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Chapter 1 

General introduction 

Commercial technologies for lighting device were based on a natural gas that 

served thousands of streets, offices, factories, and homes at the beginning of the 19th 

century. The gas-lights were replaced by incandescent bulbs first demonstrated in 

the late 19th century.1 Moreover, fluorescent and compact fluorescent lamps became 

widely available in the 1950s and 1990s, respectively. Along with high intensity 

discharge lamps, they offer a longer lifetime and lower power consumption than 

incandescent sources, and have become the mainstream lighting technology. 

However, in times of economic crises, shortage of resources and the increased 

sensibility of people to their environment, there is a large demand for new materials 

or improved applications to enhance energy and cost efficiency together with 

environmental compatibility. 

In 1993, Nakamura (Nichia Corporation) has been developed the demonstration 

of InGaN based a blue light emitting diode (LED) with a high brightness and high 

efficacy along with earlier materials advances by Akasaki and Amano group.2-4 The 

bright blue LED can provides a phosphor converted white-LED by combining with 

blue-light excitable phosphors. The white-LED has many advantages over the 

problems of the conventional lighting devices, such as a high efficiency, a long life, 

compactness, low power consumption, low toxicity and designable features.5,6 In 

1995, the most basic white-LED system, which applies blue-LED chips with Ce3+-

doped yttrium aluminum garnet (YAG:Ce) yellow-emitting phosphor, was 

discovered and first enabled to be commercially available.7,8 The market for white-



Chapter 1 

2 
 

LEDs is growing rapidly in various applications such as a large size flat panel 

backlighting, a street lighting, vehicle headlamps, museum illumination and 

residential illumination.9-11 The great scientists, Nakamura, Akasaki and Amano 

have been awarded to The Nobel Prize in Physics 2014 for honoring their significant 

invention of the blue LEDs. 

Figure 1.1 presents excitation and emission spectra of conventional phosphors 

for fluorescent lamps and white-LEDs. The phosphors for fluorescent lamps require 

an efficient optical absorption of ultra-violet (UV) light region at 254 nm due to an 

resonance line of mercury.12 On the other hand, the phosphors for white-LEDs 

require an efficient optical absorption of violet or blue light region from the emission 

of LED chip,13 which is a most important and different characters of phosphors for 

white-LED compared to that for conventional fluorescent application. In addition, 

the luminescence due to 4f-4f spin forbidden transitions of Eu3+ and Tb3+ are used 

for almost phosphors for fluorescent lamps as a luminescent center.14 These 

trivalent lanthanide ions have high emission efficiency under the UV light region at 

254 nm, but those emission efficiency under the violet and blue light excitation are 

Fig. 1.1 Excitation (dotted lines) and emission (solid lines) spectra of the conventional 
phosphors for (a) fluorescent lamps and (b) white-LEDs.  
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significantly quite low because of weak absorption at those excitation region. 

Therefore, Eu2+ and Ce3+ ions, which are due to 4f-5d spin allowed transitions, are 

used in the general white-LED.15  

White light of a general white-LED is obtained by combining the InGaN based 

blue LED and a yellow-emitting phosphor, such as a Ce3+-activated yttrium 

aluminum oxide with a garnet structure (YAG:Ce).15,16 The emission spectrum of the 

commercial white-LED is shown in Fig. 1.2. The emission spectrum is composed of 

the blue emission peaked at 450-460 nm from blue LED and the broad yellow 

emission peaked at 555 nm from yellow phosphor (YAG:Ce). However, the general 

white LED has a low color rendering index (CRI) owing to a lack of a red spectral 

region, as see Fig. 1.2.13,17  

In order to enhance the CRI, other type of white-LEDs, which consist of blue LED 

and green- (or yellow-) and red-emitting phosphors, or violet LED and blue-, green- 

and red-emitting phosphors, have been proposed in recent year.15,18,19 Thus, it is 

required to develop the phosphors with various emission colors for improved white-

Fig. 1.2 Emission spectrum of the general white-LED, which is composed of InGaN based 
blue LED and YAG:Ce phosphor.  
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LEDs, in which the red emitting phosphors are particularly important for solving 

above problem.  

Most oxides are suitable for the commercial materials because of the higher 

chemical and physical stability, easily synthesis and lower toxicity, compared to 

nitrides and fluorides.17 However, the blue-light excitable red-emitting phosphors 

with the Eu2+ and Ce3+ are extremely unusual in oxide host materials. Although this 

can be often explained that a covalency of oxides is generally lower than that of 

nitrides and sulfides, the red emitting materials are not more in such non-oxide 

hosts with stronger covalency, as listed in Table 1.1. Therefore, the precise cause of 

the red emission is as yet not well-known.  

Empirical equation to estimate the emission band position of Ce3+ and Eu2+ have 

been proposed by van Uitert;31  

𝐸 = 𝑄 [1 − (
𝑉

4
)

1
𝑉⁄

10−(𝑛 𝑒𝑎 𝑟) 80⁄ ]  Eq. 1.1 

where, 𝐸 is the position in the energy of the 5d band edge for the Ce3+ and Eu2+ ion, 

𝑄 is the energy position of the lowest 5d band edge for the free ion (50,000 cm-1 for 

Ce3+, 34,000 cm-1 for Eu2+), 𝑉 is the valence state of the activators, 𝑛 represents 

the number of anions in the immediate shell about the activator, 𝑒𝑎 is the electron 

affinity of the anion atoms dependent on the anion complex type, and 𝑟 is the ionic 

Table 1.1 Typical red-emitting phosphors for white-LED. 

Composition λex (nm) λem (nm) Ref. 

LiSrBO3:Eu2+ 460 618 20 
NaMgPO4:Eu2+ 450 628 21 

α’L-Ca2SiO4:Eu2+ 450 653 22 
M4(PO4)2O:Eu2+ ~465 ~680 23,24,25 
CaAlSiN3:Eu2+ 460 660 26 
Sr2Si5N8:Eu2+ 450 620 27 

Sr[LiAl3N4]:Eu2+ 440 654 28,29 
(Ca,Sr)S:Eu2+ 460 ~647 30 

M = Ca and Sr 
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radius of the host cation replaced by activators. Although this formula is actually 

useful for the estimation of activator doping site from emission spectrum, the results 

of the calculation using the Eq. 1.1 often give the large errors, and cannot be used in 

some cases.32 The Eq. 1.1 considers to the coordination number of the Ce3+ and Eu2+, 

whereas its geometrical shape is not considered yet.  

In this thesis, the relationship between the geometrical shape of Ce3+ and Eu2+ 

coordination, particularly high symmetry coordination, and luminescence 

properties via synthesis of some novel oxide phosphors with Ce3+ (Eu2+) as an 

activator. This work is composed of eight chapters as follows;  

In chapter 2, novel reddish yellow- and red-emitting M3(Sc,Ce)4O9 (M = Ba and 

Sr) phosphors were synthesized by a conventional solid state reaction method. The 

crystal structure of the M3(Sc,Ce)4O9 were refined by Rietveld method using powder 

XRD patterns. The luminescence properties of M3(Sc,Ce)4O9 were measured, and 

also the effect of replacing the Ba2+ to Sr2+ were discussed.  

In chapter 3, novel Ce3+-activated phosphors based on LiSr2YO4 were 

synthesized by a conventional solid-state reaction method. The LiSrYO4:Ce phosphor 

can be efficiently excited by blue light irradiation and exhibit extremely broad 

emission bands, which can cover all visible light region (blue to red emission), with 

peaks at 520 and 620 nm due to 5d → 4f transition of Ce3+. The broad emission due 

to two type luminescent mechanisms were discussed as individual emission bands.  

In chapter 4, a novel Ce3+-activated borate phosphor, (Y,Ce)17.33B8O38 was 

discovered. (Y,Ce)17.33B8O38 phosphor exhibits a blue emission peaked at 430 nm 

under UV light irradiation at 360 nm, and the red emission peaking at 620 nm was 

also observed under the blue light excitation at 430 nm. In order to enhance the 
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luminescence intensity of red emission, heterogeneous lanthanide ions, such as La3+, 

Gd3+ and Lu3+, were incorporated in the (Y,Ce)17.33B8O38 lattice. The doping effects on 

the luminescent properties of heterogeneous lanthanide ions were discussed. 

In chapter 5, novel reddish-yellow emitting BaCa2Y6O12:Ce3+ phosphors were 

discovered by a melt synthesis technique using an arc imaging furnace, and the 

crystal structure was analyzed by Rietveld refinement using powder X-ray 

diffraction. The emission spectra was consisting of the Gaussian bands due to the 

Ce3+ in two different crystallographic site of YO6 octahedra with λem. = 608 and 680 

nm and CaO6 trigonal prism with λem. = 608 and 680 nm. 

In chapter 6, a novel red-emitting olivine-type NaMgPO4:Eu2+ phosphor was 

synthesized for the first time by the melt synthesis technique using arc-imaging 

furnace. The crystal structure of NaMgPO4:Eu2+ phosphor was analyzed by Rietveld 

refinement using a powder XRD pattern for the first time. The crystal structure is 

newly crystal phase as a NaMgPO4, and the deference between structure and 

luminescence properties were discussed.  

In chapter 7, blue-emitting (K,Na)Mg4(PO4)3:Eu2+ phosphors having lower 

symmetric coordination were synthesized and the luminescent properties were 

revealed. The K+ substitution into the Na+ including lattice gave a strong impact on 

the luminescence properties. 

In chapter 8, the relationship of the geometrical symmetry of Ce3+ and Eu2+ 

coordination and luminescent properties were summarized.  
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Chapter 2 

Synthesis and Luminescent Properties of Novel Red-Emitting 

M3(Sc,Ce)4O9 (M = Sr and Ba) Phosphors for White-LEDs 

2.1 Introduction 

As described in general introduction, white-LEDs using yellow phosphor, YAG:Ce 

have excellent features such as high luminescent efficiency, a long lifetime, good 

environmental consideration and compactness.34-36 However, the conventional 

white-LEDs have a disadvantage such as a low color rendering index (CRI) because 

YAG:Ce phosphor shows a weak emission intensity in red spectrum region.37,38 To 

solve the problem, the white-LEDs combined to blue-LED and two different 

phosphors, green (or yellow)- and red-emission phosphor, have been proposed.37,38 

As red-emission phosphors, Eu3+-activated oxide phosphors have been actively 

investigated because these phosphors have a high luminescent intensity with high 

color purity, and can be simply prepared in air.39-42 However, the emission intensity 

of the conventional Eu3+-activated oxide phosphors is insufficient for use in blue LED 

based white-LEDs, because these phosphors show narrow optical absorption band 

due to 7F0→5D2 spin-forbidden transition of Eu3+ in blue light region. 43 Consequently, 

the luminescence intensity of these phosphors are lower than that of yellow- or 

green-emitting phosphor under the blue-light excitation.44-46 In addition, the 

emission bands of Eu3+-activated phosphors have narrow emission band in red 

spectrum region. The narrow emission band is necessary for a display 

backlight,28,47,48 whereas the broad emission band is required to represent a sunlight 

spectrum for the lighting devices because of obtaining higher Ra value. Thus, the 
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Eu3+-activated phosphors are not suitable as a red component for the white-LEDs 

lighting devices. In contrast, Eu2+-doped nitride phosphors, CaAlSiN3:Eu2+ and 

Sr2Si5N8:Eu2+, which exhibit a broad red emission under the blue-light irradiation, 

have been developed as a red-emission phosphor for white-LEDs.26,49-51 However, 

these nitride phosphors are hard to synthesize in a single phase form and require a 

special high-temperature and high-pressure furnace.26,49-51 Therefore, many 

investigations have been devoted to search new oxide phosphor materials, which 

exhibit broad red-emission spectra and high luminescent efficiency under blue-light 

irradiation.21-23,52,53 

In order to design a novel phosphor having emission spectra in longer 

wavelength side including red emission, it is significant to select the crystal structure 

of the host material. In the series of the activator ions, Eu2+ or Ce3+ ion are generally 

used in the phosphor materials for white-LEDs because these ions-doped phosphors 

present the broad excitation and emission band due to the energy transitions 

between the 4f ground state and 5d excited state configuration of Eu2+ or 

Ce3+.21,26,27,37,54,55 In addition, the peak wavelengths in the excitation and emission 

band of Eu2+ or Ce3+-doped phosphors strongly depend on the host crystal structure 

since the involved 5d orbital is not shielded by outer orbital electrons.56,57 The 

energy gap between the 4f ground state and the 5d excited state decreases with 

increasing the crystal field strength around the Eu2+ or Ce3+ in the host material 

because the lowest level of the 5d configuration decreases due to crystal field 

splitting of the 5d excited level.58 Therefore, the energy for the electron transfer 

between the 4f ground state and the 5d excited state becomes smaller, as a result, 

the excitation and emission band wavelengths shift to longer wavelength side.  
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In this study, we focused on Ba3Sc4O9 as a host material for the phosphor to 

develop a novel Ce3+-doped yellow-emitting phosphor with high luminescence 

efficiency under blue light excitation. The crystal structure of Ba3Sc4O9 is firstly 

reported by V. I. Spitsyn et al. in 1968.59 Ba3Sc4O9 has a rhombohedral structure with 

the space group R3 (No. 146), which is built out of BaOn (n = 6, 9 and 12) polyhedron 

and ScO6 octahedron, and a part of the Sc3+ sites in the Ba3Sc4O9 lattice is substituted 

with Ce3+. Figure 2.1 shows the crystal structure of Ba3Sc4O9, which is illustrated 

using the VESTA program.60 In the crystal structure, ScO6 coordination octahedron 

is a slightly distorted octagonal bipyramid and the distance between Sc3+ and 

nearest O2− is 0.1739 nm, which is shorter than that of the Y3+−O2− in Y3Al5O12 

(0.2397 nm). This indicates that the crystal field strength around the Ce3+ in the 

Ba3(Sc1-xCex)4O9 phosphor is stronger than that of the YAG:Ce phosphor; therefore, 

the phosphors based on Ba3Sc4O9 are expected to obtain the excitation and emission 

bands to longer wavelengths than that of the YAG:Ce phosphor.  

 

Fig. 2.1 Crystal structure of rhombohedral Ba3Sc4O9. 
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Furthermore, the overall lattice contraction is expected by the replacing the Ba2+ 

ions (ionic radius: 0.147 nm for 9-coordination and 0.161 nm for 12-coordination)61 

in the host Ba3Sc4O9 lattice to a smaller Sr2+ ion (ionic radius: 0.131 nm for 9-

coordination and 0.144 nm for 12-coordination)61 which results in the decrease 

between Sc3+-O2- bond distance. Small ion doping is carried out to shift the emission 

band to longer wavelength side owing to increasing the crystal field strength around 

Ce3+ in the host lattice. The chemical composition of Sr3Sc4O9 already suggested from 

the reports of the SrO-Sc2O3 binary phase diagram,62 but there is no description on 

the crystal structure, chemical and physical properties. 

In this chapter, novel M3(Sc1-xCex)4O9 (M = Sr and Ba) phosphors were 

synthesized in first time, and their precise crystal structure of the Sr3Sc4O9 was 

determined by Rietveld refinement analysis from X-ray diffraction of the synthesized 

powder sample and their luminescence properties, such as an emission and 

excitation spectra, quantum efficiency and thermal properties, were investigated in 

the detail.  
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2.2 Experimental section 

Synthesis of materials. Novel M3(Sc1-xCex)4O9 (M = Sr and Ba) phosphors were 

synthesized by a conventional solid-state reaction method. BaCO3 (purity 99.9%; 

Kanto Chemical, Co., Inc.), SrCO3 (purity 99.9%; Kanto Chemical, Co., Inc.), Sc2O3 

(purity 99.99%; Shin-Etsu Chemical, Co., Ltd.) and CeO2 (purity 99.99%; Kanto 

Chemical, Co., Inc.) were mixed in a stoichiometric ratio using a mortar with acetone 

for obtaining a homogeneous chemical mixture, and then the homogeneous mixture 

was calcined at 1500 °C for 12 h in air. After these calcinations, the samples were 

reground in a mortar and heated again at 1300 °C for 6 h in a flow of 5%H2-95%N2 

gas for the reduction of Ce4+ to Ce3+. 

Materials characterization. The samples were characterized by X-ray powder 

diffraction (XRD; Mac Science Ltd. MX-Labo), and the crystal structure analysis was 

carried out by the Rietveld refinement of powder XRD data using the program 

RIETAN-FP.63 The emission (PL) and excitation (PLE) spectra were measured at 

room temperature using a spectrofluorometer (Jasco Corp. FP-6500/6600).   



