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Introduction of N 3-generally leads to redshift emission of Eu 2+ , therefore, oxyapatite-like oxysilicates above mentioned have been prepared under NH3 atmosphere. The effect of Sr resources on nitrogen content, phase structure and photoluminescence properties have been studied by O/N analyzer, XRD and photoluminescence spectra. The results suggest that the phosphor using SrCN2:Eu as Sr resource exhibits higher emission intensity than that of using SrCO3. The Effect of firing temperature on phase structure of phosphors using SrCN2:Eu as starting materials have been investigated in detail and the solid state reaction process has been discussed by XRD measurements. For investigating the mechanism of Eu 2+ emission, the effect of temperature at the range of 69-325K on photoluminescence spectra have been studied. The results indicate that two distinguished emission bands can be observed clearly and blueshift of long wavelength emission occurs with increasing temperature but short wavelength emission don't change except for temperature quenching. The possible mechanism has been discussed.

Sr2Si5N8:Eu 2+ is a excellent red emission phosphor for WLEDs application. In present work, Sr2Si5N8:Eu 2+ phosphor has been synthesized at low temperature by using SrCN2:Eu as starting materials under NH3 atmosphere. The phase, nitrogen content and photoluminescence properties of Sr2Si5N8:Eu 2+ phosphor have been determined by XRD, O/N analyzer and photoluminescence spectra. Blueshift of emission band was observed and the mechanism has been discussed.

Due to playing a key role in preparing oxynitrides and nitrides above mentioned, Eu 2+ doped MCN2 (Ca,Sr) with different Eu 2+ contents were prepared by high temperature solid state reaction under NH3 atmosphere. The phase structures have been determined by XRD spectra. Because of potential photoluminescence ability, the optical properties and photoluminescence spectra at low temperature of SrCN2:Eu have been investigated in detail. The results show that SrCN2 has an energy gap of 4.56 eV by the reflection spectra and Eu 2+ doped SrCN2 shows a broad band emission with a peak at 610 nm when it is excited by 350-520 nm at 77 K. With the temperature increasing, the emission intensity decreases remarkably, indicating that Eu 2+ doped SrCN2 has a low quenching temperature. The temperature quenching mechanism has been investigated.

1.Introduction

The gradually scarce fossil fuels and the expected climate change drive many governments and companies to develop an energy efficient and environmental friendly lighting because large amounts of energy are consumed for lighting. Conventional incandescent and fluorescent lamps rely on either heat or discharge of gases. Both phenomena are associated with large energy losses that occur because of the high temperatures and large Stokes shifts involved [1,2] . In 1993, Nakamura et al. [3] fabricated a blue-emitting GaN light-emitting diode (LED), and in 1996, a totally new lighting device was invented by Nichia Chemical Co. by means of this blue emitting LED chip coated with yttrium aluminum garnet yellow phosphor ( Y 3 Al 5 O 12 :Ce, YAG:Ce) [4] . This lighting style based on LED is the so-called solid-state lighting (SSL). The first commercial white LEDs (WLEDs) solid-state lighting was developed in 1997 [5] . Since then, more and more interest has been focused on WLEDs. The U.S.

Department of Energy's Multi-Year Program Plan for SSL has targeted a WLED luminous efficacy of 163 lm/W by 2015, which would surpass those of incandescent and fluorescent lamps by ∼10× and ∼2×, respectively [6] . Realizing this LED performance would have a tremendous impact, as wide scale adoption of such LEDs would have the potential to reduce electricity consumption for lighting by 2× or more, with projected year 2025 savings in the U.S. alone of 620 TWh/year (or roughly $42 billion/year at current prices).

Translated into environmental benefits, these energy savings would serve to reduce carbon-equivalent emissions by about 100 Megatons per year. These benefits have provided substantial motivation for research toward advancing LED performance. The luminous efficiency of WLEDs can approach 200lm/W by the year of 2020 [7] , based on the physical principles, because WLEDs can offer benefits in terms of high luminous efficiency, energy savings, long persistence, environmental friendliness, small volume and lack of toxic mercury, they have been considered as the next generation solid state lighting systems [ 8] .

A major challenge of reaching these goals is that LED-based white lighting must achieve such high efficiencies while simultaneously delivering exceptional color quality at low cost. Several approaches have been explored to achieve these qualities in LED-based white lighting [9] . One is to mix light of different colors emitted by several chips and the other is to convert the emission from a LED chip to a longer wavelength light using phosphors. Presently, the most common white LED design employs an InGaN LED to provide blue emission and to pump phosphors that emit at longer wavelengths where LED performance is deficient. The simplest pc-LEDs combine a blue LED (λ ∼ 440-460 nm) with a YAG:Ce 3+ phosphor (λ ∼ 560 nm) to create a two-color white LED with a color rendering index (CRI) of 70-80 and a correlated color temperature (CCT) of 4000-8000K [10,11] . While suitable for less demanding applications, including outdoor lighting, these LEDs are not adequate for indoor illumination applications that generally require CRI > 80. Besides, the WLEDs based on blue InGaN chip encounter low color reproducibility on mass manufacturing scale. The n-UV pc-LEDs are expected to have great potential application in the field of solid-state lighting due to excellent color rendering index, high color tolerance, high conversion efficiency into visible light. In addition, any desirable color LED emitting red, green, blue, etc., can be controlled by choosing different phosphor. Since the phosphors play a key role in producing WLEDs, many attentions have been paid for searching the phosphors that could be used for WLEDs. [12,13] 

1.1Basic Concepts

photoluminescence (1) The process of photoluminescence

Luminescence is defined as the emission of electromagnetic radiation in excess of thermal radiation.

Luminescence differs from incandescence, which is a process in which solids emit light by reason of their high temperatures. Luminescence arises when atoms of a solid become energized in some way without appreciably heating the bulk material. These atoms then release the excess energy in the form of ultraviolet, visible, or infrared radiation. This contribution will focus on the inorganic phosphors for white LED applications. Since these phosphors are excited by the radiative emission of LED chips, the luminescence of the phosphors is expressed as photoluminescence (PL). Herein, phosphors generally consist of a host and an activator (also called a luminescent center).

The PL in a material usually involves the following processes:

(i) excitation of the activator to a higher energy state (10 -11 s);

(ii) relaxation of the activator ion to the lowest energy level of the excited state (10 -8 s);

(iii) emission of a lower-energy photon as the activator ion returns from its excited state to the ground state (10 -9 ⁓10 s). The principal localized luminescent centers can be classified by their electronic transitions as follows (below, an arrow to the right indicates optical absorption and to the left, emission):

(i) 1s ⇔ 2p; an example is an F center;

(ii) ns 2 ⇔ nsnp; this group includes Ga + , In + , Tl + , Ge 2+ , Sn 2+ , Pb 2+ , As 3+ , Sb 3+ , Bi 3+ , Cu -, Ag -, Au -, etc.

(iii) nd 10 ⇔ nd9(n + 1)s; (it is 3d 10 , 3d 9 4s in the book); examples are Cu + , Ag + and Au + . Acceptors in IIB-VIA (It is VIB in the book) compounds are not included in this group.

(iv) 3d n ⇔3d n , 4d n ⇔ 4d n ; the first and second TM ions form this group.

(v) 4f n ⇔4f n , 5f n ⇔5fn. RE and actinide ions.

(vi) 4f n ⇔4f n-1 5d. Examples are Ce 3+ , Sm 2+ , Eu 2+ , Tm 2+ and Yb 2+ .

(vii) A charge transfer transition or a transition between an anion p electron and an empty cation orbital.

Examples are intramolecular transitions in complexes such as VO 4 3-!, MoO 4 2-and WO 4 2-. Transition from anion p orbitals to Eu 3+ or TM ions are observed only as absorption processes .

RE and TM ions are most frequently used in phosphors. The 4f-4f transitions of RE ions are line-shaped, and the energies of the levels involved in transition are well-defined and changeless in different hosts, due to the shielding of 4f orbitals by the filled 5s 2 5p 6 sub-shells. The selection rules of parity-forbidden 4f-4f transitions are derived under some hypotheses which are not always completely fulfilled in reality. For instance, the 4f wave functions are not totally pure and the symmetries of crystal lattice sites in which RE ions stay have some effects on the parity of 4f wave functions, while the 4f-5d transition of RE ions are parity-allowed and can be efficient. The d-d parity-forbidden transitions of TM ions are also strongly influenced by the host lattice phonon, resulting in parity-permitted transitions. Both the 4f-5d transitions of RE ions and the d-d transitions of TM ions are broadband-shaped and can be tuned by variation of coordination environment.

(

3)Configurational coordinate model

The configurational coordinate diagram is usually used to describe the PL mechanism of an activator . As shown in Figure 1.1, the total energy E of the activator is plotted as a function of r, the distance between metal cations and anions in the lattice. The horizontal dashed lines in ground state and excited state curves denote the vibrational states. r 0 and r 1 represent the equilibrium distances of the ground state activator and the excited state activator, respectively. When the activator absorbs some radiation light, an expansion of the lattice occurs in the vicinity of the activator ion and the activator is raised to the excited state. The excitation (EX) and emission (EM) processes are illustrated by vertical arrows, showing that the nucleus of the activator stays at approximately the same position during these processes. This is the so-called Franck-Condon principle, which is based on the fact that an atomic nucleus is 10 3 ⁓10 5 times heavier than an electron, and an electron moves much faster than a nucleus. The energy difference between EX and EM is known as the Stokes shift. When the temperature of the phosphor exceeds some certain value, the vibrational energy makes the excited activator reach the Q point of the excited state curve and then the activator returns to ground state without radiation, which is called temperature-quenching.

Energy Transfer (ET)

ET between ions finds wide application in sensitizing solid-state lasers and infrared quantum counters, as well as infrared to visible convertors. ET between ions also plays an important role in pc-WLEDs. In this section, the basic processes of ET and their applications to pc-WLEDs are presented. Before going on with this section, it is better to introduce some terms which are frequently used in this section, such as donor/acceptor and sensitizer/ activator. A donor is some species which gives out protons, electrons or energy, etc. while, an acceptor is some species that accepts protons, electrons or energy given by a donor. In terms of phosphors, ET is a very common phenomenon. Thus, the donor is the ion or group which absorbs energy in the form of light or exciton, etc. Then the donor transfers the energy to another ion or group called the acceptor, which could emit light and terminate the whole process. The ions or groups as luminescent centers in phosphors are also called activators. When ET occurs between activators, those who give out energy are sensitizers. In the ET process, a radiative ET takes place predominantly, then the decay time of sensitizer fluorescence does not vary with the activator concentration. In contrast to the radiative ET (Figure 1.2b), the nonradiative ET accompanies the significant decrease in decay time of sensitizer fluorescence with the activator concentration. Because of the requirement for a considerable absorption capability of activator, the radiative ET can usually be neglected relative to nonradiative ET in most inorganic systems. Only in a few cases, the requirements for radiative ET are satisfied. ET may occur if the energy difference between the ground-and excited state of the donor (or sensitizer) is equal to that of the acceptor (or activator) and there exists a suitable interaction between systems.

Non-resonant ET can also take place with the assistance of a phonon unless the difference between the groundand excited state of donor and acceptor is large.

The mechanism involved is mostly resonant energy transfer. Sketches of the two types of interaction for resonant energy transfer are depicted in Figure 1.3. For the electrostatic interaction, it appears to be multipole interaction, which can be categorized as dipole-dipole (d-d) interaction, dipole-quadrupole (d-q) interaction, quadrupole-quadrupole (q-q) interaction, etc. according to the transition characteristic of donor (D) and acceptor (A). The transfer probability, PDA, between D and A could be expressed by the following formula:

where <D*,A| and |D, A*> represent initial state and final state, respectively; H DA is the Hamiltonian of interaction and ħ is Planck constant; ∫g D (E)g A (E)dE denotes the integral of spectral overlap between D and A.

For d-d, d-q and q-q interactions, transfer probability is inversely proportional to R 6 , R 8 , and R 10 , respectively.

When D and A are close enough and their wave functions are overlapped, the ET mechanism from D to A can be exchange interaction. The transfer probability P ex (R) can be expressed by in which K 2 is constant; R is the distance between D and A; L denotes the average radius of excited state D and ground-state A; and the integrated item represents spectral overlap. The ET mechanisms in phosphors are generally the result of many competitive interactions, which is dominantly depends on the characteristic transition of D and A, and the distance between D and A.

If two ions have different excited states, the probability for ET should drop to zero, where the overlap integral ∫g D (E)g A (E)dE vanishes, as shown in Figure 1.2c. However, it is experimentally found that ET could take place without phonon-broadened electronic overlap, which suggests that overall energy conservation is maintained by production or annihilation of phonons with energies approaching kΘ d , where Θ d is the Debye temperature of the host matrix. For small energy mismatch (≈100 cm -1 ), ET assisted by one or two phonons can take place. However, in ET between RE ions, energy mismatches as high as several thousand reciprocal centimeters are encountered. This is much higher than the Debye cut off frequency found in normally encountered hosts, so that multi-phonon phenomena must be considered. This was done by Miyakawa and Dexter. In their theoretical analysis of multi-phonon processes, Miyakawa and Dexter derived a comparative relaxation analogue of the multi-phonon gap dependence. According to their theory, the probability of phononassisted transfer (PAT) is expressed by:

where ∆E is the energy gap between the electronic levels of donor and acceptor ions and β is a parameter determined by the strength of electron-lattice coupling as well as by the nature of the phonon involved. The above equation has the same form as that for the energy gap dependence of the multi-phonon relaxation (MPR) rate, which is also given by the Miyakawa-Dexter theory as:

It is further indicated that the parameter α is given by: where α and β are connected with each other as: β = α-γ, and γ=(1/ħω)ln(1+g S /g A ), where g is the electronlattice coupling constant, suffixes S and A are sensitizer and activator ions respectively, n is the number of phonons excited at the temperature of the system, ħω is the phonon energy which contributes dominantly to these multi-phonon processes, and N is the number of phonons emitted in the processes, namely, N = ∆E / ħω.

Non-resonant phonon-assisted ET between various trivalent RE ions in yttrium oxide crystals was thoroughly studied by Yamada et al.. In their experiments the energy gap between the sensitizer and activator systems varied in a wide range of energies up to 4000 cm -1 . The probability of phonon-assisted ET was observed to obtain the exponential dependence on energy gap predicted by the Miyakawa-Dexter theory. It was revealed that the phonons of about 400 cm -1 , which produce the highest intensity in the vibronic side bands of yttrium oxide, contribute dominantly to the phonon-assisted process.

Cross-relaxation (CR) terminology usually refers to all types of down-conversion ET between identical ions. In such a case the same kind of ion is both a sensitizer and an activator. As shown in Figure 1.2d, CR may give rise to the diffusion process already considered between sensitizers when the levels involved are identical or to self-quenching when they are different. In the first case there is no loss of energy, whereas in the second there is a loss or a change in the energy of the emitted photons.

CIE chromaticity coordinates and color temperature

To characterize and express ''color'', some terms are used frequently. The Commission Internationale de l'Eclairage (CIE) system is the most common method to describe the composition of any color in terms of three primaries. Artificial ''colors'', denoted by X, Y, Z, also called tri-stimulus values, can be added to produce real spectral colors. By a piece of mathematic legerdemain, it is necessary only to quote the quantity of two of the reference stimuli to define a color since the three quantities (x, y, z) are made always to sum to 1. The x, y, z, i.e. the ratios of X, Y, Z of the light to the sum of the three tri-stimulus values, are the so-called chromaticity coordinates. (x, y) is usually used to represent the color.

Color temperature (Kelvin) is the absolute temperature at which a blackbody radiator must be operated to have a chromaticity equal to that of the light source. The light of an incandescent bulb is thermal radiation and the bulb is very close to an ideal black-body radiator, so its color temperature is the temperature of the filament.

Many other light sources, such as fluorescent lamps, emit light by ways other than thermal radiation. Color temperature values associated with light sources other than incandescent lamps are correlated color temperature (CCT) and not true color temperatures. Correlated color temperature is the temperature of a blackbody whose chromaticity most nearly resembles that of a light source. Therefore, the color temperature values of pc-WLEDs in this review all refer to the correlated color temperature. Low color temperature implies warmer (more yellowred) light, while high color temperature appears to be a colder (more blue) light. Daylight has a rather low color temperature near dawn, and a higher one during the day. It correlates with human feelings. Therefore it can be useful to install an electrical lighting system that emits warm or cool color light when needed.

CRI and luminous efficacy

Color rendering index is a unitless index, abbreviated variously as CRI or Ra. CRI is a measure of the degree to which the perceived colors of objects illuminated by the source conform to those of the same objects illuminated by a reference source for specified conditions. The introduction of this parameter is based on the fact that objects may look quite different in color under lamps which look quite alike in succession but are different in spectral distribution. When CRI is calculated, it can be rated on a scale from 0 to 100. A CRI of 100 would represent that all color samples illuminated by a light source in question would appear to have the same color as those same samples illuminated by a reference source.

Luminous efficacy is a figure of merit for light sources. The luminous efficacy of a light source is defined as the ratio of the total luminous flux (lumens) to the power (watts or equivalent). Depending on context, the power can be either the radiant flux of the source's output, or the total electric power consumed by thesource. The lumen is defined as 1/683 W of monochromatic green light at a frequency of 540X10 12 Hz (corresponding to a wavelength of about 555nm where the human eye is most sensitive). This means that the theoretically attainable maximum value assuming complete conversion of energy at 555 nm would be 683 lm/W. The luminous efficacies that can actually be attained vary depending on the lamps, but always remain far below this ideal value.

The luminous efficacy is always in contradiction with CRI, because a high CRI value requires proper spectral dispersion over all the visible range, which would make the luminous efficacy far below 683 lm/W.

Thus, balanced values of these two parameters are adopted for different lighting occasions.

Phosphors for WLEDs

Aluminates phosphors

The first and the most famous phosphor used for WLEDs is yttrium aluminum garnet yellow phosphor ( Y 3 Al 5 O 12 :Ce), commonly called YAG:Ce. YAG:Ce was firstly reported as a new phosphor for flying-spot cathode ray tubes (CRT) by Blasse and Bril [14] . The combination of a high luminescence efficiency, a short luminescence lifetime and a relatively long wavelength (visible) emission made this material ideally suited for this application. A good estimation of the luminescence decay time was given (0.07-0.08 µs) [15] . The fast emission was shown to be most efficiently excited in the blue (at 460 nm) but it was not until later that this feature was exploited. The use of the long wavelength excitation band centered around 460 nm was reported by Van Kemenade et al [16] . They described the application of YAG:Ce in low-pressure mercury vapor discharge lamps to absorb the Hg-plasma lines in the blue/ violet part of the spectrum, viz. 405 and 436 nm. The conversion of the violet and blue emission lines into yellow light adds to the white light emitted by the halophosphate phosphor (the commonly used phosphor in those days) to create a warmer white light. In the late 1970s, some excellent papers were published by Robbins et al [START_REF] Robbins | The Temperature Dependence of Rare-Earth Activated Garnet Phosphors[END_REF][START_REF] Robbins | The temperature dependence of rare-earth activated garnet phosphors[END_REF][START_REF] Robbins | The effects of crystal field and temperature on the photoluminescence excitation efficiency of Ce 3+ in YAG[END_REF] on the fundamental aspects of the luminescence and luminescence quenching for Ce 3+ in YAG. In the 1990s, YAG:Ce was proposed as fast and efficient scintillator materials, which again triggered interest in this material. Another recent application of the luminescence of YAG:Ce is the use of single crystalline disks of YAG:Ce to monitor and control the dose of VUV radiation in wafer steppers. The dose applied for photo-etching is measured by converting a small part of the VUV radiation from an excimer laser pulse into visible light.

YAG is one of the garnet family compounds, which has a cubic structure with Ia3d symmetry. In its crystal structure, Y 3+ is coordinated with eight oxygen ions, some Al ] framework. [12] The detailed crystal structure is shown in figure 1.4. [12] Figure G. Pari et al. [START_REF] Pari | First-principles electronic structure calculations of R3Al5O12 (R being the rare-earth elements Ce-Lu)[END_REF] calculated the density of states for YAG, as shown in figure 1 The Ce 3+ has a 4f 1 configuration and its excited configuration is 4f 0 5d 1 state. The 5d electron of the excited 4f 0 5d 1 configuration forms a 2 D term split into 2 D 3/2 and 2 D 5/2 states, and the 4f electron of the ground 4f 1 configuration forms 2 F 7/2 and 2 F 5/2 states by spin-orbit coupling. Figure 1.6 demonstrates the energy level of 4f5d of the Ce 3+ under the cubic crystal field at yttrium sites [START_REF] Wu | Structure-property correlations in Ce-doped garnet phosphors for use in solid state lighting[END_REF] . When doped Ce 3+ into YAG crystal lattice, the lowest 5d level ( 2 D 3/2 ) of Ce 3+ is exceptionally low, i.e. at 22000cm -1 . This energy corresponds to blue light.

When the YAG:Ce phosphor is illuminated by blue light, it absorbs strongly blue light and yellow light is emitted by transition from the lowest 5d band to the 2 F 7/2 and 2 F 5/2 states of the Ce 3+ ion [START_REF] Lee | Optimization of Yttrium Aluminum Garnet:Ce 3+ Phosphors for White Light-Emitting Diodes by Combinatorial Chemistry Method[END_REF] . Thus, YAG:Ce exhibits special long wavelength of the excitation (∼460nm) and emission (∼530nm) bands ( as shown in figure 1.7) due to the strong crystal field splitting of the 5d energy level of Ce 3+ [START_REF] Xiao | Ca 2 BO 3 Cl:Ce 3+ ,Eu 2+ : A potential tunable yellow-white-blue-emitting phosphors for white light-emitting diodes[END_REF] . Its emission color is yellowishgreen and lack of red components. The correlated color temperature (CCT) and the CIE coordination of the white light generated of WLEDs with YAG:Ce 0.03 is at 8500 K and (0.291, 0.300) respectively, with color rendering index (CRI) R a < 80 [START_REF] Chiang | Synthesis and photoluminescent properties of Ce 3+ doped terbium aluminum garnet phosphors[END_REF] . Such low CRI and high CT were not considered as the home light device.

In order to solve the above mentioned problems, some other rare earth ions, such as La 3+ , Tb 3+ and Gd 3+ , were introduced for partially and/or totally substituting Y 3+ in the composition [START_REF] Li | Relationship between crystal structure and luminescence properties of (Y 0.96[END_REF][START_REF] Yang | Spectral variations of nano-sized Y 3 Al 5 O 12 :Ce phosphors via codoping/substitution and their white LED characteristics[END_REF][START_REF] Turos-Matysiak | Tb 3+ → Ce 3+ energy transfer in Y 3-x-y Tb y Gd x Al 5 O 12 (x = 0.65, y = 0.575) doped with Ce 3+[END_REF] . The substitution of a larger ion for the Y 3+ site shifts the emission band toward a longer wavelength, i.e. red shift occurred, as shown in figure 1.8 [START_REF] Kottaisamy | Color tuning of Y 3 Al 5 O 12 :Ce phosphor and their blend for white LEDs[END_REF] . For example, addition of Gd 3+ or La 3+ at the Y 3+ site resulted in significant red shift with emission maxima occurring at 556 and 576 nm, respectively [START_REF] Kottaisamy | Color tuning of Y 3 Al 5 O 12 :Ce phosphor and their blend for white LEDs[END_REF] . The red shift of the emission band of the phosphors resulting from the doping of Gd 3+ and La 3+ ions in YAG:Ce is in favor of obtaining good color balance for the above WLEDs. Blasse and Bril reported that the emission band shift was due to lowering of the 5d energy level of Ce 3+ . When a larger ion substitutes Y 3+ sites, dodecahedral site is distorted so that deviation from cubic symmetry of a crystal field becomes large. Consequently, the crystal field splitting becomes large and the 5d energy band lower. However, the relative emission intensities of Gd 3+ or La 3+ codoped phosphors are seen to be lower (Gd by a factor of 2.07 and La by 2.62) as compared to that of YAG:Ce [START_REF] Kottaisamy | Color tuning of Y 3 Al 5 O 12 :Ce phosphor and their blend for white LEDs[END_REF] . Several mechanisms may be involved for leading to such a decrease, while two of them are obvious and may be dominant [START_REF] Pan | Correlation between structure variation and luminescence red shift in YAG:Ce[END_REF] . First, lattice expansion from the unperturbed structure of the pure YAG lattice induces a much larger energy shift on the 5d states than on the 4f states. As a result, the 5d-4f electronic transitions become less efficient, or the zero-phonon lines become weaker. This effect is evident in the emission spectrum of YAG:Ce added with a higher concentration of Gd 3+ , in which the intensity in the short wavelength side dropped significantly but not in the in the red region. Secondly, when the Gd 3+ concentration increases, impurity phases such as GdAlO 3 :Ce appears in the phosphor. These impurity phases do not contribute to the light emission in the 500-600nm region, but may absorb and scatter the blue pumping light [START_REF] Pan | Correlation between structure variation and luminescence red shift in YAG:Ce[END_REF] . By incorporating some other activators such as Cr 3+ , Pr 3+ and Sm 3+ , the CRI of combined WLEDs also were improved because these ions enhanced the red emission due to their emission [30][31][32][START_REF] Ho | Enhancement of red spectral emission intensity of Y 3 Al 5 O 12 :Ce 3+ phosphor via Pr co-doping and Tb substitution for the application to white LEDs[END_REF] . By increasing the quantity of Pr 3+ , a high color rendering index Ra of 83 can be obtained, while both the emission intensity and the luminous efficiency of WLEDs decline noticeably (see figure 1.9) [START_REF] Ho | Enhancement of red spectral emission intensity of Y 3 Al 5 O 12 :Ce 3+ phosphor via Pr co-doping and Tb substitution for the application to white LEDs[END_REF] . For the Tb 3+ codoped systems, the high Ra could be obtained without distinct decrease of luminous efficiency, which indicates that co-codoping with Tb 3+ benefits the balance of CRI and luminous efficiency [START_REF] Chen | Comparative study on the synthesis, photoluminescence and application in InGaN-based light-emitting diodes of TAG:Ce 3+ phosphors[END_REF][START_REF] Chiang | Synthesis and photoluminescent properties of Ce 3+ doped terbium aluminum garnet phosphors[END_REF] . When Y 3+ ions are totally replaced by Tb 3+

to form Tb 3 Al 5 O 12 :Ce 3+ (TAG), the CT of the white light produced from TAG:Ce 0.03 emission is at 4900 K, (0.348, 0.354), which is lower than that of YAG:Ce white light [START_REF] Chiang | Synthesis and photoluminescent properties of Ce 3+ doped terbium aluminum garnet phosphors[END_REF] . Throughout partly substituting Al 3+ -O 2-by Si 4+ -N 3-in YAG:Ce crystal structure, Ce 3+ emission band has a strong red spectral component due to longer dodecahedral and octahedral bond lengths because of the larger size of N 3-versus O 2-. The redshift in the position of the lowest 4f5d of Ce 3+ when N 3-is coordinated to Ce 3+ is likely due to a shift in the Ce 5d 1 centroid from both the higher covalency and polarizability of Ce 3+ -N 3-bonds versus Ce 3+ -O 2-bonds.The relative intensity of this red spectral component is correlated with the Si 4+ -N 3-doping level and allows for single phosphor pcLEDs with CCTs less than 4000 K and Ra greater than 80 [START_REF] Anant | and Uwe Happek,Incorporation of Si 4+ -N 3into Ce 3+ -Doped Garnets for Warm White LED Phosphors[END_REF] .

Eugeniusz Zych et al [START_REF] Zych | Variation of emission color of Y 3 Al 5 O 12 :Ce induced by thermal treatment at reducing atmosphere[END_REF] found that quite a noticeable red shift of the Ce emission in YAG host may be achieved by heat-treatment at reducing atmosphere (N 2 + H 2 mixture ) of the phosphor. In excitation spectra the reducing atmosphere enhanced the intensity of the band around 340 nm for both types of materials but any significant changes were not observed in the position of the bands. On the contrary, emission bands shift towards the red by about 20 nm. They considered that the red shift of the luminescence band does not come from any significant variations in the energy position of the 5d electronic states of the Ce 3+ ions. The emission occurs due to a radiative transition of an electron between the lowest lying 5d state and the 4f ground state.

However, the 4f orbitals are split into two levels separated by about 2300 cm -1 , the lower-lying 2 F 5/2 and higher positioned 2 F 7/2 . Hence, the red shift could occur due to an enhancement of the probability of the radiative transition to the 2 F 7/2 at the expense of such a transition to the 2 F 5/2 . Such an effect would boost the long wavelength part of the whole luminescence band.

The temperature-quenching of the PL of YAG:Ce phosphors was reported by many researchers [START_REF] Volker Bachmann | Temperature Quenching of Yellow Ce 3+ Luminescence in YAG:Ce[END_REF][START_REF] Zhang Yanfang | Temperature effects on photoluminescence of YAG:Ce 3+ phosphor and performance in white light-emitting diodes[END_REF][START_REF] Shaoa | Temperature-dependent photoluminescence studies on Y 2.93-x Ln x Al 5 O 12 :Ce 0.07 (Ln = Gd, La) phosphors for white LEDs application[END_REF] .

Typically, the dependence of PL intensity on temperature is shown in figure 1.10 [START_REF] Volker Bachmann | Temperature Quenching of Yellow Ce 3+ Luminescence in YAG:Ce[END_REF] . The WLEDs fabricated with YAG:Ce and blue InGaN chips were also quenched with increasing temperature. The emission spectra and CIE of white LED are measured under a forward-bias current of 30 mA at elevated temperatures. It indicates clearly that both the intensities of blue light emitted by chip and yellow light emitted by phosphor are quenched with increasing temperature. The chromaticity (x, y) is (0.3019, 0.3216), (0.2997, 0.3206), (0.2899, 0.3135), and (0.2869, 0.3124) for the different temperatures RT, 333, 373, and 393 K, respectively. Thus the chromaticity of white LEDs varied with the temperature of the device. The introduction of Gd 3+ significantly increases the temperature sensitivity of YAG:Ce 3+ [START_REF] Shaoa | Temperature-dependent photoluminescence studies on Y 2.93-x Ln x Al 5 O 12 :Ce 0.07 (Ln = Gd, La) phosphors for white LEDs application[END_REF] . The thermal quenching behavior of Ce 3+ luminescence is very sensitive to the Gd 3+ doping, and increasing the Gd 3+ concentration in YAG:Ce 3+ leads to enhanced thermal quenching.

For an instance, the relative luminance of Y 0.43 Gd 2.5 Al 5 O 12 :Ce 0.07 falls by 70% at 150℃, and by 87% at 200℃.

