7×2 mm3 

to ensure uniform thickness and distribution of powders.   

 3.3  Results and discussion 

3.3.1  Effect of Doping Concentration of Eu
3+

 

Previously, it is found that quenching concentration increases as the particle size 

decreases, as has been observed in some types of nanocrystals.19, 20 It is understandable 

that the concentration quenching effect is due to the dominance of nonradiative 

transitions between neighboring Eu3+ ions. So, as the concentration of luminescent 

centers increase, quenching occurs first in particles including more traps, while those 

particles containing few or no traps quench only at high concentration or even do not 

quench. Therefore, quenching tends to occur at higher Eu3+ concentration in smaller 

particles. The relationship between luminescence intensity and dopant concentration is 

studied among the previously as-prepared flower-like sample and samples after post-

annealing, and the result is shown in Figure 3.1. The quenching concentration was found 

to be about 20% Eu3+ doping, which is almost in accordance with the previously reported 

results of 15% and 20% for both bulk and nanosize YBO3: Eu3+.21 Therefore, higher 

doping concentration cannot always lead to stronger luminescence due to quenching 

effect. 
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Fig. 3.1 Emission spectra of samples with different doping concentration  for quenching 
studies. Inset is the quenching concentration by monitoring the emissions of 5D0-

7F2 (at 
611 and 627 nm). 
 

3.3.2. Effect of Annealing on Crystallinity, Morphology and Photoluminescence 

Structural properties of YBO3: Eu3+ powders before and after annealing were 

characterized by X-ray diffraction (XRD) and results are presented in Fig. 3.2, 

respectively. As shown in Fig. 3.2, XRD pattern indicates that as-prepared samples are 

the hexagonal phase of YBO3 with vaterite-type (JCPDS 16-277). All the peaks could be 

well indexed to the hexagonal phase of YBO3 with vaterite-type (JCPDS 16-277). The 

calculated lattice constants using Jade program, a ) b) 3.7958 Å, c ) 8.9345 Å for YBO3: 
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Eu3+ before annealing, a ) b ) 3.7961 Å, c ) 8.9343 Å for YBO3: Eu3+ annealed at 400 oC ; 

a ) b ) 3.7972 Å, c ) 8.8732 Å for YBO3: Eu3+  annealed at 600 oC and a ) b ) 3.7944 Å, c ) 

8.8444 Å for YBO3: Eu3+  annealed at 800 oC. With increasing the annealing temperature, 

the crystallization of samples becomes better as shown in Figure 3.2. As-prepared YBO3: 

Eu3+ was annealed at different temperatures to check the stability of the hexagonal phase, 

and we found out that it is stable up to 800 °C. Higher annealing temperature increased to 

900 °C will be applied to further study the stability of hexagonal YBO3: Eu3+. 

 
 
 

 
Fig. 3.2 XRD patterns for as-obtained YBO3: Eu3+ before and after annealing at different 
temperatures. 
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Fig. 3.3 SEM images of YBO3: Eu3+ without annealing and with annealing at different 
temperatures: (a) without annealing; (b) 400 oC; (c) 600 oC; and 800 oC.  

 

 

   Fig. 3.3 exhibit the SEM images of hydrothermal sample and three samples after 

calcination at 400, 600, and 800 oC for 2 h, respectively. The morphologies of flower-like 

YBO3: Eu3+ do not show any apparent variation after annealing. Emission spectra of 

hydrothermal sample and samples with different annealing temperatures under 365 nm 

excitation are shown in Fig. 3.4a. With the increase of the annealing temperature, the 

emission spectra in the range of 380-550 nm (Fig. 3.4b) and 550-675 nm (Fig. 3.4c) 

experiences interesting changes. The blue band of 380-550 nm attributing to self trapped 
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exciton (STE) process, which is investigated in detail in Chapter 4, is decreasing 

graduately, even disappears when the annealing temperature is up to 800 oC. Maybe the 

STE mechanism is destroyed by the high temperature and eventually leads to the 

disappearance of blue light. However, both the red emission at 610/627 nm and the 

orange emission at 591 nm are enhanced when the annealing temperature is increasing 

due to the better crystallization. This change is in accordance with the improvement of 

crystallinity in Fig. 3.2 with increasing annealing temperature. 
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Fig. 3.4 (a) Emission spectra of hydrothermal sample and samples with different 
annealing temperatures under 365 nm excitation. (b) Emission spectra of the four samples 
in the range of 380-550 nm. (c) Emission spectra of the four samples in the range of 550-
675 nm. 

(a) 

(b) (c) 
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3.3.3. Effect of borate source and pH values 

To confirm the composition and the crystallinity of the YBO3: Eu3+ synthesized by virtue 

of NaBH4 at different pH values, X-ray diffraction (XRD) pattern of the samples was 

studied. Fig. 3.5 shows the XRD pattern of YBO3: Eu3+. All of the diffraction peak 

positions and intensities were in good agreement with the data for the reference 

hexagonal phase (JCPDS card No. 16-0277).  No impurity crystalline phase was found in 

the diffraction pattern. The pattern revealed that highly pure YBO3: Eu3+ with good 

crystallinity had been formed. 

   Fig. 3.6 shows representative SEM images of the resulting YBO3: Eu3+ micromaterials 

in different solvents. As shown in Fig. 3.6a, the diameter of each compact spherule 

synthesized in water is about 8-10 µm. In an enlarged figure, it could be found that every 

spherule consists of tiny nanoparticles.  However, Fig. 3.6b shows that the honeycomb-

like YBO3: Eu3+ comprising of thin layers were formed in the mixture of water and 

ethanol (1:1). When the solvent is changed to EG, YBO3: Eu3+ aggregation composed of  

nanosheets in different angle is obtained in Fig. 3.6c. As PEG was chosen as solvent, 

YBO3: Eu3+ with the morphology of porous microspheres were produced, as shown in 

Fig. 3.6d. 
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Fig. 3.5 (a) XRD patterns of YBO3 Eu3+ samples in four types of solvents using NaBH4 
as borate source when pH value is 9; (b) XRD patterns of YBO3 Eu3+ samples in four 
types of solvents using NaBH4 as borate source when pH value is 7. 

(a) 

(b) 
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Fig. 3.6 SEM images of YBO3: Eu3+ hydrothermally prepared  in different solvent (pH = 

9): (a) water; (b) water/ ethanol (1:1); (c) water/EG (1:1); (d) water/ PEG (1:1) 
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Fig. 3.7 SEM images of YBO3: Eu3+ hydrothermally prepared  in different solvent (pH = 
7): (a) water; (b) water/ ethanol (1:1); (c) water/EG (1:1); (d) water/ PEG (1:1) 

 
   In the hydrothermal synthetic process, it is found that the pH value of the precursor 

solution in water/ ethanol/ EG/ PEG has a crucial effect on the formation of the 

morphology of YBO3:Eu3+ sample, as the SEM images illustrated in Fig. 3.7.  The pH 

value in various precursor solutions is tuned to 7. Microcluelike YBO3 : Eu3+ with 

average diameter of 1.5 µm consist of nanosheets layer by layer in Fig. 3.7a.When 

ethanol is applied as solvent, keep pH value at 7, YBO3: Eu3+ samples were produced in 

form of flower-like structure, microrods and particles. EG in the precursor solution 
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generate the colloid product, in good accordance with the low crystallinity in XRD result, 

and few nanorods. A bundle of intertwining nanobelts were formed using PEG as solvent. 