Chapter 2 

14 
 

2.3 Result and discussion 

Reddish-yellow emitting Ba3(Sc1-xCex)4O9 phosphors. The XRD patterns of the 

Ba3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.01) phosphors are shown in Fig. 2.2. The standard XRD 

pattern of Ba3Sc4O9 from the CIF (Crystal Information File) of inorganic crystal 

structure database (ICSD #20621) is also shown in Fig. 2.2 as a reference. The 

diffraction patterns were in good agreement with that of a single phase of the 

Ba3Sc4O9 structure of high crystallinity, and diffraction peak evidence of impurities 

corresponding to the starting materials was not observed in the patterns. A peak 

shift to a lower diffraction angle was observed with an increase in the Ce3+ content 

in the host Ba3Sc4O9 lattice, and thereby the lattice volume of the Ba3(Sc1-xCex)4O9 

phosphors linearly increased with increasing Ce3+ concentration in the host 

Ba3Sc4O9 lattice as shown in the Fig. 2.3. These results indicate that Ce3+ successfully 

substituted for the Sc3+ sites in the host lattice to form solid solutions, because the 

ionic radius of Ce3+ (0.101 nm for 6 coordination)61 is larger than that of Sc3+ (0.0745 

 

Fig. 2.2 Powder XRD patterns of the Ba3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.01) phosphors. 
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for 6 coordination)61, while it is much smaller than that of Ba2+ (0.135 nm for 6 

coordination).61 

Figure 2.4 shows the excitation and emission spectra of a Ba3(Sc0.999Ce0.001)4O9 

phosphor. The excitation spectrum of the Ba3(Sc0.999Ce0.001)4O9 phosphor obtained 

in the present study is consisted of a strong broad band covering the region from 

violet to visible light part, which indicates that the phosphor can be excited by violet 

and blue light. The emission spectrum exhibits the broad reddish yellow emission 

band from 480 to 750 nm with the highest intensity at 583 nm, which can be 

ascribed to the 5d1 → 4f7 allowed transition of Ce3+ ions,43,56 under excitation at 437 

nm. In addition, the peak position of the Ce3+ 5d1 → 4f7 allowed transition depends 

on the crystal field,58 which is affected by the bond length between Ce3+ and nearest 

O2−. As mentioned above, since the bond length between Sc3+ and nearest O2− 

(0.1739 nm) in Ba3Sc4O9 lattice is shorter than that of Y3+−O2− (0.2397 nm) in 

Y3Al5O12, the crystal field strength of O2− around Ce3+ in the Ba3Sc4O9:Ce phosphor is 

 

Fig. 2.3 The lattice volume dependence on the Ce3+ concentration in the Ba3(Sc1-xCex)4O9 
(0 ≤ x ≤ 0.01) phosphors. 
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stronger than that of the YAG:Ce phosphor. Therefore, the emission peak wavelength 

of the Ba3Sc4O9:Ce phosphor observed in longer wavelength than that of a 

commercial yellow-emitting YAG:Ce phosphor, which shows the highest wavelength 

at 555 nm in emission spectrum. Furthermore, the Ba3Sc4O9:Ce phosphor shows the 

stronger emission intensity in red spectral region. These results indicate that the 

Ba3Sc4O9:Ce phosphors are expected to find application as yellow emitting phosphor 

for blue LED based white-LEDs. 

Figure 2.5 shows the dependence of the emission intensities on the Ce3+ 

concentration in the Ba3(Sc1-xCex)4O9 (0.0005 ≤ x ≤ 0.01) phosphors. The 

luminescence emission intensity increased with the amount of Ce3+ and reaches a 

maximum at x = 0.001 in the Ba3(Sc1-xCex)4O9 (0.0005 ≤ x ≤ 0.01) phosphors. 

However, the emission intensity tends to decrease with increase with increasing Ce3+ 

content beyond the optimum concentration due to the concentration quenching. 

 

Fig. 2.4 Excitation (broken line) and emission (solid line) spectra of Ba3(Sc0.999Ce0.001)4O9 
phosphor. 
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It is necessary to consider the thermal quenching behavior in order to apply the 

high power white-LEDs.64 Temperature dependence of the emission intensity for the 

Ba3(Sc0.999Ce0.001)4O9 phosphor is showed in Fig. 2.6. At 150°C, the emission intensity 

of the Ba3(Sc0.999Ce0.001)4O9 phosphor was reduced to 5.6% compared to that at room 

temperature. The thermal stability of Ba3(Sc0.999Ce0.001)4O9 phosphor cannot be 

comparable to that of YAG:Ce (P-46) phosphor.  

 

Fig. 2.5 Dependence of the emission peak intensity on the Ce3+ concentration in the 
Ba3(Sc1-xCex)4O9 (0.0005 ≤ x ≤ 0.01) phosphors. 

 

Fig. 2.6 Temperature dependence of the emission peak intensity in the 
Ba3(Sc0.999Ce0.001)4O9 phosphor.  
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Red emitting Sr3(Sc1-xCex)4O9 phosphors. Generally, the excitation and emission 

band wavelength of the Ce3+-doped phosphors strongly depend on the crystal 

structure of the host materials.58 Therefore, the investigation of the crystallographic 

for host materials is significantly important for understanding the luminescence 

properties of the Ce3+-doped phosphors. However, the XRD pattern and the crystal 

structure of Sr3Sc4O9 host material have not been investigated until now, i.e., the 

reports of the SrO-Sc2O3 binary phase diagram that has not been also investigated 

the crystal structure of Sr3Sc4O9 in the detail. In order to determine the crystal 

structure of the Sr3Sc4O9 host material, the lattice parameters were refined by 

Rietveld analysis method for the diffraction peaks with the 2θ range from 5 to 90° of 

the XRD pattern, in which Ba3Lu4O9 structure data from the inorganic crystal 

structure data (ICSD #38383) used as a starting structural model. The result of the 

Rietveld refinement is shown in Fig. 2.7, and the final crystal lattice and 

 

Fig. 2.7 Observed (red cross) and calculated (blue line) X-ray powder diffraction data of 
Sr3Sc4O9 host crystal prepared in this study as well as the difference profile (bottom 
green line) between them. Bragg reflection peak positions are shown as vertical bars. 
(Inset) The proto-type crystal structure model of the Sr3Sc4O9 host material obtained 
from Rietveld refinement.  
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crystallographic parameters and refinement data are summarized in Table 2.1 and 

2.2, respectively. The XRD patterns of the Sr3Sc4O9 host material mainly consisted of 

the diffraction peaks due to the refined Bragg position of rhombohedral Sr3Sc4O9, 

whereas, the unknown impurity peak with weak intensity was included at 2θ = 36.1°. 

This impurity peak leads to the decline of the reliability of R-factors and S value. The 

final lattice parameters were a = 0.56792(1) nm, c = 2.33534(5) nm and V = 

0.65231(3) nm3 of a rhombohedral system with the space group of R3 (No. 146), 

which has three general position sites (anion sites; 9b Wyckoff position) and seven 

Table 2.1 The lattice parameters and the R-factors of Sr3Sc4O9 obtained from Rietveld 
refinement of XRD data. 

Lattice parameters 

Crystal System rhombohedral 

Space group R3 (No. 146) 

a (nm) 0.56835(1) 

c (nm) 2.33693(4) 

V (nm3) 0.65374(2) 

R-factors 

Rwp 14.820%  

Rp 10.025%  

S 5.524  

RB 8.659%  

RF 5.139%  

Table 2.2 The atomic parameters of the Sr3Sc4O9 obtained from Rietveld refinement 
using powder XRD pattern. 

Sr3Sc4O9 

Atom Site Occ. x y z Beq (nm2) 

Sr1 3a 1.0 0 0 0 0.03139 

Sr2 3a 1.0 0 0 0.1640(6) -0.00326 

Sr3 3a 1.0 0 0 0.5781(9) 0.0116 

Sc1 3a 1.0 0 0 0.427(1) 0.004(6) 

Sc2 3a 1.0 0 0 0.863(2) 0.006(5) 

Sc3 3a 1.0 0 0 0.7366(9) -0.017(4) 

Sc4 3a 1.0 0 0 0.300(2) 0.015(8) 

O1 9b 1.0 0.910(9) 0.68(1) 0.254(5) 0.04(1) 

O2 9b 1.0 0.980(6) 0.547(8) 0.142(2) -0.018(9) 

O3 9b 1.0 0.008(8) 0.613(9) 0.037(2) 0.05(1) 
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special position sites (cation sites; 3a Wyckoff position). R-factors obtained from 

Rietveld refinement were Rwp = 15.951%, Rp = 10.933%, S = 5.9457, RB = 8.331%, RF 

= 5.689%, respectively (summarized in Table 2.1). From the Table 2.1 and 2.2, these 

results were not enough good fitting the simulated XRD pattern of Sr3Sc4O9 because 

of low R-factors and S. (R-factors and S) and the minus iso-temperature factors, such 

as Sr2, Sc3 and O2 sites. This indicates that the refined crystal structure was 

presented as the proto-type crystal data. Although the precise crystal structure data 

were not obtained in this study, we can be illustrated prototype crystal structure of 

Sr3Sc4O9 based on the crystallographic data obtained by Rietveld refinement 

analysis using the VESTA program (Fig. 2.7 (inset) and Fig. 2.8).60 As shown in Fig. 

2.8 (a), the ScO6 octahedra are to form the rigid three-dimensional framework owing 

to a corner-, edge- and face-sharing of each other in the crystal structure. In three-

dimensional framework, the Sc1 and Sc3 sites were formed two-dimensional layer 

 

Fig. 2.8 (a) The ScO6 octahedra framework in Sr3Sc4O9. (b) The coordination 
environment of the SrOn (n = 6, 9 and 12) in Sr3Sc4O9 host material. 
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along to (00l) plane by an edge-sharing with O2-O3 of ScO6 octahedra. The layers are 

separated by layers connected ScO6 each other in direction of the c-axis. 

In the stacking of the ScO6 layers along c-axis direction, Sc1 and Sc3 site layers 

are connected to Sc2 and Sc4 sites layers by O2 and O3 triangle face-sharing, 

respectively. In addition, Sc2 and Sc4 site layers are connected by the corner-sharing 

into O1 atoms (see Fig. 2.8 (a)). Sr2+ ions are located at the space of the three-

dimensional framework and Sr2+ ions are coordinated by 6, 9, and 12 oxygen atoms 

(Fig. 2.8 (b)), SrO6 (Sr1 site), SrO9 (Sr2 site), and SrO12 (Sr3 site), respectively. The 

calculated bond valence sum of the three different Sr sites using equation proposed 

by Brown65 were 2.3208 (Sr1 site), 1.7718 (Sr2 site) and 1.7787 (Sr3 site), 

respectively. This result indicates that the coordination numbers of these Sr sites are 

reliable because the values of the bond valence sum are near to expect the charge 

value of Sr2+. 

Figure 2.9 (a) shows the XRD patterns of the Sr3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.007) 

phosphors. The simulation pattern of Sr3Sc4O9 obtained by Rietveld refinement 

analysis in this study is also shown in Figure 2.9 (a) as a reference. The diffraction 

peaks corresponding to rhombohedral Sr3Sc4O9 structure were observed as a main 

phase in all sample prepared in this study. In addition, weak impurity peak 

corresponding to unknown phase is also observed in all samples; however, the peak 

intensity was not affected by increasing the Ce3+ concentration in the Sr3(Sc1-

xCex)4O9 (0 ≤ x ≤ 0.007) phosphors. This result indicates that the luminescence 

behavior of the Sr3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.007) phosphors with Ce3+ concentration is 

not affected by a small amount of the unknown phase. The diffraction peaks 

corresponding to the Sr3Sc4O9 structure shift to lower diffraction angle side with 
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increasing the Ce3+ content in the host Sr3Sc4O9 lattice for the samples with x ≤ 0.005 

(Fig. 2.9 (b)). The lattice volume of the rhombohedral Sr3Sc4O9 phase in the samples 

with x ≤ 0.003 increases monotonously with the increase in the Ce3+ content as 

shown in Fig. 2.9 (c). These results indicate that Ce3+ successfully substituted into 

the Sc3+ site in the host Sr3Sc4O9 lattice, because ionic radius of Ce3+ is larger than 

that of the Sc3+ and it is smaller than that of the Sr2+ ion. Although the lattice volume 

of the sample with x = 0.005 is larger compared to the sample with x = 0.003, the 

increase range of lattice volume is small. In addition, the lattice volume of the sample 

with x = 0.007 is became smaller than of the sample with x = 0.003. This indicated 

that the Ce3+ ion begin to occupy the larger Sr2+ site in the host Sr3Sc4O9 lattice as the 

Ce3+ concentration increased beyond the solid solubility limit (x = 0.003) in 

replacement of the Sc3+ site. On the other hand, in the case of the Ba3(Sc1-xCex)4O9 

phosphors, the lattice volume monotonously increases with increasing the Ce3+ 

concentration at the more than x = 0.003. The deference of the lattice volume 

dependence on the Ce3+ content can be explained that the Ce3+ ion in Ba3(Sc1-xCex)4O9 

 

Fig. 2.9 (a) XRD patterns of Sr3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.007) samples, (b) the enlarged 
view (45-47°) of XRD patterns of Sr3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.007) samples. (c) Dependence 
of the lattice volume on the Ce3+ concentration in the Sr3(Sc1-xCex)4O9 (0 ≤ x ≤ 0.007) 
samples. 
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phosphor is substituted in the only Sc ion on the higher Ce3+ concentration than x > 

0.003. 

Figure 2.10 shows the excitation and emission spectra of the 

Sr3(Sc0.997Ce0.003)4O9 phosphor. Results for the conventional Ba3(Sc0.999Ce0.001)4O9 

phosphor are also plotted in the Fig. 2.10 for comparison. The excitation spectrum 

of the Sr3(Sc0.997Ce0.003)4O9 phosphor consisted of a strong optical absorption band 

from 380 to 500 nm due to 4f-5d transition of Ce3+,43 which is good matched to 

emission of InGaN-based blue LED chips. The emission spectrum of the 

Sr3(Sc0.997Ce0.003)4O9 phosphor exhibited a broad red emission band from 480 to 800 

nm with a peak at 620 nm, which is corresponding to 5d−4f transition of Ce3+,43 

under excitation wavelength at 425 nm. Ce3+-doped red-emitting sulfide phosphors 

have been recently investigated by Chen66 and Kakihana,67 however, Ce3+-doped red-

emitting oxide phosphors have not been reported. The emission peak wavelength of 

 

Fig. 2.10 Excitation and emission spectra of the Sr3(Sc0.997Ce0.003)4O9 (solid line) and 
Ba3(Sc0.999Ce0.001)4O9 (dotted line) phosphors. The excitation and emission spectra were 
recorded at maximum peak wavelength for each samples. 



Chapter 2 

24 
 

the Ce3+-doped Sr3Sc4O9 phosphor effectively shifted to the longer wavelength side  

(approximately 37 nm) compared to the Ce3+-doped Ba3Sc4O9 phosphor (583 nm). 

The emission intensity of Sr3(Sc0.997Ce0.003)4O9 phosphor was increased to about 3.5 

times compared with that of Ba3(Sc0.999Ce0.001)4O9 phosphor. The internal quantum 

efficiency of Sr3(Sc0.997Ce0.003)4O9 phosphor under the excitation wavelength of 425 

nm at the room temperature was 53%, which is higher than that of 

Ba3(Sc0.999Ce0.001)4O9 phosphor (40%). 

Furthermore, to the best of our knowledge, the emission band of the Ce3+-

activated Sr3Sc4O9 phosphor (620 nm) located at the longest wavelength side in the 

Ce3+-doped oxide phosphors such as Y3Al5O12:Ce3+ (550 nm),16 γ-Ca2(Si,Al)O4:Ce3+ 

(575 nm),68 Sr6Y2Al4O15:Ce3+ (600 nm)52 and Lu2CaMg2(Si,Ge)3O12:Ce3+ (600 nm)53. 

It is extremely difficult to obtain the red emission by the 5d-4f transition of Ce3+ in 

the oxides because the free energy level of the Ce3+ ion (49340 cm-1) locates at higher 

than that of Eu2+ ion (34000 cm-1).69,70 As the results, the almost emission bands in 

the Ce3+-doped oxides generally locate from UV- to blue-light region at ~500 nm. 