The temperature quenching behavior limits the application of current garnets and semiconductors in high power white LEDs. Recently, Bachmann et al. [START_REF] Volker Bachmann | Temperature Quenching of Yellow Ce 3+ Luminescence in YAG:Ce[END_REF] figured out that the intrinsic quenching temperature of Ce 3+ emission in YAG could reach 700K. Figure 1.11 demonstrates that for high dopant concentrations of the same under different wavelength excitations, while for low Ce 3+ concentrations (0.033%), the temperature quenching was quite different under different wavelength excitations. The lower quenching temperatures reported in previous literature were ascribed to the thermally activated concentration quenching (for high dopant concentration) and the temperature dependence of the oscillator strength (for low dopant concentrations). Thus, the YAG:Ce phosphors could be utilized for high power WLEDs applications when the Ce 3+ doping concentrations are quite low. Except for the YAG:Ce phosphors, some others aluminates phosphors also exhibit excellent PL properties and could be used for WLEDs, such as Sr 3 Al 2 O 5 Cl 2 :Ce 3+ ,Li + [START_REF] Zhang | A novel blue-emitting Sr 3 Al 2 O 5 Cl 2 :Ce 3+ ,Li + phosphor for near UV-excited white-light-emitting diodes[END_REF] , Sr 2.975-x Ba x Ce 0.025 AlO 4 F [42] , MAl 12 O 19 :Mn 4+ [START_REF] Kang | Luminescence properties of MAl 12 O 19 :Mn 4+ (M=Ca, Sr, Ba) for UV LEDs[END_REF] ,

SrAl 2 O 4 :Pr 3+ [START_REF] Chawla | Broad yellow orange emission from SrAl 2 O 4 :Pr 3+ phosphor with blue excitation for application to white LEDs[END_REF] and so on [START_REF] Zhang | A novel blue-emitting Sr 3 Al 2 O 5 Cl 2 :Ce 3+ ,Li + phosphor for near UV-excited white-light-emitting diodes[END_REF][42][START_REF] Kang | Luminescence properties of MAl 12 O 19 :Mn 4+ (M=Ca, Sr, Ba) for UV LEDs[END_REF][START_REF] Chawla | Broad yellow orange emission from SrAl 2 O 4 :Pr 3+ phosphor with blue excitation for application to white LEDs[END_REF] .

Xinmin Zhang et al [START_REF] Zhang | A novel blue-emitting Sr 3 Al 2 O 5 Cl 2 :Ce 3+ ,Li + phosphor for near UV-excited white-light-emitting diodes[END_REF] reported a novel blue emission Sr 3 [START_REF] Aitasalo | Effect of temperature on the luminescence processes of SrAl 2 O 4 :Eu 2+[END_REF][START_REF] Jia | Charging curves and excitation spectrum of long persistent phosphor SrAl 2 O 4 :Eu 2+ , Dy 3+[END_REF] . However, SrAl When electrons are excited to 3 P 0,1,2 levels, they may either relax to 3 P 0 state and recombine to 3 H J and 3 F J states or nonradiatively relax to 1 D 2 state and recombine to lower levels following selection rules. This excitation band covers the emission wavelength of all commercial blue LEDs. The emission peaks observed at 440 and 480 nm excitation are at 525, 540, 610 and 639 nm corresponding to Pr 3+ emission riding on a broad background. PL emission intensity of 3% Pr concentration is maximum for both 440 and 480 nm excitation [START_REF] Chawla | Broad yellow orange emission from SrAl 2 O 4 :Pr 3+ phosphor with blue excitation for application to white LEDs[END_REF] . Another significant matrix is Ce 3+ doped oxyfluoride with formula Sr 2 BaAlO 4 F:Ce 3+ (SBAF), reported as a novel green emission phosphor [42] . Figure 1.12 displays the unit cell representation of SBAF. P4/ncc) [42] .

The room temperature PL spectra of SBAF:Ce 3+ (y = 0) as a function of the Ce 3+ concentration y with 400 nm excitation are displayed in Figure 1.13 [42] . The emission spectrum is displays two emission bands, at 460 nm and at 502 nm, arising from the transition of Ce 3+ from the 5d 1 excited state to the 2 

Silicates phosphors

Because of low thermal quenching temperature and low CRI of YAG:Ce 3+ phosphor for WLEDs so far, many researchers have developed some novel phosphors, silicates are a large series of phosphors for WLEDs.

With good chemical and thermal stability, as well as the low price of high-purity silicate, the silicate host phosphors are significant photoluminescence and CRT phosphors [START_REF] Klasens | Ultraviolet fluorescence of some ternary silicates activated with lead[END_REF][START_REF] Moore | Atomic arrangement of merwinite, Ca 3 Mg(SiO 4 ) 2 , and unusual dense-packed structure of geophysical interest[END_REF] used for several years, especially alkaline earth metal silicates. Divalent europium is consequently more stable in alkaline earth silicate host and easier to diffuse into the alkaline earth silicate lattice site due to the similar ion radii of alkaline earth ions and divalent europium, for instance [Eu 2+ ] = 0.112 nm, [Ca 2+ ] = 0.099 nm, [Sr 2+ ] = 0.112 nm, [Ba 2+ ] = 0.134 nm. Silicates phosphors, such as M 2 SiO 4 :Eu 2+ [START_REF] Kim | Emission color variation of M 2 SiO 4 :Eu 2+ (M=Ba, Sr, Ca) phosphors for lightemitting diode[END_REF][START_REF] He | White light-emitting Mg 0.1 Sr 1.9 SiO 4 :Eu 2+ phosphors[END_REF][START_REF] Zhang | An efficient and stable green phosphor SrBaSiO 4 :Eu 2+ for light-emitting diodes[END_REF] , M 3 SiO 5 :Eu 2+ [START_REF] Park | Luminescence characteristics of yellow emitting Ba 3 SiO 5 :Eu 2+ phosphor[END_REF][START_REF] Park | Investigation of strontium silicate yellow phosphors for white light emitting diodes from a combinatorial chemistry[END_REF][START_REF] Li | Preparation and luminescence characteristics of Sr 3 SiO 5 :Eu 2+ phosphor for white LED[END_REF] , M 3 Si 5 O 13 :Eu 2+ [START_REF] Zhang | Luminescence enhancement of Eu 2+ ,Ce 3+ co-doped Ba 3 Si 5 O 13-d N d phosphors[END_REF] , M 3 MgSi 2 O 8 :Eu 2+ , Mn 2+ [START_REF] Liu | Green-light-emitting phase in Ba 3 MgSi 2 O 8 :Eu 2+ , Mn 2+ full-color phosphor for white-light-emitting diodes via addition of Si 3 N 4[END_REF][START_REF] Su | Luminescent and thermal properties of full-color emitting X 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ (X = Ba, Sr, Ca) phosphors for white LED[END_REF] ,

CaAl 2 Si 2 O 8 :Eu 2+ ,Mn 2+ [58] , Li 2 MSiO 4 :Eu 2+ (M = Ba, Sr, Ca or Mg) [START_REF] He | Crystal structure and luminescence of Li 2 Ca 0.7 Sr 0.3 SiO 4 :Eu 2+ and its application in multi-phosphor converted white LEDs[END_REF][START_REF] He | Ce 3+ -Eu 2+ energy transfer mechanism in the Li 2 SrSiO 4 :Eu 2+ ,Ce 3+ phosphor[END_REF][START_REF] Kulshreshtha | Effect of Local Structures on the Luminescence of Li 2 (Sr,Ca,Ba)SiO 4 :Eu 2+[END_REF][START_REF] Zhang | Photoluminescence studies on Eu 2+ and Ce 3+ -doped Li 2 SrSiO 4[END_REF][START_REF] Saradhi | Photoluminescence Studies on Eu 2+ -Activated Li 2 SrSiO 4 -a Potential Orange-Yellow Phosphor for Solid-State Lighting[END_REF] , Eu 3+ or Ce 3+ activated oxyapatites silicates [START_REF] Shen | Ca(La 1 -x Eu x ) 4 Si 3 O 13 red emitting phosphor for white light emitting diodes[END_REF] , Eu 2+ activated chlorosilicates [START_REF] Wang | Luminescent properties of (Ca 1-x Sr x ) 3 SiO 4 (Cl 1-y F y ) 2 :Eu 2+ phoshors and their application for white LED[END_REF][START_REF] Zhang | Sr 3.5 Mg 0.5 Si 3 O 8 Cl 4 :Eu 2+ bluish-green-emitting phosphor for NUV-based LED[END_REF][START_REF] Zhang | Near UV-based LED fabricated with Ba 5 SiO 4 (F,Cl) 6 :Eu 2+ as blue-and green-emitting phosphor[END_REF] , have confirmed themselves with effective excitation in NUVvis or blue light range which covers exactly the emission spectrum (350-460 nm) of typical UV or blue LED chips as promising phosphor candidates for WLEDs.

In [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] There are two different cation sites in Sr 2 SiO 4 lattice: large site Sr(I) and small site Sr(II), coordinated by ten and nine oxygen ions, respectively. Eu 2+ takes up the site of Sr(I), which forms a large bond length and weak crystal field, while Eu(II) at the site of Sr(II) forms a short bond length and strong crystal field. Therefore, as shown in Figure 1.14, Sr 2 SiO 4 : Eu 2+ present two emission bands. Eu(I) results in the short wavelength band while Eu(II) results in the long wavelength band. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Full widths at half maximum (FWHM) of both Eu 2+ emission increase with increasing temperature. FWHMs of shorter wavelength sides at 90 and 400 K are 40 and 57 nm, and FWHMs of longer wavelength sides at 90 and 400 K are 65 and 100 nm. The emission intensities of both peaks decrease with increasing temperature. The emission intensity of shorter wavelength side is thermally quenched at higher temperature than that of shorter wavelength side. The quenching temperature, at which the initial PL intensity is halved, is 360 K for longer wavelength side and 400 K for shorter wavelength side. [START_REF] Su | Temperature-dependent emission spectra of M 2 SiO 4 :Eu 2+ (M=Ca, Sr, Ba) phosphors for green and greenish white LEDs[END_REF] As a yellow emitting phosphor, α -Sr 2 SiO 4 :Eu 2+ has been utilized to combine with NUV chips to fabricate white LEDs. The CIE color coordinates were x=0.39, y=0.41, with the CRI of 68 and the luminous efficiency of 3.8 lm/W [START_REF] Park | White light-emitting diodes of GaN-based Sr 2 SiO 4 :Eu and the luminescent properties[END_REF] . The β-Sr 2 SiO 4 :Eu 2+ also emits a strong green-yellow band under NUV excitation, exhibiting a promising candidate for white LED phosphor [START_REF] Sun Xiaoyuan | A green-yellow emitting β-Sr2SiO4:Eu 2+ phosphor for near ultraviolet chip white-light-emitting diode[END_REF] . However, Ba 2 SiO 4 :Eu 2+ and Ca 2 SiO 4 :Eu 2+ only exhibit large broad band emissions with peak at 505 and 515nm, respectively, originated from large overlap of two emission bands, also shown in figure 1.14 [START_REF] Su | Temperature-dependent emission spectra of M 2 SiO 4 :Eu 2+ (M=Ca, Sr, Ba) phosphors for green and greenish white LEDs[END_REF][START_REF] Zhang | Optical properties of Ba 2 SiO 4 :Eu 2+ phosphor for green light-emitting diode (LED)[END_REF] . is not broad enough and their excitation wavelength is not long enough. For example, the excitation peak of Sr 2 SiO 4 :0.03Eu 2+ lies at about 370 nm, but the excitation efficiency declines dramatically with exitation wavelength beyond 390 nm, and show very weak absorption in the range of 450-470 nm blue radiation.

Therefore, the pure M 2 SiO 4 :Eu 2+ are only suitable for long-wavelength ultraviolet or short-wavelength blue light LED chip [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] . By partly replacing Ba by Sr, the excitation and emission spectra of Sr x Ba 2-x SiO 4 :Eu 2+ can be obviously widened. Sr x Ba 2-x SiO 4 :Eu 2+ phosphor has various emission spectra according to the ratio (x) of barium to strontium component. When the content of Sr x ranges from 1.06 to 1.64, the excitation spectrum is 300-480 nm, as shown in figure 1.15 [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] . In addition, the increase in the Ba 2+ content also enhances the excitation and emission intensity, and two emission peaks overlap into one, but emission peak presents blue shift, which is undesirable for pc-WLEDs [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] . Besides, codoping with suitable amount of Ca 2+ and Mg 2+ also increases the excitation efficiency of Sr 2 SiO 4 :Eu 2+ in the range of 450-470 nm [START_REF] Kim | Emission color variation of M 2 SiO 4 :Eu 2+ (M=Ba, Sr, Ca) phosphors for lightemitting diode[END_REF][START_REF] He | White light-emitting Mg 0.1 Sr 1.9 SiO 4 :Eu 2+ phosphors[END_REF] , thus the luminous efficiency is increased. Compared with the Sr the color ranges from blue to yellow [START_REF] He | White light-emitting Mg 0.1 Sr 1.9 SiO 4 :Eu 2+ phosphors[END_REF] . Because of the combination of the blue and the yellow emission band, this phosphor show whitish color emission excited by 365 nm, with the CIE values varying in the white color range [50] . As co-doping of Ca 2+ (Ca 0.1 Sr 1.895 SiO 4 :Eu 0.005 ) [START_REF] He | Photoluminescence spectra tuning of Eu 2+ activated orthosilicate phosphors used for white light emitting diodes[END_REF] , because the structure of Ca 2 SiO 4 is monoclinic (JCPDS No. 33-0302), which is different from that of Sr 2 SiO 4 (orthorhombic structure), substitution of the Ca sites with Sr 2+ ions might cause a monoclinic to orthorhombic structural transformation, especially pure CaSrSiO 4 has a orthorhombic crystal structure with the Pna21(33) space group, and lattice parameters of a=20.87Å, b=9.496Å and c=5.6Å. The Ca doped ions has a slight influence on the CaSrSiO 4 orthorhombic crystal structure which results in a large redshift of both emission bands [START_REF] Park | Synthesis and luminescent characteristics of Ca 2-x Sr x SiO 4 :Eu 2+ as a potential greenemitting phosphor for near UV-white LED applications[END_REF] . J.S.Kim reported the dependence of PL spectra on alkaline earth ions in detail. In Figure 1.16(a), various emissions can be generated through altering composition of M 2 SiO 4 [START_REF] Kim | Emission color variation of M 2 SiO 4 :Eu 2+ (M=Ba, Sr, Ca) phosphors for lightemitting diode[END_REF] . The lattice constants are decreased in order of Ba, Sr and Ca due to the substitution with smaller M 2+ cations, as shown in figure 1.17 [START_REF] Kim | Emission color variation of M 2 SiO 4 :Eu 2+ (M=Ba, Sr, Ca) phosphors for lightemitting diode[END_REF] . Figure 1.16 (b) shows the dependence of emission peak position on species and content of alkaline earth ions in M 2 SiO 4 . As can be seen from figure 1.17, when mixing two kinds of alkaline earth ions randomly, the emission peaks can be changed readily, and we may accordingly design the composition of matrix so as to obtain the desirable emission. In the case of Ba , the emission bands of longer wavelength show the blue shift whereas these of shorter wavelength show the redshift [START_REF] Kim | Emission color variation of M 2 SiO 4 :Eu 2+ (M=Ba, Sr, Ca) phosphors for lightemitting diode[END_REF] . The emission intensity of Ca 2-x Sr x SiO 4 :Eu 2+ can be enhanced in the green spectral region via an emission band shift to green due to host lattice modification. The optical properties of white LEDs can be improved by controlling the luminescence of the phosphor because of the second emission band in near UV LED pumped white LEDs, which is due to the influence of the phosphor on the color temperature, the Commission Internationale de l'Eclairage (CIE) color coordinates and color rendering of white LEDs [START_REF] Park | Synthesis and luminescent characteristics of Ca 2-x Sr x SiO 4 :Eu 2+ as a potential greenemitting phosphor for near UV-white LED applications[END_REF] .

Using the methods mentioned above, the excitation peak band of Sr 2 SiO 4 :Eu 2+ can be broadened to about 470 nm. The excitation spectrum shape between 450-480 nm for optimized Sr 2 SiO 4 :Eu 2+ is similar to that of YAG:Ce. Adopting InGaN (470 nm chip)-based LED, the package luminous efficiency reaches 70-80 lm/W, and the CCT is between 4600 and 11000 K, which is comparable with that of the same chip based-YAG:Ce. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Additionally, photoluminescence of Ba 2 SiO 4 :Eu 2+ can be enhanced by co-doping by La 3+ or Y 3+ [START_REF] Hu Xiaoye | Enhancement of photoluminescence of Ba 2 SiO 4 :Eu 2+ by co-doping of La 3+ or Y 3+[END_REF] . The highest luminescence intensity of Ba 2 SiO 4 :Eu 2+ phosphors co-doped with Y is 156% higher than that of Ba 2 SiO 4 :Eu 2+ phosphor. The maximum of luminescent intensity is obtained when the x value at 0.05% is 134% as that of un-doped sample. Because of charge compensation or some defects caused by the partial substitution of Ba 2+ by La 3+ , which might act as sensitizer for the effective energy transfer [START_REF] Hu Xiaoye | Enhancement of photoluminescence of Ba 2 SiO 4 :Eu 2+ by co-doping of La 3+ or Y 3+[END_REF] . A promising approach to achieve a wide-band excitable, from the near-UV to the deep-blue spectral range, high conversion efficiency, and excellent full color rendering index phosphor consists of investigating the Eu 2+ and Mn 2+ codoping scheme in the orthosilicate hosts: (Ba, Sr, Ca) 2 SiO 4 :Eu 2+ ,Mn 2+ [START_REF] Park | Temperature and excitation powerresistant white-light emission of the T -phase (Ba, Ca) 2 SiO 4 :Eu 2+ , Mn 2+ phosphor[END_REF] . The T phase of Ba 1.20 Ca 0. oxygen atoms. The Mn 2+ dopants occupy the six-coordinated Ca 2+ occupied M(2) site. The PL spectra consist of a relatively broad green band and a red emission band. The broad green emission band from 430 to 550 nm results from the spectral overlap of four different emission peaks associated with Eu 2+ ions substituted on each of the four different Ca 2+ sites in the T-phase (Ba,Ca) 2 SiO 4 :Eu 2+ ,Mn 2+ .The intense red emission is attributed to the 4 T 1 -6 A 1 forbidden transitions of Mn 2+ ions with a millisecond order decay time. Thus a white light with a color temperature of !3500 K of which the CIE coordinate deviation from the black-body locus is within 0.005. As the Mn 2+ concentration (y) is increased, the intensity of the green emission band significantly decreases whereas the red emission band becomes more intense and reaches a maximum for y=0.04. Furthermore, as the Mn 2+ concentration (y) is increased, the red emission peak shifts linearly to longer wavelengths by about 16 nm from 600 nm for y=0.02 to 616 nm peak for y=0.08. The color coordinates thus move toward the red region from (0.25, 0.39) to (0.50, 0.38). [START_REF] Park | Temperature and excitation powerresistant white-light emission of the T -phase (Ba, Ca) 2 SiO 4 :Eu 2+ , Mn 2+ phosphor[END_REF] Ce 3+ doped T-phase Ba 1.2 Ca 0.8 SiO 4 was also reported as a deep blue phosphor for WLEDs [START_REF] Park | Thermally stable deep-blue Ba 1.2 Ca 0.8 SiO 4 :Ce 3+ phosphor for white-light-emitting diode[END_REF] .

Interestingly, A single full-color emitting phosphor for UV-pumped white LED, viz.

Ba 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ , was. reported by Kim et al. as a phosphor for fabrication of a warm WLEDs [START_REF] Su | Luminescent and thermal properties of full-color emitting X 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ (X = Ba, Sr, Ca) phosphors for white LED[END_REF][START_REF] Park | Thermally stable deep-blue Ba 1.2 Ca 0.8 SiO 4 :Ce 3+ phosphor for white-light-emitting diode[END_REF] . The PLE and PL spectra of Ba 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ !are shown in Figure 1.19 [START_REF] Park | Thermally stable deep-blue Ba 1.2 Ca 0.8 SiO 4 :Ce 3+ phosphor for white-light-emitting diode[END_REF] . With optimal excitation wavelength wavelength at 375 nm, Ba 3 MgSi 2 O 8 :Eu,Mn was observed to show three emission bands centered at 442 nm, 505 nm and 620 nm, respectively. The red emission band of 620 nm is attributed to 4T →6A transition of 3d On the other hand, in YAG:Ce-based WLED, with increasing applied currents, the CIE chromaticity coordinates shift significantly to the higher color temperature 6500→9000 K. The luminous efficiency is higher at blue light than at ultraviolet light. The contribution of blue light to the quality of white color is higher than that of ultraviolet light. Consequently, the CIE chromaticity coordinates have less sensitivity to the variation of phosphor-transmitted ultraviolet light than that of blue light and Ba 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ -based 400-nm-pumped white LED has higher color stability than 460-nm-pumped white LED [START_REF] Kim | Warm-white-light emitting diode utilizing a single-phase full-color Ba 3 MgSi 2 O 8 :Eu 2+ , Mn 2+ phosphor[END_REF] . The CRI of WLEDs with phosphor CRI = 75% [START_REF] Su | White-light generation through ultraviolet-emitting diode and white-emitting phosphor[END_REF] . Eu 2+ and Mn 2+ codoped CaAl 2 Si 2 O 8 phosphor was also reported as a novel single full-color phosphor for WLEDs due to two broad band emissions centered at 425 and 568 nm, respectively [58] . The crystal structure of anorthite (CaAl 2 Si 2 O 8 ) is a triclinic crystal system with space group I1h under ambient pressure and was reported Angel in 1988. In the crystal lattice, there are six crystallographically independent cation sites, namely, four Ca 2+ sites, one Al 3+ site, and one Si 4+ site. One type of Ca 2+ ion occupies an octahedral site with six oxygen atoms and the average Ca-O bond distance is 2.485 Å. Other Ca 2+ ions occupy three kinds of polyhedral sites with seven coordinated oxygen atoms and their average bond distances are 2.508, 2.531, and 2.562 Å, respectively. Al and Si atoms both occupy tetrahedral sites with four coordinated oxygen atoms, and the average bond distances for Al-O and Si-O are 1.735 and 1.611 Å, respectively. Eu 2+ -activated CaAl 2 Si 2 O 8 phosphor shows an intense broad band centered at 425 nm. When codoped with Eu 2+ and Mn 2+ , the PLE and PL spectra of (Ca 0.99-n Eu 0.01 Mn n )Al 2 Si 2 O 8 phosphors with different dopant contents n of 0, 0.05, 0.10, 0.15, 0.20, and 0.25 are shown in figure 1.23. The PLE spectra monitored at 425 nm originated from Eu 2+ emission show an optimal excitation band centered at 354 nm. Interestingly and reasonably, the PL intensity of Mn 2+ activator (or energy acceptor) is observed to increase, whereas that of Eu 2+ sensitizer (or energy donor) is simultaneously found to decrease monotonically with increasing Mn 2+ dopant content. The PL intensity of Eu 2+ emission band was found to decrease monotonically with increasing doped Mn 2+ concentration [58] . into two emission bands with a main peak at 504 nm and a less intense band at 568 nm. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Sr 3 SiO 5 :Eu 2+ , as a yellow phosphor, can be excited by 450-470 nm blue light. Furthermore, it presents broader excitation spectrum and higher excitation efficiency than that of Sr 2 SiO 4 :Eu 2+ . When the Eu 2+ concentration is not more than 0.15 mol, the emission spectrum of Sr 3 SiO 5 :Eu 2+ is the broadband with a peak at 570 nm. For Sr 3 SiO 5 : Eu 0.07 , the emission intensity excited at 460 nm has been estimated to be 93%, comparing with the emission intensity at 365 nm. Quantum efficiency of Sr 3 SiO 5 !Eu is 82%, higher than 70% of that for Zn 2 SiO 4 :Mn [38]. Also, emission peak of Sr 3 SiO 5 :Eu 2+ shows red shift as the SiO 2 content increases. When the ratio of Sr to Si changes from 3/0.8 to 3/0.9, 3/1.0, 3/1.1, the 559 nm emission peaks shift to 564, 568, 570 nm, and Stokes shift and CFS increase with the increase of SiO 2 content. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Codoped with Ba 2+ , emission of Sr 3 SiO 5 :Eu 2+ under 450-470 nm blue radiation shifts to longer wavelength. Increasing the Ba 2+ content from 0 to 0.2 mol, the emission peak shifts from 570 to 585 nm (opposite to Sr 2 SiO 4 :Eu 2+ ). In Sr 2.93-x Ba x SiO 5 :0.07Eu 2+ , a difference in the ionic radius between Ba 2+ ions and Sr 2+ ions results in the lattice parameter increasing with Ba 2+ content. As the length of c axis increases by replacing part of the Sr 2+ by Ba 2+ ions, the effect of preferential orientation of Eu 2+ d orbital decreases, and at the same time, an increase in the Ba 2+ amount also decreases the octahedral symmetry at around Sr 2+ ion, so the Eu 2+ emission shifts to a longer wavelength. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Another advantage of Sr 3-x Ba x SiO 5 :Eu 2+ is that when luminous efficiency reaches the maximum, Sr 2-x Ba x SiO 4 :Eu 2+ presents emission peak wavelength in green region (about 530 nm) and undesirable color rendering (Ra: 70-76). However, emission peak wavelength of Sr 3-x Ba x SiO 5 :Eu 2+ is about 570 nm when luminous efficiency is the highest, which takes advantage to improve color rendering. Through combination of the InGaN blue LED chip with Sr 2 SiO 4 :Eu 2+ yellow phosphor and (Ba,Sr) 3 SiO 5 :Eu 2+ yellow-orange phosphor, the red region in spectrum is strengthened, and desired general illumination warm white pcW-LED is achieved with CCT in the range of 2500-5000 K and a good Ra of over 85 is also obtained, compared to the same InGaNbased YAG:Ce, whose CCT is 6500 K. [START_REF] Luo Xixian | The development of silicate matrix phosphors with broad excitation band for phosphor-convered white LED[END_REF] Recently, Eu 2+ -activated chlorosilicate phosphors attracted more attention due to high luminescent efficiency, low synthesis temperature, and high physical chemistry stability [START_REF] Wang | Luminescent properties of (Ca 1-x Sr x ) 3 SiO 4 (Cl 1-y F y ) 2 :Eu 2+ phoshors and their application for white LED[END_REF][START_REF] Zhang | Sr 3.5 Mg 0.5 Si 3 O 8 Cl 4 :Eu 2+ bluish-green-emitting phosphor for NUV-based LED[END_REF][START_REF] Zhang | Near UV-based LED fabricated with Ba 5 SiO 4 (F,Cl) 6 :Eu 2+ as blue-and green-emitting phosphor[END_REF] . Under near-UV excitation, Ba 5 SiO 4 Cl 6 :Eu 2+ phosphor emitted an intense blue light [START_REF] Zhang | Near UV-based LED fabricated with Ba 5 SiO 4 (F,Cl) 6 :Eu 2+ as blue-and green-emitting phosphor[END_REF] , Sr 8 (Si 4 O 12 )Cl 8 :Eu 2+ phosphor gave a bluish-green emission [START_REF] Wang | The composition, luminescence, and structure of Sr 8 [Si 4 O 12 ]Cl 8 :Eu 2+[END_REF] and Ca 8 Mg(SiO 4 ) 4 Cl 2 :Eu 2+ phosphor had a high efficiency green luminescence [START_REF] Hee | Luminescence Characteristics of Eu-Doped Calcium Magnesium Chlorosilicate Phosphor Particles Prepared by Spray Pyrolysis[END_REF] . In 2005, Liu et al. [START_REF] Liu | Eu 2+ -Doped High Temperature Phase Ca 3 SiO 4 Cl 2 -A Yellowish Orange Phosphor for White Light-Emitting Diodes[END_REF]83] reported a single green-emitting phosphor based on Ca 3 SiO 4 Cl 2 :Eu 2+ with a low-temperature (LT) phase and thereafter developed a single yellowish orange-emitting phosphor based on Ca 3 SiO 4 Cl 2 :Eu 2+ with a high temperature (HT) phase and fabricated a white LED with a low Ra of 73, due to the scarcity of blue and green content in the white emission. the performance of HT phase suggests that the addition of Sr can reduce the transition temperature from LT to HT . The excitation and emission spectra of (Ca 1-x Sr x ) 3 SiO 4 Cl 2 : Eu0.01 (x=0,0.01,0.03) show an intense green broad band emission around 510nm upon 369nm excitation. Monitoring green emission at 510nm, there are several broad bands around 275, 323, 368, and 454nm, which is not too much difference in the excitation and emission spectra, except for the luminescent intensity, between Sr-doped samples and the undoped sample. Importantly, it is obvious that the green emission intensity of Eu 2+ is considerably enhanced by substitution of Ca ions by Sr ions. The emission intensity of Eu 2+ in Sr-substituted samples is about 160% (x = 0.01) and 113% (x = 0.03) times as strong as that of the sample without Sr ions. The CCT is low and tunable from 4057 to 2648 K, the Ra is high and tunable from 86 to 94, and the color coordinates of the tri-phosphor WLEDs are tunable from (0.355, 0.286) to (0.449, 0.386) [START_REF] Wang | Luminescent properties of (Ca 1-x Sr x ) 3 SiO 4 (Cl 1-y F y ) 2 :Eu 2+ phoshors and their application for white LED[END_REF] . Another significant system is the ternary compounds Li 2 MSiO 4 ( M = Ca, Sr, Ba ) doped with Eu 2+ , which were reported as a novel phosphor with emission color from bluish green to orange yellow for WLEDs [59- 63] . In which, Li [83] . These tetrahedra share edges to form (Li 6 SiO 13 ) 5 units, each comprising seven tetrahedra. In Li 2 MSiO 4 crystal, the Sr, Ca and Ba polyhedra have site symmetries 2, 42m and m, respectively [START_REF] Kulshreshtha | Effect of Local Structures on the Luminescence of Li 2 (Sr,Ca,Ba)SiO 4 :Eu 2+[END_REF] , and different coordination numbers, result in different crystal field splitting, thus different emission and excitation band were exhibited. The PL and PLE spectra of Li 1.26 [START_REF] Kulshreshtha | Effect of Local Structures on the Luminescence of Li 2 (Sr,Ca,Ba)SiO 4 :Eu 2+[END_REF] . Upon 400 nm excitation, LCSO, LSSO and LBSO show broad emission band with a peak at 480, 510 and 570 nm, corresponding to bluish green, green and orange yellow light, respectively. Furthermore, according to their excitation spectrum, the Li 2 MSiO 4 :Eu 2+ phosphors can absorb not only the emission of UV-LEDs (350-410 nm) but also that of blue-LEDs (430-470 nm). Especially for Li 2 SrSiO 4 :Eu 2+ , the phosphor shows a strong orange yellow emission band with a maximum at 562 nm extending to 650 nm. The emission intensity is almost equal under 400, 420, and 450 nm excitations [START_REF] Saradhi | Photoluminescence Studies on Eu 2+ -Activated Li 2 SrSiO 4 -a Potential Orange-Yellow Phosphor for Solid-State Lighting[END_REF] . This feature makes Li 2 SrSiO 4 :Eu 2+ very attractive for application in LEDs, the luminous efficiency of the Li 2 SrSiO 4 :Eu 2+ 0.005 LED is 35 lm/W [START_REF] Saradhi | Photoluminescence Studies on Eu 2+ -Activated Li 2 SrSiO 4 -a Potential Orange-Yellow Phosphor for Solid-State Lighting[END_REF] . Interestingly, the continuous tunable color emission were obtained by substitution partly of M 2+ by another different M 2+ . The CIE chromaticity coordination (x, y) calculated from the emission spectra are shown in figure 1.27 [START_REF] Kulshreshtha | Effect of Local Structures on the Luminescence of Li 2 (Sr,Ca,Ba)SiO 4 :Eu 2+[END_REF] . The (x, y) value varies with the molar ratio of the two constituents, for an instance, the coordination (x, y) all locates on the line from (0.154, 0.038) of Li 2 Ca 0.7 Sr 0.3 SiO 4 :Eu 2+ to (0.47, 0.50) of Li 2 SrSiO 4 :Eu 2+ . For Li 2 Ca 0.33- Sr 0.66 SiO 4 :Eu 2+ , the CIE chromaticity coordination is near the nature white light CIE spot (0.33, 0.33) with color temperature of about 5000 K [START_REF] He | Crystal structure and luminescence of Li 2 Ca 0.7 Sr 0.3 SiO 4 :Eu 2+ and its application in multi-phosphor converted white LEDs[END_REF] . By codoped with Eu 2+ and Ce 3+ in Li 2 SrSiO 4 , the phosphor shows white light emission feature of which a blue and a yellow band originates from Ce 3+ and Eu 2+ , respectively [START_REF] He | Ce 3+ -Eu 2+ energy transfer mechanism in the Li 2 SrSiO 4 :Eu 2+ ,Ce 3+ phosphor[END_REF][START_REF] Zhang | Photoluminescence studies on Eu 2+ and Ce 3+ -doped Li 2 SrSiO 4[END_REF] . 

phosphates phosphors

As an important family of luminescent materials, phosphates phosphors have been used in the fields of CRT and fluorescent lamps for many years because of their excellent properties, e.g., the large band gap and the high absorption in VUV region, moderate phonon energy, the high thermal and chemical stability, and the exceptional optical damage threshold [START_REF] Huang | The luminescence properties of Sm 2+ doped sodium barium strontium phosphate[END_REF] . Since the pc-WLEDs had been fabricated and exhibited excellent optical properties, phosphates phosphors have been considered as the phosphors compositions for pc-WLEDs application.