 

 

 
Fig. 3.8 Emission spectra of YBO3: Eu3+ prepared in different solvents at: (a) pH 9; (b) 
pH 7. 

 

(b) 

(a) 
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     The emission spectra excited at 365 nm are displayed in Fig. 3.8. The intensity of 

honeycomb-like sample synthesized in the alkali environment of ethanol is the highest 

compared with other three morphologies, as shown in Fig. 3.8a. When pH value is 

increasing to 7, intertwining nanobelts produced using PEG as solvent exhibit the 

strongest emission in comparison with another morphologies synthesized in water, 

ethanol and EG in Fig. 3.8b. Probably it is due to the variation of surface area of these 

morphologies. More investigation is in progress. 

 

3.4  Conclusions 

Luminescence intensity of Eu3+ with various doping concentration (5%, 10%, 15% and 

20%) in as-prepared flower-like samples was studied. The quenching effect causes the 

decrease of Eu3+ emission when Eu3+ doping concentration is raised up to 20%. Post-

annealing treatment was also employed to as-prepared flower-like samples. The emission 

intensity at the range of red light is enhanced with the increase of annealing temperature, 

which is in according with the improvement of crystallinity. Additionally, a simple and 

mild hydrothermal method through choice of borate source, solvent and pH value for the 

synthesis of multimorphological YBO3:Eu3+ samples been demonstrated. It is found that 

YBO3: Eu3+ samples with the morphology of honeycomb and nanobelts exhibit the most 

intense photoluminescence.  
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CHAPTER 4 

TUNABLE PHOTOLUMINESCENCE AND ENERGY TRANSFER 

OF YBO3: TB
3+

, EU
3+

 FOR WHITE LIGHT EMITTING DIODES 

 

ABSTRACT: Rare-earth (Eu3+, Tb3+) ion co-doped YBO3 phosphors with a morphology 

of uniform flower-like assembly are fabricated by a facile hydrothermal method without 

the use of surfactant, organic ligands, or further sintering treatment. Photoluminescence 

(PL) studies have demonstrated that under the excitation of 365 nm ultraviolet (UV) light, 

YBO3: Tb3+, Eu3+ exhibits a white light, including three emissions: a blue band attributed 

to self-trapped exciton (STE), a green band due to the Tb3+ transition of 5D4 −
7Fj (j = 6, 5, 

4, 3), and a red band due to the Eu3+ transition of 5D0 −7Fj (j = 0, 1, 2, 3, 4). Energy 

transfers from host YBO3 to Tb3+, and Eu3+ and Tb3+ to Eu3+, as well as tunable emission 

by varying the relative doping ratios are demonstrated. The combination of blue emission 

from STE with green and red emissions from activators provides a novel and efficient 

technique to make white light emitting diodes (WLEDs). 
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4.1  Introduction 

Solid state light emitting diode (LED) lamps, rather than Polymer light emitting diodes 

(PLED), organic light emitting diodes (OLED) or compact fluorescent lighting (CFL), 

are promising due to their high energy efficiency, reliability, long lifetime and 

environmental friendliness.1-6 Until now, the commercially available white light LED 

with a proper color rendering index (CRI) and color temperature is prepared by 

combining a blue LED (450-470 nm) and a yellow phosphor, Y3Al5O12: Ce3+ 

(YAG:Ce3+).7,8 One limitation of the wide application of YAG: Ce3+  based white LEDs is 

lack of color rendering due to the absence of the red light. To overcome this limitation, 

development of optimized phosphors that provide red emission is required.9-11 An 

ultraviolet (UV) LED (300-410 nm) combined with co-active phosphors is an approach to 

achieve proper CRI and white light in the visible region. Some of the phosphors so far 

have been investigated such as ligand-passivated Eu3+:Y2O3, Mn2+, or Cr3+: MgAl2O4.
12, 

13 

   Eu3+ and Tb3+ with respective red and green emission are widely used in luminescent 

materials to achieve white light by varying the activators. Moreover, there is an effective 

energy transfer from Tb3+ to Eu3+ in several host materials.14-18 So far, phosphors have 

been optimized for application in display panels, fluorescent lamps and bio-imaging 

rather than for LEDs. A possible strategy to circumvent this problem is the introduction 

of suitable ion donors. An effective energy transfer among activators as well as 

enhancement of the emission intensity of  Ce3+, and Tb3+ and Eu3+ acting as a sensitizer 

and activators, respectively, under the excitation of blue or UV LEDs  are reported. 19, 20  
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   Lanthanide-doped phosphor systems in oxide, nitride, sulfide, wolframite and 

oxysulfide host lattices for lighting have been investigated owing to the low toxicity and 

significant selectivity in their emitting wavelength.21-23 Rare-earth (RE) orthoborates, 

REBO3 (RE = lanthanide or yttrium), as useful host lattices for the luminescence of Eu3+ 

and Tb3+, have attracted much attention due to their high chemical stability, strong 

photoluminescence (PL) intensity , and exceptional optical damage threshold.24-26 More 

interestingly it is reported that metal borates show a broad UV emission band with 

maxima at 336 nm27, 339 nm28 and 420 nm,29 which are ascribed to the recombination of 

self-trapped exciton (STE) that may presumably be associated with band-gap excitations 

or molecular transitions within the BO3
3− group. If the host matrix absorbs most of the 

incident photons, leading to the transition of electrons from valence band toward the 

conduction band, subsequent processes of either STE or free electron-hole pairs occur.30 

According to the Förster-Dexter theory, nonradiative energy transfer can occur in the 

condition of the spectral overlap of the host emission with the absorption of the activator 

generating an efficient photoluminescence from the activator.31-33   

     Herein we report that white light can be generated, from YBO3: Tb3+, Eu3+ for the 

production of white LEDs with an effective absorption in the window of UV LED 

including a blue-violet band originating from radiative annihilation of STE in YBO3 host 

matrix, and green and red bands from Tb3+ and Eu3+, respectively. YBO3: Tb3+, Eu3+ with 

flower-like hierarchical structure composed of nanoflakes was synthesized using the 

hydrothermal method. We also show that the color of the total emission can be tunable by 

varying the ratio of Tb3+ and Eu3+ in YBO3 host matrix. In addition, resonant energy 
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transfer from the host to activators was investigated by both steady state fluorescence and 

fluorescence lifetime methods. 