Therefore, it is extremely difficult to obtain the red emission due to Ce3+ ion in oxide 

materials. The full width half maximum (FWHM) of emission band of 

Sr3(Sc0.997Ce0.003)4O9 phosphor at room temperature was estimated at 177 nm (4530 

cm-1). In comparison to other known red-emitting phosphors, such as 

(Sr,Ca)AlSiN3:Eu2+ (50 nm; 2100~2500cm-1),71,72 the FWHM of broad emission band 

of Sr3(Sc0.997Ce0.003)4O9 phosphor is unusual. These results support that 

Sr3Sc4O9:Ce3+ phosphors are suitable as a red emission phosphor for development 

of the white-LEDs lighting system with high CRI. 
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Figure 2.11 shows the dependence of the emission intensity on the Ce3+ 

concentration in Sr3(Sc1-xCex)4O9 (0.0005 ≤ x ≤ 0.007) phosphors. The emission 

intensity increased with the amount of Ce3+ until it reached a maximum at x = 0.003 

in Sr3(Sc1-xCex)4O9, and then decreased probably due to concentration quenching, 

which occurs via the nonradiative energy transfer among the nearest-neighbor 

ions.73,74 The critical transfer distance among the Ce3+-Ce3+ nearest-neighbor ions, 

Rc were calculated by a following equation;75  

𝑅𝑐 = 2 (
3𝑉

4𝜋𝑥𝑐𝑧
)

1
3⁄

   Eq. 2.1 

where, V represents the unit cell volume, xc refers to the critical concentration of Ce3+, 

and N represents the number of total Ce3+ doping sites in the unit cell. In the case of 

the Ce3+-doped Sr3Sc4O9 phosphor, using the values V = 0.65374 nm3, xc = 0.3% and 

N = 12, Rc was found to be 3.3 nm, which indicates larger value compared to the other 

Ce3+-doped oxides phosphors, such as 2.6 nm for Lu2CaMg2Si3O12:Ce3+ and 2.0 nm 

 

Fig. 2.11 Dependence of the emission intensities on the Ce3+ concentrations in the 
Sr3(Sc1-xCex)4O9 (0.0005 ≤ x ≤ 0.007) under the each maximum excitation peak 
wavelength. 
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for CaSc2O4:Ce3+, respectively.53,76 In the Sr3Sc4O9 structure, the Sc atoms each other 

are very closely because of the face-sharing connection in the structure. Therefore, 

the inhomogeneous Ce3+ ion causes to the large quenching at the low Ce3+ 

concentration in this phosphor.  

The understanding of the thermal quenching property on phosphor materials is 

one of the key application criterion for white-LEDs phosphors because the InGaN 

blue-LED chip rises the temperature up to 150°C on the operated in a high-power 

white-LEDs. The temperature dependence of the emission spectra for the 

Sr3(Sc0.997Ce0.003)4O9 phosphor under the excitation at 425 nm is shown in Fig. 2.12 

(a). It is obvious that the emission band shows a blue-shift, from 620 to 600 nm, with 

the increase of temperature. The blue-shifts with increasing the temperature are 

generally observed in the Ce3+-activated phosphors, (Ca,Li)AlSiN3:Ce3+,77 

(La,Ca)3Si6N11:Ce3+,78 (Ca,Na)O:Ce3+ 79 and etc. The blue-shifts are usually explained 

to be the reduction of crystal field splitting of the Ce3+ 5d-orbital owing to the 

increase of the bond distance of Ce3+‒O2- in accordance with the lattice expansion. 

The reduction of the crystal field splitting of the 5d-orbital results in the increase of 

the energy gap between the excited 5d level and ground state 4f level of the Ce3+, 

consequently, emission band shifted to shorter wavelength side (i.e. higher energy 

side).80 Fig. 2.12 (b) shows the temperature dependence of the emission peak 

intensity on Sr3(Sc0.997Ce0.003)4O9 phosphor under the excitation at 425 nm and that 

of Ba3(Sc0.997Ce0.003)4O9 phosphor for comparison. The phosphor showed a steep 

reduction of the emission peak intensity with increasing the temperature from 25 to 

150°C, which can be accounted by the thermal quenching. At 150 °C, the relative 

emission intensity of the phosphor was 19.1% compared at 25°C. The emission 



  Chapter 2 

27 
 

intensity of Sr3(Sc0.997Ce0.003)4O9 at 150°C is higher than that of Ba3(Sc0.999Ce0.001)4O9 

(5.75% at 150°C) which shows highest emission intensity in the Ba3(Sc1-xCex)4O9 

phosphors. 

 

Fig. 2.12 (a) Thermal dependence of the emission spectra and (b) intensity on the Ce3+ 
concentrations in the Sr3(Sc0.997Ce0.003)4O9 under the blue light excitation at 425 nm. 
(Inset) The plot of ln[I0/I(T)-1] vs. 1/T of the Sr3(Sc0.997Ce0.003)4O9 phosphors. 
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The thermal stability of emission peak intensity has been usually discussed by 

an activation energy 𝐸𝑎 (eV), which can be calculated by following equation:81  

𝐼(𝑇) =
𝐼0

1+𝑐 𝑒𝑥𝑝(
−𝐸𝑎
𝑘𝑇

)
   Eq. 2.2 

where 𝐼0 and 𝐼(𝑇) are emission intensities of the phosphor at an initial (25°C) and 

the recording temperatures (~150°C), respectively; 𝑐  is a constant; 𝑘  is the 

Boltzmann’s constant (8.617 × 10-5 eV·K-1) and 𝑇 is the operating temperature. The 

ln[(I0/IT)-1] vs. 1/kBT plot can be concluded that the activation energy for the 

Sr3(Sc0.997Ce0.003)4O9 phosphor and Ba3(Sc0.999Ce0.001)4O9 is found to be 0.334 and 

0.396 eV, respectively (inset of Fig. 2.12 (b)). Thus, the thermal quenching behavior 

of Sr3(Sc0.997Ce0.003)4O9 phosphor occurred at the higher temperature compared to 

those of Ba3(Sc0.999Ce0.001)4O9 phosphor, which leads to the enhancement of the 

internal quantum efficiency.  
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2.4 Summary 

Novel Ce3+-activated M3Sc4O9 (M = Sr and Ba) phosphors were synthesized by a 

conventional solid-state reaction method. These structures were built out by the 

connection of the edge-sharing of ScO6 polyhedra along to c-axis direction, as well 

as, the stacking for the corner- and face-sharing of ScO6 polyhedra along to c-axis. 

The XRD patterns of Ce3+-activated M3Sc4O9 (M = Sr and Ba) phosphors were good 

agreement with the simulation pattern obtained by Rietveld refinement, but it 

included a small amount of unknown impurity phase in the Sr3(Sc1-xCex)4O9 (0.0005 

≤ x ≤ 0.007) phosphors. The Ba3(Sc0.999Ce0.001)4O9 phosphor was excited efficiently 

under excitation at 437 nm, and exhibited a broad reddish yellow emission peaking 

583 nm including red light region. The result indicates that the Ba3(Sc0.999Ce0.001)4O9 

phosphor is a suitable candidate for the yellow-emitting phosphor of blue LED based 

white-LEDs lamps as an alternative to commercial YAG:Ce phosphor. On the other 

hands, the emission band of Sr3(Sc0.997Ce0.003)4O9 phosphor, which showed highest 

emission intensity, located in red region peaking at 620 nm with broad band of 

FWHM = 4530 cm-1. To the best of our knowledge, this phosphor is the first reported 

material as red-emission phosphor having an emission band at 620 nm among the 

reported Ce3+-doped oxide phosphors. The result obtained in this study will 

contribute to provide new avenues for enhancing the CRI of white-LEDs, as well as 

for developing the novel Ce3+-doped oxide phosphor having longer wavelength 

emission.
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Chapter 3 

Unusual Broad Emission Phosphor Using LiSr2YO4 host with Ce3+ 

as an Activator 

3.1 Introduction 

Recently, phosphors with a very wide emission spectrum that cover green and 

red spectrum region have been realized using an energy transfer between Eu2+/Ce3+ 

and Mn2+. These phosphor materials are expected to use white-LED with the high 

CRI because they can exhibit a tri-color emission by blue-light excitation in the single 

host. In contrast, the Ce3+ ion, which is located at the multiple crystallographic sites 

in the single host, is expected to show a broad emission spectrum.  

In this chapter, we focused on the LiSr2YO4, as a host material to develop the 

novel phosphors having high emission intensity in very wide emission spectra 

including red emission region. The crystal structure of LiSr2YO4 is shown in Fig. 3.1 

(a), which is illustrated using the VESTA program.60 LiSr2YO4 has orthorhombic 

structure with space group of Pnma (No. 62), in which LiO4 tetrahedra and YO6 

octahedra shared the points and edge of each other to form a framework, and SrOn 

(n = 6 and 7) polyhedra occupied in space of framework.83 Since both Sr2+ and Y3+ 

ions has a similar ionic radius to that of Ce3+ ion, Ce3+ can be possible to substitute 

in the three different sites having different crystallographic environments with SrOn 

(n = 6 and 7) polyhedra and YO6 octahedron. The crystallographic environments of 

SrOn (n = 6 and 7) polyhedra and YO6 octahedron are shown in Fig. 3.1 (b). Among 
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these different sites, distorted YO6 octahedral site has shorter average bond distance 

of Y−O (0.2339 nm) compared with SrO6 (0.2564 nm) and SrO7 (0.2657 nm) 

polyhedral sites. The Y−O average bond distance of the YO6 octahedral in the 

LiSr2YO4 lattice is also shorter than that of the YO8 in the Y3Al5O12 (YAG; 0.2372 nm) 

lattice.83 

The excitation and emission band positions of the Ce3+-activated phosphors 

strongly depend on the crystal field strength around Ce3+ ions in the host lattice and 

the crystal field strength increases with decreasing the bond distance between Ce3+ 

and O2−.55,84 A strong crystal field strength will contribute to shift the excitation and 

emission band of Ce3+-activated phosphors to longer wavelength side owing to the 

larger energy splitting of the 5d excited level of Ce3+. When Ce3+ substituted in 

distorted YO6 octahedral site of LiSr2YO4, the LiSr2YO4:Ce3+ phosphors are expected 

to obtain longer wavelength emission compared with YAG:Ce phosphor. In this 

 

Fig. 3.1 (a) Crystal structure of LiSr2YO4. (b) Coordination environment of YO6, SrO6, and 
SrO7 polyhedron in LiSr2YO4 lattice (the number shows bond distance between a cation 
and nearest oxygen). The unit is nm. 
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chapter, therefore, the LiSr2Y1-xO4:Ce3+x (0.01 ≤ x ≤ 0.10) phosphors were 

synthesized by a convention solid-state reaction method and their luminescence 

properties were characterized.  
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3.2 Experimental section 

Synthesis of materials. LiSr2Y1-xO4:Ce3+x (0.01 ≤ x ≤ 0.10) phosphors were 

synthesized by the conventional solid-state reaction method. Li2CO3 (99.99%; Kanto 

Chemical, Co., Inc.), SrCO3 (99.99%; Kanto Chemical, Co., Inc.), Y2O3 (99.99%; Kanto 

Chemical, Co., Inc.) and CeO2 (99.99%; Kanto Chemical, Co., Inc.) were used as the 

raw materials. These starting powders were mixed using an agate mortar with 

acetone for obtaining a homogeneous chemical mixture. The homogeneous mixture 

was pressed into 15 mm diameter disk pellets under a pressure of 10 MPa and then 

the pelletized samples were clacined at 900 °C for 12 h in a flow of 95 vol% Ar-5 

vol% H2 mixed gas. Finally, the samples were reground in a mortar. 

Materials characterization. The crystal structure of LiSr2Y1-xCexO4 (0.01 ≤ x ≤ 

0.10) phosphors obtained in this study were characterized by X-ray diffractometor 

(XRD; Mac Science Ltd. MX-Labo) using CuKα radiation. Photoluminescence (PL) 

excitation and emission spectra were measured at room temperature using 

spectrofruorometer (Jasco Corp. FP-6500/6600).  
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3.3 Results and discussion 

The XRD patterns of the LiSr2Y1-xCexO4 (0.01 ≤ x ≤ 0.10), which is theoretical 

composition, phosphors are shown in Fig. 3.2. The XRD pattern of LiEu3O4, which 

can be presented by the sample formula of LiA2BO4 (A = divalence metal ions and B 

= trivalence rare earth ions),85,86 from the inorganic crystal structure database (ICSD 

#15111) is also shown in Fig. 3.2 as a reference. A single phase of orthorhombic 

LiSr2YO4 structure was successfully obtained for all samples. A peak shift to lower 

diffraction angle is observed with increasing the Ce3+ concentration in the LiSr2Y1-

xO4:Ce3+x. This indicates that Ce3+ is preferentially occupied in the Y3+ site in the 

LiSr2YO4 host lattice because ionic radius of Ce3+ (0.101 and 0.107 nm for 6 and 7-

fold coordinations)61 is larger than that of Y3+ (0.090 nm for 6-fold coordination)61 

while it is smaller than that of Sr2+ (0.118 and 0.121 nm for 6 and 7-fold 

coordinations).61 

 

Fig. 3.2 Powder XRD patterns of LiSr2Y1-xO4:Ce3+x phosphors. 
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Figure 3.3 shows the excitation and emission spectra of the LiSr2Y0.99Ce0.01O4 

phosphor, which showed the highest emission peak intensity in the LiSr2Y1-xCexO4 

phosphors. The excitation spectrum recorded for emission at 620 nm consisted of a 

strong broad band in blue light region, which means that this phosphor can be 

suitable for application in white-LEDs excited by blue LED. The excitation band 

correspond to the 4f → 5d transition of Ce3+ ion. These phosphors exhibit an 

extremely broad emission band due to the 4f65d1 → 4f7 transition of Ce3+ under 

excitation at 445 nm. The full width at half maximum (FWHM) of the emission band 

of the LiSr2Y0.99Ce0.01O4 phosphor is approximately 200 nm and it is the broadest 

compared to the conventional Ce3+-activated phosphors reported in previous 

studies;52,87 e.g. the FWHM of the emission band of YAG:Ce phosphor is 100 nm.16,88 

In addition, the emission band of the LiSr2Y0.99Ce0.01O4 phosphor can be covered the 

wide visible light region from blue light to deep red light region, especially it shows 

 

Fig. 3.3 Emission and excitation spectra of LiSr2YO4:Ce3+0.01 phosphor. The emission 
curve (in solid line) has been measured for a constant excitation wavelength of 445 nm. 
The excitation curve is shown in dotted line and has been recorded at 620 nm. 
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the high emission intensity in the green and red emission spectra. These results 

indicate that this phosphor is very suitable to obtain high CRI of white-LEDs based 

blue LED. 

The broad emission band can be separated two broad band with peaks at 520 

and 620 nm by Gaussian components. The Ce3+-activated phosphors are well known 

to show broad emission band because the 4f electron configurations of Ce3+ has two 

ground states: 2F5/2 and 2F7/2.49,84,89 The theoretical energy difference of the splitting 

between 2F5/2 and 2F7/2 level is approximately 2000 cm−1,56,89,90 but the difference of 

the emission band position separated by Gaussian components of the LiSr2Y0.99 

Ce0.01O4 phosphors is approximately 3102 cm−1. This result indicates that the 

extremely broad emission band of the LiSr2Y0.99Ce0.01O4 phosphors is due to the 

different emission centers in accordance with the different crystallographic 

environment of Ce3+ in the LiSr2YO4 host lattice. As pointed out in the introduction, 

the LiSr2YO4 has the crystallographically different three cation sites, which can be 

substituted by the Ce3+ ions, such as SrOn (n = 6 and 7) polyhedral and YO6 octahedral 

sites. According to the crystal field theory,91 the crystal field strength around Ce3+ 

greatly depends on the bond distance between the Ce3+ and O2− in the host lattice, 

namely, the crystal field strength generally increases with decreasing the bond 

distance of M−O in the crystal lattice. Where M is cation of dopant site for Ce3+. The 

strong crystal field strength contribute to the larger energy splitting of 5d excited 

level of Ce3+, which usually results in the emission band shift to longer wavelength 

side.53,84 In the crystal structure of LiSr2YO4, the average bond distances of SrO6, SrO7, 

and YO6 are 0.2564, 0.2657, and 0.2339 nm, respectively (Fig. 3.1(b)). The crystal 

field strength around Ce3+ ion in the LiSr2YO4 host lattice become in order of SrO7 < 
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SrO6 < YO6, indicating that the green and red emission of the LiSr2Y0.99O4:Ce3+0.01 

phosphor can be ascribed to Ce3+ ion doped into the SrO6 and YO6 octahedral site, 

respectively. 