Phosphates phosphors mainly include ortho-phosphates, pyro-phosphates, halo-phosphates and polyphosphates.

In phosphates system, Eu 2+ doped alkaline earth ortho-phosphates are a large series of phosphors. However, in general, Eu 2+ doped singe alkaline earth ortho-phosphates (M 3 (PO 4 ) 2 :Eu) only can be excited efficiently by short wavelength ultraviolet light, e.g, the excitation ranged of Sr 3 (PO 4 ) 2 :Eu 2+ is from 220 to 360 and is not suitable for WLEDs based on NUV and blue LEDs. When M ions consist of two kinds of alkaline earth, the excitation range extends to NUV region, even to blue light, thus, these phosphors are useful for WLEDs, especially based on NUV-LEDs. For a instance, Ba 2 Mg(PO 4 ) 2 is one of ortho-phosphates [START_REF] Wu | Dibarium Magnesium Diphosphate Yellow Phosphor Applied in InGaN-based LEDs[END_REF] , which has the crystal structure of monoclinic with space group P2 1 n and has two different Ba 2+ sites in a unit cell. Ba 2 Mg(PO 4 ) 2 :Eu 2+ shows a broad and strong yellow emission band peaked at 576 nm with a half width of 121 nm upon 301, 367, and 397 nm light excitation [START_REF] Wu | Dibarium Magnesium Diphosphate Yellow Phosphor Applied in InGaN-based LEDs[END_REF] . In comparison, Mg 2 Sr(PO 4 ) 2 :Eu 2+ shows blue emission band peaking at 424nm [START_REF] Guo | Luminescent properties of SrMg 2 (PO 4 ) 2 :Eu 2+ , and Mn 2+ as a potential phosphor for ultraviolet light-emitting diodes[END_REF] . When one half of Ba 2+ are replaced by Sr 2+ in Ba 2 Mg(PO 4 ) 2 :Eu 2+ or half of Mg 2+ by Ba 2+ in Mg 2 Sr(PO 4 ):Eu 2+ to form BaSrMg(PO 4 ) 2 :Eu 2+ , a new single host white light emitting phosphor is generated [START_REF] Wu | A new single-host white-light-emitting BaSrMg(PO 4 ) 2 : Eu 2+ phosphor for white-light-emitting diodes[END_REF] . The excitation spectrum of Ba 0.97 Sr 0.99 Mg(PO 4 ) 2 :Eu 2+ 0.04 is broad excitation bands ranged from 250 to 440nm, which means this phosphor can be well excited by NUV light around 380nm. The emission spectrum of Ba 0.97 Sr 0.99 Mg(PO 4 ) 2 :Eu 2+ 0.04 excited by 350 nm NUV light is consists of two main broad emission bands peaking at 447 and 536 nm, which almost extends through the whole visible light region from 400 to 700 nm, as shown in figure 1.28 [START_REF] Wu | A new single-host white-light-emitting BaSrMg(PO 4 ) 2 : Eu 2+ phosphor for white-light-emitting diodes[END_REF] . Its CIE (Commission Internationale de L'Eclairage) chromaticity coordinates are calculated as (x = 0.291, y = 0.349) which locate in white light region in CIE-1931 chromaticity diagram.

Besides, the white light also can be obtained by co-doped Eu 2+ and Mn 2+ in ortho-phosphates, such as SrZn 2 (PO 4 ) 2 :Eu 2+ , Mn 2+ . Woan-Jen Yang and Teng-Ming Chen reported photoluminescence properties of SrZn 2 (PO 4 ) 2 :Eu 2+ , Mn 2+ [START_REF] Yang | White-light generation and energy transfer in SrZn 2 (PO 4 ) 2 :Eu,Mn phosphor for ultraviolet light-emitting diodes[END_REF] . SrZn 2 (PO 4 ) 2 crystallizes in a monoclinic system with the space group of P21/c and has five crystallographically independent cation sites in a unit cell, namely, one seven-coordinated Sr 2+ site, two four-coordinated Zn 2+ sites, and two four-coordinated P 5+ sites. Eu 2+ and Mn 2+ occupy the Sr 2+ and Zn 2+ sites, respectively, since the ionic radii of Eu 2+ and Mn 2+ are close to that of Sr 2+ and Zn 2+ 0.60 Å. As a result, two emission bands peaking at 538 and 613 nm originated from the emission of Eu 2+ and Mn 2+ were observed clearly. The white light with CIE chromaticity coordinates (0.32,0.31) was obtained in the optimized composition Sr 0.99 Zn 1.99 (PO 4 ) 2 :Eu 0.01 ,Mn 0.01 [START_REF] Yang | White-light generation and energy transfer in SrZn 2 (PO 4 ) 2 :Eu,Mn phosphor for ultraviolet light-emitting diodes[END_REF] . Alkaline earth ortho-phosphates exhibit excellent thermally stable. Figure 1.29 shows the emission spectra as a function of temperature of Mg 2 Sr(PO 4 ) 2 :Eu 2+ as an example. With increasing temperature up to 450 K, the normalized emission intensity of optimized Mg 2 Sr 0.97 (PO 4 ) 2 :Eu 2+ 0.03 is decreased to 63.0% of the initial value, whereas 51.9% for commercially available YAG: Ce 3+ phosphor. The results indicate that Mg 2 Sr 0.97 (PO 4 ) 2 :Eu 2+ 0.03 phosphor has comparatively low temperature quenching effect and exhibits higher thermal stability than commercially available YAG: Ce 3+ phosphor, especially above 390 K. [START_REF] Wu | Thermally stable luminescence of SrMg 2 (PO 4 ) 2 :Eu 2+ phosphor for white light NUV light-emitting diodes[END_REF] Another ortho-phosphates are alkaline metal and alkaline earth ortho-phosphates with chemical formula AMPO 4 ( A=Li, Na, K, and M=Mg,Ca, Sr, Ba, Zn), which have been reported as excellent host matrix of Eu 2+ in recent years [START_REF] Chen | An intense green emitting LiSrPO 4 :Eu 2+ , Tb 3+ for phosphor-converted LED[END_REF][START_REF] Wu | Optimization and Temperature-Dependent Luminescence of LiBaPO 4 :Eu 2+ Phosphor for Near-UV Light-Emitting Diodes[END_REF][START_REF] Li | Luminescent properties of NaBaPO 4 : Eu 3+ red-emitting phosphor for white light-emitting diodes[END_REF][START_REF] Tang | !Thermally stable luminescence of KSrPO 4 :Eu 2+ phosphor for white light UV light-emitting diodes[END_REF][START_REF] Wu | A Novel Blue-green-emitting Phosphor LiBaPO 4 :Eu 2+ for White Light-emitting Diodes[END_REF][START_REF] Ting-Shan Chan | Emitting Phosphor LiZn 1-x PO 4 :Mn x for Light Emitting Diodes[END_REF][START_REF] Yang | A novel greenemitting phosphor NaCaPO 4 :Eu 2+ for white LEDs[END_REF][START_REF] Wu | A novel blue-emitting phosphor LiSrPO 4 :Eu 2+ for white LEDs[END_REF] . AMPO 4 has an orthorhombic crystal structure which consist of a tetrahedra-built BPO4 framework hosting a cation A. They are belonging to the stuffed tridymite structure family. The existence of different oxygen environments for the two M atoms is the most outstanding feature of this structure, i.e., M(II) is located in a normal tetrahedron, however, M(I) has a five-oxygen irregular environment. The unusual environment of M(I) in AMPO4 distorts the oxygen skeleton [START_REF] Zhang | Luminescence properties and structure of Eu 2+ doped KMgPO 4 phosphor[END_REF] . In AMPO4, there are two distinct A cation sites: A(I)O7 and A(II)O6 in seven-and six-folds coordination, respectively. When doped with Eu 2+ and / or Mn 2+ , AMPO 4 exhibit excellent emission band varying from blue to greenish yellow under n-UV light with varying A + and M 2+ . Typically, Figure 1.30 show the PL and PLE spectra of LiSrPO 4 :Eu 2+ [START_REF] Wu | A novel blue-emitting phosphor LiSrPO 4 :Eu 2+ for white LEDs[END_REF] , LiBaPO 4 :Eu 2+ [START_REF] Wu | A Novel Blue-green-emitting Phosphor LiBaPO 4 :Eu 2+ for White Light-emitting Diodes[END_REF] , NaCaPO 4 :Eu 2+ [START_REF] Yang | A novel greenemitting phosphor NaCaPO 4 :Eu 2+ for white LEDs[END_REF] and LiZnPO 4 :Mn 2+ [START_REF] Ting-Shan Chan | Emitting Phosphor LiZn 1-x PO 4 :Mn x for Light Emitting Diodes[END_REF] . We can see a broad excitation band ranging from 250 to 440 nm, which means this phosphor may be suitable for application to WLEDs excited by NUV light. Their emission peaks locate at 450, 480, 505 and 560 nm according to blue, bluish green and green emission respectively. Table 2 summarized the PL and PLE of AMPO 4 phosphates in detail. These phosphors have high performance of temperature quenching effect. Figure 1.31 shows the variation of emission intensity (normailized at 270K) and peak position of LiBa 0.95 PO 4 :Eu 2+ 0.05 phosphor excited by 350nm in the range of 270-450 K. It can be seen that the optimized LiBa 0.95 PO 4 :Eu 2+ 0.05 phosphor has a comparatively low temperature quenching effect. With increasing temperature up to 450 K, the normalized emission intensity of LiBaPO 4 :Eu 2+ is decreased to 87.0% of the initial value, whereas it is 51.9% for the YAG:Ce (P46-Y3)! phosphor and 63.0% for Mg 2 Sr 0.97 (PO 4 ) 2 :Eu 2+ 0.03 phosphor. The results indicate that the LiBaPO 4 :Eu 2+ has higher thermal stability. [START_REF] Wu | Optimization and Temperature-Dependent Luminescence of LiBaPO 4 :Eu 2+ Phosphor for Near-UV Light-Emitting Diodes[END_REF] Although no more temperature dependence were reported, it is reasonable to believe that AMPO 4 :Eu 2+ phosphors have higher thermal stability than YAG:Ce, even higher than alkaline earth ortho-phosphates aforementioned.

When codoped with Eu 2+ and Tb 3+ in LiSrPO 4 [START_REF] Chen | An intense green emitting LiSrPO 4 :Eu 2+ , Tb 3+ for phosphor-converted LED[END_REF] , an intense green emission peaking at 541 nm originated from the 4f-4f transition of Tb 3+ were observed (Figure 1.32). This emission can be efficiently excited by 350-410 nm emission of UV LEDs due to the energy transfer from Eu 2+ to Tb 3+ . Because of the absence of red component in this system, researchers considered to introduce Eu 3+ as activator and obtained strong sharp red emission peaking at 611 nm due to the 4f-4f transition of Eu 3+ in NaBaPO 4 :Eu 3+ . This phosphor have two strongest absorptions located at 400 and 468 nm respectively, which indicates that this phosphor can strongly absorb not only visible blue light emission (468nm) of blue LEDs but also ultraviolet light (400nm) of NUV LEDs [START_REF] Li | Luminescent properties of NaBaPO 4 : Eu 3+ red-emitting phosphor for white light-emitting diodes[END_REF] .

M 2 P 2 O 7 (M=Ca, Sr, Ba, Mg, Zn) pyrophosphate is another large family in phosphate compounds, which have been found to crystallize in two structural types that can be predicted from the ionic radius of A cation.

When radius of A 2+ is smaller than 0.97 Å (M=Mg, Zn), A 2 P 2 O 7 is of the thortveitite structure, in which [P 2 O 7 ] groups are in stagger configuration. when the radius of A 2+ is larger than 0.97Å (M=Ca, Sr, Ba), the [P 2 O 7 ] groups are in eclipsed configuration [6]. As similar as silicates and ortho-phosphates, Eu 2+ and Mn 2+ codoped M 7 P 2 O 7 also show high performance in photoluminescence upon NUV LEDs. For example, the BaMgP 2 O 7 :Mn phosphor under 420nm excitation shows a broad and low intensity red-emission band centered at 615nm, due to the 4 T 1 -6 A 1 transition of Mn 2+ ions substituting Mg 2+ sites [START_REF] Kim | Photoluminescence properties of Eu 2+ and Mn 2+ -activated BaMgP 2 O 7 as a potential red phosphor for white-emission[END_REF] . The emission spectrum of BaMgP 2 O 7 :Eu,Mn phosphor excited by 309 nm wavelength consists of two broad emission bands centered at 409 and 615nm, originating from the d-f transition of Eu 2+ substituting Ba 2+ ions and the 4 T 1 -6 A 1 transition of Mn 2+ occupying the Mg 2+ site, respectively [START_REF] Kim | Photoluminescence properties of Eu 2+ and Mn 2+ -activated BaMgP 2 O 7 as a potential red phosphor for white-emission[END_REF] .

Contributing to efficient energy transfer from Eu 2+ to Mn 2+ , it is clearly observed that the emission band of Mn 2+

ions is enhanced efficiently. The CIE chromaticity coordinates of BaMgP 2 O 7 : Eu 0.015 ,Mn x phosphors are presented in figure 1.33 [START_REF] Kim | Photoluminescence properties of Eu 2+ and Mn 2+ -activated BaMgP 2 O 7 as a potential red phosphor for white-emission[END_REF] . As can be seen, it is clearly observed that the CIE chromaticity coordinates with the increase of Mn content from 0 to 17.5 mol% shift from blue region to red region. The BaMgP 2 O 7 : Eu 0.015 and BaMgP 2 O 7 : Eu 0.015 , Mn 0.175 compositions show the CIE chromaticity coordinates of (0.172, 0.017) and (0.619, 0.339), respectively. Eu 2+ and Mn 2+ codoped Ca 2 P 2 O 7 almost have the similar result except for the different emission wavelength [START_REF] Hao | Phase dependent photoluminescence and energy transfer in Ca 2 P 2 O 7 : Eu 2+ , Mn 2+ phosphors for white LEDs[END_REF] . Ca 2 P 2 O 7 :Eu 2+ , Mn 2+ phosphors have two phases, viz., α and β phase, The PL spectra of both phases consist of two emission peaking at 414 and 596 nm for the former and 419 and 567 nm for the later.

In addition, the intensity of long wavelength emission of β phase is larger than that of α phase [START_REF] Hao | Phase dependent photoluminescence and energy transfer in Ca 2 P 2 O 7 : Eu 2+ , Mn 2+ phosphors for white LEDs[END_REF] .

Apatite type alkaline-earth halo-phosphates with general formula M 5 (PO 4 ) 3 X (M = Ca, Sr, Ba, X = F, Cl, Br, OH) are a family of phosphor host matrix. In the apatite structure there are two types of cationic site (M(I)

and M(II)), the first type of site M(I) has trigonal symmetry due to the tricaped trigonal prism formed by nine oxygen atoms surrounding the cationic site, and the second type of site is seven coordinated with six oxygen atoms and one X ion [START_REF] Guo | Luminescent properties of Sr 5 (PO 4 ) 3 Cl:Eu 2+ , Mn 2+ as a potential phosphor for UV-LED-based white LEDs[END_REF] . Eu 2+ doped alkaline-earth halo-phosphates are known to be promising as blue emitting phosphors applicable for plasma display panels (PDPs), field emission displays (FEDs), fluorescent lamps and light emitting diodes (LEDs) because of their broad excitation band from vacuum ultraviolet (VUV) to longwavelength ultraviolet (UV) and high emission efficiency, low price, environmental friendliness, and excellent physical and chemical stability [START_REF] Guo | Luminescent properties of Sr 5 (PO 4 ) 3 Cl:Eu 2+ , Mn 2+ as a potential phosphor for UV-LED-based white LEDs[END_REF] .

Eu 2+ -doped alkaline earth halo-apatites M 5 (PO 4 ) 3 Cl x :Eu 2+ (M = Ca, Sr, Ba) by a solid state reaction method with excess chlorides were reported. The photoluminescence excitation (PLE) and emission (PL) spectra of the M 5 (PO 4 ) 3 Cl:Eu 2+ (CCAP, SCAP, BCAP for M= Ca , Sr and Ba, respectively) are given in Figure 1.34 [START_REF] Zhang | Synthesis and luminescence of Eu 2+ -doped alkaline-earth apatites for application in white LED[END_REF] . The excitation bands are broad and extend from 300 to 420 nm, suggesting that the Eu 2+ -doped Ca, Sr and Ba halo-apatites are suitable for being excited by NUV light as blue-emitters. Excited by 395 nm light, all the materials give rise to an intense broad emission band centering at 457, 447 and 436 nm for Eu 2+ -doped CCAP, SCAP and BCAP, respectively. An intense blue LED was fabricated by pre-coating CCAP:Eu 2+ 0.03 phosphor onto a 395 nm-emitting InGaN chip, and a white LED was also fabricated by the combination of the optimal blue phosphor CCAP:Eu 2+ 0.03 and a yellow phosphor Ca 2 BO 3 Cl:Eu 2+ 0.015 with 395 nm InGaN chips. The NUV emission from the LED chip at 395 nm, the blue emission from CCAP:Eu 2+ 0.03 centering at 457 nm and the yellow emission from Ca 2 BO 3 Cl:Eu 2+ 0.015 centering at 577 nm. The chromaticity coordinates of fabricated WLEDs are (0.3432, 0.3234) with the color temperature (Tc) 4969 K and the luminous efficacy 8 lm/W, respectively. This white LED has a general color rendering index (Ra) of 80, which is acceptable for general illumination [START_REF] Zhang | Synthesis and luminescence of Eu 2+ -doped alkaline-earth apatites for application in white LED[END_REF][START_REF] Yang | Luminescent properties of Ca 2 BO 3 Cl:Eu 2+ yellow-emitting phosphor for white light-emitting diodes[END_REF] . By codoping with Mn 2+ , the emission spectrum of Sr 5 (PO 4 ) 3 Cl:Eu 2+ ,Mn 2+ includes a strong blue band from Eu 2+ and a weak orange light from Mn 2+ [START_REF] Zhang | Synthesis and luminescence of Eu 2+ -doped alkaline-earth apatites for application in white LED[END_REF] . The excitation spectra cover the spectral range of 225-450 nm, improving the chance that doubly doped phosphor for NUV LED excitation, and thus these phosphors could be used as orange and blue double-color emitting phosphors in NUV WLEDs. Eu 2+ and Mn 2+ co-doped polyphosphates such as Sr 2 Mg 3 P 4 O 15 [106] , Ca 7 Mg 2 P 6 O 24 [107] , Ca 9 Ln(PO 4 ) 7 (Ln=Y,La) [START_REF] Huang | A Single-Phased Emission-Tunable Phosphor Ca 9 Y(PO 4 ) 7 :Eu 2+ ,Mn 2+ with Efficient Energy Transfer for White-Light-Emitting Diodes[END_REF][START_REF] Huang | Ca 9 La(PO 4 ) 7 :Eu 2+ ,Mn 2+ : an emission-tunable phosphor through efficient energy transfer for white light-emitting diodes[END_REF] and (Sr, Ba) 6 BP 5 O 20 [110] also give double-color emission and then WLEDs are generated by combining them with NUV LEDs.

Three band emission phosphor with formula Na 2 Sr(PO 4 )F:Dy 3+ suitable as a white light emitting phosphor were reported recently [START_REF] Nagpure | Combustion synthesis of Na 2 Sr(PO 4 )F:Dy 3+ white light emitting phosphor[END_REF] . Three emission bands peaking at 482 nm (blue), 575 nm (yellow) and a small peak at 670 nm (red) are due to the transition of Dy 3+ . It gives blue-yellow-red emissions under 348 nm UV excitation, these three emission bands combine to give a spectrum that appears cream-white to the naked eye.

An attractive phosphor with formula BPO 4 :Li + was reported. This phosphor is one of the stable, efficient, and environmentally friendly luminescent materials (without rare earth or transition metal ions as activators), which was prepared by the PSG process. The BPO 4 : Li +

x phosphors show an intense bluish white emission ranging from 360 to 580 nm with peak at 416 nm under a wide range of UV light excitation (200-400 nm) [START_REF] Zhang | Structural and Bluish-White Luminescent Properties of Li + -Doped BPO 4 as a Potential Environmentally Friendly Phosphor Material[END_REF] .

nitride and oxynitride phosphors

Recently, nitride and oxynitride phosphors have attracted interest because of its outstanding thermal, chemical stability and luminescent properties, which nowadays are newly developed members of the phosphor family. So far, most of the nitride and oxynitride phosphors applicable for excitation of nUV-and blue-LEDs chips are Ce 3+ -or Eu 2+ -doped silicon based compounds. Compared with the well-known oxosilicates aforementioned, the newly developed nitride and oxynitride exhibit a much wider range of structural complexity and flexibility, forming a large family of multiternary compounds. In addition to these nitride compounds, oxynitrides are derived from oxosilicates and oxoaluminosilicates by exchanges of oxygen with nitrogen and of silicon with aluminum, respectively. Therefore, similar to oxosilicates, the structures of silicon based oxynitride and nitride compounds are generally built up of highly condensed networks constructed from linked SiX 4 (X=O, N) tetrahedral. Nitrides have a high degree of condensation due to the fact that the structural possibilities in oxosilicates are limited to terminal oxygen atoms and simple bridging O atoms, whereas the nitrogen atoms in nitrides are generally connected with two (N), three (N), even four (N) silicon atoms. Consequently, the highly condensed SiN 4 -based networks and the high stability of the chemical bonding between the constituent elements result in the extraordinary chemical and thermal stability of silicon-based oxynitride and nitride phosphors. For rare-earth ions (i.e., Eu 2+ and Ce 3+ ) with the 5d electrons unshielded from the crystal field by the 5s and 5p electrons when in the excited state, the spectral properties are strongly affected by the surrounding environment (e.g., symmetry, covalence, coordination, bond length, site size, crystal-field strength, etc.). Because of the higher formal charge of N 3-compared with O 2-and the nephelauxetic effect (covalence), the crystal-field splitting of the 5d levels of rare earths is larger and the center of gravity of the 5d states is shifted to lower energies (i.e., longer wavelength) than in an analogous oxygen environment [START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] . Consequently, oxynitride and nitride phosphors are anticipated to show longer excitation and emission wavelengths than their oxide counterparts. Furthermore, the Stokes shift becomes smaller in a rigid lattice with a more extended network of SiN 4 tetrahedra.

A small Stokes shift leads to high conversion efficiency and small thermal quenching of phosphors. Until now, a lots of nitride and oxynitrides have been found, such as MSi 2 O 2-δ N 2+2/3δ :Eu 2+ (M=Ca,Sr,Ba) [START_REF] Song | Photoluminescence properties of Sr 1-x Si 2 O 2 N 2 :Eu 2+ as green to yellow-emitting phosphor for blue pumped white LEDs[END_REF][START_REF] Yun | Preparation and luminescence properties of SrSi 2 O 2 N 2 :Eu 2+ phosphors for white LEDs[END_REF][START_REF] Volker Bachmann | Color Point Tuning for (Sr,Ca,Ba)Si 2 O 2 N 2 :Eu 2+ for White Light LEDs[END_REF][START_REF] Volker Bachmann | Luminescence properties of SrSi 2 O 2 N 2 doped with divalent rare earth ions[END_REF][START_REF] Li | Luminescence Properties of Eu 2+ -Activated Alkaline-Earth Silicon-Oxynitride MSi 2 O 2-δ N 2+2/3δ (M =Ca, Sr, Ba): A Promising Class of Novel LED Conversion Phosphors[END_REF] , Ln-Si-O-N:Ce (Ln=Y,La) [START_REF] Van Krevel | Long wavelength Ce 3+ emission in Y-Si-O-N materials[END_REF][START_REF] Yang | Purple-to-yellow tunable luminescence of Ce 3+ doped yttriumsilicon-oxide-nitride phosphors[END_REF] , A val m/val Si 12-m-n Al m+n O n N 16-n :Eu 2+ (A=Li + , Mg 2+ , Ca 2+ ,Sr 2+ , Y 3+ , La 3+ ) [START_REF] Park | Synthesis and luminescent properties of Eu 2+ doped nitrogen-rich Ca-a-SiAlON phosphor for white light-emitting diodes[END_REF][START_REF] Sakuma | Redshift of emission wavelength caused by reabsorption mechanism of europium activated Ca-a-SiAlON ceramic phosphors[END_REF][START_REF] Shioi | Crystal Structure, and Photoluminescence of Sr-α-SiAlON:Eu 2+[END_REF][START_REF] Sakuma | Luminescence properties of (Ca,Y)-α-SiAlON:Eu phosphors[END_REF][125][START_REF] Van Krevel | Luminescence Properties of Terbium-, Cerium-, or Europium-Doped α-Sialon Materials[END_REF] , Si 6- z Al z O z N 8-z :Eu 2+ [START_REF] Ho Ryu | Luminescence properties of Eu 2+ -doped β-Si 6-z Al z O z N 8-z microcrystals fabricated by gas pressured reaction[END_REF][START_REF] Ho Ryu | Chulsoo Yoon Synthesis of Eu x Si 6-z Al z O z N 8-z green phosphor and its luminescent properties[END_REF] , Sr 2 Al 2-x Si 1+x O 7-x N x :Eu 2+ [START_REF] Yuan | Crystal, electronic and luminescence properties of Eu 2+ -doped Sr 2 Al 2-x Si 1+x O 7-x N x[END_REF] , Sr 5 Al 5+x Si 21-x N 35-x O 2+x :Eu 2+ [START_REF] Oeckler | Sr 5 Al 5+x Si 21-x N 35-x O 2+x :Eu 2+ (x>0)-A Novel Green Phosphor for White-Light pcLEDs with Disordered Intergrowth Structure[END_REF] , Y 2 Si 3-x Al x O 3-x N 4-x :Ce 3+ [START_REF] Van Krevel | On the Ce 3+ !luminescence in the melilite-type oxide nitride compound Y 2 Si 3-x Al x O 3-x N 4-x[END_REF] , MgYSi 2 O 5 N:Ce,Mn [START_REF] Xie | Blue and red luminescence from Mn 2+ -Ce 3+ co-doped MgYSi 2 O 5 N phosphors[END_REF] , M 2 Si 5 N 8 :Eu 2+ [START_REF] Li | The effect of replacement of Sr by Ca on the structural and luminescence properties of the red-emitting Sr 2 Si 5 N 8 :Eu 2+ LED conversion phosphor[END_REF][START_REF] Li | Luminescence properties of red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF][START_REF] Piao | Characterization and luminescence properties of Sr 2 Si 5 N 8 :Eu 2+ phosphor for white light-emitting-diode illumination[END_REF][START_REF] Teng | Luminescence properties of Tm 3+ co-doped Sr 2 Si 5 N 8 :Eu 2+ red phosphor[END_REF] , Eu 2+ or Mn 2+ doped MAl z SiN 2+z :Eu 2+ (M=Mg, Ca, Sr, Ba) [START_REF] Watanabe | Crystal structure and luminescence properties of Sr x Ca 1-x AlSiN 3 :Eu 2+ mixed nitride phosphors[END_REF][START_REF] Watanabe | Crystal structure and luminescence of Sr 0.99 Eu 0.01 AlSiN 3[END_REF][START_REF] Duan | Red emission from Mn 2+ on a tetrahedral site in MgSiN 2[END_REF][START_REF] Duan | Preparation, Electronic Structure, and Photoluminescence Properties of Eu 2+ -and Ce 3+ /Li + -Activated Alkaline Earth Silicon Nitride MSiN 2 (M =Sr, Ba)[END_REF] ,

Eu 2+ -and Ce 3+ -doped MYSi 4 N 7 (M = Sr, Ba) [141][START_REF] Li | Synthesis, structure, and luminescence properties of Eu 2+ and Ce 3+ activated BaYSi 4 N 7[END_REF][START_REF] Hecht | SrAlSi 4 N 7 :Eu 2+ -A Nitridoalumosilicate Phosphor for Warm White Light (pc)LEDs with Edge-Sharing Tetrahedra[END_REF] , et al. [START_REF] Kechele | Structure elucidation of BaSi 2 O 2 N 2 -A host lattice for rare-earth doped luminescent materials in phosphor-converted (pc)-LEDs[END_REF][145][146] . Both compounds showed a similar layered structure with layers of (Si 2 O 2 N 2 ) 2 consisting of SiON 3 tetrahedra, as demonstrated in figure 1. 35. The N atom bridges three Si atoms while the O atom is bound terminally to two Si atoms. The highly condensed silicate layers of BaSi 2 O 2 N 2 consist exclusively of vertex-sharing SiON 3 tetrahedra of Q 3 type. In accordance with Pauling's rules the nitrogen atoms connect three silicon tetrahedral centers (N [3]), while the oxygen atoms are terminally bound (O [1]). The up-down sequence of the tetrahedra in a layer is shown in Figure . 35 [START_REF] Kechele | Structure elucidation of BaSi 2 O 2 N 2 -A host lattice for rare-earth doped luminescent materials in phosphor-converted (pc)-LEDs[END_REF] . The layers are directly interconnected via common oxygen atoms. In all MSi 2 O 2 N 2 compounds (M = Sr, Ca, Ba), the silicate layers are separated by M 2+ layers. The configuration of the Q 3 type SiON 3 tetrahedra in SrSi 2 O 2 N 2 (up-down sequence) is quite analogous to BaSi 2 O 2 N 2 . However, the silicate layers are shifted against each other in the Sr compound (Figure . 35) [START_REF] Kechele | Structure elucidation of BaSi 2 O 2 N 2 -A host lattice for rare-earth doped luminescent materials in phosphor-converted (pc)-LEDs[END_REF] . In There are four similar M 2+ ion sites which are all surrounded by six oxygen atoms in a distorted trigonal prismatic manner. This constructs the host crystal environment with strong crystal field strength for doping activators [START_REF] Kechele | Structure elucidation of BaSi 2 O 2 N 2 -A host lattice for rare-earth doped luminescent materials in phosphor-converted (pc)-LEDs[END_REF] .