4.2  Experimental Section 

4.2.1 Synthesis of YBO3: Eu
3+

, Tb
3+

:  

All chemicals were of analytic grade purity and were directly used without any treatment. 

In a typical synthesis, 2 mmol, 0.2 molL-1 Y(NO3)3•6H2O (Alfa Aesar, 99.9%), 

Eu(NO3)3•6H2O (Sigma Aldrich, 99.9%), and Tb(NO3)3•6H2O (Sigma Aldrich, 99.9%) 

were mixed with deionized water and ethanol (2:3), under vigorous stirring. 5 mmol, 0.2 

molL-1 K2B4O7•4H2O (Alfa Aesar, 99%),  was added into the former solution and stirred. 

A white precipitate appeared immediately. After stirring for about 10 min, the solution 

was rapidly adjusted to a designated pH = 9.0 using 1 molL-1 ammonia water (Sigma 

Aldrich, A.C.S regent). The final solution was then transferred into a 50 mL autoclave, 

which was filled with deionized water up to 80% of the total volume, sealed, and heated 

to a set temperature (190 oC). The system was then cooled to room temperature. The final 

product was collected by filtration, washed with deionized water and ethanol to remove 

any possible ionic remnants, and then dried in a vacuum at 60 oC for 4 h. The detailed 

doping parameters for typical samples are listed in Table 4.1. 

 

 

 

 



Texas Tech University, Xianwen Zhang, December 2014  

85 

 

Table 4.1 Doping concentration and ratio of Tb3+ and Eu3+ in YBO3 

Sample Concentration of Tb3+ Concentration of Eu3+ Ratio of Tb3+/ Eu3+ 

YBO3: Tb/Eu(9/1) 13.5% 1.5% 9/1 

YBO3: Tb/Eu(5/1) 

 

YBO3: Tb/Eu(2/1) 

 

YBO3: Tb/Eu(1/1) 

 

YBO3: Tb/Eu(1/2) 

 

YBO3: Tb/Eu(1/5) 

 

YBO3: Tb/Eu(1/9) 

12.5% 

 

10% 

 

7.5% 

 

5% 

 

2.5% 

 

1.5% 

2.5% 

 

5% 

 

7.5% 

 

10% 

 

12.5% 

 

13.5% 

5/1 

 

2/1 

 

1/1 

 

1/2 

 

1/5 

 

1/9 

 

 

4.2.2  Characterization and Measurement  

The powder XRD patterns of the synthesized samples were recorded using a Rigaku 

Ultima III diffractometer with Cu-Kα radiation operating in parallel-beam geometry. 

Crystal structure graphic: CRYSTALMAKER Software 2.5.1. The morphology and 

particle size of the synthesized samples were characterized by a SEM (Hitachi, S-570). 

The thickness of nanoflakes was obtained with a Nanoscope IIIa multimode AFM 

(Veeco, Santa Barbara, CA) operating in tapping mode. The AFM tips (Tetra15/Au/15, 

Nanotechnology LLC.) is a silicon cantilever with Au conductive coating, with the 

resonant frequency 200~400 kHz and force constant 20~75 N/m. All images were 

collected at a scan rate of 0.25 Hz with a driving frequency of 325 kHz (256 × 256 lines 
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scan). All samples were sputter coated a thin layer of gold of approximately 5nm 

thickness to ensure good conductivity and imaging. For the HRTEM and FFT (JEM-

2100), the YBO3 powders were separated by diluting them in ethyl alcohol and dropped 

onto holey carbon film supported on 200-mesh Cu grids. TGA was carried out in a TGA 

I-1000 (Instrument Specialist Inc.). The temperature was raised from 25 oC to 1000 oC at 

the rate of 10 oC /min.  The PL spectra, PL excitation spectra and decay curves of the 

samples were measured by a steady-state/lifetime spectrofluorometer (JOBIN YVON, 

FLUOROLOG-3-TAU) with a 450W monochromatized xenon lamp. Fine powdered 

phosphor samples were pressed into a square cell, volume of which is approximately 14 × 

7× 2 mm3 to ensure uniform thickness and distribution of powders. The bandwidth of 

excitation and emission slit is set at 5 nm and 1nm, respectively.  

Fabrication of a prototype solid-state lighting device was prepared by removal of the 

LED lens from a commercial 365 nm excitation LED (max = 365 nm; Substrate: 

Sapphire, epitaxial: GaN based material, pad material: Au alloy, backside Metal: Al) and 

coating the exposed LED surface with YBO3: Tb/Eu(9/1)  phosphor dissolved in 

cyanoacrylate (Super Glue). The device was operated by 4.0V voltage and 350 mA 

current. Electroluminescence (EL) spectra, the values for CIE coordinates (Commission 

Internationale de l’_eclairage), the color-coordinated temperature (CCT) and color 

rendering index (CRI) of the sample at room temperature were obtained by a HAAS-

2000 color analyzer equipped with a CCD detector (Yuanfang, Hangzhou, China). 
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4.3. Results and discussion 

4.3.1  Crystal Structure, Morphology and Thermal Stability. 

Fig. 4.1A shows the X-ray diffraction (XRD) patterns of undoped YBO3 and seven co-

doped YBO3: Tb3+, Eu3+ (Table 4.1). From the x-ray diffraction data the structure of pure 

YBO3 is well recognized as a vaterite-type structure with a hexagonal unit cell and a 

space group P63/m (JCPDF (16-0277)) as described by Chadeyron et al.24,34 Lattice 

parameters were calculated from the least square fitting of the XRD peaks and are found 

to be a = b = 3.7746(8) Å, c=8.8091(16) Å for undoped YBO3 and a = b = 3.7796(15) Å, 

c=8.816(5) Å for Tb3+(13.5%), Eu3+ (1.5%) codoped YBO3 sample. The increase in 

lattice parameter for the codoped sample compared to the undoped one has been 

attributed to increase in ionic radii of Eu3+ (1.07 Å) and Tb3+ (1.04 Å) compared to Y3+ 

ions (1.02 Å).35  

 

A 



Texas Tech University, Xianwen Zhang, December 2014  

88 

 

  

 

 

 

Fig. 4.1 (A) XRD patterns of undoped YBO3 and YBO3: Tb3+, Eu3+ samples with 
different doping ratio: a) YBO3: Tb/Eu(9/1), b) YBO3: Tb/Eu(5/1), c) YBO3: Tb/Eu(2/1), 
d) YBO3: Tb/Eu(1/1), e) YBO3: Tb/Eu(1/2), f) YBO3: Tb/Eu(1/5), g) YBO3: Tb/Eu(1/9); 
(B) Projection of YBO3 unit cell on the (0001) plane. (C) Yttrium environment in YBO3 
structure. (D) Projection of the structure of YBO3 with [1 1 -2 0] orientation.34

 

    

B C 

D 
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   The projection of the structure of YBO3 on (0001) plane is shown in Fig. 4.1B and Y 

atoms are eight fold coordinated by oxygen atoms (YO8) in a trigonal bicapped antiprism 

polyhedron. There are two kinds of sites for Y3+ ions surrounded by oxygen in the YBO3 

crystal lattice. The distance of Y-O (1) and Y-O (2) distances is 2.39 and 2.32 Ao. Fig. 