Figure 3.4 shows the temperature dependence of the green and red emission 

peak intensities of the LiSr2Y0.99Ce0.01O4 phosphor. Since the temperature 

dependence of the phosphor is to have strong influence on the light output and CRI 

of white-LEDs, it is significantly important to use in the white-LEDs application.92 

The emission intensity of the phosphors is well known to decrease with increasing 

the temperature due to the thermal quenching.53 The emission peak intensity of the 

LiSr2Y0.99Ce0.01O4 phosphor is also decreased with increasing the temperature and 

the peak intensities of the green and red emission measured at 100 °C are 54% and 

25%, respectively, of that measured at 20 °C. The thermal quenching behavior of the 

phosphors is generally described due to the thermal relaxation process from the 

potential curve of the 5d electron to the potential curve of the 4f ground state 

 

Fig. 3.4 Temperature dependence of normalized intensities for green (circle) and red 
(triangle) emission of LiSr2YO4:Ce3+

0.01 phosphor. 
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through the crossing point in the configuration coordinate diagram.93-95 The thermal 

activation energy (ΔE) for the thermal quenching of the Ce3+-activated phosphors 

due to the thermal relaxation process can be estimated approximately using the 

following Arrhenius equation:96 

ln (
𝐼0

𝐼𝑇
− 1) = ln 𝐴 −

Δ𝐸

𝑘𝑇
   Eq. 3.1 

where I0 and IT are the emission intensity at initial temperature and the testing 

temperature, respectively, A is a constant, ΔE is activation energy for thermal 

quenching, and kB is the Boltzmann Constant (8.629 × 10-5 eV). The plot of ln[(I0/IT)-

1] as a function of 1000/T for the green and red emission of LiSr2Y0.99O4:Ce3+0.01 

phosphor based on the temperature dependence is shown in Fig. 3.5. A linear 

relation between ln[(I0/IT)-1] and kT is obviously found and the slopes of green and 

red emission are −0.3660 and −0.4338, respectively. According to the Arrhenius 

equation, the activation energy (ΔE) of the green and red emission were calculated 

to be approximately 0.3660 and 0.4338 eV, respectively. The different activation 

 

Fig. 3.5 Arrhenius fitting of the emission intensity of LiSr2YO4:Ce3+
0.01 phosphor. 
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energy is become the cause of the different thermal quenching behavior of the green 

and red emission of LiSr2Y0.99Ce0.01O4 phosphor.  
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3.4 Summary 

Novel Ce3+-activated LiSr2YO4 phosphors were synthesized by a conventional 

solid-state reaction method. By the X-ray diffraction (XRD) measurement, the 

orthorhombic LiSr2YO4 structure with high crystalline was obtained as main phase 

in all samples. These phosphors exhibit two broad emission bands with peaks at 

around 520 and 620 nm due to 5d → 4f transition of Ce3+ under blue light excitation 

(λex = 443 nm). The LiSr2YO4:Ce3+ phosphors are expected to be promising phosphor 

for use in blue-LED based white-LEDs phosphor with high color rendering index.
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Chapter 4 

Double Emission with Blue and Red of Novel Y17.33B8O38:Ce3+ 

phosphors and Enhancement of Red Emission Efficiency by Crystal 

Site Engineering Technique by Co-doping with Heterogeneous 

Lanthanides 

4.1 Introduction 

Ce3+-activated phosphors have been attracted much attention for white-LEDs 

because it can be expected to show the high CRI,97 which exhibits extremely broad 

emission band owing to two ground states of 2F5/2 and 2F7/2.43 In addition, the 

excitation and emission bands due to 4f-5d spin allowed transition of Ce3+ ions 

strongly depend on the crystal field strength of the 5d orbital of Ce3+ in the host 

lattice.4 Thus, it is important to appropriately select the host material in order to 

obtain the red-emission corresponding to 5d-4f transition of Ce3+. The crystal field 

strength generally increases with the shortening of the bond distance between the 

center metal and coordinated anions.91 Therefore, the emission band position of 

Ce3+-activated phosphor generally located at longer wavelength side when Ce3+ 

doped into the small site with a short bond distance between the cation and oxide 

anion in the lattice. 

In this chapter, we focused on Y17.33B8O38 (Y17.33(BO3)4(B2O5)2O16) as the host 

lattice for the Ce3+-activated oxide phosphor. The crystal structure of the Y17.33B8O38 

is illustrated in Fig. 4.1(a), which used a VESTA program.60 Y17.33B8O38 has a 

monoclinic structure with a space group of Cm (No. 8), which contains two kinds of 

different independent triangular borate units, BO3 and B2O5. 24 In the Y17.33B8O38 host 
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lattice, the Y3+ ions in the host lattice form two types coordination, such as YO7 and 

YO8 polyhedra, which has the bond distances of 0.220-0.238 nm and 0221-0.306 nm, 

respectively,98 as shown in Fig. 4.1 (b). From the crystallographic approach, 

Y17.33B8O38 host material is expected to the obtaining the emission band in longer 

wavelength side when Ce3+ doped selectively into the YO7 polyhedron site in the 

Y17.33B8O38 lattice, because the YO7 polyhedra consisting from the shorter bond 

distances leads to being the strong crystal field strength. In the present chapter, 

(Y,Ce)17.33B8O38 phosphor was synthesized by a conventional solid-state reaction 

method, and was investigated luminescence properties. In addition, the 5d levels 

positions were estimated from spectroscopic data of the (Y,Ce)17.33B8O38 phosphor, 

and were compared with the other phosphor materials. Furthermore, in order to 

enhance the emission efficiency of (Y,Ce)17.33B8O38 phosphor, the effects for the co-

doping heterogeneous lanthanide cations to luminescence properties were also 

investigated.  

 

Fig. 4.1 (a) Crystal structure of Y17.33B8O38 host material and (b) the coordination 
environment of the two different Y3+ sites. The unit is nm. 
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4.2 Experimental section 

Synthesis of materials. Polycrystalline (Y,Ce)17.33B8O38 and (Y,Ce,Ln)17.33B8O38 (Ln 

= La, Gd and Lu) phosphors were synthesized by the conventional solid-state 

reaction method using the powders of Y2O3, H3BO3, CeO2 and lanthanide (La, Gd and 

Lu) oxides as the raw materials. These powders were mixed in a stoichiometric ratio 

using an agate mortar with an acetone. After drying, these mixtures were heated at 

850°C for 6 h in air. Subsequently, the heated powders were uniformly reground 

using an alumina mortar, and were calcined at 1200°C for 6 h in a reducing 

atmosphere. 

Materials characterization. The samples were characterized by X-ray powder 

diffraction (XRD; Mac Science Ltd. MX-Labo). The emission (PL) and excitation (PLE) 

spectra were measured at room temperature using a spectrofluorometer (Jasco 

Corp; FP-6500/6600).  
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4.3 Results and discussion 

Ce3+-doped Y17.33B8O38. A crystal phase of the prepared Ce3+-doped Y17.33B8O38 

phosphors were determined from XRD pattern, as shown in Fig. 4.2 respectively. All 

of the diffraction peaks of the Ce3+ doped phosphor samples were in good agreement 

with the monoclinic phase of Y16.86B8O38 from an inorganic crystal structure 

database (ICSD #84966),98 and could not observe the peaks corresponding to an 

impurity phase, which indicates that the single phase of Y17.33B8O38 powder can be 

obtained in this synthesis condition. The composition of Y17.33B8O38 is deferent to 

the corresponded monoclinic Y16.86B8O38, which can be explained that the Y16.86B8O38 

is isostructural with Y17.33B8O38, and consists of the yttrium defect.98 Thus, those 

obtained phosphor samples can be identified to form the isostructural with the 

monoclinic Y16.86B8O38 phase. A diffraction peak of the Ce3+ doped Y17.33B8O38 

phosphors were gradually shifted to lower angle side than that of the Y17.33B8O38 host 

material with increasing the doped Ce3+ concentration, as shown in Fig. 4.2. This 

result indicates that the Ce3+ ion could be substituted with Y site in the host structure 

because the ionic radius of Ce3+ ion (0.107 and 0.1143 nm for 7- and 8-coordination, 

 

Fig. 4.2 XRD patterns of (a) (Y1-xCex)17.33B8O38 (0 ≤ x ≤ 0.08) phosphors. 
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respectively)61 is larger than that of Y3+ ion (0.096 and 0.1019 nm for 7- and 8-

coordination, respectively),61 which leads to the lattice expansion. Furthermore, in 

the (Y0.92Ce0.08)17.33B8O38 phosphor, the peaks due to an impurity phase were 

observed, and the diffraction peak was not shifted to both angle sides which 

indicates that a solid-solubility limit of Ce3+ into Y17.33B8O38 host lattice can be 

estimated to locate in the between x = 0.04 and 0.08.  

We could observe the two emission spectra under the irradiation of different 

excitation wavelengths, UV-light and blue light. Figure 4.3 shows the 

photoluminescence excitation and emission spectra of the (Y0.96Ce0.04)17.33B8O38 

phosphor sample. Here, the emission spectrum of Fig. 4.3 (a) and (b) were measured 

using a UV-light excitation of 360 nm and a blue-light excitation of 430 nm, 

respectively. From Fig. 4.3 (a), the excitation spectrum of (Y0.96Ce0.04)17.33B8O38 

phosphor sample consists of a broad band from 300 to 400 nm centered at 360 nm, 

which is due to the optical absorption from the 4f1 ground levels to excited 5d1 level 

of Ce3+ ion. The emission spectrum exhibits a broad blue emission from 350 nm to 

500 nm peaked at 424 nm owing to the 5d1→4f1 arrowed transition of Ce3+ ion. In 

contrast, under blue-light irradiation excitation of 430 nm, the emission band of 

same phosphor sample located the red region at 620 nm, which corresponds similar 

to the luminescence mechanism in the case of under the UV-light excitation. In 

general, the emission spectrum of Ce3+ consists of two emission bands due to 2D3/2 

→ 2F5/2 and 2F7/2 transitions corresponding to an energy gap of approximately 

~2×103 cm-1.43,68,73,99-101 However, Ce3+-doped Y17.33B8O38 phosphor consists of 

significantly different two emission bands with the energy gap of approximately 

7.50×103 cm-1, which indicates that the Ce3+ ions were doped into the completely 
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different crystallographic Y3+ sites in the host lattice. In the Y17.33B8O38 lattice, the Y3+ 

ions form YO7 and YO8 polyhedra by the coordination with the surrounding seven 

and eight oxygen (see Fig. 4.1). In particular, the bond distance of YO7 polyhedron is 

shorter (avg. 0.228 nm) than that of YO8 polyhedron (avg. 0.273 nm). Thus, YO7 

polyhedra means to form a compact crystallographic site. 

 

Fig. 4.3 (a) Photoluminescence excitation and emission spectra of (Y0.96Ce0.04)17.33B8O38 
phosphor under the UV-light excitation of 360 nm, and under the blue-light excitation of 
424 nm, with two Gaussian fitting peaks. (b) The emission intensity dependences of the 
Ce3+ concentration of the (Y1-xCex)17.33B8O38 (0 ≤ x ≤ 0.08) phosphors. 
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These emission spectra were deconvoluted to two Gaussian functions 

corresponding to the transition from the 2D3/2 excited level to 2F7/2 and 2F5/2 ground 

levels of Ce3+. In the emission spectrum at blue region, the peak maxima of the 

deconvoluted emission spectrum located at 392 (2D3/2→2F5/2) and 416 nm 

(2D3/2→2F7/2), respectively. The energy difference between the ground levels split by 

a spin-orbit interaction estimated to be 1.5×103 cm-1 by the emission bands obtained 

from the Gaussian deconvolution. On the other hand, the emission spectrum at red 

region could be also deconvoluted to two Gaussian function with the peaked at 580 

and 642 nm, respectively. The energy between 2F5/2 and 2F7/2 levels could be 

estimated to be 1.6×103 cm-1. Although these energy gap of 2F5/2 and 2F7/2 levels is 

slightly less than that of theoretical value of 2000 cm-1,68,73,99-101 since the 

comparable value of the energy gap was reported in the other Ce3+-activated 

lanthanide borate phosphors, such as YBO3:Ce3+ (1.55×103 cm-1)102 and 

Ca3La3(BO3)5:Ce3+ (1.77×103 cm-1)103. 

In order to more deeply understand for the influence for the crystallographic 

site of luminescence of Ce3+, it is important to know the position of the excited 5d 

levels of Ce3+ ions. According to Dorenbos, the total energy shift from the free ion to 

the lowest 5d configuration can be written as;104,105  

𝐷(𝐴) = ε𝑐 +
𝜀𝑐𝑓𝑠

𝑟(𝐴)
− 1.89 × 103 cm−1   Eq. 4.1 

where a red shift value, 𝐷(𝐴) is often used to estimate a total energy depression 

from the free ion, which is containing the centroid shift and crystal field splitting. 

The lowering of the average of the five 5d levels is represented by the centroid shift 

εc due to the interaction of the 5d-electron wavefunctions and ligand anions, which 

relates with a nephelauxetic effect. The strength of the crystal field splitting εcfs is 
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defined as the energy gap between highest and lowest 5d levels. The εcfs value 

depends on the geometrical shape and size of the polyhedrons. The red shift 𝐷(𝐴) 

gives to a fraction 1/ 𝑟(𝐴), which is usually between 1.7 and 2.4.105,106 In the case of 

Ce3+-doped Y17.33B8O38 phosphor, it is not need to calculate the crystal field splitting 

εcfs, because there is a need to know the lowest 5d level. Thus, the important factors 

are the red shift 𝐷(𝐴) and centroid shift εc in order to obtain the split lowest 5d 

level. The red shift could be expressed by following equation;69,107 

𝐷(𝐴) = 𝐸(𝐶𝑒, 𝑓𝑟𝑒𝑒) + Δ𝐸𝐿𝑛,𝐶𝑒 − 𝐸(𝐿𝑛, 𝐴),   Eq. 4.2 

where 𝐸(𝐶𝑒, 𝑓𝑟𝑒𝑒) is the first f-d transition energy Ce3+ as a free ion, which used 

value of 49.34×103 cm-1,69,107 Δ𝐸𝐿𝑛,𝐶𝑒 is defined as the specific energy difference in 

f-d transition of Ln3+ with that of the first electric dipole allowed transition in Ce3+, 

as see Ref 69, and 𝐸(𝐿𝑛, 𝐴) is the f-d energy difference of compounds A with Ln3+ 

as a dopant. In the case of Ce3+, the D(A) is rewritten as 

𝐷(𝐴) = 49.34 × 103 cm−1 − 𝐸(𝐶𝑒, 𝐴).   Eq. 4.3 

The centroid shift εc is associated with anion polarizanility and the average cation 

electronegativity. The 5d centroid shift can be estimated by gain into account the 

Ce3+-O2- bond distances combining with average anion electronegativity. The model 

for the 5d centroid shift is described in the following equation:108,109 

𝜀𝑐 = 1.79 × 1013 ∑
𝛼𝑠𝑝

𝑖

(𝑅𝑖−0.6Δ𝑅)6
𝑁
𝑖=1    Eq. 4.4 

where 𝑅𝑖 is the bond distance (pm) for the Ce3+-O2- ions in the lattice, Δ𝑅 is the 

deference in the ionic radii for Y3+ and Ce3+, and 𝑁 represents the number of anions 

coordinated with Ce3+ ion. The 𝛼𝑠𝑝
𝑖  is the spectroscopic polarizability, as described 

in the following equation;110  
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𝛼𝑠𝑝
𝑖 = 0.33 +

4.8

𝜒𝑎𝑣
2.      Eq. 4.5 

Here, 𝜒𝑎𝑣  is the weighted average of the cation electronegativity in a given host 

lattice. The 5d level positions parameters for the red shift 𝐷(𝐴), centroid shift are 

summarized in Table 4.1, and Fig. 4.4 presents the schematic energy diagrams for 

the each transitions due to Ce1 (blue emission) and Ce2 (red emission) transitions 

in Ce3+-doped Y17.33B8O38 phosphor. 

Using the Eq. 4.3, the red shift 𝐷(𝐴)  of two f-d transitions in Ce3+-doped 

Y17.33B8O38 phosphor was found to be 21.7×103 cm-1 for Ce1 transition and 25.7×103 

cm-1 for Ce2 transition, respectively. Dorenbos has reported to the 𝐷(𝐴) data of the 

more than 350 compounds, which is including the 38 Ce3+-doped borates hosts,111 

and the 𝐷(𝐴) value of typical borates is also summarized in Table 4.1. According to 

the summary in Dorenbos’s report, the 𝐷(𝐴) borates was generally increased in the 

order of condensed-, meta-, ortho- and oxy-ortho-borates.111 The Y17.33B8O38 

(Y17.33(BO3)4(B2O5)2O16) can be classified as the oxy-ortho-borate group because its 

Table 4.1 Emission band positions, centroid shifts εc, red shift 𝐷(𝐴) and Stokes shifts 
ΔS of each transitions of 4f-5d of Ce3+ in (Y0.96Ce0.04)17.33B8O38, and the typical borate 
phosphors. 