Excitation and emission spectra for 10 mol % Eu 2+ -doped MSi 2 O 2-δ N 2+2/3δ (M = Ca, Sr, Ba) are depicted in Figure 1.36 [START_REF] Li | Luminescence Properties of Eu 2+ -Activated Alkaline-Earth Silicon-Oxynitride MSi 2 O 2-δ N 2+2/3δ (M =Ca, Sr, Ba): A Promising Class of Novel LED Conversion Phosphors[END_REF] . It can be clearly seen that the position of the excitation bands is very similar for M = Ca, Sr, Ba, which suggests that the crystal field splitting and the center of gravity of Eu 2+ are not very much influenced by the different crystal structures, but seems to be fixed by the Si 2 O 2 N 2 network. BaSi 2 O 2 N 2 :Eu 2+ shows a bluegreen emission with a very narrow emission band at about 499 nm (FWHM ∼ 35 nm) [START_REF] Li | Luminescence Properties of Eu 2+ -Activated Alkaline-Earth Silicon-Oxynitride MSi 2 O 2-δ N 2+2/3δ (M =Ca, Sr, Ba): A Promising Class of Novel LED Conversion Phosphors[END_REF] . CaSi 2 O 2-δ N 2+2/3δ :Eu 2+

shows a yellowish emission with a maximum at 560 nm. Similarly, the emission spectrum of SrSi 2 O 2- δ N 2+2/3δ :Eu 2+ is composed of a broad emission band ranging from 530 to 570 nm depending on the Eu concentration and the O/N ratio [START_REF] Li | Luminescence Properties of Eu 2+ -Activated Alkaline-Earth Silicon-Oxynitride MSi 2 O 2-δ N 2+2/3δ (M =Ca, Sr, Ba): A Promising Class of Novel LED Conversion Phosphors[END_REF] . Both CaSi concentration are also given in the inset [146] . The emission intensity increases with the Eu 2+ concentration up to 2 at% and then decreases. The emission peak position continuously shifts from 528 nm at 0.5 at% of Eu 2+ to 544 nm as the Eu 2+ content increased to 20 at%. Differently, the recent investigation indicates that the emission peak position continuously shifts from 545nm at 5 at% of Eu 2+ to 561nm at 25 at% of Eu 2+ (see figure 1.38) [START_REF] Song | Photoluminescence properties of Sr 1-x Si 2 O 2 N 2 :Eu 2+ as green to yellow-emitting phosphor for blue pumped white LEDs[END_REF] . Two mechanisms have been used to explain this red shift. One is that the energy at the conduction band of host crystals decreases with the Eu 2+ concentration in the solid solution, which results in their redshift emission. The other thinks that the high energy portion of the emission is slightly reabsorbed while the emission with the longer wavelength part gains intensity, which makes the emission band shift to a longer wavelength. In fact, the red shift has also been observed in other nitride and oxynitride which will be discussed later. However, as the emission peak red shifts, the emission intensity continually increases and then decreases. The highest emission intensity appears around 2 at% (recently 15 at%) [START_REF] Song | Photoluminescence properties of Sr 1-x Si 2 O 2 N 2 :Eu 2+ as green to yellow-emitting phosphor for blue pumped white LEDs[END_REF] . Table 3 summaries the color coordinates, quantum efficiency and maximum emission wavelength for different Eu 2+ concentration [START_REF] Volker Bachmann | Color Point Tuning for (Sr,Ca,Ba)Si 2 O 2 N 2 :Eu 2+ for White Light LEDs[END_REF] . For enhancement of the emission intensity, Mn 2+ , Ce 3+ and Dy 3+ were chosen to codoped into SrSi 2 O 2 N 2 :Eu 2+ [START_REF] Song | Luminescence and energy transfer of Mn 2+ co-doped SrSi 2 O 2 N 2 :Eu 2+ green-emitting phosphors[END_REF][START_REF] Liu | Enhanced luminescence of SrSi 2 O 2 N 2 :Eu 2+ phosphors by codoping with Ce 3+ , Mn 2+ , and Dy 3+ ions[END_REF] . The emission intensity is increased by 144%, 148%, and 168% as compared to intensity of Eu 2+ doped SrSi 2 N 2 O 2 for Ce 3+ , Dy 3+ , and Mn 2+ samples, respectively. The maximum intensity is observed for

Mn 2+ doped SrSi 2 N 2 O 2 :Eu 2+ phosphors. Y 3+ codoped can also enhance the emission of Eu 2+ in CaSi 2 O 2 N 2 host.
This enhancement was attributed to the decreasing of strain due to the small ions radius of Y 3+ than that of Ca 2+ , this strain was caused by the large Eu 2+ [START_REF] Gu | Enhanced emission from CaSi 2 O 2 N 2 :Eu 2+ phosphors by doping with Y 3+ ions[END_REF] . As similar as the M 2 SiO 4 :Eu 2+ (M=Ca,Sr,Ba) phosphor aformentioned, the emission color of MSi 2 O 2 N 2 :Eu 2+ also can be tuned by codoping two kinds of alkaline earth ions. For example, a high flexibility in the color point tuning may be achieved by continuously varying the fraction x in Sr 0.98-x Ca x Si 2 O 2 N 2 :Eu 0.02 and Sr 0.98-

x Ba x Si 2 O 2 N 2 :Eu 0.02 between 0 and 0.98 [START_REF] Volker Bachmann | Color Point Tuning for (Sr,Ca,Ba)Si 2 O 2 N 2 :Eu 2+ for White Light LEDs[END_REF] . The emission band continuously shifts to longer wavelengths as the fraction of Ca 2+ is increased. Along with the spectral shift, the width of the emission band and the Stokes shift increase. By varying the molar Ca:Sr ratio, the maximum of the emission band can be tuned precisely to any wavelength between 537 and 560 nm. The partial replacement of Sr by Ba shows the similar result that is a continuous redshift of the emission band from 538nm for x=0 to 564nm for x=0.75. However, for x=0.98 there is a sudden blue shift of the emission band maxmum at 495nm. Unfortunately, the quenching temperature decrease after partial replacement of Sr by Ca or Ba [START_REF] Volker Bachmann | Color Point Tuning for (Sr,Ca,Ba)Si 2 O 2 N 2 :Eu 2+ for White Light LEDs[END_REF] .

Among oxynitride luminescence materials, Eu 2+ -doped a-SiAlON has a strong absorption in the range of 280-470 nm and exhibits a broad yellow emission band covering the range of 550-590 nm, which is, therefore, expected to be used in white LEDs when combined with a blue LED chip. In addition, due to its unique crystal structure, the a-SiAlON host lattice has the following advantages: (i) better flexibility of material design without changing the crystal structure, (ii) strong absorption in the visible light spectral region and long wavelength emissions, and (iii) chemical and thermal stability, as its basic structure is based on (Si, Al)-(O, N) 4 tetrahedral networks [START_REF] Shioi | Crystal Structure, and Photoluminescence of Sr-α-SiAlON:Eu 2+[END_REF] . The substitution leads to a charge imbalance, which is compensated by the incorporation of interstitial M cations [START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] . the typical excitation and emission spectra: of (a) Sr-α-SiAlON:Eu 2+ , (b) Ca-α-SiAlON:Eu 2+ phosphors [START_REF] Shioi | Crystal Structure, and Photoluminescence of Sr-α-SiAlON:Eu 2+[END_REF] . The excitation spectra of Sr-a-SiAlON:Eu 2+ and Ca-α-SiAlON:Eu 2+ are similar and covers the spectral region from the UV to the visible part. Two broad bands are observed in the excitation spectrum with the maxima at about 288 and 399 nm. The emission spectra show a single intense broad emission band ranging from 470 to 750 nm, peaking at about 575 nm for Ca-a-SiAlON:Eu 2+ and 583 nm for Sr-a-SiAlON:Eu 2+ , respectively. The emission intensities of them were about 116% and 122% of YAG:Ce 3+ (P46-Y3). Longer emission peaks than that of YAG:Ce 3+ mean that the Sr-and Ca-α-SiAlON:Eu phosphors could be good yellow phosphor candidates for creating warm white light when combined with blue LED [START_REF] Shioi | Crystal Structure, and Photoluminescence of Sr-α-SiAlON:Eu 2+[END_REF] . Furthermore, the α-SiAlON:Eu 2+ phosphor has lower thermal quenching than YAG:Ce 3+ , as shown in Figure 1.41. The low thermal quenching is expected to lead to a small variation of chromaticity in white LEDs using α-SiAlON:Eu 2+ [START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] .

Similarly, the peak emission wavelength is redshifted when the Eu 2+ concentration increases [START_REF] Sakuma | Redshift of emission wavelength caused by reabsorption mechanism of europium activated Ca-a-SiAlON ceramic phosphors[END_REF] . Moreover, the emission of α-SiAlON:Eu 2+ can also be tuned by varying the values of m and n values, by the O/N ratio and by substituting Ca or Sr with other metals such as Li, Mg, and Y. For example, the decrease of n also redshifts the emission peak for samples with fixed m and the Eu 2+ concentration. For example, the emission peak position shifts from 567 to 580 nm as n decreases from 1.5 to 0, for samples with m = 1.0 and 7 mol % Eu 2+[125] . The emission occurs at longer wavelength with lower n value is attributable to the higher formal charge of N the emission shifts toward shorter wavelengths i.e., 588 nm for x=0 and 577 nm for x=1.0 [START_REF] Xie | Highly efficient white-lightemitting diodes fabricated with short-wavelength yellow oxynitride phosphors[END_REF] . The blueshift in emission is ascribed to charge compensation or some defects caused by the substitution of divalent calcium ions by monovalent lithium ones. The charge compensation or some defects will reduce the symmetry around the activator site. Furthermore, the enhanced emission intensity is observed as the content of Li increases, with the highest value at the composition of x=0.5. The enhanced luminescent properties with the incorporation of Li + are possibly due to: (i) the modification of crystallinity and morphology of phosphor particles and (ii)the creation of oxygen or nitrogen vacancies , which might act as a sensitizer for the effective energy transfer due to the strong mixing of charge transfer state [START_REF] Xie | Highly efficient white-lightemitting diodes fabricated with short-wavelength yellow oxynitride phosphors[END_REF] . Further shift of emission to shorter wavelength would be realized in Li -α- [125] . The excitation spectrum comprises two dominant peaks at !300 and 435-449 nm respectively, which is consistent with that of Ca-α-SiAlON. However, the intensity at phosphor are 70% and 40% under the 460 nm excitation, respectively [125] . Besides of Eu 2+ as activator, the Ce 3+ and Yb 2+ -activated Ca-α-SiAlON shows blue and green emission, respectively. The emission spectrum of Ce 3+ doped Ca-α-SiAlON centers at 495nm and extends from 400 to 650 nm upon 389 nm excitation. The peak emission wavelength is redshifted from 485 to 503 nm when the Ce concentration increases from 5 to 25mol% [START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] . Moreover, the emission of α-SiAlON:Ce 3+ can also be tuned by varying the values of m and n. The excitation spectrum shows a broad band with a peak located at 389 nm, which closely matches the emission wavelengths of UV or NUV LEDs. The excitation spectrum of Yb 2+activated Ca-α-SiAlON consists of two broad bands in ultraviolet (UV) and visible (VIS) regions with several peaks centered at 283, 342 and 445 nm, and the peak emission wavelength varys linearly from 545 to 560 nm upon blue-light excitation when m increases. The emission of Yb 2+ occurs at low energies in Ca-a-sialon, which can principally be ascribed to the large crystal-field splitting and the strong nephelauxetic effect induced as a result of the nitrogen-rich coordination of Yb 2+ in α-SiAlON [START_REF] Dierre | Luminescence properties of Ca-and Yb-codoped SiAlON phosphors[END_REF] . Additionally, Eu 2+ activated β-SiAlON and s-phase SiAlON also perform excellent green and bluish green light emission upon NUV-and blue-light excitation, respectively [START_REF] Ho Ryu | Luminescence properties of Eu 2+ -doped β-Si 6-z Al z O z N 8-z microcrystals fabricated by gas pressured reaction[END_REF][START_REF] Ho Ryu | Chulsoo Yoon Synthesis of Eu x Si 6-z Al z O z N 8-z green phosphor and its luminescent properties[END_REF][START_REF] Duan | Photoluminescence properties of Eu 2+ -activated sialon S-phase BaAlSi 5 O 2 N 7[END_REF] . pairs substituting for Si-N pairs and 0 < z ≤ 4.2) [START_REF] Ho Ryu | Luminescence properties of Eu 2+ -doped β-Si 6-z Al z O z N 8-z microcrystals fabricated by gas pressured reaction[END_REF] . β-SiAlON comprises a three-dimensional network structure of corner sharing (Si, Al)(O, N) 4 tetrahedra with continuous channels along [001] direction as represented in Figure 1.42 [START_REF] Ho Ryu | Chulsoo Yoon Synthesis of Eu x Si 6-z Al z O z N 8-z green phosphor and its luminescent properties[END_REF] . Unlike α-SiAlON, it is not essential for β-SiAlON to accommodate metal ions for charge compensation. However, The S-phase SiAlON has a space group of Imm2. Its chemical formula can be written as MAlSi 5 O 2 N 7 (M=Sr,Ca). The crystal structure of The S-phase SiAlON is depicted in Figure 1.43 [START_REF] Duan | Photoluminescence properties of Eu 2+ -activated sialon S-phase BaAlSi 5 O 2 N 7[END_REF] . The fundamental building unit of it is a highly connected tetrahedral T 12 X 18 -4 framework with T = (Si, Al) and X=(N, O). Each tetrahedron shares corners with seven surrounding tetrahedrons and the alkaline earth M (M=Sr, Ba) atoms are located in tunnels extending along [0 0 1]. The β-SiAlON:Eu 2+ phosphor produces intense green emission with a peak located at 538 nm. The excitation spectrum consists of two well-resolved broad bands centered at 303 and 400 nm. The broad excitation range enables the β-SiAlON:Eu 2+ phosphor to emit strongly under NUV (400-420 nm) or blue (420-470 nm) light excitation. The optimal Eu 2+ in β-SiAlON:Eu 2+ concentration was about 0.3mol%. Such low Eu 2+ concentration may be the result of Eu 2+ hardly entering into the crystal structure of β-SiAlON [START_REF] Ho Ryu | Chulsoo Yoon Synthesis of Eu x Si 6-z Al z O z N 8-z green phosphor and its luminescent properties[END_REF] . However, the s-phase SiAlON:Eu 2+ shows a broad emission band in the wavelength range of 400-650 nm with maxima from 483 to 500 nm with increasing the Eu 2+ concentration under UV excitation. The shorter emission peak wavelength than that of α-and β-SiAlON is originated from the weak interaction between the crystal field and the 5d electrons. Without Al in s-phase SiAlON, a novel BaSi 6 N 8 O:Eu 2+ phosphor was reported [START_REF] Xie | Photoluminescence of (Ba 1 -x Eu x )Si 6 N 8 O (0.005<x<0.2) phosphors[END_REF] . It can only be excited by ultraviolet light and emits a broad band bluish-green light centered at 503nm. This phosphor crystallizes in an orthorhombic structure with the space group of Imm2, and its crystal structure is built up on a three-dimensional network consisting of SiON and SiN 4 tetrahedra. The Ba cations, being located in the channels parallel to the c-axis formed by tetrahedra, are coordinated to six nearest nitrogen anions at three distances [START_REF] Xie | Photoluminescence of (Ba 1 -x Eu x )Si 6 N 8 O (0.005<x<0.2) phosphors[END_REF] .

SiAlON:Eu 2+ ( Li m Si 12-m-n Al m+n O n N 16-n :Eu 2+ )
β
There are a series of compounds written in Ln-Si-O-N:Ce (Ln= Y, La, Lu) and their luminescence spectra Generally, these compounds emit a blue color with a peak emission wavelength of 400-500nm and show maximum excitation bands at 325-400 nm [START_REF] Van Krevel | Long wavelength Ce 3+ emission in Y-Si-O-N materials[END_REF] . When Y is replaced by Lu in Y 4 Si 2 O 7 N 2 :Ce to form Lu 4 Si 2 O 7 N 2 :Ce, the Lu 4 Si 2 O 7 N 2 :Ce phosphor shows higher emission intensity and the exciation and emission band shift to longer wavelength [START_REF] Xu | The photoluminescence of Ce-doped Lu 4 Si 2 O 7 N 2 green phosphors[END_REF] . .44 [START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] . In general, M [START_REF] Li | Luminescence properties of red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF] . In In the excitation spectra of M 2 Si 5 N 8 :Eu 2+ (M= Ca, Sr, Ba) approximately five broad bands can be distinguished. The position of these excitation bands is almost independent of the type of the M ion, the Eu concentration and the crystal structure, peaking at about 250, 300, 340, 395 and 460nm (Figure 1.46) [START_REF] Li | Luminescence properties of red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF][START_REF] Li | Synthesis and Luminescence Properties of Orange-Red-Emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) Light-Emitting Diode Conversion Phosphors by a Simple Nitridation of MSi 2[END_REF] .

Only a small variation for various M ions can be observed. The most intense 5d excitation band of Eu 2+ is located at about 395 nm in M 2 Si 5 N 8 :Eu 2+ [START_REF] Li | Luminescence properties of red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF] . The position of the Eu 2+ emission band is strongly dependent on the type of M ion and the Eu concentration. For example, the emission bands of M 2 Si 5 N 8 :Eu 2+ (1 mol%) peak at about 605, 610 and 574 nm for M = Ca, Sr and Ba, respectively. The emission maxima shift to longer wavelength with increasing Eu content due to reabsorption processes of Eu 2+ . For Ca 2 Si 5 N 8 :Eu 2+ , the emission maximum shifts to long wavelength from 605 to 615nm with increasing the Eu concentration.

For Ba 2 Si 5 N 8 :Eu 2+ , the emission band is significantly broadened (FWHM∼125 nm) as compared to Ca 2 Si 5 N 8 :Eu 2+ (FWHM∼104 nm) and Sr 2 Si 5 N 8 :Eu 2+ (FWHM∼88 nm) [START_REF] Li | Luminescence properties of red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF] . Further investigation indicates that two emission peaks exist due to the large difference between two crystallographic Ba(Eu) sites in the Ba long wavelength from 620 to 643nm [START_REF] Teng Xiaoming | Preparation and luminescence properties of the red-emitting phosphor (Sr 1-x Ca x ) 2 Si 5 N 8 :Eu 2+ with different Sr/Ca ratios[END_REF] . As a result, the corresponding color coordinates, very similar to the effect of the Eu concentration on the luminescence properties of Eu 2+ -doped Sr 2 Si 5 N 8 , also have been changed from (0.63, 0.37) to (0.65, 0.35), extending to the deep red region.

The temperature dependence of M 1.9 Si 5 N 8 :Eu 0.1 (M = Ca, Sr, Ba) and Sr 1.3 Ca 0.6 Si 5 N 8 :Eu 0.1 under excitation at 465nm are given in figure 1.47 [START_REF] Li | The effect of replacement of Sr by Ca on the structural and luminescence properties of the red-emitting Sr 2 Si 5 N 8 :Eu 2+ LED conversion phosphor[END_REF] . The thermal quenching rate decrease in the sequence of Sr>(Sr,Ca)>Ba>Ca, corresponding to the quenching temperatures T 1/2 at about !300, 233, 220 and 130 o C, respectively. For example, Sr 2 Si 5 N 8 :Eu 2+ shows the least thermal quenching: at 150 o C the decrease in quantum efficiency is only a few percent, while the efficiency of Ca 2 Si 5 N 8 :Eu 2+ has already dropped to about 40% of its room temperature value

The strong thermal quenching effect of Ca 2 Si 5 N 8 :Eu 2+ is expected from its Stokes shift being somewhat larger than that of M 2 Si 5 N 8 :Eu 2+ [START_REF] Li | The effect of replacement of Sr by Ca on the structural and luminescence properties of the red-emitting Sr 2 Si 5 N 8 :Eu 2+ LED conversion phosphor[END_REF] .

C.J. Duan et al reported Mn 2+ doped M 2 Si 5 N 8 (M=Ca, Sr, Ba). All M 2 Si 5 N 8 :Mn 2+ phosphors show narrow symmetric bands in the wavelength range of 500-700 nm with peak center at about 599, 606 and 567 nm for M=Ca, Sr, Ba, respectively. The excitation spectrum of M 2 Si 5 N 8 :Mn 2+ (M=Ca, Sr, Ba) extends a broad range of wavelengths (230-500 nm). The absorption and excitation bands of M 2 Si 5 N 8 :Mn 2+ perfectly match with the radiation of the UV-emitting InGaN based LEDs in the range of 370-420nm, so in combination with other phosphors these materials are capable of generating white light. [START_REF] Duan | Preparation and photoluminescence properties of Mn 2+activated M 2 Si 5 N 8 (M=Ca, Sr, Ba) phosphors[END_REF] Another red emission nitride phosphor is Eu 2+ , Ce 3+ or Mn 2+ doped MAl z SiN 2+z (M=Mg, Ca, Sr, Ba, z=0-1).

When z=0, the host lattice is written MSiN 2 . For M=Ba, BaSiN 2 crystallizes in space group Cmca. The structure consists of pairs of SiN 4 tetrahedra edge-linked to form bow-tie-shaped Si 2 N 6 dimers, which share vertexes to form layers, and has no analogue in oxide chemistry [START_REF] Zoltan | Synthesis and Structure of Alkaline Earth Silicon Nitrides: BaSiN 2 , SrSiN 2 , and CaSiN 2[END_REF] . SrSiN 2 has a distorted form of this structure and crystallizes in space group P21/c. whereas, the crystal structure of CaSiN 2 has been reported to exist in two forms: cubic and orthorhombic [START_REF] Duan | Preparation, Electronic Structure, and Photoluminescence Properties of Eu 2+ -and Ce 3+ /Li + -Activated Alkaline Earth Silicon Nitride MSiN 2 (M =Sr, Ba)[END_REF] . The orthorhombic phase CaSiN 2 has the space group Pbca. The threedimensional framework of the orthorhombic CaSiN 2 is built-up by the corner-sharing SiN 4 tetrahedra, in which there are two kinds of six-member SiN 4 tetrahedra rings, according to their geometric shapes, as shown in Figure Compared with CaSiN 2 :Eu 2+ , CaAlSiN 3 :Eu 2+ has higher quantum efficiency [START_REF] Piao | Preparation of CaAlSiN 3 :Eu 2+ Phosphors by the Self-Propagating High-Temperature Synthesis and Their Luminescent Properties[END_REF] . CaAlSiN 3 crystallizes in orthorhombic phase with Cmc2 1 space group. As shown in Figure 1.50, the structure of CaAlSiN 3 is built up of an MN 4 tetrahedra (M = Al/Si) linked three dimensional structure: one-third of the nitrogen atoms (N2) are linked with two M neighbors, and the other two-thirds (N1) are connected with three M neighbors. The Al and Si atoms are randomly distributed on the same tetrahedral sites and connected with N atoms to form the vertexlinked M 6 N 18 rings. Such condensed M 6 N 18 rings are highly oriented with all of the MN 4 tetrahedrons pointing along the [001] direction [START_REF] Piao | Preparation of CaAlSiN 3 :Eu 2+ Phosphors by the Self-Propagating High-Temperature Synthesis and Their Luminescent Properties[END_REF] . Figure 1.51 shows the typical excitation and emission spectra of CaAlSiN 3 :Eu 2+ .

The excitation spectrum shows a broad band ranging from 300-560 nm which cover the region from the near-UV to visible part. The broad emission bands with peak at 649 nm are observed [START_REF] Piao | Preparation of CaAlSiN 3 :Eu 2+ Phosphors by the Self-Propagating High-Temperature Synthesis and Their Luminescent Properties[END_REF] , which are located at deep red region. However, For lighting applications that require both high color rendering and efficiency, it is desirable to shift the deep red emission of CaAlSiN can form solid solution. They found that the emission peak of Sr x Ca 1-x AlSiN 3 :Eu 2+ is continuously shifted to shorter wavelength by increasing Sr occupancy, x, as shown in figure 1.52. The change in the PL peak in the range of x = 0.5-1.0 caused a marked change in emission color. Besides, partial Sr substitution increases the stability and thermal quenching temperature [START_REF] Watanabe | Crystal structure and luminescence properties of Sr x Ca 1-x AlSiN 3 :Eu 2+ mixed nitride phosphors[END_REF] .

Ce 3+ doped MSiN 2 (M=Ca, Sr, Ba) also shows strong emission under NUV-and blue-LEDs. Generally, Li + is introduced for charge compensation. SrSiN 2 :Ce 3+ , Li + displays a broad emission band in the wavelength range of 400-700 nm with a peak center at about 534 nm [START_REF] Duan | Preparation, Electronic Structure, and Photoluminescence Properties of Eu 2+ -and Ce 3+ /Li + -Activated Alkaline Earth Silicon Nitride MSiN 2 (M =Sr, Ba)[END_REF] . BaSiN 2 :Ce 3+ ,Li + . The sample exhibits a broad emission band in the wavelength range of 400-700 nm with a peak center at about 486 nm [START_REF] Duan | Preparation, Electronic Structure, and Photoluminescence Properties of Eu 2+ -and Ce 3+ /Li + -Activated Alkaline Earth Silicon Nitride MSiN 2 (M =Sr, Ba)[END_REF] . The excitation band of application with a blue LED emitting around 460 nm [START_REF] Le Toquin | Red-emitting cerium-based phosphor materials for solid-state lighting applications[END_REF] . transition of Eu 3+ , and thus they have been considered as the phosphor for the WLEDs application. So far, the molybdates phosphor mainly include MMoO 4 :Eu 3+ [START_REF] Zhou | A promising red phosphor MgMoO 4 :Eu 3+ for white light emitting diodes[END_REF][START_REF] Zhou | A potential red phosphor ZnMoO 4 :Eu 3+ for light-emitting diode application[END_REF][START_REF] Liu | Improved optical photoluminescence by charge compensation in the phosphor system CaMoO 4 :Eu 3+[END_REF] , Gd 2 (MoO 4 ) 3 :Eu 3+ [START_REF] Wang | The potential red emitting Gd 2-y Eu y (WO 4 ) 3-x (MoO 4 ) x phosphors for UV InGaN-based light-emitting diode[END_REF][START_REF] Guo | Luminescent properties of R 2 (MoO 4 ) 3 :Eu 3+ (R = La, Y, Gd) phosphors prepared by sol-gel process[END_REF][START_REF] Zhao | Luminescent properties of Eu 3+ doped α-Gd 2 (MoO 4 ) 3 phosphor for white light emitting diodes[END_REF] , Na 5 Eu(MoO 4 ) 4 [168] ,

ALn(MoO 4 ) 2 :Eu 3+ [START_REF] Wang | Luminescence of (Li 0.333 Na 0.334 K 0.333 )Eu(MoO 4 ) 2 and its application in near UV InGaN-based light-emitting diode[END_REF][START_REF] Wang | Novel red phosphor of Bi 3+ , Sm 3+ co-activated NaEu(MoO 4 ) 2[END_REF][START_REF] Yi | A potential red phosphor LiGd(MoO 4 ) 2 :Eu 3+ for light-emitting diode application[END_REF][START_REF] Yi | MoO 4 ) 2 :Eu 3+ as a promising red phosphor for light-emitting diode application[END_REF] , MLn 2 (MoO 4 ) 4 :Eu 3+ (A = Li, Na, K; M= Zn, Mg, Ca, Sr, Ba, Ln=Eu, Gd, Y, La) [START_REF] Guo | Preparation and luminescent properties of phosphor MGd 2 (MoO 4 ) 4 :Eu 3+ (M=Ca, Sr and Ba)[END_REF][START_REF] Md | Luminescent properties of Eu 3+ activated MLa 2 (MoO 4 ) 4 based (M=Ba, Sr and Ca) novel red-emitting phosphors[END_REF][START_REF] Zeng | Luminescence of Eu 3+ -activated tetra-molybdate red phosphors and their application in near-UV InGaN-based LEDs[END_REF] ,

CaRENbMoO 8 (RE = Y, La, Nd, Sm or Bi) [START_REF] Thomas | Novel powellite-based red-emitting phosphors: CaLa 1-x NbMoO 8 :xEu 3+ for white light emitting diodes[END_REF] and BaMoO 4 : Pr 3+ .

Amongst Metal molybdates of bivalent cations with formula MMoO 4 (M=Zn, Mg,Ca,Sr,Ba), MgMoO 4 and ZnMoO 4 belongs to the wolframite-type metal molybdates with triclinic structure and the [MoO 4

2-] anion complex is the principal constitutive element [START_REF] Zhou | A potential red phosphor ZnMoO 4 :Eu 3+ for light-emitting diode application[END_REF] . The central Mo metal ion occupies three non-equivalent positions and is surrounded by four O 2-ions with approximately tetrahedral coordination. However, MMoO 4 (M=Ca,Sr,Ba) attribute to sheelite-type with tetragonal stucture, which is isostructure with CaMoO 4 [START_REF] Md | Luminescent properties of Eu 3+ -activated molybdate-based novel red-emitting phosphors for LEDs[END_REF] .

Mo 6+ is coordinated by four O 2-in a tetrahedral site to form [MoO 4 1.55 [START_REF] Liu | Improved optical photoluminescence by charge compensation in the phosphor system CaMoO 4 :Eu 3+[END_REF] . The emission intensity of Ca 0.76 MoO 4 :Eu 3+ 0.24 is almost three times higher than that of commercial phosphors Y 2 O 2 S:Eu 3+ under 393 nm excitation. However, the brightness of CaMoO 4 :Eu 3+ is still inadequate for application in white LEDs, although the brightness is increased by codoping Sr 2+ , Gd 2+ and W 6+ to form Ca 0.54 Sr 0.16 Eu 0.08 Gd 0.12 (MoO 4 ) 0.2 (WO 4 ) 0.8 [179] . CaMoO 4 host used in red phosphors can be doped with a small quantity of europium, which is 25 mol% at the most, due to the critical concentration for quenching of the Eu 3+ luminescence in CaMoO 4 . In addition, the low brightness also attributes to large quantities of vacancies because of the replacement of divalent Ca 2+ by trivalent Eu 3+ . Besides, low luminescence efficiency under blue light excitation (e.g. 460 nm) makes this phosphor still need be improved.

For increasing the luminescence and decreasing the concentration of vacancies, alkaline metals ions (e.g.