4.1 C shows yttrium environments in YBO3 structure. The crystal structure of YBO3 

along c axis can be presented as three-dimension unit cell by YO8 polyhedra, where each 

BO4 tetrahedra group is bonded with adjacent BO4 groups by O(2) atoms and with two 

adjacent YO8 groups by O(1) atoms as shown in Fig. 4.1 D.34 

A typical scanning electron microscopy (SEM) image of YBO3: Tb/Eu(9/1) in Fig. 4.2a 

demonstrates that the morphology consists of uniform flower-like spheres with a diameter 

of approximately 15 µm and composed of smooth nanoflakes. Fig. 4.2b indicates that the 

nanoflakes are configured by both edge-to-edge and edge-to-surface combinations. The 

statistical measurements of atomic force microscopy (AFM) in Fig. 4.2c show that the 

thickness of the nanoflakes varies between 30-50 nm. 

   To further investigate crystal quality and growth, high-resolution transmission electron 

microscopy (HRTEM) and Fast Fourier Transform (FFT) images of YBO3: Tb/Eu(9/1) 

nanoflakes were taken using the electron beam along the [0001] zone axis perpendicular 

to the wide surface of the sheet.  Fig. 4.2d shows the TEM image of a single nanoflake 

from the same sample for which the SEM image is shown in Figs. 4.2a and b. Fig. 4.2e 

shows the HRTEM image. The lattice fringes show the imaging characteristics of the 

hexagonal YBO3 crystal, in which the interplanar distance of 0.325 nm can be indexed to 

the d-spacing value of  ( 0110
− ) planes. Further analysis indicates that the nanoflakes grow 

along the [ 0110
− ], [ 1001

− ] or [ 0101
− ] crystallographic direction and is enclosed by (0001) 
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facets, that is the widest facet. The corresponding FFT pattern of the nanoflake (inset of 

Fig. 4.2e) taken along the [0001] zone axis reveals that the FFT pattern is a characteristic 

of a hexagonal YBO3: Tb/Eu(9/1) in agreement with the XRD result. Moreover, FFT 

patterns taken both from different areas on a single fragment and from different 

fragments of different samples are identical within experimental accuracy, indicating that 

the YBO3: Tb/Eu(9/1) nanoflakes are single-crystalline and that different nanoflakes have 

identical crystallization habits. Patterns also reveal that the nanoflakes are stable enough 

to withstand the irradiation of convergent high-energy electron beams. The 

thermogravimetric analysis (TGA) curve of YBO3: Tb/Eu(9/1) indicates that this 

compound is thermally stable up to 1000 oC as shown in Fig. 4.2f. 
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Fig. 4.2 (a)  SEM images of a representative YBO3: Tb/Eu(9/1) sample morphology; (b) 
an enlarged SEM image of a single flower; (c) AFM image of YBO3: Tb/Eu(9/1) single 
nanoflake; (d) TEM image of YBO3: Tb/Eu(9/1) nanoflake; (e) HRTEM image of the 
nanoflake. The inset is the corresponding Fast Fourier Transform (FFT); (f) TGA curve of 
YBO3: Tb/Eu(9/1) up to 1000 oC. 

 

4.3.2  PL Properties of Undoped YBO3 and Co-doped YBO3: Tb
3+

, Eu
3+

 

The PL emission and PL excitation spectra of the undoped YBO3 are shown in Figs. 4.3a 

and b, respectively. YBO3 emits a broad intrinsic blue-violet luminescence band centered 

at 425 nm (Fig. 4.3a) under the excitation of 365 nm which is within the excitation 

spectra (Fig. 4.3b). The emission band most likely is generated from the recombination of 

STE that may be associated to the band-gap excitations or molecular transitions within 
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the BO3
3− group.28 By monitoring the intrinsic blue-violet emission at 425 nm, the PL 

excitation spectrum of YBO3 centered at 365 nm can be attributed to the host absorption. 

                                                              

 

Fig. 4.3 (a) Emission spectra obtained for YBO3 phosphors under the excitation of 365nm 
and (b) excitation spectra obtained for YBO3 phosphors monitored at 425nm. 

 

4.3.3  PL Properties and CIE Diagram of YBO3 Co-doped with Tb
3+

 and Eu
3+

 

PL spectra of YBO3: Tb3+, Eu3+ with different doping ratio of two activators were 

measured and shown in Fig. 4.4a. With the increase of Tb3+/Eu3+ concentration ratio from 

1/9 to 1/1 the significant reduction of blue-violet band is observed. Subsequently, the blue 

band gradually rebounds by continuous increasing of Tb3+/Eu3+ ratio from 1/1 to 9/1. 

Reduction of 5D3−
7F6 transition of Tb3+ around 540 nm is also observed. The host extends 

the excitation range and varying the concentration of Eu3+ and Tb3+ ions in the host 

initiates the phosphors exhibit various colors. 

     Fig. 4.4b shows the CIE index points for the YBO3: Tb3+, Eu3+ samples, which are 

consistent with their photoluminescence spectra in Fig. 4.4a. As shown in this Fig. 4.4b, 
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the corresponding colors of these samples can be tuned from white (0.35, 0.28) to orange 

pink (0.44, 0.33), pink ((0.42, 0.33), (0.45, 0.31), (0.41, 0.28)), purplish pink (0.34, 0.22) 

and white (0.26, 0.23) by decreasing the doping ratio of Tb3+/Eu3+. The white emission in 

YBO3:Tb/Eu(9/1) and YBO3:Tb/Eu(1/9)  is achieved by simultaneous blending of blue, 

green, and red emissions, which respectively arise from the host STE, Tb3+, and Eu3+. All 

the colors can be tuned by the doping ratio of activators (Tb3+ and Eu3+). 

4.3.4  Spectroscopic Investigation of Energy Transfer Mechanism in YBO3: Tb
3+

, Eu
3+

. 