Borates Condense 
group 

λema 𝜀𝑐
b D(A)b ΔSb Ref. 

Y17.33B8O38 (Ce1) oxy-ortho- 392 / 25.5 7.86 21.7 2.27 This work 
Y17.33B8O38 (Ce2) oxy-ortho- 580 / 17.2 15.3 25.7 6.51 This work 

SrB4O7 condensed- 293 / 34.1 8.44 14.1 1.56 111, 112 
BaTbB9O16 condensed- 321 / 31.1 -c 15.6 2.52 111, 113 

LaB3O6 meta- 300 / 33.3 8.99 12.3 3.70 105, 111, 114 
YMgB5O10 meta- 300 / 33.3 8.73 12.4 3.57 105, 111, 115 

LaBO3 ortho- 352 / 28.4 11.5 19.0 2.30 105, 111, 116 
GdAl3(BO4)4 ortho- 338 / 29.6 10.3 18.1 1.66 105, 111, 117 

YBO3 ortho- 383 / 26.1 <13.3 20.8 1.88 105, 111, 118 
Ca4YO(BO3)3d oxy-ortho- 390 / 25.6 <14.3 21.9 2.61 111, 119 

CaYOBO3 oxy-ortho- 400 / 25.0 <15.3 21.9 2.40 111, 120 
a Unit is nm / ×103 cm-1. 

b Unit is ×103 cm-1. 
c Structural data is not available. 

d From the structural data of Ca4.084Y0.916(BO3)O0.96 
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structure consists of B2O5 and BO4 polyhedra and independent oxygen atoms.98 The 

f-d transition for red emission (Ce2) of Ce3+-doped Y17.33B8O38 shows larger 𝐷(𝐴) 

value compared with the Ce3+-doped CaYOBO3 (21.9×103 cm-1),111,120 which shows 

most large value in borates. Using the above Eq. 4.4 and 4.5, the 5d centroid shift for 

the transitions due to blue and red emissions of Ce3+-doped Y17.33B8O38 phosphor 

were estimated to be 7.86×103 and 15.3×103 cm-1, respectively. The value of centroid 

shifts for Ce1 transition was similar to that of some typical Ce3+-doped borates 

phosphor, such as LaB3O6 (8.99×103 cm-1)114 and YMgB5O10 (8.73×103 cm-1).115 The 

Ce3+ ion was occupied to irregular C2 and C1 symmetries for LaB3O6 and YMgB5O10, 

respectively,105 which suggests that the Ce1 due to blue emission occupied in the 

irregular symmetry site, i.e. the distorted 8-fold coordination sites. On the other 

 

Fig. 4.4 Schematic energy diagrams for the each transitions due to Ce1 (blue) and Ce2 
(red) transitions in Ce3+-doped Y17.33B8O38 phosphor. 
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hands, the value of centroid shift for Ce2 transition shows the largest energy 

depression in the borate phosphors. The 5d centroid shift of Y17.33B8O38:Ce3+ 

phosphor is more than that of the garnet oxides like the Y3Al5O12:Ce3+ (14.7×103 cm-

1),106,121 as well as, it is comparable to that of nitrides phosphor, such as 

CaAlSiN3:Ce3+ (19.7×103 cm-1) 77 and (La,Ca)3Si6N11:Ce3+ (28.8×103 cm-1).78 This 

indicates that the seven-coordinated Y site in Y17.33B8O38 leads to the strong 

nepherauxetic effect, because the most nitrides induced very large covalency.122 

In addition, the Stokes shift (ΔS), which determines as the deference between 

the lowest excitation band and emission band with highest energy, is also important 

to understand for the luminescence mechanism of Ce3+-doped Y17.33B8O38, as also 

noted in Table 4.1. The Stokes shifts of the Ce1 and Ce2 transitions were found to be 

2.27×103 cm-1 and 6.51×103 cm-1, respectively. The magnitude for the Stokes shift of 

Ce1 transition, which is due to the blue emission, was comparable to that of the 

typical Ce3+-doped borate phosphors, as seen in Table 4.1. In contrast, the Stokes 

shift of the red emitted Ce2 transition was much larger than that of the conventional 

borates phosphors.111 van Krevel et al. concluded that the magnitude of Stokes shift 

decreases with increasing the structural rigidity of the lattice, i.e. the Ln3+ 

incorporated into the host lattice with three dimensional framework leads to 

reduction of the Stokes shift.123 The Y17.33B8O38 host lattice consists of the non-rigid 

structural independent BO3 and B2O5 polyhedra, which causes to increase the Stokes 

shift. Furthermore, the thermal quenching temperature depends on the Stokes 

shift.55 In the case of the large Stokes shift, the thermal quenching temperature 

becomes relatively low.123 
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The thermal quenching properties are typically discussed by an activation 

energy Ea, which can be explained by following equation;124  

𝐼𝑇

𝐼0
= 1 + 𝐷𝑒𝑥𝑝 (

−𝐸𝑎

𝑘𝑇
)    Eq. 4.6 

where, the values of I are the emission intensities of the phosphor material at an 

initial (25°C) for I0 and the monitored temperature for IT, respectively, D is an 

constant, k is the Boltzmann’s constant (8.617×10-5 eV･K-1) and T is the operating 

temperature. The activation energies due to each emission of Ce3+ were found to be 

0.169 eV for Ce1 transition (blue emission) and 0.322 eV for Ce2 transition (red 

 

Fig. 4.5 (a) Temperature dependence on the emission intensities of Ce3+-doped 
Y17.33B8O38 phosphor. (b) The plot of ln[I0/I(T)-1] vs. 1/kT of the Ce3+-doped Y17.33B8O38 
phosphor. 
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emission), respectively, as shown in Fig 4.5 (a). In addition, with increasing the 

temperature up to 150°C, the emission intensities of (Y0.96Ce0.04)17.33B8O38 phosphor 

decrease to 23% for the blue emission of Ce1 and 67% for the red emission of Ce2, 

respectively, as shown in Fig. 4.5 (b). This results are also reasonable to describe the 

deference of ΔS between the Ce1 and Ce2 transitions. 

Heterogeneous lanthanides co-doping with (Y0.96Ce0.04)17.33B8O38. When the Ce3+ 

ions occupy some different crystallographic sites, the emission efficiency cannot be 

sufficiently obtained by the energy loss due to an energy transfer of a re-absorption 

mechanism. Therefore, the luminescence efficiency of the red emission enhances by 

a selective control of the Ce3+ doping site in the (Y0.96Ce0.04)17.33B8O38 phosphor. This 

approach calls “crystal-site engineering”,22,37,52 and is extremely effective for the 

control of the emission color of the phosphor materials because the host lattice of 

the many phosphor materials has some crystallographic sites. The doping site of the 

activators in α’L-type Ca2SiO4:Eu2+ 22 and Sr6Y2Al4O15:Ce3+ 52 phosphors gradually 

change from large site to small site by the increasing activator concentration, which 

results in the changing from green to red emission for the Ca2SiO4:Eu2+ phosphor 

and blue to orange emission for the Sr6Y2Al4O15:Ce3+ phosphor, respectively. 22,37,52 

In this case of (Y0.96Ce0.04)17.33B8O38 phosphor, the Ce3+ concentration cannot be 

increased because impurity phase observed in x = 0.08 on the composition of (Y1-

xCex)17.33B8O38. In order to enhance the red emission intensity of the 

(Y0.96Ce0.04)17.33B8O38 phosphor, some heterogeneous lanthanide cations were co-

doped into that phosphor. The different ionic radii lanthanide ions doping the 
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(Y0.96Ce0.04)17.33B8O38 phosphor lattice were discussed an influence to the emission 

properties.  

Figure 4.6 shows the Ce3+, Ln3+ (Ln= Lu3+, Gd3+ and La3+) co-doped Y17.33B8O38 

phosphors. All samples for the Ln3+ co-doped (Y0.96Ce0.04)17.33B8O38 phosphors were 

also identified to monoclinic Y16.86B8O38 as the single phase. A diffraction peak of the 

Lu3+ and Gd3+ co-doped (Y0.96Ce0.04)17.33B8O38 phosphors shifted to higher angle side 

than that of (Y0.96Ce0.04)17.33B8O38 phosphor. By contrast, the diffraction peak of the 

La3+ co-doped (Y0.96Ce0.04)17.33B8O38 phosphors shifted to lower angle side. This 

results indicate that the lanthanide ions was successfully substituted into the same 

crystallographic site with Ce3+ ion doping because the La3+ ion (0.110 and 0.1160 

nm for 7- and 8-coordination, respectively)61 has larger ionic size, as well as the Gd3+ 

(0.100 and 0.1053 nm for 7- and 8-coordination, respectively)61 and Lu3+ (0.0977 

nm for 8-coordination)61 ions have lager ionic size compared with the Ce3+ ionic size, 

which respectively results in the lattice volume expansion and contraction. 

Figure 4.7 (a) and (b) shows the emission spectra of (Y0.92Ce0.04Ln0.04)17.33B8O38 

(Ln = La, Gd and Lu) phosphors under the UV light at wavelength of 360 nm and the 

 

Fig. 4.6 XRD patterns of (Y0.96Ce0.04)17.33B8O38 and (Y0.92Ce0.04Ln0.04)17.33B8O38 (Ln= Lu3+, 
Gd3+, La3+) phosphors. 
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blue light irradiation at wavelength of 430 nm, respectively. In addition, Fig. 4.7 (c) 

shows the emission intensity dependence on the ionic radius of the lanthanide ions 

co-doped into (Y0.96Ce0.04)17.33B8O38 phosphor, and the plot for lattice volumes of the 

ionic radius of Ln3+ ion co-doped into (Y0.98Ce0.04)17.33B8O38 phosphor. All samples 

exhibited a broad emission bands in the blue light region peaking at around 400 and 

430 nm corresponding to 5d-4f transition of Ce3+ excited at UV light region. The red 

emission (Ce2 transition) at under the blue light excitation were also observed in 

the (Y0.92Ce0.04Ln0.04)17.33B8O38 (Ln = La, Gd and Lu) phosphors, as similar to the Ce3+ 

 

 

Fig. 4.7 (a) Photoluminescence excitation and emission spectra of (Y0.96Ce0.04)17.33B8O38 
and (Y0.92Ce0.04Ln0.04)17.33B8O38 (Ln= Lu3+, Gd3+, La3+) phosphors under the UV-light 
excitation of 360 nm. (b) Photoluminescence excitation and emission spectra of these 
phosphors under the blue-light excitation of 421 nm. (c) Dependences of two emission 
intensities and lattice volume on ionic radius of the various cations doping into Y site of 
(Y0.92Ce0.04Ln0.04)17.33B8O38 phosphors (Ln = Lu3+, Gd3+, La3+). 
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only doped sample. In particular, the La3+ co-doped phosphor exhibited the higher 

red emission intensity than Ce3+ only doped phosphor, and the lowest blue emission 

intensity in the all phosphors. By associating the ratio of these emission intensities 

and the lattice volume of the Ln3+ co-doped phosphors, we found that the ratio of 

these emission intensities depends on the ionic radius of the co-doping Ln3+ ions. 

The emission intensities at the blue region of (Y0.92Ce0.04Ln0.04)17.33B8O38 (Ln = La, Gd 

and Lu) phosphors gradually decreased with increasing the ionic radius of 

lanthanides. On the other hands, the red emission intensity enhanced in the La3+ co-

doping sample, and inhibited in smaller ionic radius ions co-doping samples 

compared to the ionic radius of Ce3+ ion. The increment for the red emission 

intensity is in good agreement with the lattice volume change in the case of each co-

doping Ln3+ ions. This indicates that the ratio of the red and blue emission intensity 

(Ce2/Ce1) increased with an increase in the Ln3+ ionic radius, which is co-doped into 

(Y0.98Ce0.04)17.33B8O38 lattice. As mentioned above, the enhancement of the emission 

intensity, which based on the conventional crystal site engineering technique has 

been investigated by the increase of the luminescent ions, such as Eu2+ and Ce3+.22,37 

By contrast, we succeed to enhance the red emission intensity by doping the 

lanthanide heterogeneous ions, which is using the lanthanide contraction, in the 

(Y0.98Ce0.04)17.33B8O38 phosphor.   
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4.4 Summary 

We discovered a new borate phosphor material, Ce3+-activated Y17.33B8O38, 

which consisted of two different optical transitions. One of the luminescence show a 

broad blue emission with peaking at 430 nm under the UV light irradiation at 360 

nm. Another one is simultaneously a red emission at 620 nm excited by the blue light 

irradiation at 424 nm. In the Ce3+-activated borate phosphors, the red emission is 

significantly interesting, and this study is the first report in the world. The centroid 

shifts of these transitions were calculated to be 7.86×103 cm-1 for the blue emission 

and 15.3×103 cm-1 for the red emission, respectively. This indicates that transition of 

the red emission has the larger energy depression due to a covalency from free 

energy of Ce3+ compared to that of blue emission. In addition, the Stokes shifts, ΔS 

were also found to be 2.27×103 cm-1 (blue emission) and 6.51×103 cm-1 (red 

emission), respectively, The large ΔS is due to the low dimensional framework of the 

host lattice. In order to enhance the red emission intensity, the heterogeneous 

lanthanide ions, such as La3+, Gd3+ and Lu3+, were co-doped into the 

(Y0.98Ce0.04)17.33B8O38 phosphor. As the result, the emission intensity at the red region 

of La3+ co-doping phosphor was to be 129% compared to the heterogeneous ion 

non-co-doping phosphor. In addition, it was found that the ratio of red and blue 

emission intensities increase with increasing the ionic radius of co-doping ions, 

which could be explained by a crystal site engineering technique. To the best our 

knowledge, it is no report the enhancement of the emission intensity based on the 

crystal site engineering use of the lanthanide ion co-doping. Therefore, the 

heterogeneous co-doping technique can be expected to control the doping site of the 

luminescence ion.
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Chapter 5 

Crystal Structure and Photoluminescence Properties of A Novel 

Reddish-yellow Emitting Phosphor, BaCa2Y6O12:Ce3+ 

5.1 Introduction 

In chapter 5, we focused on MRE2O4 (M=Ca, Sr and Ba, RE=rare earths) 

compounds as a host material with Ce3+ activator. These structures including the 

compact REO6 octahedra cause the strong crystal field strength.125 It is well known 

that almost MRE2O4 compounds have an orthorhombic calcium ferrite (CaFe2O4) 

type structure, and is suitable for phosphor material by doping the Ce3+.125-129 In 

particular, CaSc2O4:Ce3+ phosphor developed by Shimomura et al. shows the green 

emission peaking at 515 nm with high luminescence efficiency (>90%).76 On the 

other hand, (Ba0.33Ca0.67)Y2O4, namely BaCa2Y6O12 compound has different crystal 

structure with the orthorhombic CaFe2O4, and consists of polyhedra with short 

interatomic bond length of ~0.2357 nm for YO6 octahedra and ~0.2475 nm for CaO6 

trigonal prism polyhedra, respectively.130,131 Since the crystal field strength bear an 

inverse relation to the bond strength between activator and neighbor anions,132 this 

crystallographic features are expected to cause the large crystal field splitting, when 

Ce3+ ion introduces to such ion sites.  

Generally, a critical concentration of Ce3+ (Eu2+) in the conventional phosphors 

is quite lower of approximately 1~5 mol% than that of 4f-4f for-bidden transitions 

of other lanthanide ions.43,133 Therefore, it is difficult to diffuse uniformly the 

activator using the synthesis of conventional solid state reaction method. 