Li + , Na + , K + ) are introduced as charge compensators. Zhengling Wang et al. investigated the effect of introduction of alkaline metals ions on the luminescence intensity. Two Ca 2+ ions are substituted by one alkaline metal ion and one Eu 3+ ion, and then the vacancies are decreased, resulting the increasing of luminescence intensity, as demonstrated in figure 1.55. For example, the emission intensity of the phosphors Ca 0.52 K 0.24 MoO 4 :Eu 3+ 0.24 , are about three times stronger than that of the phosphor without charge compensation, Ca 0.76 MoO 4 :Eu 3+ 0.24 [164] . The introduction of charge compensators also increase the critical quenching concentration of Eu 3+ , as shown in figure 1.56. The red emission intensity of phosphors without charge compensation, Ca 1-x MoO 4 :Eu 3+

x , increases with increasing Eu 3+ concentration, maximizing at about x = 0.24. Comparatively, for the phosphors with charge compensation, the emission intensity increases obviously before 0.24 Eu 3+ doped concentrations [START_REF] Liu | Improved optical photoluminescence by charge compensation in the phosphor system CaMoO 4 :Eu 3+[END_REF] . When the doped amount of Eu 3+ ions is 0.24, K + ions have the best charge compensation effect. While as the amount of the doped Eu 3+ and the requested charge compensator increases, the effect of charge compensators, Na + and Li + ions, on red emission of Eu 3+ is enhanced markedly. When the doped amount of Eu 3+ is 0.5, Li + ions have the best charge compensation effect [START_REF] Liu | Improved optical photoluminescence by charge compensation in the phosphor system CaMoO 4 :Eu 3+[END_REF] . When M 2+ in MMoO 4 :Eu 3+ were fully replaced by alkaline metals and rare earth ions, a new type red emission double molybdates phosphor with chemical formula ALn(MoO 4 ) 2 :Eu 3+ (A= Li, Na, K; Ln = Y, La, Gd) are obtained. In such structure, the alkaline ions and rare earth ions are randomly distributed over the cation sites, the different cations with different radii in the host compound would induce some change in the sub-lattice structure around the luminescent center ions, even change the host structure, hence leading to different photoluminescent properties. The CT excitation bands of O-Mo of ALn(MoO 4 ) 2 :Eu 3+ shift to longer wavelength in order of of NaY 0.9 (MoO 4 ) 2 :Eu 0.1 >NaGd 0.9 (MoO 4 ) 2 :Eu 0.1 >NaLa 0.9 (MoO 4 ) 2 :Eu 0.1 as a result of an increase in the Ln-O bond covalency in order of Y-O>Gd-O>La-O because of the electronegativity decreasing with the relative order Y 3+ (1.3)>Gd 3+ (1.1)=La 3+ (1.1), as demonstrated in figure 1.57 [START_REF] Wang | Luminescence investigation of Eu 3+ activated double molybdates red phosphors with scheelite structure[END_REF] . In ALn(MoO 4 ) 2 :Eu 3+ phosphors, no Eu 3+ concentration quenching is observed, because the probability of energy transfer between Eu 3+ -Eu 3+ is decreased due to relatively large distance between Eu 3+ -Eu 3+ owing to large MoO 4 2-group when Ln 3+ ions are replaced by Eu 3+ . Thus the emission of AEu(MoO 4 ) 2 is much stronger than that of ALn 0.9 (MoO 4 ) 2 :Eu 3+ because of higher Eu 3+ concentration [START_REF] Wang | Luminescence investigation of Eu 3+ activated double molybdates red phosphors with scheelite structure[END_REF] . [START_REF] Wang | Luminescence investigation of Eu 3+ activated double molybdates red phosphors with scheelite structure[END_REF] . The increase of the intensity also attributes to the relative smaller radii of Li + , which probably results in somewhat larger distortion of the crystal lattice. This distortion is just favor to the energy transfer from MoO 4 2-matrix to Eu 3+ ions, and thus the luminescence would be more efficient.

Though Eu 3+ ions show 7 F 0 -5 L 6 transition at about 395 nm that are near the excitation energy, but this transition is parity-forbidden, so it is a narrow line and cannot absorb the excitation energy efficiently. In order to strengthen and broaden the absorption around 400 nm, one of the important approaches is codoping in AEu(MoO 4 ). By adjusting the cations of this host compound to form solid solutions, the sub-lattice structure around the luminescent center ions will be expected to be somewhat diverse, and therefore the spectroscopic lines of rare earth ions are expected to be broadened. For example, by codoping Li + , Na + and K + , the luminescence of AEu(MoO 4 ) is improved and the lines absorption of Eu 3+ (near to exciation wavelength) are remarkably broadened. The optimized composition is (Li 0.333 Na 0.334 K 0.333 )Eu(MoO 4 ) 2 [169] . The other approach is introducing co-activator in the phosphor, such as Sm 3+ , Bi 3+ [START_REF] Wang | Novel red phosphor of Bi 3+ , Sm 3+ co-activated NaEu(MoO 4 ) 2[END_REF] . Sm 3+ ions exhibit strong line absorption that belongs to 6 H 5/2 → 4 K 11/2 transition at about 405 nm, which is close to the emission wavelength (400nm) of InGaN-based LED. Bi 3+ ions can efficiently absorb the UV-light and transfer the energy to the luminescent center, then the emission intensity of the luminescent center would be strengthened. The optimized NaEu 0.76 Bi 0.20 Sm 0.04 (MoO 4 ) 2 phosphor has the highest emission intensity in AEu(MoO 4 ) under 395 nm excitation [START_REF] Wang | Novel red phosphor of Bi 3+ , Sm 3+ co-activated NaEu(MoO 4 ) 2[END_REF] . The another approach is to partly substitute MoO 4 2-by SO 4 2-or WO 4 2-to form NaEu(MoO 4 ) 2-

x (SO 4 ) x or ALn 1-y Eu y (MoO 4 ) 2-x (WO 4 ) x (A=Li,Na,K; Ln=Y,Gd, Bi) which also can broaden and enhance the Eu 3+ absorption near 400 nm due to the result of large distortion on the sub-lattice structure and higher Mo-O covalency because of the their introduction. The introduction of F -ions also improves the red emission intensity of Eu 3+ in scheelite molybdate phosphors through reducing the phonon energy of the host materials and changing the symmetry of the coordination of Eu 3+ [START_REF] Wang | A novel red phosphor for near UV InGaN light-emitting diode and its luminescent properties[END_REF][START_REF] Chiu | Structural, spectroscopic and photoluminescence studies of LiEu(WO 4 ) 2-x (MoO 4 ) x as a near-UV convertible phosphor[END_REF][START_REF] Neeraj | Novel red phosphors for solid-state lighting: the system NaM(WO 4 ) 2x (MoO 4 ) x :Eu 3+ (M=Gd, Y, Bi)[END_REF] . and visible blue light (465 nm), and transform the excitation energy to the red radiation (Figure 1.59 ) [START_REF] Zhao | Luminescent properties of Eu 3+ doped α-Gd 2 (MoO 4 ) 3 phosphor for white light emitting diodes[END_REF] . The effective excitation wavelengths of 395 and 465 nm are nicely in agreement with the UV or blue output wavelengths of GaN-based LED chips. α-Gd 2 (MoO 4 ) 3 adopt scheelite (ABO 4 )-related structures in which the lanthanide is coordinated to eight oxygens. The composition Gd 2 (MoO 4 ) 3 may be written as Gd 2/3 (cat) 1/3 MoO 4

where cat denotes an Gd site vacancy in the scheelite structure. The Gd site vacancy are placed at every third of (220) planes of the scheelite structure in the α-Gd 2 (MoO 4 ) 3 . Compared with the scheelite structure CaMoO 4 , Gd is diluted in α-Gd 2 (MoO 4 ) 3 , and thus the increase of the distance between rare earth ions results in CaMoO 4 induces a high quenching concentration. Sm 3+ codoping markedly enhances the emissions of Eu 3+ and increases the luminescence efficiency of the phosphors, because the Sm 3+ ions can absorb and efficiently transfer energy to the Eu 3+ ions due to the similar energy of the 4 G 5/2 state of the Sm 3+ ions with that of the 5 D 0 state of the Eu 3+

ions. [START_REF] Wang | Luminescence investigation of Eu 3+ -Sm 3+ co-doped Gd 2-x-y Eu x Sm y (MoO 4 ) 3 phosphors as red phosphors for UV InGaN-based light-emitting diode[END_REF] As three of four M 2+ ions in MMoO 1.60 [START_REF] Md | Luminescent properties of Eu 3+ activated MLa 2 (MoO 4 ) 4 based (M=Ba, Sr and Ca) novel red-emitting phosphors[END_REF] The broad band from 250 to 310 nm is attributable to the O to Mo charge transfer transition. The sharp lines in the range of 300-500 nm are due to intra-configurational 4f-4f transitions of Eu 3+ in the host. The 7 F 0 to 5 L 6 and 7 F 0 to 5 D 2 transitions at 395 and 466 nm are two of the strongest absorptions. The intensities of mentioned f-f transitions are higher than that of broad band. Figure 1.61 shows their photoluminescence spectra. As comparison, the photoluminescence spectrum of CaS:Eu is also shown in Figure 1 Eu 3+ in the cationic site due to its relatively large size. In rare-earths molybdates compounds, (MoO 4 ) 2-group occupies large space, leading to the distance between Ln 3+ -Ln 3+ ions. Therefore, the interacted effect of La 3+ -La 3+ was reduced owing to the relatively large distance between La 3+ -La 3+ . As a result, the probability of energy transfer between Ln 3+ -Ln 3+ was also decreased when La 3+ was replaced by active ions such as Eu 3+ .

Consequently, the quenching concentration of active ions was relatively high. The emission intensity of CLME is the strongest among the synthesized phosphors, which is related to the highest covalency of Ca-O bond and the shortest distance of Eu-O bond. The relatively smaller radius of Ca 2+ probably results in a somewhat larger distortion of the crystal lattice. This distortion is favorable in transferring energy from the MoO 4 2-matrix to Eu 3+ ions, and as a result, the luminescence could be more efficient [START_REF] Md | Luminescent properties of Eu 3+ activated MLa 2 (MoO 4 ) 4 based (M=Ba, Sr and Ca) novel red-emitting phosphors[END_REF] .

The MGd 2 (MoO 4 ) 4 :Eu (M=Ba, Sr, Ca) phosphor have been also investigated. When M is Ba, the crystal structure is in monoclinic phase, However, as M is other alkali earth element Sr or Ca, their crystal structures are in tetragonal phase and isostructural with the double molybdates LiEu(MoO 4 ) 2 [173] . With the decrease in the ion radius of alkaline earth (R Ba >R Sr >R Ca ) the structure of MGd 2 (MoO 4 ) 4 (M =Ca and Sr) turns to a highly disordered tetragonal scheelite (CaWO 4 ) phase from the monoclinic structure of BaGd 2 (MoO 4 ) 4 . The critical concentration increases with the decreases in M 2+ radius due to the different crystal structure. Especially for M being Ca, the [START_REF] Guo | Preparation and luminescent properties of phosphor MGd 2 (MoO 4 ) 4 :Eu 3+ (M=Ca, Sr and Ba)[END_REF] . The luminescence of BaGd 2 (MoO 4 ) 4 :Eu 3+ is enhanced by codoped with Y 3+ ,Yb 3+ and Lu 3+ [START_REF] Zeng | Luminescence of Eu 3+ -activated tetra-molybdate red phosphors and their application in near-UV InGaN-based LEDs[END_REF] . The codoped ions slightly change the sub-lattice structure around Eu 3+ show somewhat diverse. The variation of sub-lattice structure will slightly influence the crystal field on Eu 3+ ions which may relax the selection rules of electric dipole transition, therefore increase the transition probability resulting in emission intensity enhancement. When the doping concentration is 30mol% for Y 3+ ,5 mol% for Yb 3+ and 5mol% for Lu 3+ , the main red emission intensity ( 5 D 0 → 7 F 2 transition ) reaches a maximum and is about 1.45,1.47 and 1.41 times higher than that of BaGd 1.2 Eu 0.8 (MoO 4 ) 4 , respectively. As Mo 6+ ions are partly replaced by W 6+ , the luminescence also can be intensified. The substitution of W 6+ for Mo 6+ in Eu-O-Mo will bring about a change in crystal field due to the difference between W 6+ with ionic radium of 42 pm and electronegativity of 1.7 and Mo 6+ with ionic radium of 41 pm and electronegativity of 1.8. The luminescence intensity reaches a maximum when doped tungsten concentration is 10 mol% and its emission intensity is 4.75 times higher than that of BaGd 1.2 Eu 0.8 (MoO 4 ) 4 . [START_REF] Guo | Preparation and luminescent properties of phosphor MGd 2 (MoO 4 ) 4 :Eu 3+ (M=Ca, Sr and Ba)[END_REF] 

Challenge and objective

The phosphors for pcW-LED material must present three characteristics at least: first of all, strong absorption of blue or nUV radiation, namely broad excitation band in 360-480 nm region; second, excellent physical and chemical stability, no reaction with encapsulation resin and ultraviolet-proof; third, high thermal stability and luminescence quenching temperature (>150 o C!), since the radiation density of LED is about 200 W/cm 2 , which is about three orders of magnitude higher than that of traditional fluorescent lamp. Investigation on materials for pc WLEDs has become a leading project in the field of luminescent material and attracted many attentions of researchers. So far, several phosphors systems, such as aluminates, sulfides, phosphates, silicates, molybdates, nitrides and oxynitrides, have been developed. However, in these phosphors, only sulfides, nitrides and molybdates can emit red light under the excitation of blue and nUV LEDs. Because of poor chemical stability of sulfides, rigid synthesis conditions for nitrides, and low efficiency at around 460 nm excitation of molybdates, finding novel families of phosphor materials with high absorption in the NUV to blue region and the reduced degradation by UV radiation as well as convenient fabricated conditions are important challenges to overcome.

Experiments

Raw materials and instruments

The used raw materials and instruments are listed in table 2-1 and table 2-2, respectively. BMB7 was also prepared as a reference. Each initial raw material was weighed using the high precision (0.0001 g) balance in order to obtain the composition as identical as possible to the nominal one. After being thoroughly mixed and ground in an agate mortar, the mixed nominal raw materials were preheated at 600°C in air for 30 minutes followed by cooling at room temperature and grinding. It was then fired at 950°C in the weak reducing atmosphere for 6h and then cooled down slowly to the room temperature. The sample BMB8 was obtained by firing BMB0 again under flowing NH 3 at 940 o C for 18h by using a tubular furnace. The mixture of europium oxide and the strontium carbonate was thoroughly mixed and ground in an agate mortar. The mixture was placed at the end of an graphite boat while the active carbon were put in the upcoming flowing gas at the other end. The mixture was then fired at 950 o C under NH 3 atmosphere for 6 hours in a tubular furnace and then cooled down slowly to the room temperature. The fired samples were ground to powder in an agate mortar. ground in an agate mortar, the mixture materials were pressed to form pellets and then placed in an alumina boat and fired at 1000-1300 o C for 6h under flowing NH 3 atmosphere in a tubular furnace. The fired samples were cooled down to room temperature with the furnace and then ground to obtain powder samples. The detailed compositions and firing conditions are listed in table 2-6. Powder samples were prepared by using high purity Si 3 N 4 and the as-fabricated SrCN 2 :Eu 2+ as starting materials. The starting materials were weighted by stoichiometric ratio. After being thoroughly mixed and ground in an agate mortar, the mixture materials were pressed to form pellets under 10 atm and then putted into a alumina boat. This alumina boat was put into a tubular furnace with alumina tube. Before heating, the air in alumina tube was driven out by using a vacuum pump and then filled with N 2 or NH 3 according to the firing conditions. This process was done for 3 cycles in order to thoroughly drive out the air in the tube as good as possible. Finally, the samples were fired at different temperature under flowing gas for 6 hours. After firing, the flowing gas did not be turn off until below 200 o C and then the samples were taken out at T < 100 o C. Powder samples were then obtained by grinding the firing pellet in an agate mortar for the measurements. The detailed synthesis conditions are listed in table 2-7 . 

Analysis and Measurements

X-ray diffraction measurements

Phase and crystal structure of the as-prepared Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphors were characterized by XRD patterns (D/max 2550VB/PC Japanese Rigaku). The other powder samples were analyzed by X-ray diffraction (Philips PW3710 ). All measurements carried out at room temperature using Cu Kα radiation ( λ = 1.54056 Å).

A step size of 0.02 o (2θ) was used with a scan speed of 2 o /min.

Diffuse reflectance and absorption spectra

Reflectance and absorption spectra measure the wavelength dependence of the intensity of light absorbed near the sample surface and in the bulk of the sample, respectively. By measuring the reflectance and the absorption spectra, the absorbance of light energy by the sample can be obtained. From the absorbance data, the energy bands of the material and the impurity levels within the material can be determined. The luminescence spectrum reveals only energy levels related to light emission. The absorption spectrum, on the other hand, gives energy levels that may or may not be involved in light-emitting transitions.

In present work, diffuse reflectance spectra in the range of 200-700 nm were collected using a Varian Cary 100 UV-Vis spectrophotometer equipped with an integrating sphere LABSPHERE (DRC-CA-30) with 70mm diameter.

FT-IR spectra

FT-IR spectra of powder samples were determined by using a Nicolet 380 FT-IR spectrometer. For the measurements of samples prepared in chapter 2.2.3, powder samples were mixed with KBr crystal and then were pressed to form pellets. A transmission model was employed. For samples prepared in chapter 2.2.2 and 2.2.4, the measurement data were acquired by using a reflection model. Therefore, the IR absorption spectra F(R) were obtained from the diffuse reflectance spectra by using the Kubelka-Munk function as follows [1] :

F(R) = ( 1-R ) 2 /2R = K/S (1)
where R, K and S are the reflectivity, the absorption coefficient and the scattering coefficient, respectively. Both slits width of excitation and emission were set as 1nm and the scan step was 1 nm. The measurements were carried out at room temperature.

Photoluminescence spectra measurement

For the measurements of the dependence of photoluminescence spectra on temperature between 77 and 293 K, a Janis VNF-100 liquid nitrogen cryostat controlled by Cryogenic temperature controller model 32 were equipped. The cryostat is a versatile variable temperature liquid nitrogen Dewar which has the sample located in a flowing stream of nitrogen vapor, and whose temperature may be accurately controlled between 89 K and 300 K. This control is achieved with the aid of a temperature sensor and non-inductively wound heater located at a heat exchanger at the bottom of the sample tube. The sample is immersed in liquid nitrogen and its lowest temperature can reach 60 K. the excitation light resource is a 450 W Xe lamp.

Photoluminescence decay measurement

Photoluminescence decay curve have been used to measure fluorescent lifetime of phosphors. Based on lifetime change with different activator concentration, the researchers can investigate energy transfer process between activators or activators and sensitizers. In present work, photoluminescence (PL) decay measurements were performed with digital oscilloscope LECROY 9410 with AsGa as PM and Xe laser as excitation resource, the pulse width was about 10ns and the repetition rate was 10 Hz. All measurements were carried out at room temperature

Oxygen and nitrogen contents analysis

For oxynitride and nitride phosphors, nitrogen and oxygen contents should to be determined. In this work, nitrogen and oxygen contents were determined with a LECO TC-600 analyzer using the inert gas fusion method.

Color coordinate and color rendering index measurement

For color-coordinate and rendering index measurement of Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphor, an SPR-920D spectroradiometer and colorimetric system (Hangzhou Sensing Instruments Co Ltd.) were employed with a 365 nm ultraviolet lamp as the exciting resource. Where !

x("), y("),z(")are tristimulus values respectively. Color coordinates x, y can be calculated from the following express:

! x = X X + Y + Z y = Y X + Y + Z Eq.(2-2)
3. Eu 2+ and Mn 2+ co-doped Ba 2 Mg(BO 3 ) 2 -A new red phosphor for white-LED

Introduction

Because of the remarkable progress in the development of near-ultraviolet (NUV) chips with emissions at 350-420 nm, more and more attention has been paid to the development of new phosphors that can be excited efficiently in this band [1] . Especially, red phosphors play a key role in improving the color-rendering property of white light emitting diode (W-LEDs) based on NUV chips. Currently the reported red phosphors have been limited to Y 2 O 2 S:Eu 3+ and CaMoO 4 :Eu 3+ which show the sharp excitation spectra of Eu 3+ in the NUV region, thus sensitive to the thermal shift of emission wavelength of NUV-LED chip in the course of application and leading to an extremely low conversion efficiency compared to the green and blue ones [2][3][4] ; or SiAlON phosphors which suffer the relatively difficult preparation process. In order to overcome these problems, it is essential to develop novel red phosphor materials that can be easily prepared and emit bright red light under the excitation of NUV.

It is well known that borates are useful luminescence hosts for rare earth ions, such as (Y, Gd)BO 3 :Eu, SrB 4 O 7 :Eu,Tb and GdAl 3 (BO 3 ) 4 :Eu 3+ [5][6][7] . In the present paper, we present for the first time a new red phosphor in the Ba 2 Mg(BO 3 ) 2 system co-doped with Eu 2+ and Mn 2+ ions for potential application in W-LED. Figure 3.1 shows XRD patterns of Eu 2+ or Mn 2+ doped and Eu 2+ /Mn 2+ co-doped samples, respectively. The primary peaks can be attributed to Ba 2 Mg(BO 3 ) 2 phase. A few weak unknown peaks can be observed. These peaks disappeared (BMB8 sample) when the sample were fired at 940 o C under NH 3 for the second time. The standard Ba 2 Mg(BO 3 ) 2 has been refined to be rhombohedral, space group R-3m with a=0.5343, c=1.6520nm, with two different Ba 2+ sites and one Mg 2+ site in a unit cell [8] . The calculated lattice parameters of samples are listed in table 3 

XRD spectra

The reflectance spectra

The diffuse reflectance spectra of Ba 2 Mg(BO 3 ) 2 :Eu,Mn samples are gathered in Figure 3. However, as for the emission spectra shown in figure 3.6, the single Eu 2+ -doped sample exhibits different features compared to Eu 2+ and Mn 2+ co-doped samples. In accordance with the literature [9] , the former emits strong yellow light with emission peak located at 595nm, which is attributed to the emission of Eu 2+ , while the latter shows an obvious red shift of the main emission peak to 615nm. Meanwhile, full width at half maximum (FWHM) gradually decreases as the content of Mn 2+ increases, as demonstrated in Figure 3.7 in which dependence of FWHM on Mn 2+ content (x) is presented. However, emission intensity increases with increasing

PL and PLE spectra

Mn 2+ concentration up to a maximum at x=0.04, then concentration quenching occurs. As for the origin of emission in the present co-doped samples, two emission models are possibly involved: one is ascribed to Eu 2+ 4f5d→4f transition, the other is attributed to energy transfer from Eu 2+ to Mn 2+ .

Mn 2+ exhibits an emission band around 610 nm in some phosphors and the energy transfer between Eu 2+

and Mn 2+ have been reported. In present work, the photoluminescence of single Mn 2+ doped sample can not be detected by the instrument. Compared with the conventional excitation spectrum of Mn 2+ , the emission band of Eu 2+ in present work doesn't overlap with the excitation band of Mn 2+ . Thus, the possible energy transfer mechanism between Eu 2+ and Mn 2+ is excitation energy transition, i.e., the electron at excited state of Eu 2+ directly transfers to the excited state of Mn 2+ if it is possible for such transition to exist. This seems to be supported by the emission spectra in which longer wavelength emission intensity is enhanced by adding Mn 2+ . However, we consider that the emission fully originates from Eu 2+ instead of Mn 2+ . As can be seen from figure 3.6, emission spectra show asymmetric broad band which possibly originates from the large overlap of Eu 2+ emission at different lattice sites. As stated above on XRD patterns, the primary crystal phase of the present phosphors is rhombohedral Ba 2 Mg(BO 3 ) 2 . Ba 2 Mg(BO 3 ) 2 crystal possesses two Ba 2+ sites and one Mg 2+ site per unit cell. The Ba atom is bound by parallel bases of distorted hexagons and triangles, while the Mg atom occupies a distorted octahedral environment. The nine Ba-O bond distances range from 2.731(l) -2.976(5) Å, the six O atoms lying on the distorted hexagonal plane are bonded to the Ba atom at a distance of 2.731(l) Å, and the three O atoms lying on the trigonal base are located at a distance of 2.976(5) Å [8] , as demonstrated in figure 3.9 reproduced from literature [8] . Most strikingly, these broad emission spectra can be well decomposed into three

Gaussian profiles peaking at about 545(A1), 610(A2) and 632nm(A3), respectively (Figure 3.8), which are in accordance with three cation sites in the crystal. The similar Gaussian profiles imply that the emission can be assigned to Eu 2+ . To confirm that these decomposed emission bands correspond to Eu 2+ ions in different sites, we present the curves of profile areas ratios: A2/A1 and A2/A3, as a function of the Mn 2+ content in Figure 3.8, and observe regular variation trends as shown in Figure 3.10. It can be seen that the relative intensity of A2 peak increases with increasing Mn 2+ content and that of A1 sharply decreases, leading to a clear tail at the side of short wavelength in emission spectra. The profile areas ratios suggest that co-doped Mn 2+ did affect the distribution of Eu 2+ in different sites.

According to crystal chemistry it is known that Mn 2+ ions replace Mg 2+ more easily than Eu 2+ due to the closer ionic radius of Mn 2+ (0.80 Å) to Mg 2+ (0.66 Å) than to Ba 2+ (1.43Å). On the contrary, Eu 2+ replace Ba 2+ more easily than Mn 2+ . Thus, it could be expected that, by increasing the content of Mn 2+ , Eu 2+ ions in Mg 2+ site become lesser compared to those in Ba 2+ sites for decreasing the distortion of lattice. Such replacement rule is also proved by lattice parameters from XRD patterns. According to the notable variation of A2/A1 shown in Figure 3.10, one can make a reasonable deduction that the emission band at 545nm is due to Eu 2+ ions in Mg 2+ site, which also explains well the occurrence of a red shift of the emission band due to Mn 2+ co-doping. Since two Ba 2+ sites are not considerably different in unit cell, Eu 2+ ions most likely occupy Ba 2+ sites randomly, leading to less variation of A2/A3. Based on this deduction, we can conclude that the long wavelength emission intensity increasing and concentration quenching are the result of increasing Eu 2+ concentration at the Ba 2+ sites.

For proving this deduction, photoluminescence decay curves are measured. Relative Intensity/(a.u.)

Wavelenght/nm 

!"!! !"!# !"!$ !"!% !"!& ! ' # ( 

PL decay measurement

To make a proper judgment, photoluminescence decay curves were measured with excitation at 365 nm and monitoring at 540 nm and 620 nm, as represented in Figure 3.11. As described by Blasse and Grabmaier [10] , it is well established that the decay behavior of Eu 2+ in sample BMB0 can be expressed by single-exponential decay equation. However, all Eu 2+ and Mn 2+ co-doped phosphors show non-exponential decay with the 10% photoluminescence lifetime (τ 10% ) values lower than 10µs, as listed in table 3-2. Such long decay time is in line with that reported in literature [11] . It suggests that Mn 2+ ions affect strongly the photoluminescence decay behavior of Eu 2+ ions but do not participate in the emission process by themselves because decay lifetime of Mn 2+ is known as to be in the millisecond range due to the spin-forbidden and parity-forbidden nature of the transition [12] . In other words, Eu 2+ emission still predominates in co-doped phosphors. 

Color coordinates

Color coordinates of all samples are shown in Table 3-3, except for sample BMB7. For the Mn 2+ -free sample, orange-yellow light instead of red light was observed which is consistent with previously reported work [9] . With increasing Mn 2+ content, color coordinate x increases at the cost of decreasing y, as shown in Table 1.

Accordingly, lighting color tends to red, and when Mn 2+ content reaches 0.05, the material becomes bright red with CIE chromaticity coordinate of (0.6186,0.3696) that is comparable to that of the commercial Y 2 O 2 S:Eu 3+ [13] . 

Summary

In conclusion, we have prepared for the first time red Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphors by means of high temperature solid-state reaction. A broad excitation band ranging from 250 to 450 nm is obtained, while a strong yellow light and a bright red light are observed for single Eu 2+ -doped and Eu 2+ /Mn 2+ co-doped samples, respectively. Examination of photoluminescence decay curves shows that Mn 2+ ions did not participate in lighting but they play an active role in purifying and intensifying the red emission from Eu 2+ . The CIE chromaticity coordinates can be controlled by adjusting the ratio of Eu 2+ to Mn 2+ . The present Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphor is a potential candidate for application in white LEDs. 4. Preparation and photoluminescence properties of Eu 2+ doped oxyaptite-like M x-y Ln 10-x-y (SiO 4 ) 6 O 3-x/2 :Eu 2+ y (M=Mg,Ca,Sr,Ba, Ln= Y, La, Gd) phosphors

introduction

Alkaline earth -rare earth silicates that have the general formula M x Ln 10-x (SiO 4 ) 6 Y (M = Ca, Sr, Ba…; Ln = La, Y, Gd…; Y = O, S, Se…) with the oxyapatite structure have been more and more studied for their high chemical and physical stability. These oxyapatite, where the isolated and covalent silicate tetrahedrons form the "rigid" part of the structure, contain two sites for cations, that is, the 9-fold coordinated 4f(I) site and 7-fold coordinated 6h(II) site where the cations formed a tunnel for Y anions [1] . This kind of material is usually used as oxide ion conductors for solid oxide fuel cells due to their good ionic conductivity [2] . Because of their stable crystal structure and high thermal stability, they also have been used as host material of phosphors for doping trivalent rare earth ions, such as Eu 3+ , Tb 3+ , Sm 3+ , which show excellent luminescent behaviors [3][4][5][6] and have been used as novel phosphors for WLED applications [7] .

As well known, Eu 2+ is often used as luminescent center. The emission and excitation spectra of Eu 2+ usually consist of broad band due to electronic transitions between the 8 S 7/2 (4f 7 ) ground state and the 4f 6 5d excited state [8] . Since the involved 5d orbital are external, the position of these energy levels and consequently the wavelengths of excitation and emission bands strongly depend on the host matrix [9] . Silicate phosphors activated by Eu 2+ have usually been used as the phosphor for white light-emitting-diodes illumination due to wide emission band under the irradiation of near ultraviolet and/or blue light [10] . In particular, in alkaline earthrare earth ternary silicate oxyapatite structure, two crystallographic sites can be occupied by Eu 2+ which might result in a much enhanced photoluminescence. However, the photoluminescence characteristics of Eu 2+ doped oxyapatite-type silicate phosphors have been scarcely reported so far. Thus, in the present work, Eu 2+ doped M x Ln 10-x (SiO 4 ) 6 O 3-x/2 (M = Mg, Ca, Sr, Ba; Ln = Y, La, Gd) phosphors were prepared by solid state reaction at high temperature under reductive atmosphere, and its luminescent properties were investigated in detail. under 365nm excitation, the PL spectra show good symmetry peaking at about 510nm when x≤2. With x increasing (x>2), the emission bands become asymmetric and one peak and a shoulder occur at about 496 nm and 566 nm respectively. The emission intensity increases with increasing x value and reaches a maximum at x=4. As x=5, the intensity decreases due to lower purity than previous samples (x<5). In the case of 440 nm excitation, however, x value does not influence the symmetry of the spectra but changes the peak position, that is, when x≤2, emission at 490 nm dominates while x>2, emission at 566 nm becomes one and only. The emission intensity show similar characteristics as those excited by 365nm, except in case of the sample with x=3 as intensity decreases abnormally which may be attributed to weak excitation efficiency at 440 nm. The excitation spectra of typical Sr monitored at 570 nm and 506 nm respectively even cover the range from 300 nm to 450 nm, which match well with the NUV/Blue Light emitting diodes (LEDs). On the other hand, PL spectra in Figure 4.7 and 4.8 exhibit different behaviors, depending on Sr/La ratio or excitation wavelengths, which will be discussed later.