It has been reported earlier that there exists an energy transfer from host materials such as 

Ba3Sc(BO3)3: Tb3+.27  It is expected that the energy transfer between YBO3 and activators 

plays a crucial role in the change of intensity of the blue-violet band as well as in color 

tuning.  To further understand the mechanism of energy transfer, YBO3: Tb/Eu(9/1) was 

chosen as a typical sample  for  spectroscopic  analysis.  The   lifetime   measurement 

monitoring the broad band at 425 nm from YBO3 and YBO3: Tb/Eu(9/1) is presented in 

Figs. 4.5a and b, respectively. Decrease of undoped YBO3 emission decay from 14.7 to 

8.6 ms in presence of activators confirms the energy transfer from host to activators due 

to a super-exchange coupling between them.36, 37 Also, with increasing relative doping 

ratio of Tb3+/Eu3+ from 1/5 to 1/1, the broad band charge transfer of YBO3 increases 

drastically which indicates that the energy transfer from YBO3 to Tb3+ is more efficient 

than that from YBO3 to Eu3+.38 However, with increasing doping ratio of Tb3+/Eu3+ 

consistently  up to 9/1,  STE emission was increasing because of the low efficiency of the 

energy transfer between host and activators. 
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Fig. 4.4 (a) Emission spectra obtained for various YBO3: Tb3+, Eu3+ samples under the 
excitation of 365nm; (b) CIE chromaticity diagram obtained for various YBO3: Tb3+/Eu3+ 
under the excitation of 365 nm: a) YBO3: Tb/Eu(9/1), b) YBO3: Tb/Eu(5/1), c) YBO3: 
Tb/Eu(2/1), d) YBO3: Tb/Eu(1/1), e) YBO3:Tb/Eu(1/2), f) YBO3: Tb/Eu(1/5), g) YBO3: 
Tb/Eu(1/9). 
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    The energy efficiency ( Tη ) from host to activators can be expressed by equation 4.1: 15 

                                                              0/1 SST ττη −=                                                   4.1        

Where 0Sτ  and Sτ are the lifetime of the blue band in the absence and presence of 

activators, respectively. The energy transfer efficiency is calculated to be 41.5%. 

 

 

 

Fig. 4.5 Room temperature emission decay curve of (a) undoped YBO3 and (b) YBO3: 
Tb/Eu(9/1) samples monitored at 425 nm. 

 

     To provide further evidence to support the occurrence of host to activators energy 

transfer, comparison of PL emission spectra of undoped YBO3 and YBO3: Tb/Eu(9/1) is 

shown in Fig. 4.6a. STE emission intensity of YBO3 is obviously reduced when co-

doping concentration of Tb3+ and Eu3+ is 15% which strongly suggests the energy transfer 

from host to activators. The PL emission spectra of undoped YBO3 at 365 nm excitation 
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and PL excitation spectra of YBO3: Tb/Eu(9/1) obtained with Tb3+ emission at 540 nm 

and Eu3+ emission at 610 nm are shown in Fig. 4.6b. The intrinsic UV emission peak of 

undoped YBO3 partially overlaps with the Tb3+ 4f−4f absorptions and Eu3+ 4f−4f 

absorptions, assuring the conditions for Förster-Dexter energy transfer.33 

     It is well-known that an effective energy transfer can take place from Tb3+ to Eu3+ in 

several hosts, such as TbBO3 and Y2O3.
15,39 PL excitation spectra of Tb3+ and  Eu3+ single 

doped and co-doped YBO3 samples are investigated (Fig. 4.6c). The strong excitation 

band in the range of 350-380 nm is typical of Tb3+ f−f transitions marked with a green 

line where as YBO3: Tb3+ is monitored at 540 nm emission. YBO3: Eu3+ sample exhibits 

a week excitation spectra monitored at 610 nm emission with the characteristic Eu3+ f−f 

transition marked with a red line in the same range. However, the excitation band of 

YBO3: Tb/Eu(9/1) labeled as a magenta line in the range of 350-380 nm and 485 nm 

increases significantly in  comparison with that of YBO3: Eu3+ and corresponds to 

transition of Tb3+ ions. This verifies that the energy transfer from Tb3+ to Eu3+ takes 

place. 
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Fig. 4.6 (a) Emission spectra obtained for undoped YBO3 and YBO3: Tb/Eu(9/1) samples 
under the excitation of 365 nm; (b) Overlap of emission spectra of YBO3 (black line) and 
excitation spectra of YBO3: Tb/Eu(9/1)  monitored at 540 nm (green line) and YBO3: 
Tb/Eu(9/1) monitored at 610 nm (red line); (c) Excitation spectra of YBO3: Tb3+ 15% 
(green line), YBO3: Eu3+ 15% (red line) and YBO3: Tb/Eu(9/1) (magenta line). 

 

   The commercial 365 nm excitation LED coating with YBO3: Tb/Eu(9/1)  phosphor is 

shown in the inset of Fig. 4.7, and the EL spectrum (Fig. 4.7) shows several emission 

bands at about 430, 475, 540, 585, 610, and 6250 nm, which arise from the phosphor. 

The optical properties of the fabricated white-light LED show CCT is 5597 K, CRI 82.2, 

as well as CIE coordinate (0.3306,0.2905). White LED performances (brightness, CCT 

and CRI) might be further improved by a suitable wavelength chip, ratio of resin to 

phosphor powder as well as the use of mixing agents. These results indicate that the 
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YBO3 phosphor is suitable for generating bright white emission under UV light 

excitation. 

 

 

Fig. 4.7 EL spectrum of YBO3: Tb/Eu(9/1)  phosphor coated on 365 nm UV LED. The 
inset is the image of a LED phosphor assembled from deposition of YBO3: Tb/Eu(9/1)  
phosphor onto a 365 nm UV LED operating at 4.0 V. 
 

4.4  Conclusions 

In summary, we report for the first time synthesis of YBO3: Tb3+, Eu3+ phosphors with 

white and tunable luminescence under UV excitation by varying the relative ratio of Tb3+ 

and Eu3+ doping. A facile hydrothermal method was used to achieve uniform flower-like 
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structure of YBO3: Tb3+, Eu3+ consisting of nanoflakes. Upon the UV excitation at 365 

nm the emission spectrum of undoped YBO3 consists of a broad UV emission centered at 

425 nm which is attributed to the recombination of STE. The lifetime curve of undoped 

YBO3 reveals that the energy transfer from host to activators takes place. When Tb3+ and 

Eu3+ ions are incorporated into YBO3, efficient energy transfer from the host excitations 

to activators, as well as from Tb3+ to Eu3+, occurred. The facile method to make the 

thermally stable hierarchical structure has potential applications in LED devices.   
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CHAPTER 5 

GROWTH AND PHOTOLUMINESCENCE PROPERTIES OF YBO3: 

TB
3+

 MICROSTRUCTURES 

 

Abstract Three-dimensional (3D) YBO3:Tb3+ flower-like and dense flower-like 

hierarchitecture constituted of nanoflakes are solvothermally synthesized in the presence 

of polyborate precursors in the mixture of ethanol and water. The growth process of the 

YBO3:Tb3+ flowers and dense flowers was explored based on the time-dependent 

experiment and the results showed that the growth mechanism follows an in-situ growth 

rather than self-assembly process as reported previously. YBO3:Tb3+ morphologies 

composed of nanoflakes are achieved by controlling the concentration of ethanol and 

dependence of photoluminescence on morphology was studied. Remarkable 

photoluminescence enhancement was observed for YBO3:Tb3+ with flower-like 

morphology demonstrating the potential of the microstructure in future applications as a 

green phosphor. Such a synthetic method and growth mechanism may be applied to 

fabricate complex 3D architectures of other materials. 
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5.1  Introduction 

It has been generally believed that a strong correlation exists between the physical 

properties and the morphology, size, dimensionality and structure of the inorganic 

materials. In recent years, it is challenging and important to synthesize inorganic 

nanomaterials with controllable morphology, orientation, dimensionality etc., which 

usually exhibit unique properties. In particular, alignment of low-dimensional building 

blocks (including nanoparticles1, 2, nanorods3, 4, and nanoplates5) via bottom-up 

technology into fascinating hierarchical three-dimensional (3D) architectures is of great 

importance and highly demanding, not only due to the fundamental scientific interest but 

also for potential technological applications in optics, electronics, catalysis6, and biology7. 