Additionally, some oxide raw materials with a high melting temperature, such as 
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alkali earth oxides (2899±3°C for CaO), rare earth oxides (2433±3°C for Y2O3) and 

transition metal oxides (2803±3°C for HfO2),134,135 have a poor reactivity. In order to 

overcome such problems, a melt synthesis method using an arc imaging furnace is 

suitable for the synthesis of phosphor materials with a small amount of the 

activator.136-140 Indeed, via the synthesis of a green emitting Ba3Sc4O9:Ho3+ phosphor, 

the melt synthesis method using the arc imaging furnace for ceramic materials has 

been revealed that ions diffuse more uniform compared to the conventional solid 

state reaction.140 The arc imaging furnace, which is illustrated in Fig. 5.1, uses the Xe 

arc lamp with 6 kW as a light source.137 The emitted strong energy light from the Xe 

lamp was reflected by a surrounding ellipsoidal aluminum mirror, simultaneously, 

the strong light with high energy is corrected on the copper sample stage. The 

sample is able to be rapidly heated at over 2000°C, and also cooled by removing the 

sample stage from the focus. The cooling rate is estimated to be more than 

100°C/s.21,137,138 

 

Fig. 5.1 Optical system of an arc imaging furnace. 
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In this chapter, the Ce3+ activated BaCa2Y6O12 phosphors were prepared by the 

melt synthesis technique using the arc imaging furnace, and the crystal structure of 

the obtained sample was refined using powder X-ray diffraction. In addition, the 

luminescent property was discussed using an estimated values of 5d excited levels 

of Ce3+. 
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5.2 Experimental section 

Synthesis of materials. Polycrystalline Ce3+-doped barium calcium yttrium oxide 

samples were prepared by a melt synthesis technique using an arc imaging furnace. 

High purity raw materials, BaCO3, CaCO3, Y2O3 and CeO2 powder, were mixed using 

a mortar with an acetone for obtaining a homogeneous chemical mixture, in which 

Ce3+ content was adjusted from 0.1 to 2.0 mol%. And then, the mixtures were 

calcined at 1000°C for 6 h in air using an electrical box-furnace. After calcination, the 

samples were reground in an alumina mortar and put on the copper hearth, and 

melted by the corrected Xe arc lamp with a high-power of 6 kW using the arc imaging 

furnace in a flow of H2 (5%)-Ar gas. 

Materials characterization. The crystal phase of the powder samples were 

identified by a powder X-ray diffraction (XRD) analysis using a diffractometer with 

CuKα radiation (Mac Science Ltd. MX-Labo, λ=1.5418Å, 40 kV×25 mA), and the 

crystal parameters of the powder sample was refined by Rietveld method using a 

package of RIETAN-FP program.63 The photoluminescence and photoluminescence 

excitation spectra were recorded by a spectrofluorometer of FP-6500/5500 (Jasco 

Co.) equipped with a 150 W Xe lamp.  
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5.3 Results and discussion 

The crystal phase of all BaCa2Y6O12:Ce3+ phosphors, which were prepared by the 

melt synthesis technique, were checked by the X-ray diffraction (XRD). The crystal 

structure information of BaCa2Y6O12 from Inorganic Crystal Structure Database 

(ICSD, No. 63580)131 was employed as an initial structure parameters for the 

Rietveld refinement of the BaCa2Y6O12:Ce3+ phosphors. However, from view point of 

the R-factors, the pattern fitting and isotropic temperature factors, the 

unsatisfactory results were obtained in the case of the refinement using this 

structure model. In order to improve the quality of the Rietveld refinement for 

BaCa2Y6O12:Ce3+ phosphor, a site symmetry of the Ba1 (2b) and Ba2 (2a) sites, which 

extremely has a large isotropic temperature factor and the minus value of the 

isotropic temperature factor, were decreased, and then these sites were again 

refined as the shared one site (4e). In addition, the mismatch of the pattern fitting 

were enhanced by disordering the Ba and Ca ions for M1 (4e) and M2 (2c) sites. As 

the result of the re-refinement, the final converged weighted-profiles of Rwp=6.849%, 

Rp=5.291% and S=2.1459 are better value than that of the before re-refinement, 

which indicates the single phase with no unidentified diffraction peaks due to the 

impurity phase (Table 5.1). Figure 5.2 shows the final results of the data collection 

refinements for BaCa2(Y0.998Ce0.002)6O12 phosphor. The results of Rietveld 

refinements from powder XRD pattern indicated that the BaCa2(Y0.998Ce0.002)6O12 

phosphor have a hexagonal crystal system with a space group of P63/m (No. 176) 

and the lattice parameters of a=b=1.02178(6) nm, c=0.33612(1) nm and 

V=0.30391(3) nm3, respectively. The Ba/Ca mixed ion sites, M1 (4e) and M2 (2c) 

sites, were occupied by the 0.15Ba/0.10Ca and 0.20Ba/0.80Ca, respectively. The 
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crystal structure of the BaCa2(Y0.998Ce0.002)6O12 lattice is also illustrated in the inset 

of Fig. 5.2 and Fig. 5.3 (a), using VESTA program.60 The BaCa2(Y0.998Ce0.002)6O12 

structure composed of the large amounts of YO6 octahedral coordination site, which 

are connected with corner- and edge-sharing each other, and M1 and M2 sites 

Table 5.1 R-factors and structural parameters of BaCa2(Y0.998Ce0.002)6O12 of Rietveld 
refinement from XRD data at room temperature. 

formula BaCa2(Y0.998Ce0.002)6O12 
cryst sys. hexagonal, P63/m (No. 176) 
a (nm) 1.02178(6) 
c (nm) 0.33612(1) 
V (nm3) 0.30391(3) 
Z 1 
Rwp (%) 6.849 
Rp (%) 5.291 
Re (%) 3.192 
RF (%) 3.027 
S 2.1459 

atom Wyck. x y z Uiso (nm2) 
M1 4e 0 0 0.347(3) 0.000(2) 
M2 2c 0.3333 0.6667 0.25 0.031(2) 
Y1 6h 0.3450(2) 0.9959(3) 0.25 0.0072(4) 
O1 6h 0.189(1) 0.297(1) 0.25 0.006(3) 
O2 6h 0.8630(8) 0.462(1) 0.25 0.027(3) 

 

 

Fig. 5.2 Observed intensities (cross), calculated patterns (red line), Bragg positions (tick 
mark), and difference plot (blue line) profiles using powder XRD for Rietveld refinement 
results of BaCa2(Y0.998Ce0.002)6O12 phosphor. Inset shows the crystal structure of the 
BaCa2(Y0.998Ce0.002)6O12. 
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located in the direction along to c-axis at the chinks of YO6 framework. Figure 5.3 (b) 

presents the coordination environments of the YO6 octahedra and M2O6 trigonal 

prism polyhedra in the BaCa2(Y0.998Ce0.002)6O12 lattice, and the bond distance of 

these polyhedra are listed in Table 5.2. The average bond distance of YO6 octahedra 

in the BaCa2(Y0.998Ce0.002)6O12 was found to be 0.2284 nm, which is shorter than that 

of M2O6 trigonal prism (0.2212 nm). Additionally, the lattice volume of BaCa2(Y1-

xCex)6O12 (0.001 ≤ x ≤ 0.020) phosphors decreased with increase the Ce3+ 

concentration until x=0.003~0.005, and then increased with increase the Ce3+ 

 

Fig. 5.3 (a)The final refined crystal structure of the BaCa2(Y0.998Ce0.002)6O12. (b) 
Coordination environment of the YO6 octahedra and M2O6 triangular prism polyhedra in 
the BaCa2(Y0.998Ce0.002)6O12. 

Table 5.2 Selected bond distances of BaCa2(Y0.998Ce0.002)6O12 at room temperature. 

BaCa2(Y0.998Ce0.002)6O12 

bonding bond distance (nm) bonding bond distance (nm) 
(M2/Ce)-O2 0.2436(4) (Y1/Ce)-O1 0.2212(8) 
(M2/Ce)-O2 0.2436(4) (Y1/Ce)-O1 0.2218(9) 
(M2/Ce)-O2 0.2437(8) (Y1/Ce)-O1 0.2218(9) 
(M2/Ce)-O2 0.2437(8) (Y1/Ce)-O2 0.2250(7) 
(M2/Ce)-O2 0.2436(8) (Y1/Ce)-O2 0.2403(9) 
(M2/Ce)-O2 0.2436(8) (Y1/Ce)-O2 0.2403(9) 

Average 0.2436 Average 0.2284 
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concentration, as shown in Fig. 5.4. This result indicates that the Ce3+ ion was 

preferentially doped into the M1 site until x=0.003~0.005, because the ionic radius 

of these cations, which is six coordination with surrounding anions, are in the 

following relationship; Ba2+ (0.135 nm) > Ce3+ (0.101 nm) > Ca2+ (0.100 nm) > Y3+ 

(0.0900 nm)61. 

Photoluminescence and photoluminescence excitation spectra of the 

BaCa2(Y0.998Ce0.002)6O12 phosphor prepared by the melt synthesis method using the 

arc imaging furnace are presented in the Fig. 5.5. The excitation spectrum consisted 

of the two absorption bands on a weak UV-light region and a strong blue-light region 

from 300 to 380 nm and from 400 to 500 nm peaked at 460 nm, respectively, which 

could be attributed to the spin-arrowed transition from 4f to 5d of Ce3+ ion.6 Under 

the blue-light irradiation at 460 nm, the BaCa2(Y0.998Ce0.002)6O12 phosphor exhibits a 

reddish-yellow emission with a broad asymmetric spectrum from 500 to 750 nm 

 

Fig. 5.4 The lattice volume and axis parameters dependence on the Ce3+ concentration 
in the BaCa2(Y1-xCex)6O12 (0.001 ≤ x ≤ 0.020) lattice. 
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centering at 597 nm, which is corresponding to the 5d-4f transition of Ce3+. This 

asymmetric emission spectrum could be fitted to four Gaussian bands centered at 

562 nm (band A; 17,800 cm-1), 608 nm (band B; 16,450 cm-1), 632 nm (band C; 

15,830 cm-1) and 680 nm (band D; 14,700 cm-1), respectively. The ground state of 

Ce3+ ion split by a spin-orbit interaction for 2F7/2 and 2F5/2 levels, and the theoretical 

energy gap of these ground levels is ~2,000 cm-1.56,43,101, 141 In the emission spectra 

of the BaCa2(Y0.998Ce0.002)6O12 phosphor, the energy deference of the A and C (ΔA-C) 

bands, and the B and D (ΔB-D) bands were found to be 1,970 and 1,740 cm-1, 

respectively, which is similar to the theoretical value for 2F7/2 and 2F5/2 levels of Ce3+ 

(~2,000 cm-1).56,101,141 This result indicate that the Ce3+ ion in the 

BaCa2(Y0.998Ce0.002)6O12 lattice were incorporated into the two deferent 

crystallographic sites. In order to the determination of the Ce3+ doping 

 

Fig. 5.5 Excitation and emission spectra of BaCa2(Y0.998Ce0.002)6O12 phosphor. Peak 
deconvolution of excitation and emission bands are indicated as dotted lines. Inset 
shows the emission photograph under the UV-light irradiation at 365 nm of the 
phosphor. 
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crystallographic site in the host lattice, the emission peak of Ce3+ can be estimated 

using following empirical equation given by Van Uitert:31 

𝐸 = 𝑄 [1 − (
𝑉

4
)

1
𝑉⁄

10−(𝑛 𝑒𝑎 𝑟) 80⁄ ]  Eq. 5.1 

where, 𝐸 is the position in the energy of the 5d band edge for the Ce3+ ion, 𝑄 is the 

energy position of the lowest 5d band edge for the free ion (50,000 cm-1), 𝑉 is the 

valence state of the active cation Ce3+, 𝑛 represents the number of anions in the 

immediate shell about the activator, 𝑒𝑎 is the electron affinity of the anion atoms 

dependent on the anion complex type, and 𝑟 is the ionic radius of the host cation 

replaced by Ce3+. According to the eq. 5.1, the calculated emission band positions of 

Ce3+ at the different coordination of M1O9, M2O6 and YO6 were found to be 415, 617 

and 685 nm, respectively. Since the emission spectrum is observed by under the 

blue-light excitation at 460 nm, the blue emission (415 nm) due to Ce3+, which 

replaces to M1O9, could not be observed at the measurement condition. The 

emission bands of A and C of 562 and 632 nm were attributed to the Ce3+ replaced 

in the M2O6, and those of B and D of 608 and 680 nm were corresponding to the Ce3+ 

replaced in the YO6, because these observed emission band positions were similar 

to the calculated values replaced in M2O6 (632 nm) and YO6 (680 nm), respectively. 

Figure 5.6 present the excitation and emission spectra of the BaCa2(Y1-xCex)6O12  

(0.001 ≤ x ≤ 0.020) phosphors with various Ce3+ concentrations. All phosphor 

samples exhibit the similar spectra to the BaCa2(Y0.998Ce0.002)6O12 phosphor, which 

indicate that the photoluminescence of all samples are due to the 5d-4f transitions 

of Ce3+ incorporated in two different site, M2O6 and YO6 in the host lattice. The 

luminescence intensity increased with the amount of Ce3+ until it reached a 

maximum at x = 0.002 in BaCa2(Y1-xCex)6O12, and then decreased due to the 
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concentration quenching effect (as see the Fig. 5.6 (b)).43,142 Therefore, the optimal 

Ce3+ concentration in BaCa2(Y1-xCex)6O12 was found to be 0.2 mol%.  

In order to more understand the luminescence mechanism, the centroid shift, 

crystal field splitting and Stokes shift of the BaCa2(Y0.998Ce0.002)6O12 phosphor have 

been estimated from equations by P. Dorenbos. The total energy shift from the 

lowest 5d level edge can be described as69, 

𝐷(𝐴) = 49,340 cm−1 − 𝐸(𝐶𝑒, 𝐴).  Eq. 5.2 

Here, 𝐸(𝐶𝑒, 𝐴) is an excited 5d level edge estimated from the excitation spectrum, 

and a red shift 𝐷(𝐴) is containing the centroid shift and crystal field splitting. The 

red shift of the Ce3+ due to incorporating each sites in BaCa2(Y0.998Ce0.002)6O12 

phosphor were same values because of the having same excitation edge, which is 

found to be 21,700 cm-1. The centroid shifts, 𝜀𝑐  were estimated by following 

equation:105,109,110  

𝜀𝑐 = 17,900 × ∑
𝛼𝑠𝑝

𝑖

(𝑅𝑖−0.6Δ𝑅)6
𝑁
𝑖=1  Eq. 5.3 

 

Fig. 5.6 Dependence on (a) the excitation and emission spectra and (b) emission 
intensity of Ce3+ concentration in the BaCa2(Y1-xCex)6O12 (0.001 ≤ x ≤ 0.020) phosphors 
prepared by a melt synthesis technique using the arc imaging furnace. 
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where, 𝑅𝑖 represents the bond distance for the Ce3+-O2- ions in the host lattice, Δ𝑅 

is the deference in the ionic radii for Ce3+ and the host cation replaced by Ce3+ (Y3+ 

and Ca2+), and 𝑁 is the number of anions coordinated with Ce3+ ion. The 𝛼𝑠𝑝
𝑖  is the 

spectroscopic polarizability, which is described as105,109,110 

𝛼𝑠𝑝
𝑖 = 0.33 +

4.8

𝜒𝑎𝑣
2.   Eq. 5.4 

𝜒𝑎𝑣 is the weighted average of the cation electronegativity in a given host lattice. 