Effect of firing temperature on phosphors 4.2.1 Phase characteristics

Photoluminescence characteristics

For further investigating their photoluminescence characteristics, the emission of Sr 4.7 and 4.8 respectively. The emission bands are very broad with and range from 420nm to 650nm, and they are apparently assigned to the 4f 6 5d 1 →4f 7 transition of Eu 2+ . The characteristic sharp peaks of Eu 3+ [11] originated from 5 D-7 F transitions are not observed, indicating that Eu 3+ ions were successfully reduced to Eu 2+ . Additionally, the phosphors with different Sr content exhibit different emission characteristics. For Sr 1.95 La 8 (SiO 4 ) 6 O 2 :Eu 2+ 0.05 , the emission peak wavelength locates at 506 nm and doesn't change with varying the excitation wavelength. However, for Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 2+ 0.05 , the asymmetric emission band with one peak at 496 nm and a shoulder at about 550 nm under 365 nm excitation gradually changes to a symmetry band peaking at 570 nm as the excitation wavelength increases. Besides, the excitation spectra monitored at 496 and 570 nm show different shapes. The excitation onset side of the later has longer wavelength than that of the former, implying that Eu 2+ ions occupy two crystallographic sites which will be discussed later in detail. As previous work [4] pointed, there are two sites for cations in this alkaline earth -rare earth silicate ternary oxyapatites structure: a nine-coordinated site 4f (I) with the relatively longer cation to oxygen bond lengths, and a seven-coordinated site 6h(II) with the shorter cation to oxygen bond lengths. The difference between these two sites is that cation at 6h site is coordinated to channel oxygen that is called "free oxygen ion". This oxygen atom does not belong to any anionic group while the nine oxygen ions coordinated to the 4f site are all members of the anionic group. This difference causes the atom at 6h site to have a higher covalency than that at 4f site. The crystal structures of La 9.33 (SiO 4 ) 6 O 2 , Sr 1.35 La 8.65 (SiO 4 ) 6 O 2 , Sr 2 La 8 (SiO 4 ) 6 O 2 and Sr 3.1 La 6.9 (SiO 4 ) 6 O 2 are reproduced from crystallographic data in ICDD, as shown in figure 4.9. The former three compounds crystallize in hexagonal system with P6 3 /m space group, meanwhile the last one belong to trigonal system with P-3 space group. It is clearly seen that there are not large difference amongst their crystal structure if replacement of La by Sr is not taken into account. When Sr 2+ ions are introduced, they will substitute to La 3+ at 4f site firstly until all 4f sites are occupied as Sr 2 La 8 (SiO 4 ) 6 O 2 compound. Then Sr 2+ ions enter 6h site as continuing to introduce Sr ions (as shown in figure 4.9(d)). Because of the introduction of Sr 2+ at 6h site, the lattice is distorted due to large Sr 2+ ion radii. However, its XRD spectra doesn't show any change except for 2-theta shift. This rule of substitution is in accordance with the literature [12] , in which six 6h site will first be occupied by trivalent cation, then by other cation. Thus, based on such rule, Sr 2+ ions in Sr x-0.05 La 10-x (SiO 4 ) 6 O 3-x/2 :Eu 0.05 only occupy 4f site in the case of x<=2. When doping Eu 2+ ions, Eu 2+ replace Sr 2+ and occupy 4f site due to the same charge, as a result a symmetric broad band emission with only one peak is observed. As x>2, two Sr 2+ sites, 4f and 6h sites, can be occupied randomly by Eu 2+ , leading to two emission peaks in emission spectra. As well known, Eu 2+ at higher covalent site shows longer emission and excitation wavelengths [13] . Thus, we can deduce that the emission peaking at 496 nm and 506 nm can be attributed to the 4f 6 5d-4f 7 transition of Eu 2+ at 4f site (labeled as Eu(I)) and longer wavelength emission to Eu 2+ at 6h site (labeled as Eu(II)) due to higher covalency of 6h site than 4f site. In addition, the emission intensity of Sr x-0.05 La 10-x (SiO 4 ) 6 O 3-x/2 :Eu 0.05 phosphor basically increases with increasing x value. This can also be explained with the order of divalent ions occupying the cationic sites in the oxyapatite structure. In the case of x ≤2 where only one crystallographic site is offered for Eu 2+ , all Eu 2+ ions occupy the 4f sites, leading to the high local Eu 2+ concentration, and resulting in concentration quenching. On the contrary, the emission intensity increases remarkably. This can be demonstrated by the PL spectra of Sr 4- y La 6 (SiO 4 ) 6 O:Eu 2+ y with different Eu 2+ concentration later.

Besides, as the x value increases, the emission peak at about 510nm shifts to shorter wavelength at about 496nm. This can be explained by the change of the bond length of Eu (I)-O in the oxyapatite crystal structure, that is, the shorter the bond length of covalent bond, the longer wavelength emission 4 . In present experiments, more strontium are introduced to the 4f sites, making the crystal structure distorted due to larger ions radius of Sr 2+ ions than that of La 3+ . As a result, the bond length of Sr (I)-O increases. In Sr 2 La 8 (SiO 4 ) 6 O 2 , the bond length of Sr(I)-O is 2.548 Ȧ while 2.569 Ȧ in Sr 3.1 La 6.9 (SiO 4 ) 6 O [14] , these data correspond well to the above explanations on emission peak shifting. Concentration quenching is mainly caused by the nonradiative energy transfer between Eu 2+ ions, which usually occurs as a result of an exchange interaction, radiation reabsorption or a multipole-multipole interaction. Since the photoluminescence mechanism of Eu 2+ in Sr 2-y La 8 (SiO 4 ) 6 O 2 :Eu y phosphor is the 4f-5d allowed electricdipole transition, the process of energy transfer should be controlled by electric multipole-multipole interaction.

Blasse and Grabmaier have pointed out that if the activator is introduced solely on Z ion sites, the critical distance between Eu 2+ ions for energy transfer can be calculated using the following relation: [15] !
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where V is the volume of the unit cell, X c is the critical concentration of the activator ion, and N is the number of Z ions in the unit cell. By taking the experimental and analytical values of V, N and X c , namely 588.02Å 3 , 2 and 0.05, into Eq.(4-1), the critical transfer distance R c of Sr 2-y La 8 (SiO 4 ) 6 O 2 :Eu y is calculated to be about 22.4 Å.

The effect of Eu 2+ doping concentration on the emission intensity of Sr 4-y La 6 (SiO 4 ) 6 O:Eu 2+ y with variation of the activator concentration (y=0.005, 0.02, 0.05, 0.10, 0.15 and 0.20) was also investigated. Figure 4.11 presents their emission spectra at 365 and 440 nm excitations, respectively. It can be observed that under excitation at 365 nm, the emission spectra are asymmetric broad bands. These asymmetric bands can be well decomposed into two Gaussian profiles peaking at about 484 and 545 nm respectively. Figure 4.11 shows the typical experimental and fitted profiles for y=0.15 and the detailed fitted data are listed in table 4-1. According to the conclusion aforementioned, the short wavelength and long wavelength emission bands attribute to Eu(I) and Eu(II) respectively and their integrated intensities labeled as A1 and A2 are also showed in table 4-1. When Eu 2+ ions concentration is lower (y ≤ 0.05), the short wavelength 484 nm emission predominates. With increasing Eu 2+ ions concentration, long wavelength emission at 566 nm dominates progressively. However, all the PL spectra show single peak at 566 nm with good symmetry when excited by 440nm. 

Color coordinates

The color coordinates of Sr 4-a La 6 (SiO 4 ) 6 O:Eu a under 365 and 440 nm were calculated by using Eq(2-1) and Eq(2-2) respectively. The ranges of calculated emission spectra are from 410 to 710 nm and from 480 to 720 nm, which are different from the required range 380-780 of the Standard CIE 1931. To minimize the calculation error, the emission spectra were firstly normalized and then the absent data were filled by zero. The obtained results are listed in table 4-2 and 4-3 for 365 nm and 440 nm excitation, respectively. In accordance with the emission spectra change, color coordinates x and y under 365 nm excitation increase with increasing Eu 2+ concentration due to enhanced long wavelength emission intensity, as a result emission color varies from yellowish-green to orangish-yellow, as demonstrated in figure 4.13. The results imply that tunable emission color can be obtained by varying Eu 2+ concentration. However, almost the same color coordinates are observed under 440 nm excitation, indicating the same emission band involved. wavelength emission band shows blueshift with the increased radius but Sr 2+ is an exception. This phenomenon can be explained by the crystal field theory [16] . According to crystal field theory, the crystal field strength decreases with an increase of bond length by replacing smaller ions with larger ones. The related equation [8] is as follows:

Dq∝1/R 5 Eq.(4-2) 

Color coordinates

The calculated color coordinates of M The XRD patterns of the as-synthesized Sr changes with different Ln 3+ , which result in difference of crystal field strength. According to the emission spectra, the crystal field strength is in order of SGSE < SYSE < SLSE, because the larger crystal field strength , the emission wavelength longer. The ions radius of Gd 3+ and Y 3+ are lower than that of La 3+ , implying shorter Eu(II)-O distance which lead to weaker crystal field strength. Because of large radii difference between Sr 2+ and Y 3+ , the crystal structure is distorted as a result it has larger crystal field strength than that of SGSE. tetrahedrons form the "rigid" part of the structure which contains two sites for cations, that is, the 9-fold coordinated 4f(I) site and 7-fold coordinated 6h(II) site where the cations form a tunnel for Y anions [1] . In previous work, Y is O anions. These channel oxygen ions are unstable thus this compounds are usually used as oxide ion conductors [2,4] . The unstable oxygen ions are easily substituted by other anions such as S 2-, X -(X = F, Cl) and so on. A.Orera et al [5] recently reported the formation of apatite oxynitrides under NH 3 atmosphere. In these oxynitrides, N replaces channel oxygen. Because the split of 5d electrons of Eu 2+ is easily affected by surrounding anions, a redshift of the emission band can be observed due to higher covalence of anions [6] .

Color coordinates

Morphology characteristics

Therefore, it is reasonable to expect that the substitution of O by N would lead to longer emission wavelengths.

Consequently, Sr x La 10-x Si 6 O 27-x/2-2y/3 N:Eu 2+ oxyapatite-type silicate oxynitride phosphors were synthesized by firing starting materials under NH 3 atmosphere. Their photoluminescence properties were investigated in detail.

XRD spectra

In glass-like SiO 2 also have to be included because of too much SiO 2 for this oxyapatite. This result is in line with reported in literature [7] in which when using SrCO 

The diffuse reflectance spectra

The diffuse reflectance spectra of M The difference between theoretical and experimental one may originate from the error of instrument. Because of the "rigid" silicate tetrahedrons, the oxygen in the tetrahedrons is hardly to be substituted by other anions [1] , as a result N only replaces channel oxygen. Therefore, the chemical formula can be expressed as M x-z La 10-x (SiO 4 ) 6 N 2-x/3 :Eu z . decreases, this is also called the nephelauxetic effect [9] . As discussed in chapter 4, the emission of Sr 2 La 8 (SiO 4 ) 6 O 2 :Eu is attributed to the 4f 6 5d-4f 7 transition of Eu 2+ at 4f site in host lattice. Thus, the emission centered at 532 nm of Sr 2 La 8 (SiO 4 ) 6 N 1.33 :Eu is also assigned to Eu 2+ transition at 4f site because of the same crystal structure for compounds. As pointed out previously, nitrogen only replaces channel oxygen. However, the cation at 4f site only coordinates to oxygen in SiO 4 4-group.

Therefore, the nephelauxetic effect could be efficient via N-O-Si-O bond. The blueshift with increasing temperature is considered that thermally active phonon-assisted excitation from lower-energy sublevel to higher-energy sublevel in excited states occurs and can be ascribed by a configurational coordinate model [9] shown in figure 5 The excitation energy of Eu 2+ at 4f site can be transfer to Eu 2+ at 6h site. With increasing temperature, the probability of energy transfer could be higher, leading to quicker quenching than long wavelength. 

Morphology analysis

Summary

The oxyapatite-type silicate oxynitrides with general chemical formula M x-y La 10-x Si 6 O 27-x/2-3y/2 N y :Eu 2+ were successfully synthesized by high temperature solid state reaction method using SrCN 2 :Eu and SrCO 3 as Sr sources. Phosphors using SrCN 2 :Eu have higher emission intensity than that of using SrCO 3 . N replaces the channel oxygen in the oxyapatite structure, as a result redshift occurs. For x=2, the emission peak wavelength shifts from 506 to 532 nm, which is independence with the excitation wavelength. As x=4, the emission peak wavelength moves from 566 to 595 nm under 460 nm excitation and phosphor show orange emission. Their absorption and excitation bands are also broadened due to the replacement of O by N and extend to 480 and 510 nm for x=2 and 4, respectively, indicating that this oxynitride is a good candidate for the application of WLEDs.

When Ca 2+ replace Sr 2+ , the short wavelength emission predominates and thus the emission color changes from orange to yellowish green, therefore tunable emission is obtained. The temperature dependence on photoluminescence is also investigated in detail. The phosphor exhibits blueshift emission with temperature increasing and temperature quenching effect. 

PL and PLE spectra

The emission and excitation spectra of pure Sr 2 Si 5 N 8 :Eu 0.04 obtained under NH 3 at 1300 o C are presented in Figure 6.3 and Figure 6.4. The excitation spectrum monitored at 610 nm exhibit broad band ranging from 350 to 500 nm with several undistinguished sub-bands. Upon different excitation wavelength, the sample shows a same single broad band emission peaking at 610 nm with a full width of half emission maximum of 81 nm. The broad excitation and emission band is attributed to the 4f5d-4f transition of Eu 2+ . No characteristic Eu 3+ emission is observed. In fact, Eu 3+ do not exist because of the reductive character of flowing NH 3 atmosphere. This emission wavelength is accordance with that of Sr 2 Si 5 N 8 :Eu 0.01 in literature [11] . Because the emission peak wavelength shift to longer wavelength with increasing Eu 2+ concentration, Sr 2 Si 5 N 8 :Eu 0.04 should have longer peak wavelength than that of Sr 2 Si 5 N 8 :Eu 0.01 , which means that the emission peak of Sr 2 Si 5 N 8 :Eu 0.04 should be longer than 610 nm. The emission peak wavelength located at 620 nm of Sr 2 Si 5 N 8 :Eu 0.04 in literature [12] support this conclusion. After Gaussian deconvolution on an energy scale, the broad emission band upon 460nm excitation can be well decomposed into two components located at 601 and 635 nm, respectively, which is in good agreement with two crystallographic Sr 2+ sites for Eu 2+ replacement in Sr 2 Si 5 N 8 crystal. Apparently, both emission wavelengths also shift to short wavelength compared with those in literature in which they are 614 and 658 nm respectivley. This blueshift could be attributed to the crystal structure or covalency change. As we all know, the emission of Eu 2+ can be affected by the crystal field and nephelauxetic effect (i.e. covalency). Low crystal field and covalency would lead to weak splitting of 5d electrons of Eu 2+ , which cause high 5d electrons energy as a result blue shift occurs. On one hand, as mentioned above, the lattice parameters of the samples are lower than that of standard PDF cards, which means the distance between Eu and anion is lower, as a result the crystal field decreases leading to blueshift. On the other hand, residual oxygen in Sr 2 Si 5 N 8 :Eu 2+ host lattice may also result in blue shift of Eu 2+ emission. Generally, the O 2-ions in Sr 1-x Eu x Si 5 N 8 , which can form some other oxide impurity and by NCN-bridges [1] . In CaCN 2 lattice, Ca 2+ also connects to N of [CN 2 ] 2-group.

The emission and absorption spectra of Eu 2+ usually consist of broad bands due to electronic transitions between the 8 S 7/2 (4f 7 ) ground state and the crystal field components of the 4f 6 5d excited state configuration.

Since the involved 5d orbitals are external, the position of these energy levels and consequently the wavelengths of excitation and emission bands strongly depend on the host matrix [2] . With increasing the covalency between Eu 2+ and ligands, the emission of Eu 2+ shifts to longer wavelengths [3] . For example, the Eu 2+ emits from near violet to blue in halide hosts due to highly electronegative halogen ions, but at longer wavelengths in nitrides due to lower electronegative N 3-. [3] Therefore, as M 2+ ions connect to N 3-, it is reasonable to expect that MCN 2 would be used as host lattice for divalent lanthanides. However, reported work in this respect is rare. In the present work, Eu 2+ doped MCN 2 were prepared and its optical properties were investigated in detail.

XRD spectra

The X-ray diffraction (XRD) patterns of the series of powder samples Sr 1-x CN 2 :Eu x ( x = 0, 0.01, 0.02, 0.03, 0.04, 0.06,0.08 ) are displayed in Figure 7.1. The results show that all the products are of a single phase of SrCN 2 in good agreement with the JCPDS 82-0988 file except for SCN6 (x=0.08). With increasing Eu 2+ content, the diffraction peaks shift slightly to lower d-value and the diffraction intensities decrease, the former is attributed to lower ionic radius of Eu 2+ (1.07Å) than that of Sr 2+ (1.12Å) and the later is owing to decreasing the degree of crystallization. An unknown peak appears as x=0.08, indicating that the maximum solubility of Eu 2+ in SrCN 2 crystal is lower than 8% although SrCN 2 and EuCN 2 have the same crystal structure [1,4] . which is in accordance with those reported in literature [1] . No change was found as Eu 2+ doping, implying that range is in agreement with the observed white daylight color for undoped SrCN 2 . In order to better localize the thresholds for host lattice absorption and the absorption by Eu 2+ , the absorption spectra F(R) were obtained (inset) from the diffuse reflectance spectra by using the Kubelka-Munk function as follows [5] : F(R) = ( 1-R ) 2 /2R = K/S Eq.(7-1)

where R, K and S are the reflectivity, the absorption coefficient and the scattering coefficient, respectively. The value of the optical band gap is calculated to be about 4.56eV. For the samples of high Eu 2+ concentration, two broad absorption bands can also be seen in the wavelength ranges of 320-500 nm and 280-320 nm, respectively. luminescent ions. Besides, the fact that the calculated energy gap is smaller than the experimental gap is in line with the general observation that band gaps are usually underestimated within GGA calculation [6] .

Nitrogen and oxygen contents analysis

Table 7-2 lists nitrogen and oxygen contents in the samples. It shows that minor oxygen remains in the samples and the oxygen contents increase with increasing Eu content. 

The photoluminescence characteristics at low temperature

The PL spectra of SrCN 2 :Eu 0.02 at 77K are presented in Figure 7.7. With different excitation wavelengths at 396 and 491 nm, emission spectra show the similar broad orangish-red emission with a maximum at about 610 nm ( 16393cm -1 ) and full width at half maximum (FWHM) about 82 nm ( Γ = 2163 cm -1 ). This broad emission band can be assigned to the 4f 6 5d 1 →4f 7 transition of Eu 2+ . Because only an exclusive transition is observed, we can deduce that all Eu 2+ ions occupy identical sites. This is in accordance with the crystallographic data as there is only one type of Sr 2+ ion in SrCN 2 structure. The unusual long-wavelength and broad emission bands are due to the effect of the nitrogen-rich surrounding on Eu 2+ ions in SrCN 2 which caused the large ligand-field splitting of the Eu 2+ 5d levels and large nephelauxetic effect. The most simple equation to describe thermal quenching of luminescence intensity I (T ) with temperature T is given by [9] ! I(T) = I(0)

1+ " 0 " v exp( #$E k B T )
Eq. (7-1) where !Γ ν is the radiative decay rate of the 5d state of Eu 2+ , !Γ 0 is the attempt rate for thermal quenching, k B is Boltzmann's constant, and ΔE is the energy barrier for thermal quenching. The related equation for the decay rate of the 5d state is given by ! "(T) = " v + " 0 exp( #$E k B T )

Eq.(7-2)

The attempt rate Γ 0 has similar magnitude as the maximum phonon frequency (typically 3×10 13 Hz )

corresponding with phonon energies of 1000 cm -1 ) in compounds. The radiative decay rate of the 5d-4f emission in Eu 2+ is typically 1.1 × 10 6 Hz. Using these values in equation (7-1) one obtains

! "E = T 0.5 680 eV

Eq. (7-3) as a crude relationship between the quenching temperature T 0.5 and the energy barrier !ΔE. Therefore, the energy barrier ΔE is crudely calculated to be about 0.132 and 0.135 eV for excited at 396 and 491 nm by using 90 and 92 K as the value of T 0.5 , respectively.

The luminescence behavior of SrCN 2 :Eu 2+ is similar to those of Ba(SCN) 2 :Eu 2+ and Sr(SCN) 2 :Eu 2+ . In Sr(SCN) 2 :Eu 2+ , it can be well explained by photoionization of the excited states in the conduction band of the host lattice [10,11] , that is, the lowest 5d state is located at the level in the band gap of the host lattice slightly lower than the conduction band. After excitation conventional d→f emission and/or nonradiative relaxation from an excitation state located in the conduction band may occur depending on the thermal population of the excitation state. However, this model seems unable to explain the thermal quenching behavior of SrCN 2 :Eu 2+ in the present case. Figure 7.10 demonstrates the energy level diagram of SrCN 2 :Eu 0.02 based on the excitation and emission spectra. It can be seen that the highest 4f 6 5d excited state of Eu 2+ locates at the bottom of conduction band about 0.86eV and the lowest one about 2.03 eV. These large energy differences between 4f 6 5d excited state of Eu 2+

and the bottom of conduction band lead to that the excited electrons of Eu 2+ ions most likely remained in the lower 5d levels rather than moved to the conduction band resulting in photoionization. Besides, the low quenching temperature is not due to a large displacement between the ground and excited state in the configuration coordinate diagram [12] . Therefore, we present a configurational coordinate diagram as shown in Figure 7.11 to explain the temperature dependence of luminescence, as well as the redshift and broadening of emission with the increasing temperature occurring to SrCN 2 :Eu 2+ phosphors. The lower and higher potential curves represent the total energy of the ground state of 4f 7 ( 8 S 7/2 ) and the excited state of 4f 6 5d, respectively. The equilibrium positions of the two states are different from each other because of the spatial distribution of the electron orbitals. Generally, A→B1,B2 represents the absorption process and C1→D1 the emission [13] .

However, with increasing temperature, the excited electrons would depart to non-equilibrium positions of the excited state (e.g. C2 or O, the crossing point between the excited state and the defect level). As a result, the emission shifts to the longer wavelength and its intensity decreases [14] . In general, the low quenching temperature originates from the crystal defect or the effect of activated ions with the host crystal. The best probability is from the crystal defect. In fact, in as-prepared samples, almost 5% molar oxygen replacing nitrogen remained as measured by LECO analyzer (as listed in table 7-2), and they were most likely introduced in the preparation process from the raw materials SrCO 3 and Eu 2 O 3 . The oxygen could be incorporated on the N site in Eu 2+ -doped SrCN 2 , forming the defect of (O N ) • . To realize the charge compensation of O substitution on N sites, some cation vacancies such as (V Sr )′′ have to be formed. Upon UV excitation of the host lattice, these defects may serve as carrier traps by capturing electrons or holes. It is reasonable to assume that (O N ) • will capture electrons, while (V Sr )′′ will capture holes. Hence, when SrCN 2 :Eu 2+ is excited by UV light, the excited electrons could be captured by (O N ) • , resulting in non-radiative transition. Therefore, it is essential to prepare oxygen free samples, thus the synthesis process should be investigated further.

Summary

Singe phase SrCN 2 :Eu 2+ powder samples were prepared by high temperature solid state reaction under NH 3 atmosphere. SrCN 2 has an energy gap about 4.56 eV obtained from its reflectance spectrum. Eu 2+ doped SrCN 2

shows a broad band emission with a peak at 610nm when it is excited by 350-520nm at 77K. With the temperature increasing, the emission intensity decreases remarkably. When it is excited by 396nm, the temperature at which the intensity is half of that at 77K is about T 1/2 =90K, and at 227K the emission is completely quenched, these temperature are slightly lower than those excited by 491nm (T 1/2 =92K). Besides, the emission peaks experience slight red shift and become broader with increasing temperature. These phenomena can be explained by the configurational coordinate diagram and could be attributed to the defect levels originated from the oxygen impurity in the host.

References: concentration increasing. The excitation spectra depend on monitored emission wavelength and locate at the range of 280-450 and 280-470 nm monitoring at short (484 and 506 nm) and long wavelength (570 nm), indicating that these phosphors are good candidates for NUV and/or blue LEDs. The emission color is tunable and changes from bluish-green to orangish-yellow with increasing Sr and Eu concentration under 365 nm excitation. The long wavelength emission bands show the blueshift with the increased radius of the involved alkaline earth ions due to the decrease in crystal field. While Sr 2+ is an exception due to the smallest difference between the ionic radii of Eu 2+ and Sr 2+ . On the other hand, the shorter wavelength emission is influenced by two competing factors: crystal field and covalent degree. Blueshift is observed in the sequence of Mg 2+ , Ca 2+ and Sr 2+ due to the decrease in crystal field while for Ba 2+ -containing sample, redshift occurs due to the increase in Nephelauxetic effect. On the other hand, the type of trivalent rare earth ions influences long wavelength emission of the Eu 2+ at 6h site.

3. The oxyapatite-like silicate oxynitrides with general chemical formula M x La 10-x Si 6 O 27-x/2-2y/3 N y :Eu 2+ were successfully synthesized by high temperature solid state reaction method using SrCN 2 :Eu and SrCO 3 as Sr resources. Phosphors using SrCN 2 :Eu have higher emission intensity than that of using SrCO 3 . N replaces the channel oxygen in the oxyapatite structure, as a result redshift occurs. For x=2, the emission peak wavelength shifts from 506 to 532 nm, which is independent with the excitation wavelength. As x=4, the emission peak wavelength moves from 566 to 595 nm under 460 nm excitation and phosphor show orange emission. Their absorption and excitation band are also broadened due to the replacement of O by N and extend to 480 and 510 nm for x=2 and 4, respectively, indicating that this oxynitride is a good candidate for the application of WLEDs. When Ca 2+ replace Sr 2+ , the short wavelength emission predominates and thus the emission color changes from orange to yellowish green, therefore tunable emission is obtained. The temperature dependence on photoluminescence is also investigated in detail. The phosphor exhibits blueshift emission with temperature increasing and temperature quenching effect. The low emission intensity originates from super fine particle size. shows a broad band emission with a peak at 610nm when it is excited by 350-520nm at 77K. With the temperature increasing, the emission intensity decreases remarkably. When it is excited by 396nm, the temperature at which the intensity is half of that at 77K is about T 0.5 =90K, and at 227K the emission is completely quenched, these temperatures are slightly lower than those when excited by 491nm (T 1/2 =92K). Besides, the emission peaks experience slight red shift and become broader with increasing temperature. These phenomena can be explained by the configurational coordinate diagram and could be attributed to the defect levels originated from the oxygen impurity in the host.
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 11 Figure 1.1 A schematic illustration of a configurational coordinate model . r denotes the distance between metal cations and anions in the lattice. The two curves represent ground state and excited state of the activator, the vertical blue and red lines indicate the excitation and emission process, respectively.
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 122 Figure 1.2 A schematic diagram to illustrate the different ET processes between two ions: (a) resonant radative transfer through emission of sensitizer (S) and reabsorption by activator (A); (b) non-radative transfer associated with resonance between sensitizer and activator; (c) multiphononassisted ET; and (d) CR between two identical ions

  sensitizer sensitizes the activator, and the activator emits aimed light. Hence, donor/acceptor and sensitizer/activator are almost the same for phosphors with impurity luminescent centers. Aside from ET by movement of charge transportation, there remain four basic mechanisms involved in ET processes between ions: (a) resonant radiative transfer through emission of sensitizer and reabsorption by activator; (b) nonradiative transfer associated with resonance between sensitizer and activator; (c) multiphonon-assisted ET; and (d) cross-relaxation (CR) between two identical ions. A schematic diagram to illuminate the different ET processes between two ions is presented in Figure 1.2. The efficiency of radiative transfer (Figure 1.2a) depends on how efficiently the activator fluorescence is excited by the sensitizer emission. It requires a significant spectral overlap between the emission spectrum of the sensitizer and the absorption spectrum of the activator. If

Figure 1 . 3

 13 Figure 1.3 Sketches of (a) electrostatic interaction; (b) quantum mechanical exchange interaction, hatching represents the overlap of wavefunction between D and A. R, e, L denote distance between D and A, electron and effective Bohr radii, respectively.
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 1415 Figure 1.4 Crystal structure of YAG. Red, green, blue polyhedrons represent YO8 dodecahedron, AlO6 octahedron, and AlO4 tetrahedron, respectively. (a) shows the corner sharing between AlO6 and AlO4; (b) shows the edge sharing among YO8, AlO6 and AlO4.

Figure 1 . 6

 16 Figure 1.6 Energy level diagram showing the lowest energy ground-state components and the first excited 5d states of Ce 3+ in garnets.

. 5 .

 5 They figured out that the lower occupied bands below the Fermi level stretching from !-0.6<E<-0.1Ryd arise due to the bonding states arising from O-2p and Al-sp states. The upper unoccupied bands close to the Fermi level arise from antibonding Al-sp and O-p states, while the higher bands (above 0.5 Ryd) has contributions from the Y-d bands.
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 1718 Figure 1.7 PL emission and PL excitation spectra of the YAG:Ce phosphor
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 19 Figure 1.9 PL emission spectra of YAG:Ce,Pr phosphors with varying the amount of Pr 3+ : (a) 0mol, (b)0.006mol,(c) 0.015mol, (d) 0.03mol, (e) 0.06mol, and (f) 0.09mol.
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 110 Figure 1.10. Temperature-dependent emission intensity and emission spectra excited at 460nm of YAG:Ce 3+

Figure 1 .

 1 Figure 1.11 Temperature dependence of the integrated emission intensity for YAG:Ce 0.033%, 0.33%, 1.0%, and 3.33% taken at the five excitation wavelengths indicated.

Figure 1 .

 1 Figure 1.12 (a)Unit cell representation of the fully ordered crystal structure of Sr2BaAlO4F (SBAF). Light gray, dark gray, blue, orange, and green spheres represent Sr, Ba, Al, O, and F atoms, respectively. The polyhedral geometry of (b) SrO6F2 at 8h (x, x+1/2, 0) and (c) BaO8F2 at 4a (0, 0, 1/4) are depicted.
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 1 Figure 1.13 Emission spectra of Sr3-yCeyAlO4F under 400 nm excitation source with varying Ce 3+ concentration y.
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 1 Figure 1.14 Emission spectra of M2SiO4:Eu 2+ (M=Ca, Sr, Ba) excited at 370nm.
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 1 Figure 1.15 Excitation spectra of (Ba1-xSrx)2SiO4:Eu 2+ with a different Sr/Ba ratio Although M 2 SiO 4 :Eu 2+ shows favorable optical properties, in fact, the excitation band of pure M 2 SiO 4 :Eu 2+

Figure 1 .