It is also highly desirable to solve the problem of nanomaterial agglomeration during the 

growth process. Crystal growth habit is not only determined by its intrinsic structure but 

also significantly affected by a series of external parameters, such as reaction time and 

temperature, pH value of precursor solution, and precursors. By investigating the crystal 

growth mechanism it is expected to control the crystal growth and to predict 

modifications to growth conditions such as to enhance the probability of forming one 

particular morphology over another.  

    Rare earth orthoborates LnBO3 (Ln =Y, Gd, and Lu) have proven to be very useful 

host lattices for the luminescence of Eu3+ and Tb3+ due to their high chemical stability, 

strong photoluminescence intensity, and exceptional optical damage threshold. LnBO3 

have also been found wide applications in mercury-free fluorescent lamps LEDs, and 

various kinds of display devices 8-10. It is well known that the hydro/solvothermal method 



Texas Tech University, Xianwen Zhang, December 2014  

105 

 

is a promising synthetic route, which can be better controlled through judicious choice of 

precursors and reaction parameters 11-13. Previous work on the hydro/solvothermal 

synthesis of LnBO3 with complex 3D morphologies mainly focused on the use of HBO3 

as a borate source and corresponding self-assembly mechanism 14-16. In this self-

assembled process, tiny nuclei were aggregated at the early stage, followed by the 

oriented growth of these building blocks into nanosheets. Subsequently, the nanosheets 

arranged into 3D hierarchical dense flowers by homocentric layer-by-layer growth.  

    Recently, we investigated hydrothermal synthesis of 3D architectures YBO3:Eu3+ using 

K2B4O7•4H2O as the novel precursor 17, 18. To the best our knowledge, the reaction 

mechanism of hierarchical architectures YBO3 using polyborate has not yet been reported.  

Polyoxy salt plays a critical role in the formation of rare-earth micro/nanomaterials as a 

starting source. For example, polyphosphate salt Na5P3O10 was found to be both a source 

of orthophosphate and a complexing agent for both the rapid formation of orthophosphate 

ions by hydrolysis and the stability of nanoparticles by complexation of lanthanides 19. 

Three kinds of 3D LaPO4:Eu microstructures with different phases have also been 

hydrothermally synthesized using Na5P3O10 
20. Wang et al.21 and Guo et al.22 have 

reported red-emitting phosphors Na5Ln(MoO4)4:Eu3+ (Ln = La, Gd, Eu and Y) using 

polymolybdate (NH4)6Mo7O24.  

In this chapter, we present a one-step hydrothermal route to synthesize YBO3: Tb3+ 3D 

flower-like microstructure composed of nanoflakes using polyborate, K2B4O7•4H2O, both 

as a source of borate ions (BO3
3-) and as a stabilizing agent.  The in situ (localized) 

growth of YBO3: Tb3+ 3D structure is analyzed through a series of time-dependent 

experiments. The photoluminescence showed that the flower-like YBO3: Tb3+ 
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microstructure has the maximum intensity. Such a synthetic route and growth mechanism 

may be extended to fabricate complex 3D architectures of other materials. 

 

5.2   Experimental Section 

All chemicals were of analytic grade purity and were directly used without any treatment. 

In a typical synthesis, 2 mmol, 0.2 molL-1 Y(NO3)3•6H2O (Alfa Aesar, 99.9%) and 

Tb(NO3)3•6H2O (Sigma Aldrich, 99.9%) were mixed with deionized water and ethanol 

under vigorous stirring. 0.5 mmol, 0.2 mol•L-1 K2B4O7•4H2O (Alfa Aesar, 99%),  was 

added into the former solution and stirred. A white precipitate appeared immediately. 

After stirring for about 10 min, the solution was rapidly adjusted to a designated pH = 9 

using 1 mol•L-1 ammonia water (Sigma Aldrich, A.C.S regent). The final solution was 

then transferred into a 50 mL autoclave, which was filled with deionized water up to 80% 

of the total volume, sealed, and heated to a set temperature (190 oC) for 6 h. The system 

was then cooled to room temperature. The final product was collected by filtration, 

washed with deionized water and ethanol to remove any possible ionic remnants, and 

then dried in a vacuum at 60 oC for 2 h.  

   The powder XRD patterns of the synthesized samples were recorded using a Rigaku 

Ultima III diffractometer with Cu-Ka radiation operating in parallel-beam geometry. The 

morphology and particle size of the synthesized samples were characterized by a SEM 

(Hitachi S-570). For the HRTEM and FFT (JEM-2100), the YBO3: Tb3+ powders were 

separated by diluting them in ethyl alcohol and dropped onto holey carbon film supported 

on 200-mesh Cu grids. The PL spectra, PL excitation spectra and decay curves of the 

samples were measured by a steady-state/lifetime spectrofluorometer (JOBIN YVON, 
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FLUOROLOG-3-TAU) with a 450W monochromatized xenon lamp. Fine powdered 

phosphor samples were pressed into a square cell, volume of which is approximately 14 × 

7× 2 mm3 to ensure uniform thickness and distribution of powders. The bandwidth of 

excitation and emission slit is set at 5 nm and 1nm, respectively. 

5.3   Results and discussion 

Typical XRD pattern of YBO3: Tb3+ synthesized under ethanol concentration of 40% is 

shown in Fig. 5.1. The sample is crystallized and can be clearly indexed to hexagonal 

YBO3 phase as described by Chadeyron et al.23, 24 No crystalline impurities were detected 

demonstrating the phase purity of YBO3.The space group of the as-prepared products is 

P63/m, and the cell parameters (a = b = 3.7796 Å, c=8.816 Å) are in good agreement with 

the literature data (JCPDS card no. 16-0277).18 
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Fig. 5.1 XRD patterns of YBO3: Tb3+ with flower-like structure. 
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Fig. 5.2  (a) SEM images of a representative YBO3: Tb3+ with concentration of ethanol 
solvent, 40%; (b) Magnified SEM image of one flower; (c) HRTEM image of YBO3:Tb3+ 
(with ethanol concentration of 40%) nanoflake. The insets are the TEM image and the 
corresponding Fast Fourier Transform (FFT). 