From eq. 5.3 and 5.4, the centroid shifts of the Ce3+ replacing Ca2+ and Y3+ sites were 

estimated to be 16,500 and 21,400 cm-1, respectively. The calculated centroid shift 

values of were comparable to that of simple oxide and transition metal oxide hosts, 

such as CaO:Ce3+ (20,500 cm-1), CaZrO3 (17,200 cm-1) and etc.106 The centroid shift 

mostly increases with the decrease electronegativity of the cation central to the 

complex.106 The BaCa2Y6O12 host consists of lower valence cations with lower 

electronegativity, which results in the large centroid shift. Dorenbos concluded that 

the crystal field splitting 𝜀𝑐𝑓𝑠  of 5d levels were affected by the Ce3+ coordinated 

polyhedron size and shape. The octahedral YO6 can be estimated by the following 

equation:105,143 

𝜀𝑐𝑓𝑠 = 𝛽𝑝𝑜𝑙𝑦
𝑄 𝑅𝑎𝑣

2.   Eq. 5.5 

Here, 𝛽𝑝𝑜𝑙𝑦
𝑄  presents a constant depending the shape and coordination number, in 

which the octahedral 𝛽𝑜𝑐𝑡𝑎 is 1.35×109 pm2cm-1 for Ce3+. 𝑅𝑎𝑣 is an average bond 

distance of the polyhedral, which is defined as143 

𝑅𝑎𝑣 =
1

𝑁
∑ (𝑅𝑖 − 0.6Δ𝑅)𝑁

𝑖=1 .   Eq. 5.6 

𝑅𝑖 are the bond distance of Ce3+-O2- to the 𝑁 coordinating anions; Δ𝑅 is deference 

of ionic radii for central cation and Ce3+. The 𝜀𝑐𝑓𝑠 of the octahedral YO6 could be 
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found to be 24,400 cm-1. On the other hands, the 𝜀𝑐𝑓𝑠 of the trigonal prismic M2O6 

could be calculated to be 22,600 cm-1. However, the actual 𝜀𝑐𝑓𝑠 of trigonal prism are 

smaller than the calculated values, which is difficult to calculate the actual 𝜀𝑐𝑓𝑠 of 

trigonal prismic M2O6 in BaCa2Y6O12.105 The Stokes shift ΔS, which is the energy gap 

of the excitation and emission bands of the luminescence due to the two deferent 

sites can be determined to be 5,900 cm-1 for the replacing the Ca2+ ion and 7,000 cm-

1 for the replacing the Y3+ ion, respectively. The Stokes shifts of Ce3+ ion in the 

BaCa2Y6O12 host represented larger values compared to that of the conventional 

yellow emitting Ce3+ activated complexed-oxide phosphors, such as the γ-

Ca2SiO4:Ce3+ (4,560 cm-1),68 YAG:Ce3+ (~2,700 cm-1)92,145 and Lu2CaMg2Si3O12:Ce 

(2,550 cm-1)53 phosphors, and are comparable to that of the Ce3+ activated simple 

and transition metal oxide phosphors, such as SrY2O4:Ce3+ (7,332 cm-1)111,144 and 

LaLuO3:Ce3+ (7,962 cm-1),111 which may imply a strong electron-lattice interaction 

for the Ce3+ centers.145 A larger Stokes shift mostly indicates a strong coupling of the 

5d electrons with lattice phonons, which results in a broader emission band of 

Ce3+.47 Actually, the value of full width at half maximum (FWHM) for the emission 

spectrum of BaCa2(Y0.998Ce0.002)6O12 were found to be 3,660 cm-1 (134 nm), and were 

larger than that of a smaller Stokes shift phosphor, ~3500 cm-1 (~100 nm; as the 

estimated by us) for CaSc2O4:Ce3+ with Stokes shift of 2,561 cm-1.76  

The thermal quenching property of the BaCa2(Y0.998Ce0.002)6O12 phosphor was 

investigated, and the recorded temperature dependence of the emission intensity 

for in BaCa2(Y0.998Ce0.002)6O12 phosphor normalized with respect to the value at 25°C 

is presented in Fig. 5.7. With increasing the temperature up to 150°C, the emission 

intensity of the BaCa2(Y0.998Ce0.002)6O12 phosphor decreases to 4.8% of the initial 
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value of 30°C, which is quite large thermal quenching. Furthermore, the activation 

energy, 𝐸𝑎  was calculated by following Arrhenius equation for more deep 

understanding of the thermal quenching properties:146 

𝐼(𝑇) =
𝐼0

1+𝐴 exp (−𝐸𝑎 𝑘𝑇⁄ )
  Eq. 5.7 

where, 𝐸𝑎 is the activation energy for thermal quenching, 𝐼0 and 𝐼(𝑇) represent 

the luminescence intensity at the temperature of initial and 𝑇, respectively, 𝐴 is a 

constant, 𝑘 is a Boltzmann constant and 𝑇 is a recorded temperature. A plot of 

ln[(I0/I(T))-1] vs. 1/kT of the thermal dependence on luminescence intensity of 

BaCa2(Y0.998Ce0.002)6O12 phosphor is shown in the inset of Fig. 5.7. Using Arrhenius 

equation, the activation energy ( 𝐸𝑎 ) of the thermal quenching of the 

BaCa2(Y0.998Ce0.002)6O12 phosphor could be found to be 0.358 eV, which is 

significantly higher value than that of CaSc2O4:Ce3+ phosphor ( 𝐸𝑎 =0.294 eV; 

 

Fig. 5.7 Temperature dependence of the emission intensity for BaCa2(Y0.998Ce0.002)6O12 
phosphor under the blue-light excitation at 460 nm. Inset shows the activation energy 
ΔE of the BaCa2(Y0.998Ce0.002)6O12 phosphor. 
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estimated by us) with a small Stokes shift ΔS (2,561 cm-1).147 It is well-known that 

the larger stokes shift leads to the thermal quenching at lower temperatures.123 

Therefore, the non-excellent thermal stability of BaCa2(Y0.998Ce0.002)6O12 phosphor is 

reasonable.27 
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5.4 Summary 

In this chapter, new red-emitting oxide phosphor, Ce3+-activated BaCa2Y6O12, 

have been discovered by the melt synthesis method using an arc imaging furnace. 

The crystal structure of BaCa2(Y0.998Ce0.002)6O12 phosphor were analyzed by a 

Rietveld refinement. As the results, the BaCa2(Y0.998Ce0.002)6O12 lattice has a 

hexagonal system with a space group of P63/m, and it was revealed that the atomic 

position sites of the alkali earth ion are occupied by the disordering Ba2+/Ca2+ of 

0.15/0.10 for M1 site (4e site) and 0.20/0.80 for M2 site (2c site), respectively. The 

Ce3+ ion was preferentially incorporated into the M1 site, because the lattice volume 

of the BaCa2(Y1-xCex)6O12 (0.001 ≤ x ≤ 0.020) phosphors was decrease until x = 

0.003~0.005, and then it was increased. Under the blue-light excitation at 460 nm, 

the phosphors exhibit the broad reddish-yellow emission spectrum including the 

four Gaussian function peaked at 562 nm (band A), 608 nm (band B), 632 nm (band 

C) and 680 nm (band D), respectively, which are due to the 5d-4f transitions of Ce3+. 

It could be estimated that the decomposed emission bands A and C were attributed 

to the Ce3+ replaced in the M2 site, and bands B and D were attributed to the Ce3+ 

replaced in the Y site. In addition, the 5d levels of the centroid shift and crystal field 

splitting of the Ce3+ replacing Y3+ site were larger than that of the Ce3+ replacing M2 

site and that of the simple oxide phosphors. The larger Stokes shift (~7,000 cm-1) 

affected to the low thermal stability of 4.8% at 150°C of the initial value of 25°C. We 

concluded that the selection of the host material is important to obtain the red 

emission in the oxide lattice, and the simple oxides are suitable as the host material. 
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Chapter 6 

Efficient Red Emission of Blue-Light Excitable New Structure Type 

NaMgPO4:Eu2+ Phosphor 

6.1 Introduction 

Although there are many candidates for new advanced phosphor materials for 

use in the white-LEDs, we have focused on sodium magnesium orthophosphate, 

NaMgPO4, as a host material for the phosphors to realize a novel red-emitting 

phosphor with high luminescence efficiency. The orthophosphates with the general 

formula ABPO4 (A: monovalent cations and B: divalent cations) have been 

investigated as host material for phosphors because of excellent thermal stability 

and the tetrahedral rigid three-dimensional matrix of the phosphates is thought to 

be ideal for charge stabilization.148-156 In particular, Eu2+-doped orthophosphate 

phosphors can show good luminescence efficiency as phosphor for use in white-

LEDs.149-151,155,156 These phosphors show strong broad optical absorption at violet 

region and exhibit strong blue- or green emission under violet irradiation. However, 

there is no report yet on the efficient red-emitting phosphor based on the 

orthophosphate and some other phosphate materials under blue light irradiation. 

In this chapter, a novel red-emitting olivine-type NaMgPO4:Eu2+ phosphor was 

synthesized for the first time by melt synthesis technique using arc-imaging furnace, 

and their crystal structure and photoluminescence properties were characterized. 

In addition, it has been demonstrated in our previous studies that this synthesis 

method is suitable for synthesizing phosphors with high luminescence 

efficiency.136,157,158 
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6.2 Experimental section 

Synthesis of materials. A mixture of Na2CO3, MgO, NH4H2PO4, and Eu2O3 was mixed 

using a mortar with acetone for obtaining a homogeneous chemical mixture, in 

which the Eu2+ content was adjusted between 1.0 mol% and 9.0 mol%, and then the 

homogeneous mixture was calcined at 400 °C for 4h in air. After calcination, the 

sample was reground in a mortar and placed on a copper hearth, and then melted in 

a flow of 5%H2-95%Ar gas using arc-imaging furnace. By the radiation of a 6 kW-Xe 

lamp, the sample was melted into 3-5 mm spherical globule on the copper hearth, 

then rapidly cooled by dosing a shutter to cut-off the radiation. It took generally 5-

15 sec. from the molten state at around 2000 °C to reach the solid state with a dark 

color at around 600 °C after closing the shutter. Therefore, the cooling rate was 

estimated to be more than 100 °C / sec. 

Materials characterization. The sample was characterized by X-ray powder 

diffraction (XRD; Mac Science Ltd. MX-Labo) analysis and the crystal structure 

analysis was carried out via Rietveld refinement of powder XRD data using the 

program "RIETAN-FP".63 The photoluminescence emission (PL) and excitation (PLE) 

spectra were measured at room temperature with a spectrofluorometer (Jasco Corp. 

FP-6500/6600), where the emission spectrum was obtained for excitation at 450 

nm, and excitation spectrum was obtained for emission at 628 nm. The Commission 

International de I'Eclairage (CIE) chromaticity coordinate data for the phosphor 

were measured at room temperature with a luminescence colorimeter (Hamamatsu 

C7473-36 PMA-11).  
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6.3 Results and discussion 

Although X-ray powder diffraction (XRD) pattern of a NaMgPO4:Eu2+ phosphor 

prepared in this study was not identical to a single phase of well-known glaserite-

type NaMgPO4 structure,159 impurity phase corresponding to the starting materials 

was not observed in the pattern. To investigate the crystal structure, the Rietveld 

refinement analysis is carried out on the (Na0.975Eu0.025)MgPO4 prepared in this 

study, and the result is shown in Fig. 6.1. The obtained XRD pattern of 

(Na0.975Eu0.025)MgPO4 phosphor is well indexed to the single phase of orthorhombic 

olivine-type LiMgPO4 structure (ICSD #201138).160 This indicates that the 

NaMgPO4:Eu2+ phosphor has an orthorhombic olivine-type structure with a space 

group of Pnma, which is built out of PO4 tetrahedra and MgO6 octahedra connected 

to form a three-dimensional framework enclosing tunnels along b-axis occupied by 

 

Fig. 6.1 Observed (black plus) and calculated (red line) X-ray powder diffraction data of 
(Na0.975Eu0.025)MgPO4 phosphor prepared in this study as well as the difference profile 
(blue bottom line) between them. Bragg reflection peak positions are shown as vertical 
bars. 
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Na+ ions as illustrated in Fig. 6.2. Na+ ion has an ionic radius of 0.102 nm for 6 

coordination, while Mg2+ has an ionic radius of 0.072 nm for 6 coordination.61 

Therefore, in the case of present phosphors, the doping Eu2+ ions preferably occupy 

the Na+ site in the host lattice, because the ionic radius of Eu2+ (0.117 nm for 6 

coordination)61 is similar to that of Na+ (0.102 nm) which is much larger than that 

of the Mg2+ ion (0.072 nm).  

Figure 6.3 presents the photoluminescence excitation and emission spectra of a 

(Na0.975Eu0.025)MgPO4 phosphor. The excitation spectrum is consisted of broad band 

covering the region from the UV to visible light part, which indicates that the 

phosphor is very suitable for a color converter using any excitation wavelength as 

the primary light source. The emission spectrum exhibit a broad red emission band 

centering at 628 nm, which corresponded to the allowed transition from 4f65d1 to 

4f7 of Eu2+, under excitation wavelength at 450 nm, and no red line emissions from 

Eu3+ are observed even in a phosphorescence mode. Although a number of the Eu2+-

doped orthophosphate phosphors have been reported, which shows strong blue- or 

 

Fig. 6.2 Crystal structure of orthorhombic olivine-type NaMgPO4. 
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green-emission under near UV irradiation,149-151,155,156 there is no report on the red-

emitting phosphor under blue light irradiation. In the present NaMgPO4:Eu2+ 

phosphor, on the contrary, a strong red emission was observed under blue light 

irradiation, and this is the first time reported in the phosphors based on phosphates 

materials. 

Figure 6.4 shows the dependence of the emission peak intensity on the Eu2+ 

concentration in the (Na1-xEux)MgPO4 (0.01 ≤ x ≤ 0.09) phosphors. The emission 

peak intensity increased with the amount of Eu2+ until it reached a maximum at x = 

0.025 in the (Na1-xEux)MgPO4 (0.01 ≤ x ≤ 0.09) phosphors, and then decreased 

probably due to concentration quenching. The internal quantum efficiency of the 

(Na0.975Eu0.025)MgPO4 phosphor at the excitation wavelength of 450 nm was 81%. In 

addition, the CIE chromaticity coordinate values for the (Na0.975Eu0.025)MgPO4 

phosphor were x = 0.60 and y = 0.38 under blue light irradiation. The x and y values 

 

Fig. 6.3 Photoluminescence excitation (PLE) and emission (PL) spectra of 
(Na0.975Eu0.025)MgPO4 phosphor. 
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of this phosphor are very good for a red-emitting phosphor and are comparable to 

those of the conventional red-emitting CaAlSiN3:Eu2+ (x = 0.67, y = 0.33) and 

Sr2Si5N8:Eu2+ (x = 0.64, y = 0.36) phosphors.26,161 

In the white-LEDs application, the temperature dependence of phosphor is 

important because it has great influence on the light output and color-rendering 

index. Figure 6.5 (a) presents the temperature-dependent emission spectra of the 

(Na0.975Eu0.025)MgPO4 under excitation at 450 nm. The emission peak wavelength of 

(Na0.975Eu0.025)MgPO4 phosphor shifts to the shorter wavelength (high energy) side 

with increasing the temperature. It should be considered that thermally activated 

phonon-assisted tunneling from the excited states of the low-energy emission band 

to the excited states of high-energy emission band in the configuration coordinate 

diagram occurs.162-164 At low temperature, the low-energy emission is dominant. As 

the temperature increases, the electron population of Eu2+ in the upper vibration 

 

Fig. 6.4 Dependence of the emission peak intensity on the Eu2+ concentration in the (Na1-

xEux)MgPO4 (0.01 ≤ x ≤ 0.1) phosphors. 
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level of the excited state becomes dominating under phonon assistance, from which 

radiative transition happens. Therefore, the emission peak wavelength of the Eu2+ 

4f65d1 → 4f7 transition shows the blue shift with an increase in the temperature. In 

addition, it is also possible that the expansion of the host lattice with temperature 

increase causes a reduction in the crystal field splitting, leading to a higher energy 

for the emission. 

Furthermore, it is well known that the emission intensity generally decreases 

with an increase in the temperature due to thermal quenching. Figure 6.5 (b) shows 

temperature dependence of the emission intensity of the (Na0.975Eu0.025)MgPO4 

phosphors normalized with respect to the value at 25 °C. It can be seen that the 

(Na0.975Eu0.025)MgPO4 phosphor has an excellent thermal stability on the 

temperature quenching effect. With increasing the temperature up to 150 °C, the 

emission intensity of the (Na0.975Eu0.025)MgPO4 phosphor decreases to 86 % of the 

initial value at 25 °C. These results indicate that the NaMgPO4:Eu2+ phosphors are 

expected to find application as red-emitting phosphor for use in white-LEDs, 

although emission peak shift to a shorter wavelength was observed with an increase 

in the temperature.

  

Fig. 6.5 The temperature dependence of the emission spectra (a) and the emission 
intensity (b) of the (Na0.975Eu0.025)MgPO4 phosphor under excitation wavelength at 450 
nm. 
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6.4 Summary 

In summary, novel red-emitting NaMgPO4:Eu2+ phosphors were synthesized for 

the first time by the melt synthesis technique using arc-imaging furnace. These 

phosphors obtained in the present study adopt the orthorhombic olivine-type 

NaMgPO4 structure with high crystallinity. The excitation spectra of NaMgPO4:Eu2+ 

are consisted of broad band covering the region from the UV to visible light part, and 

the photoluminescent spectra with excitation at 450 nm showed red emission from 

4f65d1-4f7 transition of Eu2+. By the optimization of the Eu2+ concentration, highest 

emission peak intensity was obtained for (Na0.975Eu0.025)MgPO4, and the internal 

quantum efficiency of this phosphor at the excitation wavelength of 450 nm was 

81%. Furthermore, the NaMgPO4:Eu2+ phosphor has an excellent thermal stability 

on the temperature quenching effect. To the best of our knowledge, this is the first 

report of practical red-emitting phosphate phosphors for the Blue LED based white-

LEDs.
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Chapter 7 

Synthesis of Blue-emitting (K1-xNax)Mg4(PO4)3:Eu2+ Phosphors 

7.1 Introduction 

From chapter 2 to chapter 6, we focused on the oxide host materials having the 

high symmetric octahedral or 7-coordination polyhedral in order to obtain the 

longer wavelength emission. On the other hands, in this chapter, a novel oxide 

phosphors was synthesized in order to observe a luminescence of Eu2+ located at the 

low symmetric loose site by the synthesis of the novel phosphor. 