 1 Figure 1.16 PL spectra (a) and peak positions (b) of M2SiO4:Eu 2+ (M= Ba, Sr, Ca) phosphor
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 11 Figure 1.17 Lattice constants of M2SiO4:Eu 2+ (M=Ba, Sr, Ca) phasphor

  8- x-y SiO 4 :xEu 2+ , yMn 2+ belongs to the space group P3m1 with hexagonal unit cell. The T phase is made of five Ba 2+ /Ca 2+ sites (one M(2)O6 octahedron and four M(1, 3, 4, 5)O10 or 12 polyhedra) and two SiO 4 tetrahedral sites, as shown in figure 1.18. The M(2) site is occupied at 85% by Ba and 15% by Ca atoms, forming doughnutshaped six-constituent rings. Each of these six positions is on a diad rotation axis parallel to [1 0 0] or [1 1 0]. These axes are related through a six-fold rotation symmetry around the inversion triad axis. This type of lowsymmetry M(2) configuration can be easily distorted by its local surrounding, for example through lattice expansion and any inhomogeneous atomic distribution due to Eu doping. The M(1) and M(4) sites adjacent to the M(2) site are occupied by 65% Ba and 35% of Ca, and only Ca atoms, respectively. The M(2) octahedral site and the M(1) (resp. M(4)) polyhedral sites are tightly bonded through sharing of O(3, 5, 7) (resp. O(3, 4, 8))

Figure 1

 1 Figure 1.19 Photoluminescence excitation spectra monitored at (a)442nm, (b)505nm, and (c) 620 nm and photoluminescence spectrum excited at 375nm of Ba3MgSi2O8:Eu 2+ 0.075,Mn 2+ 0.05

Figure 1 .

 1 Figure 1.21 The variation of CIE coordinates of 375 nm pumped white LEDs with Sr3MgSi2O8:Eu 2+ and Sr3MgSi2O8:Eu 2+ ,Mn 2+ phosphors as a function of forwardbias current.

Figure 1 .

 1 Figure 1.22 Color rendering index of 375 nm pumped white LEDs with Sr3MgSi2O8:Eu 2+ and Sr3MgSi2O8:Eu 2+ ,Mn 2+ phosphors.

Figure 1 .

 1 Figure 1.23 PLE and PL spectra for Ca0.99-nAl2Si2O8:Eu0.01,Mnn phosphors (PLE monitored at 425nm and PL excited at 354 nm).

Figure 1 . 24 .

 124 Figure 1.24. The emission spectra of Ba3SiO5:Eu 2+ phosphor with various amounts of Eu 2+ concentration.

  However, The HT-(Ca 1-x Sr x ) 3 SiO 4 Cl 2 : Eu0.01 (x=0.06, 0.10, 0.20, and 0.30) synthesized at 1263 K shows an intense orange broad band emission around 577 nm upon 372 nm excitation. When Ca ions are partially substituted by Sr ions, the excitation and emission bands of Eu 2+ show a blue shift. As the number of Sr ions increases, the emission band moves from 577nm for HT-Ca 3 SiO 4 Cl 2 (x=0.0) to 551nm for HT-(Ca 1- x Sr x ) 3 SiO 4 Cl 2 :Eu0.01 (x=0.30). Importantly, the emission intensity of (Ca 0.99 Sr 0.01 ) 3 SiO 4 Cl 2-x F x : Eu0.01 is also considerably enhanced by substitution of Cl by F ions. The emission intensity of Eu 2+ in F-substituted samples is about 164% (x=0.01), 270% (x=0.03), 227% (x = 0.06), and 67% (x = 0.10) times as strong as that of the sample without F ions. Tunable warm WLEDs with a high Ra by combining the UV chip (Em = 398 nm) and blue chlorophosphate, green LT-, and yellow HT-Ca 3 SiO 4 Cl 2 :Eu 2+ tri-phosphors were successfully fabricated.

Figure 1

 1 Figure 1.25 The crystal structure of Li2BaSiO4. Figure 1.26 Normalized emission and excitation spectra of Li2Ca0.99SiO4: Eu 2+ 0.01 (LCSO), Li2Sr0.99SiO4:Eu 2+ 0.01 (LSCO) and Li2Ba0.99SiO4:Eu 2+ 0.01 (LBSO)

2

 2 CaSiO 4 , Li 2 SrSiO 4 and Li 2 BaSiO 4 have different crystal structure, specifically the Li 2 CaSiO 4 has the crystal structure of tetragonal with space group of I-42m while the Li 2 SrSiO 4 and Li 2 BaSiO 4 crystallize in hexagonal structure with space group P3121 and P63cm, respectively. The crystal structure of Li 2 BaSiO 4 consists of two types of tetrahedra, viz. (SiO 4 ) 4 ! and (LiO 4 ) 7 , with Ba 2+ atoms located at the centers of open spaces formed by the tetrahedra (Figure 1.25)

Figure 1 .

 1 Figure 1.27 Color chromaticity diagram for LSSO-LCSO-LBSO. The inset shows the LSSO-LCSO-LBSO ternary library photographed at 365nm excitations.

Figure 1

 1 Figure 1.28 Excitation spectra (a: Em=447, b: Em=536nm) and emission spectra (c)(Ex=350nm) of Ba0.97Sr0.99Mg(PO4)2:Eu 2+ 0.04 powder.

Figure 1

 1 Figure 1.29 The emission spectra as a function of temperature of Mg2Sr0.97 (PO4)2:Eu 2+ 0.03 (Ex=360nm). The inset shows temperature dependent relative emission intensity of Mg2Sr0.97 (PO4)2:Eu 2+ 0.03 and YAG:Ce 3+ .

Figure 1 .

 1 Figure 1.30 The PL and PLE of (1) LiSrPO4:Eu 2+ ,(2)LiBaPO4:Eu 2+ , (3) NaCaPO4:Eu 2+ and (4) LiZnPO4:Mn 2+ .

Figure 1 .Figure 1 Figure 1 .

 111 Figure 1.31 (a) The temperature dependence of the LiBa0.95PO4:Eu 2+ 0.05 emission band (Ex=350nm) and (b) temperature quenching of the emission intensity of the LiBa0.95PO4:Eu 2+ 0.05 and YAG:Ce 3+ .

Figure 1 .

 1 Figure 1.34 PLE and PL spectra of Ca5(PO4)3Cl:Eu 2+ , Sr5(PO4)3Cl:Eu 2+ and Ba5(PO4)5Cl:Eu 2+ .

Figure 1 .

 1 Figure 1.35 Structure and silicate layers of MSi2O2N2 (M = Ca, Sr, Ba). Tetrahedra with vertices up are depicted in dark gray, with vertices down in light gray (N: black, O: light gray).

Figure 1 .

 1 Figure 1.36 Excitation and emission spectra of M0.9Si2O2N2:Eu0.1 (a)M=Ca, (b)M=Sr, (c)M=Ba.

Figure 1 .Figure 1 .

 11 Figure 1.37 PLE (monitored at the emission peak wavelength) and emission (excited by 410 nm) spectra of Sr1-xEuxSi2O2N2 phosphors. The inset shows the dependence of the emission peak position and the relative emission intensity of SrSi2O2N2:Eu 2+ phosphors on the Eu 2+ concentration.

  α-SiAlON can be described by a general chemical formula M m/v Si 12-m-n Al m+n O n N 16-n :A , in which, M is the modifying cations such as Li + , Mg 2+ , Ca 2+ ,Y 3+ and lanthanides, and v is the valency of the cation M, A is the activator such as Eu 2+ and Ce 3+ . The α-SiAlON, which is a solid solution of Si 3 N 4 and Al 2 O 3 , has the same crystal structure as Si 3 N 4 , with m+n (Si-N) bonds replaced by n (Al-O) and m (Al-N) bonds. This

Figure 1 .

 1 Figure 1.39 (a) Crystal structures of α-SiAlON projected along the [110] direction. (b) The local structure of the Ca/Sr site in the α-SiAlON structure.

Figure 1 .

 1 Figure 1.40 Excitation and emission spectra of the samples with the nominal compositions: (a)Sr0.355Si11.23Al0.77O0.02N15.98. (b)Ca0.355Eu0.02Si11.23Al0.77O0.02N15.98.

Figure 1 .

 1 Figure 1.39(a) shows the crystal structure of Ca-or Sr-α-SiAlON. The α -SiAlON structure has the expanded a-Si 3 N 4 structure built up of the (Si, Al)-(O, N) network. The introduction of Ca or Sr in the sevenfold coordination sites stabilizes the α-SiAlON structure [123] . The local structure of the Ca or Sr site in the α-SiAlON structure is shown in Figure 1.39(b). With increasing m and n values, the cell dimension increase, since the average Si-N bond length of 1.74 Å is shorter than that of Al-N (1.87 Å) and Al-O (1.75 Å).Figure 1.40 shows

  435-449 nm is more intense than that at 300 nm in comparison with Ca-α-SiAlON, indicating that Li -α-SiAlON:Eu 2+ absorbs more strongly in the blue light region. The emission spectrum consists of a single broadband at 573 -575 nm for 1.0<m<2.25. The emission wavelength of Li -α-SiAlON:Eu 2+ is about 15-30 nm shorter than that of Ca-α-SiAlON, which results in a greenish-yellow color of Li -α-SiAlON:Eu 2+ . The optimal Li -α-SiAlON:Eu 2+ phosphor Li 1.74 Si 9 Al 3 ON 15 :Eu 0.13 . The absorption and external quantum efficiencies of this

Figure 1 .

 1 Figure 1.41 Temperature dependence of emission intensities of Ca-α-SiAlON:Eu 2+ and YAG:Ce 3+ .

Figure 1 .Figure 1 . 43 .

 1143 Figure 1.42 The crystal structure of β-SiAlON along [001] direction. Figure 1.43. The crystal structure of MAlSi5O2N7 (M=Sr, Ba) in a view near [001]( the black circles represent M atoms, the Si-(O,N)4 tetrahedra are grey, and the (Si, Al)-(O,N)4 ones are dark).

  -SiAlON has a hexagonal crystal structure (P63 or P63/m space group), which is a derived structure from β-Si 3 N 4 by equivalent substitution of Al-O for Si-N, and its chemical composition can be written as Si 6-z Al z O z N 8-z (z represents the number of Al-O

  have also been reported recently. Van Krevel et al. investigated the luminescent properties of Ce 3+ -doped Y-Si-O-N oxynitride compounds, including Y 5 (SiO 4 ) 3 N:Ce, Y 4 Si 2 O 7 N 2 :Ce, YSiO 2 N:Ce and Y 2 Si 3 O 3 N 4 :Ce.

Figure 1 .

 1 Figure 1.44 Crystal structure of Sr2Si5N8 viewed along the [001] direction. The large, medium and small spheres represent Sr, Si, and N atoms, respectively.

Figure 1 .

 1 Figure 1.45 The relationship between the unit cell volume of M2-xSi5N8 and the x value. The inset show the enlarged part for M=Ca.Red-emitting M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) phosphors are attracting extensive attention due to its excellent performance for white-LED lighting applications. Schnick et al. reported the crystal structures of single crystals of M 2 Si 5 N 8 (M=Ca, Sr, Ba). Ca 2 Si 5 N 8 has a monoclinic crystal system with the space group of Cc, whereas both Sr 2 Si 5 N 8 and Ba 2 Si 5 N 8 have an orthorhombic lattice with the space group of Pmn21. The local coordination in the structures is similar for these ternary alkaline-earth Si 3 N 4 's; half the nitrogen atoms are connected to two Si neighbors and the other half have three Si neighbors. Each Ca atom in Ca 2 Si 5 N 8 is coordinated to seven nitrogen atoms, while Sr in Sr 2 Si 5 N 8 and Ba in Ba 2 Si 5 N 8 are coordinated to eight or nine nitrogen atoms, as given in figure1.44[START_REF] Xie | Silicon-based oxynitride and nitride phosphors for white LEDs-A review[END_REF] . In general, M 2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) shows unusual long-wavelength broadband emission

  contrast, the unit cell volume of M 2-x Eu x Si 5 N 8 (M=Sr, Ba) nearly linearly decreases with an increase of x due to the replacement of Sr 2+ or Ba 2+ with the smaller Eu 2+ ion. In addition, the lattice shrinkage for Ba 2+ is significantly larger than that for Sr 2+ when Eu 2+ is incorporated as a consequence of Ba 2+ being larger in size than Sr 2+ . The M 2 Si 5 N 8 (M = Sr, Ba) and Eu 2 Si 5 N 8 compounds are isostructural, from which a complete solid solution between Sr 2 Si 5 N 8 -Eu 2 Si 5 N 8 and Ba 2 Si 5 N 8 -Eu 2 Si 5 N 8 are formed.

Figure 1 .Figure 1 .

 11 Figure 1.46 Excitation and emission spectra of M1.96Si2N8:Eu0.04 (M=Ca, Sr, Ba). Photoluminescence spectrum of a standard of YAG:Ce 3+ also included for comparison.

1. 48 .

 48 The two individual Ca 2+ ions are just located at the two kinds of six-member SiN 4 tetrahedra rings. Ca1 is directly connected with five nitrogen atoms and Ca2 is coordinated with six nitrogen atoms in the range of 0.30 nm in CaSiN 2 . The excitation spectra of all MSiN 2 :Eu 2+ (M=Ca,Sr,Ba) show broad band ranging from 300-530nm, which is accordance with the emission of NUV-and Blue-LED, typically the excitation and emission spectra of Ca 1-x SiN 2 :Eu x are shown in figure1.49. The emission peak wavelength of Ca 1-x SiN 2 :Eu x shifts toward the deep red range from about 628 to 655 nm, starting from x = 0.001 to 0.02. Sr 1-x SiN 2 :Eu x (0 < x < 0.1) shows a broad emission band in the wavelength range of 550-850 nm with maxima from 670 to 685 nm with an increase in the Eu 2+ concentration, while Ba 1-x SiN 2 :Eu x (0 < x < 0.1) shows a broad emission band in the wavelength range of 500-750 nm with maxima from about 600 to 630 nm with an increase in the Eu 2+ concentration. However, SrSiN 2 and BaSiN 2 suffers from instability against air and/or moisture, only CaSiN 2 has a relatively high chemical and thermal stability against air, therefore, from a practical point of view, CaSiN 2 :Eu is a more useful candidate as a wavelength-conversion phosphor for white light LEDs as opposed to MSiN 2 (M = Sr, Ba), although the quantum efficiency of CaSiN2:Eu is lower than that of SrSiN 2 :Eu and BaSiN 2 :Eu.

Figure 1 .

 1 Figure 1.48 Perspective view of the crystal structure of Ca1-xEuxSiN2 (x=0.001) along [100] and [001]. The small black spheres represent (N,O)4, and other other blue spheres represent N1-3, SiN4-tetrahedra are the closed polyhedra.Figure 1.49 Excitation and emission of Ca1-xSiN2:Eux.

CaSiN 2 :

 2 Ce 3+ has a maximum around 535 nm and extends from 425 to 575 nm and its emission maximum is centered around 625 nm. By Substituting Ca by Mg as well as Si by Al in CaSiN 2 :Ce 3+ , the emission wavelength decrease by about 70 -90 nm. The excitation blueshifts, too, from a peak maximum at 535 nm to 475 nm for 10% Al substitution. With the Al substitution, therefore, this compound becomes interesting as a yellow phosphor for direct

Figure 1 .Figure 1 Figure 1 .Figure 1 . 53 .

 111153 Figure 1.50 Crystallographic structure of CaAlSiN3 along the (a) [001](on the left side a polyhedral view of the structure and on the right a ball-stick representation) and (b) [100] directons

Figure 1 .

 1 Figure 1.54 The emission spectra of BaYSi4N7:Eu with varying Eu concentration (λexc=385nm). In the inset, the excitation spectra are shown from bottom to top.(λem=510nm).

Figure 1 .

 1 Figure 1.55 The PL spectra, induced by 393 nm, and PLE spectra, monitored at 614nm of Ca0.76MoO4:Eu 3+ 0.24,

Figure 1

 1 Figure 1.57 The excitation (left, Em=616nm) and emission (right, Ex=395nm) spectra of NaLn0.9Eu0.1(MoO4)2 (Ln=Y,Gd and La) and NaEu(MoO4)2.

Figure 1 .

 1 Figure 1.58 The excitation (left, Em=616nm) and emission (right, Ex=395nm) spectra of AEu(MoO4)2 (A=Li, Na, K)

Figure 1

 1 Figure 1.59. Excitation spectrum of Gd1.96(MoO4)3:Eu 3+ 0.04

Figure 1 2 :Gd 2 (

 122 Figure 1.60 Excitation spectra of CaLa2(MoO4)2:Eu 3+ (CLME), SrLa2(MoO4)2:Eu 3+ (SLME) and BaLa2(MoO4)2:Eu 3+ (BLME) at their maximum emission wavelength.As three M 2+ ions in MMoO 4 :Eu 3+ are completely substituted by two trivalent rare earth ions, another novel red emission molybdates phosphors with chemical formula Ln 2 (MoO 4 ) 3 :Eu 3+ (viz. Ln 2/3 MoO 4 :Eu 3+ ) (Ln= La, Gd, Y) have been gained. Typical phosphor is Gd 2 (MoO 4 ) 3 :Eu. With the different calcined temperatures Gd 2 (MoO 4 ) 3 has three current types of structure: monoclinic structure (space group C2/c), orthorhombic structure (space group Pba2) and tetragonal structure (space group P421m), and all of them have the high melting point. The 5 D 0 -7 F 2 emission intensity of Gd 0.8 Eu 1.2 (MoO 4 ) 3 with orthorhombic structure is about five times higher than that with monoclinic structure. Amongst three structures, tetragonal structure, viz. α-Gd 2 (MoO 4 ) 3 , has the highest emission intensity. α-Gd 2 (MoO 4 ) 3 phosphor can strongly absorb ultraviolet (395 nm)

Figure 1 .

 1 Figure 1.61 Excitation spectra of different system at theire maximum emission wavelength.

Figure 1 .

 1 Figure 1.62 Emission (λexc=396nm) and Excitation (λem =616nm) spectra of phosphors MGd2-xEux(MoO4)4: (a)M=Ba, x=0.7;(b)M=Sr, x=1.2 and (c)M=Ca,x=1.8. Insets: PL intensity depends on the contents of Eu 3+

Figure 2 . 1

 21 Figure 2.1 The schematic diagram of fluorescent spectrometer.

For

  the other phosphors, color-coordinates were calculated from the emission spectra by using CIE-1931 standard tristimulus values. The emission tristimulus thus are calculated by the following expression

Figure 3 . 1

 31 Figure 3.1 XRD spectra of samples(a) full and (b) zoomed patterns

2 .

 2 Both undoped andEu2+ , Mn 2+ -doped samples show a remarkable drop in reflectance in the UV range around 280 nm, corresponding to the valence-to-conduction band transition of the Ba 2 Mg(BO 3 ) 2 host lattice, indicating that the energy gap is about 4.43eV. The intense reflectance in the visible spectral range is in agreement with the observed white daylight color for undoped Ba 2 Mg(BO 3 ) 2 and Ba 2 Mg(BO 3 ) 2 :Mn. The similar characteristics of Ba 2 Mg(BO 3 ) 2 and Mn doped Ba 2 Mg(BO 3 ) imply that Mn doped sample has no additional absorption. For the Eu 2+ doped and Eu 2+ ,Mn 2+ codoped samples, one broad absorption band can be seen in the wavelength range of 280-450 nm. This broad absorption band can be attributed to the 4f-5d absorption of Eu 2+ ions, compared with that of undoped Ba 2 Mg(BO 3 ).

Figure 3 . 2

 32 Figure 3.2 The diffuse reflectance spectra of samples.

Figure 3 . 3

 33 Figure 3.3 Emission spectra of BMB0 and BMB8 samples under 365nm excitation.

Figure 3 .

 3 Figure 3.3 presents photoluminescence spectra of the sample with unknown phase (BMB0) and the pure sample (BMB8) under excitation at 365 nm. The similar emission spectra indicate that the unknown phase doesn't participate to the emission of the sample. And therefore the samples with unknown phase can be employed to measure their photoluminescence properties without any effect from the unknown phase.

Figure 3 .Figure 3 . 4

 334 Figure 3.4 (a) and (b) present photoluminescence excitation spectra of all samples monitoring at 615 and 595 nm, respectively. There is no photoluminescence detected by the instrument for the single Mn 2+ -doped sample (BMB7). For all other samples, a similar broad excitation band ranging from 250 to 450 nm is observed, which is in line with the measured diffuse reflectance spectra shown in figure3.2. This character makes these phosphors suitable for application on white LEDs combined with NUV light. Such broad excitation band may be attributed to the 4f 7 -4f 6 5d 1 transition of Eu 2+ . Generally, the broad excitation band originates from overlap of several excitation bands of Eu 2+ . Based on this deduction, the excitation spectra of BMB0 for instance were well decomposed into five Gaussian profiles peaking at 267, 293, 338, 388, 415 nm, respectively. Compared with diffuse reflectance spectra, the 265 nm excitation profile should be assigned to the transition from valence band to conduction band. Therefore, the splitting of 5d energy levels of Eu 2+ is calculated to be about 1.24 eV. The bandwidth of the band decreases as the Mn 2+ doping concentration increased.

Figure 3 . 5

 35 Figure 3.5 Measured (solid) and fitted (dashed) excitation spectra and decomposed Gaussian components (dotted) of BMB0 monitored at 595nm

Figure 3 . 6

 36 Figure 3.6 Emission spectra of samples under 365nm excitation.
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 3738393 Figure 3.7 Dependence of FWHM on Mn 2+ content in Ba1.96Mg1-x(BO3)2:Eu0.04,Mnx

Figure 3 . 11

 311 Figure 3.11 Photoluminescence decay curves excited at 365nm(a)monitored at 625nm(b)monitored at 540nm

Figure 4 .

 4 Figure 4.1 presents XRD patterns of the nominal chemical composition Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 0.05 fired at different temperature under N 2 +H 2 atmosphere for 6h. The results show that Ca 2 La 8 (SiO 6 ) 6 O 2 -like oxyapatite crystal phase can be yielded at 1200 o C with a little Sr 2 SiO 4 phase. With increasing firing temperature, the XRD patterns are well agreement with standard Ca 2 La 8 (SiO 4 ) 6 O 2 (PDF Card No. 29-337) and don't show any change except for diffraction intensity enhancing which implies higher degree of crystallization. From the zoomed out patterns shown in figure 4.1(b), the 2-theta angular values of samples are similar and lower than those of the Ca 2 La 8 (SiO 4 ) 6 O 2 , indicating that a larger lattice parameters due to larger ion radius of Sr 2+ than Ca 2+ and the

Figure 4 . 2

 42 Figure 4.2 Excitation of Sr3.95La6(SiO4)6O:Eu0.05 samples fired at different temperature monitored at 496 nm.

Figure 4 . 3 Figure 4 .

 434 Figure 4.3 Emission spectra of Sr3.95La6(SiO4)6O:Eu0.05 samples fired at different temperature under 365 nm excitation.4.3 Effect of Sr 2+ content

  a) XRD spectra of Srx-0.05La10-x(SiO4)6O:Eu0.05 and (b) zoomed patterns.

Figure 4 .

 4 Figure 4.5 and 4.6 presents the photoluminescence spectra (PL) of the Sr x-0.05 La 10-x (SiO 4 ) 6 O 3-x/2 : Eu 0.05 (x=0.05, 1, 2, 3, 4 and 5) with excitation wavelengths at 365 nm and 440 nm, respectively. From Figure 4.5,

Figure 4 . 5 Figure 4 . 6 Figure 4 . 7

 454647 Figure 4.5 Photoluminescence spectra of Srx-0.05La10-x(SiO4)6O3-x/2:Eu 2+ 0.05(x=0.05, 1, 2, 3, 4, 5) excited at 365nm

Figure 4 . 8

 48 Figure 4.8 Excitation and Emission spectra of Sr3.95La6 (SiO4)6O:Eu 2+ 0.05

  Figure 4.7 and Fig 4.8 corroborated well this conclusion, that is, only one emission peak at 506 nm for Sr 1.95 La 8 (SiO 4 ) 6 O 2 :Eu 2+ 0.05 can be observed, which is independent with the excitation wavelength, while for Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 2+ 0.05 two peaks appear as the excitation wavelength changes.

Figure 4 . 9

 49 Figure 4.9 Crystal structure of (a)La9.33(SiO4)6O2,(b)Sr1.35La8.65(SiO4)6O2,(c) Sr2La8(SiO4)6O2 and (d) Sr3.1La6.9(SiO4)6O2

Figure 4 . 4 . 4 4 . 4 . 1

 444441 Figure 4.10 Emission spectra of Sr2-yLa8(SiO4)6O2:Euy with varied Eu 2+ concentration under 365 nm excitation 4.4 Dependence of Eu 2+ concentration on photoluminescence properties

Figure 4 .

 4 Figure 4.10 present their emission spectra under 365 nm excitation. The emission intensity increases with increasing Eu 2+ concentration, maximizing at about y = 0.05, then concentration quenching occurs when y > 0.05.

Figure 4 .Figure 4 .

 44 Figure 4.11 Photoluminescence spectra of Sr4-yLa6(SiO4)6O:Eu 2+ y(y=0.005, 0.02, 0.05, 0.1, 0.15, 0.2) excited at (a) 365 nm and (b) 440 nm

Figure 4 .

 4 Figure 4.13 CIE 1931 chromatic diagram of Sr4-aLa6(SiO4)6O:Eua under 365 nm excitation

Figure 4 .Figure 4 .Figure 4 .

 444 Figure 4.14 XRD spectra of M3.85La6(SiO4)6O:Eu0.15 (M = Mg, Ca, Sr and Ba) (a) complete (b) zoomed in.

Figure 4 .

 4 Figure 4.15 (a) Excitation and (b) emission spectra under 365 nm excitation of M3.85La6(SiO4)6O:Eu0.05 (M = Mg, Ca, Sr, Ba)

Figure 4 .

 4 Figure 4.16 Peak positions of M3.85La6(SiO4)6O:Eu0.15 (M = Mg, Ca, Sr, Ba)

Figure 4 .

 4 Figure 4.17 CIE 1931 chromatic diagram of M3.95La6(SiO4)6O:Eu0.05 (M = Mg, Ca, Sr, Ba) under 365 nm excitation.

Figure 4

 4 Figure 4.18 XRD patterns of Sr3.85Ln6(SiO4)6O:Eu0.15 (Ln = Y, La, Gd)

8 ( 15 Ca 2 Figure 4 .

 81524 Figure 4.20 Measured (solid) and fitted (dashed) emission spectra and decomposed Gaussian components (dotted) of Sr3.85Ln6(SiO4)6O:Eu0.15 under 365 nm excitation (a) Ln=Y and (b) Ln=Gd.

Figure 4 .Figure 4 .

 44 Figure 4.21 show SEM images of Sr 1.95 La 8 (SiO 4 ) 6 O 2 :Eu 0.05 , (d), (e), (f) Sr 2.95 La 8 (SiO 4 ) 6 O 2 :Eu 0.05 and (g), (h) ,(i) Sr 3.95 La 8 (SiO 4 ) 6 O 2 :Eu 0.05 with different magnifying power. It can be seen that the phosphor particles with different Sr contents have the same porous structure which consist of super fine size crystals about 300 nm with good crystallization according to high resolution images.

  present work, three approaches were chosen to synthesize oxyapatite-type silicates oxynitrides. (I) Pellets of mixed starting materials SrCO 3 , SiO 2 and La 2 O 3 were fired in air at 1400 o C for 6h and then the as-produced samples were fired again under NH 3 at different temperatures for 6h; (II) The same mixture pellets of starting materials were directly fired under NH 3 for 6h at 1300 o C and (III) The mixture pellets of SrCN 2 , SiO 2 and La 2 O 3 were fired under NH 3 at different temperature for 6h. The XRD spectra of the as-synthesized samples are presented in figure 5.1(a), (b) and (c) respectively. As can be seen from figure 5.1(a), the XRD peaks of sample fired in air when using SrCO 3 as the Sr source are well indexed and in agreement with those of the standard Ca 2 La 8 (SiO 4 ) 6 O 2 (PDF 29-377). The sample has a white body color. When this sample were fired again under NH 3 at 1200 and 1300 o C, XRD spectra show no any difference, implying a stable crystal structure at high temperature under NH 3 . However, after fired under NH 3 , both of them exhibit grey body color, possibly indicating absorption centers are formed with absorption range in visible light region. The sample based on the second preparation method is also pure oxyapatite-type profile compared with standard PDF card 29-377, according to XRD pattern shown in figure 5.1(b). Then SrCN 2 :Eu compound was employed as the Sr source; XRD spectra of the prepared samples are shown in figure 5.2(c). The sample fired at 1100 o C consists of La 2 O 3 , La 2 O 2 CN 2 and oxyapatite-type phase, in which

Figure 5 . 1

 51 Figure 5.1 XRD spectra of samples

Figure 5 . 2

 52 Figure 5.2 The diffuse reflectance spectra of M2-zLa8Si6O26-3y/2Ny:Euz (M=Ca, Sr) together with Sr2La8(SiO4)6O2.

Figure 5 . 3

 53 Figure 5.3 The diffuse reflectance spectra of Sr4-xLa6Si6O25-3y/2Ny:Eux together with Sr2La8(SiO4)6O2.

Figure 5 . 4 Figure 5 . 5 FTIR spectra of samples 5 . 5

 545555 Figure 5.4 The diffuse reflectance spectra of Srx-0.04La10-xSi6O27-x-3y/2N:Eu0.04 together with Sr2La8(SiO4)6O2

Figure 5 . 6

 56 Figure 5.6 Excitation and emission spectra of the samples prepared by using SrCN2:Eu and SrCO3 as Sr source respectively. To compare the photoluminescence difference of oxyapatite silicates before and after nitridation, the normalized emission and excitation spectra of Sr 2 La 8 (SiO 4 ) 6 Y y :Eu (Y=O, N) are presented in figure 5.7. Sr 2 La 8 (SiO 4 ) 6 O 2 :Eu shows a broad emission band centered at 507 nm under 400 nm excitation, however the peak wavelength shifts to 532 nm when O is substituted by N. Besides, the excitation and emission bands are broadened as well. The excitation band of Sr 2 La 8 (SiO 4 ) 6 N 1.33 :Eu ranges from 280 to 480 nm. The FWHM of Sr 2 La 8 (SiO 4 ) 6 N 1.33 :Eu is 76 nm which is broader than the 70 nm of Sr 2 La 8 (SiO 4 ) 6 O 2 :Eu. This is attributed to the lower electronegative N substitution for oxygen. As well known, low electronegative anion ions have high covalence and leads to large splitting of 5d electrons of Eu 2+ and thus energy levels of the lowest 5d orbitals

Figure 5 . 7

 57 Figure 5.7 Excitation and emission spectra of Sr2La8(SiO4)6Yy:Eu (Y=O, N)

Figure 5 . 8

 58 Figure 5.8 Emission spectra of Sr2-yLa8(SiO4)N1.33:Euy with varying Eu 2+ concentration.The effect of the Eu 2+ concentration y on the emission intensity of Sr 2-y La 8 (SiO 4 ) 6 N 1.33 :Eu y was investigated.Similarly to Sr 2-y La 8 (SiO 4 ) 6 O 2 :Eu y in chapter, Sr 2-y La 8 (SiO 4 ) 6 N 1.33 :Eu y also exhibits concentration quenching, the maximized y value is 0.04 and phosphor with y=0.06 has the same intensity. Thus, it should consider that the optimized concentration is y = 0.05 instead of y = 0.04 but the data is absent unfortunately. Based on this deduction, the similar critical distance is expected and the concentration quenching process is also the same as discussed in chapter 4.

Figure 5 . 9

 59 Figure 5.9 Excitation and emission spectra of Sr3.96La6(SiO4)N:Eu0.04.

Figure 5 .Figure 5 .Figure 5 .