 

Fig. 5.2a shows a typical SEM image of the as-synthesized product, obtained using 40% 

of ethanol, which reveals that the products are loose microflowers with diameters ranging 

from 8 to 10 µm. The magnified image in Fig. 5.2b indicates that an individual YBO3: 

Tb3+ “flowers” consists of nanoflakes configured by both layer-to-layer and edge-to-

surface combinations. Fig. 5.2c shows a TEM image of a nanoflake with a HRTEM 

image and corresponding inserted FFT pattern recorded near the edge of a nanoflake. In 
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the HRTEM image, the lattice fringes show that the d space of 0.325 nm corresponds to 

the distance between the (101�0) planes, which is also in agreement with the FFT pattern. 

Further analysis indicates that YBO3:Tb3+ nanoflakes grow along the [101� 0], [1� 1 0 0] or 

[0 1 1� 0] crystallographic directions and is enclosed by (0001) facets which is the widest 

facets. 

 

 

Fig. 5.3  SEM images of the products (ethanol at 40%) collected at different growth 
stages: (a) 1 h, (b) 2 h, (c) 3.5 h, and (d) 6 h. The inset is the magnified SEM image of 
corresponding products. 
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To understand the detailed growth mechanism of the loose flower-like microstructure, 

systematical investigations were carried out by analyzing the samples grown at different 

stages. Fig. 5.3 clearly demonstrates the transformation of the precursor and products 

with the variation of the reaction time from 1 h to 2 h, 3.5 h, and 6 h, when the 

concentration of ethanol was kept at 40% and temperature at 190 oC. As shown in Fig. 

5.3a, the precursor is composed of amorphous particles after 1 h of reaction (this is 

confirmed with XRD). With the reaction time of up to 2 h, some half-finished flowers 

grew from the aggregates of amorphous particles (Fig. 5.3b) and the nanoflakes of the 

flowers are intercrossed with each other. The corresponding XRD pattern of the as-

formed products shows some weak peaks as shown in Fig. 5.4. When the reaction time 

was prolonged to 3.5 h, the product contains a mixture of increased flowers and 

decreased amorphous substrate (Fig. 5.3c). The corresponding XRD peaks of the product 

showed the obvious enhancement of intensity in comparison with those of the precursor 

at 2 h. For a reaction time of 6 h, almost all the products became flower-like architectures 

(Fig. 5.3d). 

 On the basis of above experimental investigation, the growth of the flower-like 

hierarchical structure is considered as an initial nucleating, in-situ (localized) self-

assembled, and Ostwald ripening process 25, 26. Although mechanism of formation of 

many kinds of flower-like and dense flower-like 3D structures has been reported as the 

amorphous particles being transformed into nanoflakes at first, and then these firstborn 

nanoplates assembled into multilayered hierarchical structures 27-29, no evidences of 

formation of nanoflakes were found in the crystal growth process in this research. A 

schematic image of the proposed growth process is illustrated in Fig. 5.5. In the first stage, 
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the amorphous particles were formed in the supersaturated solution when the reaction 

proceeded for 1 h. In the second stage, the dissolution of the amorphous particles 

occurred first; these are subsequently precipitated to become the nuclei. The freshly 

formed nuclei serving as the crystal nucleus are thermodynamically unstable owing to the 

high surface energy, and grow rapidly into flower-like architectures via an in-situ self-

assembly process due to the natural growth habit of rare earth orthoborates 14, 30, 31. Under 

constant reaction, almost all the amorphous products finally become flower-like 

architectures. The nanoflake surfaces in the flower-like structure are very smooth, owing 

to Ostwald ripening process. The hydrolysis of K2B4O7 leading to the increase of BO3
3- 

ion concentration by prolonging the reaction time may have an influence on this in-situ 

growth. 
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Fig. 5.4 XRD patterns of the samples obtained at different time: 2 h; 3.5 h; and 6 h. 
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Fig. 5.5 Schematic illustration of the formation process for YBO3:Tb3+ flower-like 
architecture 

 

Ethanol is known as a typical solvent and hence is often used for the wet chemical 

syntheses of various kinds of nanoscale inorganic materials 32. It was found that the 

solution composition also has a marked influence on the rate of particle growth 33. The 

solubility of the precursors of YBO3 in the ethanol decreases resulting in higher 

supersaturation of YBO3 at an early stage of the reaction and hence production of larger 

number of nuclei. Poor solubility of the solutes also suppresses Ostwald ripening by 

dissolution and reprecipitation processes of the particles, resulting in a slower growth rate 

at a higher concentration of ethanol. This leads to the formation of flower-like 

microstructure.  To design morphology controlled YBO3, a series of corresponding 

experiments were carried out by tuning the concentration of ethanol. When the 
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concentration of ethanol is decreased to 20%, Fig. 5.6a shows that dense flower-like 

YBO3 architecture with an average diameter of 8 µm has been formed. An individual 

YBO3 “dense flower” in high-magnification SEM image in Fig. 5.6b reveals that it is 

composed of many thinner nanoflakes, which are integrated through face-to-face 

attachment. With the continuous decrease of ethanol concentration to 0% (without 

ethanol), similar dense flower-like YBO3 architecture composed of nanoflakes is the only 

morphology shown in Fig. 5.6c and d. This suggests that the formation of dense flower-

like architecture can be attributed to the small number of nuclei in low concentration of 

ethanol. As the addition of ethanol increases, the morphology changes from dense flower-

like to flower-like architecture with the size remaining approximately same (8-10 µm) as 

revealed in Fig. 5.2a and b (at 40% ethanol) and Fig. 5.6e and f (at 60% ethanol). When 

the concentration of ethanol is increased up to 80%, however, YBO3 product cannot be 

formed due to the poor solubility of K2B4O7 in ethanol. Fig. 5.7 shows all peaks in XRD 

patterns can be clearly indexed to hexagonal YBO3 phase in good agreement with JCPDS 

card no. 16-0277. 
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Fig. 5.6 (a) SEM images of a representative YBO3: Tb3+ and (b) magnified SEM image 
of one particle under the concentration of ethanol, 20%; (c) SEM image of a 
representative YBO3: Tb3+ and (d) magnified SEM image of one particle under the 
concentration of ethanol, 0%; (e) SEM image of a representative YBO3: Tb3+ and (f) 
magnified SEM image of one particle under the concentration of ethanol, 60%. 
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Fig. 5.7 XRD patterns of YBO3: Tb3+ with flower-like structure (ethanol concentration at 
60%) and dense flower-like structure. 
 