A potassium magnesium phosphate, MMg4(PO4)3 (M = alkali metal), was focused 

on as a host material of phosphor to realize an Eu2+-doped blue emitting phosphor 

with high luminescence efficiency. The crystalline form of alkali metal magnesium 

phosphate has an orthorhombic structure with a space group of Pnnm, which is built 

out of the PO4 tetrahedra, MgO6 octahedra, and MgO5 polyhedra connected to form a 

three-dimensional framework enclosing tunnels along the b-axis occupied by M+ 

ions,165-167 as shown in Fig. 7.1 (a). It is well known that the tetrahedral rigid three-

dimensional matrix of the phosphates is thought to be ideal for charge 

stabilization.148-150,154,164 The potassium ion coordinates with eight oxygens, formed 

a low symmetric polyhedral, as shown in Fig. 7.1 (b). In addition, the phosphate 

materials have high thermal and chemical stabilities, which are advantageous for 

obtaining phosphor particles with high crystallinity. The photoluminescence 

properties of NaMg4(PO4)3:Eu2+ phosphors have already been reported by Lan et al. 

to exhibit blue emission peaking at 424 nm due to the Eu2+ 4f65d1 → 4f7 transition, 

and they succeeded in enhancing the emission intensity through Ce3+ co-doping due 
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to the energy transfer from Ce3+ to Eu2+.170 In addition, they reported that the 

photoluminescence properties of KMg4(PO4)3:Eu2+ phosphors show blue emission 

peaking at 442 nm, and that the colorimetric purity of KMg4(PO4)3:Eu2+ phosphors 

is higher than that of NaMg4(PO4)3:Eu2+ phosphors.171 The colorimetric purity of 

KMg4(PO4)3:Eu2+ phosphors, however, remains too low for use in optical devices as 

commercial phosphors. In addition, there has been no report focusing on the relative 

luminescent intensities in comparison with the commercially available phosphors 

under UV excitation. 

In this chapter, therefore, the blue-emitting KMg4(PO4)3:Eu2+ phosphors were 

synthesized through the conventional solid-state reaction method, and the 

photoluminescence properties of the prepared phosphors were investigated in 

detail and were compared with those of the commercially available 

BaMgAl10O17:Eu2+ phosphor. Furthermore, to further enhance the emission intensity 

of the KMg4(PO4)3:Eu2+ phosphors, some of the K+ ions (ionic radius: 0.138 nm for 

 

Fig. 7.1 (a) Crystal structure of KMg4(PO4)3 and (b) the coordination environment of K 
site. 
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six-coordination)61 in the host KMg4(PO4)3 lattice were substituted with smaller Na+ 

ions (ionic radius: 0.102 nm for six-coordination)61 to enhance the crystal field 

strength around Eu2+ in the host lattice, and the emission band of the 

KMg4(PO4)3:Eu2+ phosphors can be shifted to a longer wavelength, which will 

improve the colorimetric purity of the KMg4(PO4)3:Eu2+ phosphors. 
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7.2 Experimental section 

Synthesis of materials. A stoichiometric mixture of K2CO3, Na2CO3, Eu2O3, MgO, and 

NH4H2PO4 was prepared using a mortar with acetone, for obtaining a homogeneous 

chemical mixture. The Eu2+ content was adjusted between 0.5 and 7 mol%, and the 

Na+ content was varied from 0 to 50 mol%. The homogeneous mixture was calcined 

at 900°C for 12 h in a 5%H2–95%N2 gas flow for the reduction of Eu3+ to Eu2+. 

Materials characterization. The crystal structure of the samples was identified 

through X-ray powder diffraction (XRD; Mac Science Ltd MX-Labo) analysis. The 

morphology of the phosphor particles was characterized via scanning electron 

microscopy (SEM; JEOL JMS-5310LV). The size distribution and mean particle size 

were estimated by measuring the diameters of 100 particles from the SEM 

photographs. The emission (PL) and excitation (PLE) spectra were measured at 

room temperature with a spectrofluorometer (Jasco Corp. FP-6500/6600), where 

the emission spectrum was obtained for excitation at 254 nm, and excitation 

spectrum was obtained for emission at 450 nm. The relative emission intensities of 

the KMg4(PO4)3:Eu2+ phosphors were estimated by comparing the emission peak 

intensity with that of the commercial blue-emitting BaMgAl10O17:Eu2+ phosphor 

(Tokyo Kagaku Kougyou Co., Ltd).  
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7.3 Results and discussion 

The XRD patterns of (K1-yEuy)Mg4(PO4)3 (0.005 ≤ y ≤ 0.07) phosphors were in 

good agreement with a single phase of highly crystalline orthorhombic KMg4(PO4)3 

structure. In addition, these phosphors present the blue emission band centered at 

450 nm under excitation at 254 nm due to the 4f65d1 → 4f7 transition of Eu2+. Figure 

7.2 shows the emission intensity dependence on the Eu2+ concentration in the (K1-

yEuy)Mg4(PO4)3 (0.005 ≤ y ≤ 0.07) phosphors. The emission intensity increases with 

the amount of Eu2+ until it reaches the maximum at y = 0.01 and then decreases due 

to concentration quenching. The maximum emission peak intensity was obtained for 

(K0.99Eu0.01)Mg4(PO4)3, where the emission peak intensity was 16% compared with 

that of the commercial blue-emitting BaMgAl10O17:Eu2+ phosphor. 

To enhance the emission intensity of the (K0.99Eu0.01)Mg4(PO4)3 phosphor, Na+ 

was doped into the K+ site in the (K0.99Eu0.01)Mg4(PO4)3 lattice. Figure 7.3 shows the 

 

Fig. 7.2 Dependence of the emission intensity on the Eu2+ concentration in (K1-

yEuy)Mg4(PO4)3 (0.005 ≤ y ≤ 0.07) phosphors. 
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XRD patterns of the (K0.99-xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) phosphors. The XRD 

patterns of all the samples were attributed to be a single phase of orthorhombic 

KMg4(PO4)3 structure with high crystallinity, and there was no diffraction peak 

corresponding to any impurity in the patterns. In addition, a peak shift to a higher 

diffraction angle was observed with an increase in the Na+ content in the host 

KMg4(PO4)3 lattice because the K+ ions (ionic radius: 0.138 nm for six-

coordination)61 in the host lattice were partially substituted with small Na+ ions 

(ionic radius: 0.102 nm for six-coordination)61 to form solid solutions. 

Figure 7.4 shows the excitation and emission spectra of (K0.99-

xNaxEu0.01)Mg4(PO4)3 (x = 0 and 0.35) phosphors. These phosphors exhibit a strong 

broadband emission, which is a well-known characteristic of Eu2+ blue emission, 

corresponding to the transition from 4f65d1 to 4f7 of Eu2+.172 The position of the 

emission peak wavelength of the Eu2+ 5d–4f transition shifts to the longer 

wavelength (lower energy) side with increasing Na+ content in the host KMg4(PO4)3 

 

Fig. 7.3 XRD patterns of (K0.99-xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) phosphors. 
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lattice, which can be attributed to the change in the crystal field strength around Eu2+ 

in the host lattice. The crystal field strength increases with increasing Na+ 

substitution for K+ in the host KMg4(PO4)3 lattice because the average Eu2+–O2− bond 

becomes progressively shorter due to lattice shrinkage. 

The dependence of the emission peak intensities on the Na+ content in the (K0.99-

xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) phosphors is shown in Fig. 7.5. The blue emission 

peak intensity was effectively increased by Na+ doping, and the emission reached 

the maximum intensity for x = 0.35 in the (K0.99-xNaxEu0.01)Mg4(PO4)3 lattice. The 

increase in emission peak intensity with Na+ doping can be explained by the increase 

in the crystallinity of the phosphor (Fig. 7.3), which usually results in the absorption 

enhancement of the excitation spectra (Fig. 7.4). The full-width at half-maximum 

(FWHM) of the XRD peaks in Fig. 7.3 was estimated for each (K0.99-

xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) phosphors, and the results are summarized in 

Table 7.1. The FWHM correlates with the crystallinity of the phosphors, which 

 

Fig. 7.4 Photoluminescence excitation and emission spectra of (K0.99-

xNaxEu0.01)Mg4(PO4)3 (x = 0 and 0.35) phosphors. 
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affects the photoluminescence properties. The FWHM of the (K0.99-

xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) phosphors decreased with increasing Na+ 

content for x ≤ 0.35, which indicates that the crystallinity is increased by Na+-doping 

into the host KMg4(PO4)3 lattice. The FWHM was narrowest at x = 0.35, and the 

emission intensity reached the maximum while the relative emission intensity of 

(K0.64Na0.35Eu0.01)Mg4(PO4)3 was 33% that of the commercial blue-emitting 

BaMgAl10O17:Eu2+ phosphor. On the other hand, the FWHM for x = 0.40 became 

larger than that for x = 0.35, and the emission intensity tended to decrease with an 

 

Fig. 7.5 Dependence of the emission peak intensity on the Na+ content in the (K0.99-

xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40). 

Table 7.1 FWHM of the (222) XRD peak for the (K0.99-xNaxEu0.01)Mg4(PO4)3 (0 ≤ x ≤ 0.40) 
phosphors. 

Samples FWHM / degree  
x = 0 0.2345 

x = 0.10 0.2142 
x = 0.20 0.2038 
x = 0.25 0.1982 
x = 0.30 0.1938 
x = 0.35 0.1891 
x = 0.40 0.2142 
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increase in Na+ content beyond the optimum concentration. The decrease in 

emission intensity is probably due to the excessive distortion in the host KMg4(PO4)3 

lattice, which leads to luminescence quenching. 

Figure 7.6 (a) shows the temperature dependence of the emission intensity of 

the (K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor normalized with respect to the value at 

25°C. The emission intensity of this phosphor remains at about 80% of the initial 

value at 25°C with increasing temperature up to 150°C, which indicates that the 

(K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor has excellent thermal stability in the 

temperature quenching effect. Furthermore, it is well known that the emission 

wavelength of the Eu2+ 4f65d1 → 4f7 transition was shifted to the shorter wavelength 

side with increasing temperature, and that the peak shift usually causes a reduction 

of the color rendering index of optical devices.161-163,173 In the present 

(K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor, however, the emission band wavelength at 

450 nm maintains its position with a temperature increase from 25 to 150°C, as 

shown in Fig. 7.6 (b). This result also shows that the (K0.64Na0.35Eu0.01)Mg4(PO4)3 

phosphor has high thermal stability. 

  

Fig. 7.6 The temperature dependence of the emission intensity (a) and the emission 
spectra (b) of the (K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor under excitation at 254 nm. 
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Figure 7.7 presents the SEM image (a) and the size distribution histogram (b) of 

the (K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor. The size distribution and mean particle 

size of the phosphor were estimated by measuring the diameters of the 100 particles 

on the SEM photographs. It is obvious that the sample obtained in the present study 

had a granular particle morphology, and that its average particle size was 4μm. 

In the present state, although the luminescence efficiency of this phosphor is not 

sufficient, the critical Eu2+ concentration in this phosphor is 1/10 that of the 

commercial blue-emitting BaMgAl10O17:Eu2+ phosphor, which indicates that (K, 

Na)Mg4(PO4)3:Eu2+ phosphors can be applied to optical devices. Furthermore, the 

improvement of the luminescence properties of this phosphor can be expected 

through the optimization of the particle morphology and size as well as of the 

preparation process, such as the flux method.  

 

Fig. 7.7 SEM image (a) and the size distribution histogram (b) of the 
(K0.64Na0.35Eu0.01)Mg4(PO4)3 phosphor. 
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7.4 Summary 

Blue-emitting (K1−xNaxEuy)Mg4(PO4)3 (0 ≤ x ≤ 0.40, 0.005 ≤ y ≤ 0.07) phosphors 

were synthesized in a single-phase form with high crystallinity through the 

conventional solid-state reaction method. The photoluminescence spectra of the 

phosphors showed blue emission from the 4f65d1 excited state to the 4f7 ground 

state of Eu2+, and the emission peak intensity was effectively enhanced by Na+ doping 

into the host KMg4(PO4)3 lattice. The highest emission peak intensity was obtained 

for (K0.64Na0.35Eu0.01)Mg4(PO4)3, where the relative emission peak intensity was 33% 

of that for the commercial blue-emitting BaMgAl10O17:Eu2+ phosphor. In addition, 

the (K,Na)Mg4(PO4)3:Eu2+ phosphors were shown to have excellent thermal stability 

in the temperature quenching effect.
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Chapter 8 

Concluding remarks 

 

Blue light excitable red-emitting phosphors have been attracted much attention 

for a new white-LEDs with a high CRI. However, the design concept for obtaining a 

red emission have not been established. In order to reveal the relation between the 

luminescence properties and crystallographic coordination, the luminescence 

properties of the Ce3+ and Eu2+ with high symmetric coordination in novel 

phosphors have been investigated. The photoluminescence properties of these 

phosphors were discussed. The results are summarized as follows; 

1. In the chapter 2 to chapter 6, the series of new Ce3+-activated oxide phosphors, 

which consist of the rare earth elements (Y or Sc) in the host composition, were 

discovered by high temperature reactions. These host materials are composed 

of the compact REOn (RE = rare earth; n = 6 or 7) polyhedral with higher 

symmetry, and the Ce3+ ion located in such coordination environment were 

found to exhibit a longer wavelength side emission than yellow region under the 

blue-light excitation. To the best our knowledge, the emission with red spectral 

region more than 600 nm was first report in the Ce3+-activated oxide phosphors.  

2. From the results of calculation of the excited 5d positions proposed by Dorenbos, 

the rare earth host materials tended to cause a large centroid shift (Table 8.1), 

thereby those emission are easily observed at the long wavelength side. In 

addition, the large Stokes shift was also observed in the rare earth oxide hosts, 
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and these values were comparable to that of the Ce3+ activated simple and 

transition metal oxide phosphors. 

3. Unfortunately, thermal stabilities of these Ce3+-activated phosphors were not 

very high. This results explained that the Stokes shift of the phosphors are quite 

large. Although the Ce3+ doped rare earth oxides showed red emission, they are 

not easy to apply for white-LED as a red component.  

4. In Chapter 3 to 5, the two deferent emission bands are observed in the single 

host lattice. It is revealed that the emission bands are due to the Ce3+ ion 

occupied into two different site. As the result, the emission spectra were caused 

a significantly broad band, which is expected to lead the higher CRI. 

Furthermore, the emission band intensities could be controlled by the 

heterogeneous ion doping. 

5. In chapter 6 and 7, we have developed the two Eu2+-activated phosphate 

phosphors, olivine-type NaMgPO4:Eu2+ with a red emission and 

(K,Na)Mg4(PO4)3:Eu2+ with a blue emission. Although these phosphors were 

Table 8.1 The emission (λem) and excitation (λex) band positions, coordination number 
of Ce3+, Stokes shift (ΔS), centroid shift (εc) and red shift (D(A)) of the discovered Ce3+-
doped phosphors in this thesis. 

Phosphors 
CNa 

λex 
(nm) 

λem 
(nm) 

ΔS 
(cm-1) 

εc 
(cm-1) 

D(A) 
(cm-1) Host Ce doping site 

Sr3Sc4O9 Sc 6 425 620 7400 -b 25800 
Ba3Sc4O9 Sc 6 430 583 8930 22900 26100 

Y17.33B8O35 
Y1 8 360 416 2270 7860 21700 
Y2 7 424 642 6510 15300 25700 

LiSr2YO4 
Sr 6 443 611 6200 ~20100 

26800 
Y 6 443 650 7190 23200 

BaCa2Y6O12 
Ca 6 460 632 5900 11600 

27600 Y 6 460 680 7000 18800 
aCoordination number. 

bDetailed crystal structure is unknown. 
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composed of the similar elements, these phosphors exhibited a significantly 

different luminescence properties. This results could be considered that the 

coordination environment of Eu2+ were largely different, which caused to the 

strong crystal field in the olivine-type NaMgPO4.  

As mentioned above, the novel Ce3+- and Eu2+-doped phosphors having the high 

symmetry polyhedron exhibited a longer wavelength emission. These results 

suggested that the Ce3+ or Eu2+ ions occupied to the compact polyhedral 

coordination show the longer wavelength emission. Therefore, a design concept 

“Ce3+ and Eu2+ ions are arrangement on high symmetric crystal fields” is useful 

for the white-LED, but also for the development of phosphor materials as a next-

generation. 
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