 

   To further verify the in-situ growth mechanism on YBO3, the growth process of dense 

flowers was investigated at different stages (different hydrothermal treatment time from 1 

to 6 h). The corresponding SEM images are shown in Fig. 5.8. Only amorphous precursor 

(Fig. 5.8a) was observed when the reaction time was 1 h. When the reaction time was 

increased to 2 h, the layer-by-layer dense flowers started to grow from the foregoing 

aggregates of amorphous particles as shown in Fig. 5.8b. By continuous consumption of 

the remaining amorphous particles the numbers of YBO3 dense flowers were becoming 

larger as shown in Fig. 5.8c for the growth at 3.5 h. The as-formed YBO3 underwent the 
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Ostwald ripening process and became larger in size at the cost of smaller particles, and 

completion of the formation of YBO3 dense flowers occurred at 6 h as shown in Fig. 5.8d.  

 

 

 

Fig. 5.8 SEM images of dense flower-like product collected at different growth stages: (a) 
1 h, (b) 2 h, (c) 3.5 h, and (d) 6 h. 
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Fig. 5.9   Emission spectra of YBO3:Tb3+ different 3D architectural structures 

 

It is known that the properties of inorganic nanomaterials depend on their morphology, 

size, and crystallinity 34. Herein, we studied the fluorescence spectra of YBO3: Tb3+ (Tb3+ 

doping concentration at 15%) with different microstructures. Excitation spectrum at 365 

nm was used. Fig. 5.9 shows the corresponding emission spectra of YBO3:Tb3+, in the 

range of 450-740 nm. The emission spectra consist of the f–f transition lines within 4F8 

electron configuration of Tb3+, i.e., 5D4→
7F6 (489 nm) in the blue region, 5D4→

7F5 (545 

nm) in the green region, and 5D4→
7F4 (593 nm) and 5D4→

7F3 (613 nm, 627 nm) in the 

red region. It is found that that flower-like architecture has the stronger emission intensity 

as compared to dense flower-like architecture. The higher intensity of photoluminescence 
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may be due to the fact that reducing the surface area enhances the luminescent intensity 

of particles at a fixed temperature when there was no significant change in the particle 

size since there are less numbers of defects presenting 35-36. 

 

5.4   Conclusions 

In summary, 3D YBO3:Tb3+ microstructures with different morphologies, have been 

synthesized by varying the concentration of ethanol. Regarding the formation of YBO3 

flower-like and dense flower-like architectures, in-situ growth mechanisms was proposed 

through time-dependent experiments. The morphology was significant to the relationship 

of their photoluminescence emission intensity. It is believed that this reaction system 

provides a facile method for the synthesis of a new generation of Tb3+-doped YBO3 green 

phosphors for wider luminescent device application. 
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SUMMARY 

The driving goal of the work presented in this dissertation was to provide a broad picture 

for controllable hydrothermal growth and optical properties (red/ orange ratio, energy 

transfer, fluorescence lifetime, self-trapped exciton etc.) study of YBO3:Eu3+ (Tb3+) with 

different morphologies, as well as fabrication of white LED device using phosphors. 

Moreover, investigation of in situ crystal growth mechanism of rare earth ions doped-

YBO3 with the morphology of microflowers and microspheres was carried out on basis 

of time-dependent experiments. 

   YBO3:Eu3+ three dimensional architectures with multiple morphologies were 

controllably obtained through adjusting the molar ratio of Y: B (Yttrium: Boron) and 

solvents (water, ethanol and ethylene glycol). The emission at 5D0 - 7F2 is red with 

intensity stronger than the emission at 5D0 - 
7F1 (orange color) for the YBO3: Eu3+ flower-

like microstructure prepared using ethanol solvent in comparison with other 

morphologies. The improvement in color chromaticity (R/O, intensity ratio of red to 

orange color) can be attributed to the distinct multilayered microstructure of this sample. 

The process of post-annealing on YBO3: Eu3+ produced in the mixture of water and 

ethanol (1:1) enhances the emission in the wavelength range of visible light, however, the 

emission intensity contributed by STE process is reduced. 
   The replacement of borate sources was also carried out to control the morphology of 

the 3D YBO3:Eu3+ architectures. The shapes of YBO3: Tb3+ hierarchical structure are 

changing by virtue of another borate sources (NaBH4) in the environment of water, 

ethanol, EG and PEG. On the other hand, pH value also plays a great role in the 

formation of YBO3: Eu3+ using NaBH4 as borate starting material due to the chemical 
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potential in the synthetic environment. The relation between morphologies and optical 

properties was studied by comparison. These provide a driving force for self-assembly 

and result in a high degree of disorder near the surface and corresponding lower 

symmetry of the crystal field around the Eu3+ ions than in the bulk materials. 

   To achieve white LEDs phosphors, YBO3: Eu, Tb, we have developed experimental 

and theoretical techniques for synthesis and investigating relationships between the 

crystal structure of rare-earth borate and the photoluminescence, respectively, and then 

exploited different strategies to gain insight into the energy transfer the between doping 

ions and host materials. Three emissions of YBO3: Eu, Tb include: a blue band attributed 

to self-trapped exciton, a green band due to the Tb3+ transition of 5D4 −
7Fj (j = 6, 5, 4, 3), 

and a red band due to the Eu3+ transition of 5D0 −
7Fj (j = 0, 1, 2, 3, 4). Energy transfers 

from host YBO3 to Tb3+, and Eu3+ and Tb3+ to Eu3+, as well as tunable emission by 

varying the relative doping ratios were identified through experimental strategies. At last, 

the combination of blue emission from self-trapped exciton with green and red emissions 

from activators was firstly used to fabricate white light emitting diodes (WLEDs) by 

coating YBO3: Tb3+, Eu3+ phosphors on the commercial UVLED. Corresponding CIE 

coordinate, electroluminescence, color temperature, luminous efficiency, etc. were 

measured for the assessment of application. 

   A further investigation was conducted on a long-standing problem in chemistry and 

physics--understanding and control of the nucleation and growth involved in a synthesis 

of micro/nanocrystals YBO3:RE (RE= Eu3+, Tb3+) with controlled size and shape. The 

growth process of the YBO3:Tb3+ microflowers is explored based on the time-dependent 

experiment and the result showed that the mechanism follows an in-situ growth rather 
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than self-assembly process as reported previously through an initial nucleating, in-situ 

(localized) self-assembly, and Ostwald ripening  process. This research requires the 

integration of chemical synthesis, theoretical modeling, and electron microscopy analysis. 

   In future work, folic acid-assisted synthesis will be carried out to control the size and 

morphology of the 3D YBO3:Eu3+ architectures. The relation between morphologies and 

optical properties will also be studied by comparison. Preliminary work shows that with 

the increase of folic acid the size of YBO3:Eu3+ hierarchical structure composed of 

nanoflakes is changing from nanosize to microsize. Moreover, pH value also plays a 

great role in the formation of nanosize YBO3:Eu3+ due to the chemical potential in the 

synthetic environment.  

 

 

 

 

 

 

 