 555 Figure 5.9 presents emission and excitation spectra of Sr 3.96 La 6 (SiO 4 )N:Eu 0.04 . The emission spectra vary from an asymmetric broad band to a symmetric broad band with increasing excitation wavelength from 365 to 460 nm. The asymmetric broad band can be well decomposed into two Gaussian profiles centered at 497 and

Figure 5 .

 5 Figure 5.13 Excitation spectra of Sr4La6Si6O26-xN2x/3:Eu0.04 at different temperature.

  .14. When the electrons of 4f ground state are excited to 4f 6 5d excited (from A to B), the electrons at B are unstable and quickly relax to balance site C and then return to ground state D point by releasing photons. When temperature increases, the population of 5d electrons at higher-energy sublevel increases due to phonon assisting and thus the emission energy increases, as a result blueshift is observed. However, it is still not clear what is the mechanism of blueshift with decreasing excitation wavelength.

Figure 5 .Figure 5 .

 55 Figure 5.14 Configureational coordinate scheme for blueshift with increasing temperature. As for the temperature quenching, it can be explained by three possible mechanisms: (1) A configurational coordinate model with a cross of ground state and excited ground, as shown in figure 5.15(a). In this case, nonradiative recombination occurs by the cross O. With increasing temperature, the probability of nonradiative recombination increases, leading to temperature quenching; (2) A configurational coordinate involving defect state is described in figure 5.15(b). The nonradiative recombination occurs by the defect level; (3) An energy level scheme is ascribed in figure 5.15(c). In this case, the high energy 5d electrons are close to conduction band

figure 5 .Figure 5 .

 55 figure5.16 show SEM images of samples. Their morphology is the same as those shown in chapter 4. All of them show a porous structure which consists of super fine size particles with particle size about 300 nm. The photoluminescence intensity of samples in present work is several times lower than that of standard YAG:Ce phosphor under 460 nm excitation. Such fine particle may play a key role in decreasing the photoluminescence intensity due to existence of many surface defects in crystals, which increases the probability of nonradiative recombination at the surface of crystal. Therefore, it would be expected that this phosphor system have higher photoluminescence intensity if large and good crystallization particles were synthesized. This will be the work of next stage in which the work will focus on synthesis methods.

Figure 6 . 2

 62 Figure 6.2 XRD spectra of the samples fired under N2 and then under NH3 at different temperature.

Figure 6 . 3

 63 Figure 6.3 The excitation spectrum of SSNE-1300 sample monitoring at 610 nm.

Figure 6 . 4

 64 Figure 6.4 The emission spectra of SSEN-1300 excited at different wavelength.

7 .7. 1 IntroductionMCN 2 :

 712 Preparation and optical properties of MCN 2 :Eu 2+ (M=Ca,Sr) Eu compounds play a key role in preparing Sr 2 Si 5 N 8 :Eu and oxyapatite-type M x La 10-x Si 6 O 27-x/2- 2y/3 N y :Eu phosphor, as discussed in chapter 5 and 6. Amongst MCN 2 (M=Ca, Sr), SrCN 2 belongs to a hexagonal Pnma space group (n°62) with a = 12.41 Å, b = 3.96 Å and c = 5.39 Å, however CaCN 2 crystallizes in a rhombohedral system with R-3m space group. In the SrCN 2 host crystal, [CN 2 ] 2-anions in two orientations built up layers parallel to the a-c plane of the unit cell. The Sr 2+ ions also belong to these layers, forming distorted octahedra around the anions. Distorted nitrogen octahedra centred by Sr 2+ ions are connected via sharing corners

Figure 7 . 1 Figure 7 . 2

 7172 Figure 7.1 The XRD spectra of Sr1-xCN2:Eux

Figure 7 . 3 FTFigure 7 . 4 Figure 7 . 5 1 ) 7 . 4

 737475174 Figure 7.3 FT-IR spectra of samples (a)SrCN2, (b) SrCN2:Eu0.03, (c), SrCN2:Eu0.08 and (d) CaCN2:Eu0.02

Figure 7 . 7 Figure 7 . 8 Figure 7 . 9 (

 777879 Figure 7.7 The excitation and emission spectra of SrCN2:Eu0.02 at 77K

Figure 7 .

 7 Figure 7.11 Schematic illustration of a configurational coordinate model

  properties have been investigated. The optimized firing temperature is 1400 o C. Alkaline earth ions and their contents, rare earth ions and Eu 2+ concentration affect photoluminescence properties of phosphors. When M = Sr and Ln = La, the lattice parameters of phosphors increase with increasing Sr content and the emission bands consist of a broad band with only one peak locating at 506 nm when x ≤ 2 under 365 nm excitation, corresponding to Sr 2+ only locates at 4f site. However, a broad band with two Gaussian profiles peaking at about 484 and 545 nm originated from the emission of Eu 2+ at 4f (Eu(I)) and 6h (Eu(II)) sites respectively can be obtained. The emission intensities of 484 nm and 548 nm decreasing and increasing respectively is attributed to energy transfer from Eu(I) to Eu(II). When x = 2 and Ln = La, the optimized Eu concentration is y = 0.05. When x = 4 and Ln = La, The change of emission intensities of 484 nm and 548 nm with increasing Eu 2+ is very complicated and considered as the cooperation effect of energy transfer and Eu 2+

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Al 2 O 5 Cl 2 :Ce 3+ ,Li + phosphor for nUV excited WLEDs. The host lattice Sr 3 Al 2 O 5 Cl 2 has an orthorhombic structure with space group P2 1 2 1 2 1 . The PLE spectrum of Ce 3+ in Sr 3 Al 2 O 5 Cl 2 shows a broad absorption band in the range of 300-400 nm due to the 4f-5d Sr 2.96 Al 2 O 5 Cl 2 :0.002Ce 3+ ,0.002Li + phosphor are (x=0.1725, y=0.1568), which situates in the domain of blue color. They have also investigated the temperature dependence of PL spectra of Sr 2.96 Al 2 O 5 Cl 2 :0.002Ce 3+ ,0.002Li + excited by 365 nm UV lamp. As an increase of temperature, the PL intensity decreases slowly. With heating the phosphor up to 150°C at which the white LEDs usually work, its emission intensity remains at about 80% of that at room temperature. When the temperature rising up to 250 °C, the PL intensity declines to 50% of that at room temperature. Moreover, a blue shift from 445 nm to 437 nm has been observed with increasing temperatures from 30 °C to 300 °C. This blue shift takes disadvantage of the emission color of WLEDs. SrAl 2 O 4 has a spinel structure. Generally, SrAl 2 O 4 host doped with rare earth Eu 2+ and Dy 3+ have shown long decay properties after being excited by room light

transition of Ce 3+ ions. The PL spectrum exhibits broad band extending from 375 to 600 nm and peaking at 450 nm. The PL intensities increase with increasing Ce 3+ concentrations, and then decreases due to concentration quenching. When Ce 3+ concentration is about 0.002, the maximum PL intensity occurs. The color coordinates of

  2 O 4 doped with only Eu 2+ exhibited excitation only in UV. When Pr 3+ doped into SrAl 2 O 4 crystal lattice, SrAl 2 O 4 :Pr 3+ phosphor exhibits broad yellow orange emission when excited by blue LED. The PLE exhibits broad excitation band ranging from 430-490 nm with peaks around 440, 460 and 480nm due to excitation from 3 H 4 ground state to 3 P 0,1,2 excited state in the 4f 2 configuration of Pr 3+ , situated intra-gap in SrAl 2 O 4 .

  F 5/2 and 2 F 7/2 ground states.

	The maximum emission peak locates at about 460 nm. The PL intensity (λ ex = 400 nm) is about 150% that of
	commercial YAG:Ce 3+ . The value of the quantum efficiency in SBAF:Ce 3+ (x=1) was around 95% at room
	temperature, which is one of the highest QE values reported for a bulk phosphor sample under a long UV
	excitation. They studied temperature quenching characteristics of SBAF:Ce 3+ (x = 0), and SBAF:Ce 3+	(x =
	1.0) in the temperature range from 25 to 200 o C. Compared with commercial YAG:Ce 3+ , The oxyfluorides are
	nearly as good as YAG: Ce 3+ in terms of their thermal quenching properties, and beyond 170 o C, SBAF:Ce 3+ (x
	= 1.0) is possibly even better, which attributed to the introduction of F ions into the oxide host lattice, this
	introduction of F ions can decrease the extent of thermal quenching of the phosphor during LED operation as a
	consequence of the softer phonon modes.	

  the silicate phosphors, M 2 SiO 4 :Eu 2+ (M=Mg, Ca, Sr, Ba), the alkaline earth orthosilicates, should be firstly noticed because of their high PL efficiency and tunable color excited by NUV and blue LEDs. In the orthosilicates, Sr 2 SiO 4 exhibits two structure type, viz. β-Sr 2 SiO 4 and α'-Sr 2 SiO 4 . The former, low temperature phase of Sr 2 SiO 4 , is monoclinic and isostructural with β-Ca 2 SiO 4 ; and the latter that forms at temperature above 850℃ is orthorhombic, whose structure is isotypic with Ba 2 SiO 4 . The structure of Ba 2 SiO 4 is orthorhombic and isotypic with β-K 2 SO 4 .

  5 level of Mn 2+ ! ions. Figure1.21 shows the CIE chromaticity coordinates of white LED formed with a mixture of Ba 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ phosphor and YAG:Ce-based white LED under various forward-bias currents !20, 30,

	40, 50, and 60 mA. In Ba 3 MgSi 2 O 8 :Eu 2+ ,Mn 2+ -based WLEDs, with increasing applied currents, the CIE
	chromaticity coordinates shift slightly in the direction where color temperature increases from 5200 to 6000 K.

Sr 3

 3 MgSi 2 O 8 :Eu 2+ and Sr 3 MgSi 2 O 8 :Eu 2+ , Mn 2+ phosphors are shown in Fig. 22. The average CRI of WLEDs with Sr 3 MgSi 2 O 8 : 0.02Eu 2+ is 84, and especially that of Sr 3 MgSi 2 O 8 : 0.02Eu 2+ , 0.05Mn 2+ is 92. The CRIs of these WLEDs are much higher than that of the commercial white LED with blue GaN chip and YAG:Ce 3+

Table 1 -1 Comparison of CIE Chromaticity Coordinates for (Ca0.99-nEu0.01Mnn)Al2Si2O8(Ex:354nm) and Simulated White Light Using Commercial Y3Al5O12:Ce Phosphors (Ex:467nm).

 1 SiO 5 . Ba 3 SiO 5 and Sr 3 SiO 5 have tetragonal structure, and there exist two M ion sites with equal amount in the lattice. In the Eu 2+ doped sample, Eu 2+ ions occupy two different sites in the Ba 3 SiO 5 lattice and give rise to two emission bands at about 504 and 566 nm respectively, and the peak of 566

	(Ca 0.99-n Eu 0.01 Mn n )Al 2 Si 2 O 8	The CIE coordinates (x,y)
	n=0	(0.17,0.11)
	n=0.05	(0.18,0.12)
	n=0.10	(0.20,0.14)
	n=0.15	(0.24,0.21)
	n=0.20	(0.30,0.29)
	n=0.25	(0.33,0.31)
	Simulated white light with YAG:Ce	(0.31,0.27)

  The luminescent properties, especially the Eu 2+ -doped diphosphates, such as Ca 2 P 2 O 7 :Eu 2+ , a-Sr 2 P 2 O 7 :Eu 2+ , SrZnP 2 O 7 :Eu 2+ , MgSrP 2 O 7 :Eu 2+ and MgBaP 2 O

7 :Eu 2+ were found to be efficient phosphors in the violet-blue region and thus have been considered as the phosphor component for WLEDs.

Table 1 -2 the summary of PL and PLE data of AMPO4 phosphors.

 1 

	Compostion	Excitation Wavelength range	Emission peak wavelength/nm	Emission color	reference
	LiSrPO4:Eu 2+	250-440 nm	450	blue	[98]
	KSrPO4:Eu 2+	300-400 nm	424	blue	[94]
	LiBaPO4:Eu 2+	250-440 nm	480	Bluish green	[95]
	KBaPO4:Eu 2+	260-400 nm	420	blue	[100]
	KMgPO4:Eu 2+	230-400 nm	470	Bluish green	[99]
	NaCaPO4:Eu 2+	250-450 nm	505	green	[97]
	NaBaPO4:Eu 3+	369,385,400,468nm	610	red	[93]
	LiZnPO4:Mn 2+	400-500nm	560	Greenish yellow	[96]

  BaSi 2 O 2 N 2 the terminally bound oxygen atoms are directly facing each other. Thus, a larger coordination sphere for the Ba 2+ ions is generated (coordination number 8+2). The Ba 2+ ions are coordinated by eight O atoms of consecutive layers. The resulting cuboid is additionally capped by two N atoms. The shift of the silicate layers in SrSi 2 O 2 N 2 leads to a distorted trigonal prism of O atoms around Sr 2+ , which is capped by one N atom. In CaSi 2 O 2 N 2 , the SiON 3 tetrahedra are condensed with a different up-down sequence (Figure 1.35). Nevertheless, the coordination sphere of the cations is comparable to that in the Sr compound (coordination number 6+1).

  2 O 2-δ N 2+2/3δ :Eu 2+ and SrSi 2 O 2-δ N 2+2/3δ :Eu 2+ have a significantly larger Stokes shift than BaSi 2 O 2 N 2 :Eu 2+ . The observation of the smallest Stokes shift for MSi 2 O 2-δ N 2+2/3δ :Eu 2+ Interestingly, the emission color of SrSi 2 O 2 N 2 :Eu 2+ can be tuned by the Eu 2+ concentration. Figure 1.37 shows the emission spectra of SrSi 2 O 2 N 2 :Eu 2+ phosphors with different Eu 2+ concentration, the dependence of the emission peak position and the relative emission intensity of SrSi 2 O 2 N 2 :Eu 2+ phosphors on the Eu 2+

with the largest M ion (i.e., Ba) is consistent with Eu 2+ -and Ce 3+ -doped MYSi 4 N 7 (M = Sr, Ba) which will be considered later.

Table 1 -3 Color Coordinates (x and y), Quantum Efficiency (%) and Maximum Emission Wavelegnth, all for excitation wavelength of 450 nm for Sr1-xEuxSi2O2N2

 1 

	Composition	X	Y	QE(%)	λmax
	Sr0.995Si2O2N2:Eu0.005	0.330	0.621	81	535
	Sr0.99Si2O2N2:Eu0.01	0.330	0.621	90	535
	Sr0.98Si2O2N2:Eu0.02	0.337	0.619	91	538
	Sr0.96Si2O2N2:Eu0.04	0.352	0.611	87	541
	Sr0.92Si2O2N2:Eu0.08	0.384	0.590	83	546
	Sr0.84Si2O2N2:Eu0.16	0.419	0.562	58	554

  3- compared with O 2-and the lower electro-negativity of nitrogen 3.04 compared with oxygen!3.44! nephelauxetic effect, which results in stronger crystal-field splitting and lower energy of the center of gravity of the 5d levels of Eu 2+ . Another example, the emission spectra of !Ca 1-0.5x Li x+0.93 Si 9 Al 3 ON 15 :Eu 0.07 with increasing Li content,

  2 Si 5 N 8 :Eu 2+ (M = Ca, Sr, Ba) shows unusual long-wavelength broadband emission between 575 and 680 nm depending on the type of the M ion and the Eu concentration. It can be efficiently excited from the near UV to blue range (370-465 nm) and in this way convert absorbed UV-blue radiation from the InGaN-based LED to orange-red light. When excited by 465 nm, the conversion (quantum) efficiency is higher for M=Sr, Ba (!75-80%) than for M=Ca (!35-40%). Low emission efficiency of Ca 2 Si 5 N 8 :Eu 2+ may be originated from the low solubility of Eu 2+ in Ca 2 Si 5 N 8 crystal caused by different crystal structure between Ca 2 Si 5 N 8 (monoclinic)and Eu 2 Si 5 N 8 (orthorhombic).Figure. 45 shows the unit cell volume dependence on the fraction x in M 2-x Eu x Si 5 N 8 . For Ca 2-x Eu x Si 5 N 8 , the unit cell expands with increasing the Eu 2+ concentration in the range of x = 0-0.14. The maximum solubility of Eu 2+ in Ca 2 Si 5 N

8 

is around x = 0.14 (i.e. 7 mol%)

  2 Si 5 N 8 host lattice. The highest conversion efficiency is 75-80% for Sr 2 Si 5 N 8 :Eu 2+ . The phosphor-converted WLEDs fabricated by combining the InGaN blue LED chip with red Sr 2 Si 5 N 8 :Eu 2+ (15wt%) and another green phosphor SrSi 2 O 2 N 2 :Eu 2+ (85wt%). By covering a broader emission range, such WLEDs shows a relatively high CRI value of 89 and CCT of 4100K with the CIE coordinates of (0.377, 0.391). When Ca 2+ ion is incorporated into the parent Sr 2 Si 5 N 8 lattice, the maximum of the emission band of (Sr,Ca) 2 Si 5 N 8 :Eu 2+ significantly shifts to

  3 :Eu 2+ to shorter wavelengths without loss of quantum output. For this purpose, Hiromu Watanabe et al introduced Sr 2+ into CaAlSiN 3 :Eu 2+ host lattice since CaAlSiN 3 and SrAlSiN 3

  5 D 0 -7 F 2 of Eu 3+ . No large difference of PLE and PL in these phosphor have been shown except for the intensity. The typical PL and PLE spectra of CaMoO 4 :Eu 3+ are employed and demonstrated in figure

		2-] anion complex, M 2+ (M=Ca,Sr,Ba) ions
	are coordinated by eight O 2-of near four [MoO 4	2-]. Rare earth ions as activated centers such as Eu 3+ , Dy 3+ ,
	Pr	

3+ 

,Sm 3+ are disordered in the M 2+ sites of MMoO 4 (M=Zn, Mg,Ca Sr Ba).When these phosphors are excited by nUV-(396 nm) and blue light (466 nm), they exhibit intense red light with main peak at 615nm originated from the electronic dipole transition

  and 50% R 3+ ions. The only difference is that in the tetragonal MLa 2 (MoO 4 ) 4 crystal the Ca 2+ or Sr 2+ sites are occupied by a statistical mixture of 25% Ca 2+ or Sr 2+ , 50% La 3+ and 25% vacancy, i.e. the structure is highly disordered. However, BaLa 2 (MoO 4 ) 4 :Eu (BLME) has monoclinic phase. The excitation spectra of MLa 2 (MoO 4 ) 4 :Eu 3+ (M = Ba, Sr and Ca) monitored at 614 nm are shown in Figure

	4 :Eu 3+ are substituted by two trivalent rare earth ions, another large series
	of red emission molybdates phosphors with chemical formula MLn 2 (MoO 4 ) 4 :Eu 3+ (viz. M 1/4 Ln 2 MoO 4 :Eu 3+ ) (M=
	Ba, Sr, Ca and Ln= La, Gd, Y) have been obtained. They could adopt tetragonal or monoclinic structure with the

change in the radius of alkaline earth ions or rare earth ions. As the compound adopts the tetragonal structure, the compound MLn 2 (MoO 4 ) 4 is isostructural with a formula of A + R 3+ MO 4 (A = Li, Na; R = La, Gd; M = W, Mo) with the typical disordered scheelite structure in which the Ca 2+ sites of CaWO 4 are occupied randomly by 50% A +

  .61. The optimum concentration of the Eu 3+ ion for Ba system is 1.0 mol and it is 1.4 mol for both of Ca and Sr systems. M 2+ and La 3+ ions are randomly distributed over the cation site in MLn 2 (MoO 4 ) 4 (M=Ca, Sr and Ba) host. The size of eight-coordinated Eu3+ (1.07 Å) is closer to that of Ca 2+ (1.12 Å) or Sr2+ (1.20 Å) than Ba 2+ (1.52 Å). Therefore, the Eu-O distance in BLME is larger than that of CLME or SLME phosphors. In MLa 2 (MoO 4 ) 4 (M=Ba, Sr and Ca), Ca 2+ or Sr 2+ can easily mixed with La 3+ (or Eu 3+ , in case of doped system) but the Ba 2+ may not get properly mixed with La 3+ or

  emission intensity of 5 D 0 -7 F 2 transition continuously increases with increasing Eu 3+ concentration and no concentration quenching occurs. The optimum concentration of the Eu 3+ ion for Ba, Sr and Ca system is about 0.7, 1.2, and 1.8, respectively (as shown in figure1.62), which are in accordance with that of MLa 2 (MoO 4 ) 4 :Eu.The CIE chromaticity coordinate of the phosphors MGd 2 (MoO 4 ) 4 :Eu 3+ (M = Ba,Sr and Ca) are (0.669, 0.331),

	(0.669, 0.331) and (0.670, 0.329)

Table 2 -1 The data of raw materials

 2 

	Chemical formula	Gradient	Producer
	SrCO 3	4N	Tianjing Guangfu Institute of Fine Chemical
	CaCO 3	A.R.	Shanghai Silian Chemical Reagent Co. Ltd
	BaCO 3	A.R.	Sinopharm Chemical Reagent Co. Ltd
	4MgCO 3 •Mg(OH) 2	A.R.	Shanghai Tongya fine chemical Co.Ltd
	Eu 2 O 3	4N	Shanghai Yuelong non-ferrous metal Co. Ltd
	La 2 O 3	4N	Shanghai Yuelong non-ferrous metal Co. Ltd
	Y 2 O 3	4N	Shanghai Yuelong non-ferrous metal Co. Ltd
	Gd 2 O 3	4N	Shanghai Yuelong non-ferrous metal Co. Ltd
	Si 3 N 4	>99%	Aldrich chemical company
	SiO 2	4N	Shanghai Qiangshun Chemical Reagent Co. Ltd
	H 3 BO 3	A.R.	Sinopharm Chemical Reagent Co. Ltd
	MnCO 3	A.R.	Sinopharm Chemical Reagent Co. Ltd

Table 2 -2 The used instruments

 2 Eu 2 O 3 (4N) and MnCO 3 (A.R.) as initial raw materials. The nominal composition of samples is expressed as 2(Ba 0.98-x ,Eu 0.02 ,Mn x )Mg(BO 3 ) 2 as shown in Table 2-3. The sample 2(Ba 0.95 ,Mn 0.05 )Mg(BO 3 ) 2 nominated as sample No.

	Name	Model	Producer
	Tubular furnace 1	<=1000 o C	Nabertherm GmbH
	Tubular furnace 2	<=1300 o C	Nabertherm GmbH
	Tubular furnace 3	<=1600 o C	Shanghai Zufa Industry Co. Ltd
	High temperature furnace	<=1600 o C	Shanghai Zufa Industry Co. Ltd
	FT-IR spectrometer	Nicolet 380	Thermo scientific, America
	Scanning electron microscopy (SEM)	JSM-6301F	JEOL CO. Ltd
	X-ray diffractormeter (XRD)	D/max 2550VB/PC	Rikagu, Japanese
	O/N analyzer instrument	LECO TC-600	LECO Corporation
	Fluorescent spectrometer	Fluorolog-3-P	Horiba Jobin Yves Co. Ltd
	Fluorescent lifetime measuring instrument	LECROY 9410	LECROY Co. Ltd

Table 2 -3 Compositions of Ba2Mg(BO3)2:Eu,Mn samples

 2 

	Sample No.	BMB0	BMB1	BMB2	BMB3	BMB4	BMB5	BMB6
	x=	0.00	0.01	0.02	0.04	0.05	0.06	0.08
	2.2.							

2 Synthesis of Sr 1-x-y Ca x CN 2 :Eu 2+ y (M=Sr,Ca)

  

	Powder samples with general formula Sr 1-x-y Ca x CN 2 :Eu y ( x= 0, 0.01, 0.02, 0.03, 0.04, 0.06 ) were prepared
	by using SrCO 3 , CaCO 3 , Eu 2 O 3 and active carbon (CARBIO 12 SA -ref: C1220 G 90) as raw materials, listed
	in table 2-4.

Table 2 -4 Compositions of Sr1-x-yCaxCN2:Eu 2+ y samples.

 2 

	Sample No	x=	y=
	SCN0	0	0.00
	SCN1	0	0.01
	SCN2	0	0.02
	SCN3	0	0.03
	SCN4	0	0.04

y Ln 10-(x+y) (SiO 4 ) 6 O 3-x/2 :Eu 2+ y

  Powder samples with general formula M x Ln 10-(x+y) (SiO 4 ) 6 O 3-x/2 :Eu y were prepared by using SrCO 3 ,4MgCO 3 •Mg(OH) 2 , CaCO 3 , BaCO 3 ,La 2 O 3 ,Y 2 O 3 , Gd 2 O 3 ,SiO 2 and Eu 2 O 3 as raw materials. The raw materials were weighted by stoichiometric ratio. After being thoroughly mixed and ground in an agate mortar, the mixture materials were pressed to form pellets and then fired at 1200-1400 o C for 6h under (N 2 +H 2 (10%)) reducing atmosphere. The pellets were placed in a alumina boat and then fired under flowing N 2 +H 2 in a tubular furnace.

The fired samples were cooled down to room temperature in the furnace and then ground to obtain powder samples. The detailed compositions and firing conditions are listed in table 2-5.

Table 2 -5 Compositions and firing conditions of samples.

 2 

	Sample No.	M	Ln	x=	y=	Atmosphere	Firing temperature( o C)
	SLSO-1200H	Sr	La	4	0.05	N 2 +H 2	1200
	SLSO-1300H	Sr	La	4	0.05	N 2 +H 2	1300
	SLSO-1350H	Sr	La	4	0.05	N 2 +H 2	1350
	SLSO-1400H	Sr	La	4	0.05	N 2 +H 2	1400
	S005LSOE005	Sr	La	0.05	0.05	N 2 +H 2	1400
	S1LSOE005	Sr	La	1	0.05	N 2 +H 2	1400
	S2LSOE005	Sr	La	2	0.05	N 2 +H 2	1400
	S3LSOE005	Sr	La	3	0.05	N 2 +H 2	1400
	S4LSOE005	Sr	La	5	0.05	N 2 +H 2	1400
	S2LSOE0005	Sr	La	2	0.005	N 2 +H 2	1400
	S2LSOE002	Sr	La	2	0.02	N 2 +H 2	1400
	S2LSOE003	Sr	La	2	0.03	N 2 +H 2	1400
	S2LSOE007	Sr	La	2	0.07	N 2 +H 2	1400
	S2LSOE010	Sr	La	2	0.10	N 2 +H 2	1400
	S4LSOE0005	Sr	La	4	0.005	N 2 +H 2	1400
	S4LSOE002	Sr	La	4	0.02	N 2 +H 2	1400

4 Synthesis of Sr x La 10-x Si 6 O 27-x/2-3y/2 N y :Eu 2+ z

  Powder samples with general formula Sr x La 10-x Si 6 O 27-x/2-3y/2 N y :Eu 2+ z were prepared by using SrCO 3 , SrCN 2 :Eu, La 2 O 3 , SiO 2 and Eu 2 O 3 as raw materials. The raw materials were weighted by stoichiometric ratio. In case of SrCN 2 :Eu as starting materials, no additional Eu 2 O 3 were added. After being thoroughly mixed and

Table 2 -6 Nominal compositions and firing conditions of SrxLa10-xSi6O27-x/2-3y/2Ny:Eu 2+ z

 2 

	Sample No.	Nominal composition	Sr resources	Atmosphere	Firing temperature( o C)
	S2LSO-1	Sr 1.96 La 8 (SiO 4 ) 6 O 2 :Eu 0.04	SrCO 3	air	1400
	S2LSO-2	Sr 1.96 La 8 (SiO 4 ) 6 O 2 :Eu 0.04	S2LSO-1	NH3	1200
	S2LSO-3	Sr 1.96 La 8 (SiO 4 ) 6 O 2 :Eu 0.04	S2LSO-1	NH3	1300
	S2LSON-1	Sr 1.96 La 8 Si 6 O 26-3y/2 N y :Eu 0.04	SrCN 2 :Eu 0.02	NH 3	1100
	S2LSON-2	Sr 1.96 La 8 Si 6 O 26-3y/2 N y :Eu 0.04	SrCN 2 :Eu 0.02	NH 3	1200
	S2LSON-3	Sr 1.96 La 8 Si 6 O 26-3y/2 N y :Eu 0.04	SrCN 2 :Eu 0.02	NH 3	1250
	S2LSON-4	Sr 1.96 La 8 Si 6 O 26-3y/2 N y :Eu 0.04	SrCN 2 :Eu 0.02	NH 3	1300
	S2LSON-5	Sr 1.98 La 8 Si 6 O 26-3y/2 N y :Eu 0.02	SrCN 2 :Eu 0.01	NH 3	1300
	S2LSON-6	Sr 1.94 La 8 Si 6 O 26-3y/2 N y :Eu 0.06	SrCN 2 :Eu 0.03	NH 3	1300
	S2LSON-7	Sr 1.92 La 8 Si 6 O 26-3y/2 N y :Eu 0.08	SrCN 2 :Eu 0.04	NH 3	1300
	S2LSON-8	Sr 1.88 La 8 Si 6 O 26-3y/2 N y :Eu 0.12	SrCN 2 :Eu 0.06	NH 3	1300
	S2LSON-9	Sr 1.96 La 8 Si 6 O 26-3y/2 N y :Eu 0.04	SrCO 3	NH 3	1300
	S3LSON-10	Sr 2.94 La 7 Si 6 O 26-3y/2 N y :Eu 0.06	SrCN 2 :Eu 0.02	NH 3	1300
	S4LSON-11	Sr 3.96 La 6 Si 6 O 25 N y :Eu 0.04	SrCN 2 :Eu 0.01	NH 3	1300

5 Synthesis of Sr 2 Si 5 N 8 :Eu 2+

  

Table 2 -7 The nominal compositions and firing conditions of Sr2Si5N8:Eu.

 2 

	Sample No.	Nominal composition	Starting materials	Atmosphere	Firing temperature( o C)
	SSNE-1000	Sr 1.96 Si 5 N 8 :Eu 0.04	SrCN 2 :Eu 0.02 , Si 3 N 4	NH 3	1000
	SSNE-1200	Sr 1.96 Si 5 N 8 :Eu 0.04	SrCN 2 :Eu 0.02 , Si 3 N 4	NH 3	1200
	SSNE-1250	Sr 1.96 Si 5 N 8 :Eu 0.04	SrCN 2 :Eu 0.02 , Si 3 N 4	NH 3	1250
	SSNE-1300	Sr 1.96 Si 5 N 8 :Eu 0.04	SrCN 2 :Eu 0.02 , Si 3 N 4	NH 3	1300
	SSNE-1300N	Sr 1.96 Si 5 N 8 :Eu 0.04	SrCN 2 :Eu 0.02 , Si 3 N 4	N 2	1300
	SSNE-1300N1	Sr 1.96 Si 5 N 8 :Eu 0.04	SSNE-1300N	NH 3	1000
	SSNE-1300N2	Sr 1.96 Si 5 N 8 :Eu 0.04	SSNE-1300N1	NH 3	1200
	SSNE-1300N3	Sr 1.96 Si 5 N 8 :Eu 0.04	SSNE-1300N2	NH 3	1300

Table 3 -1 Lattice parameters of the samples.

 3 

			Lattice parameters	
	Sample No.	Space group		
			a= (Å)	c= (Å)
	BMB0	R-3m	5.352	16.558
	BMB4	R-3m	5.356	16.580
	BMB7	R-3m	5.358	16.581

  .1. The lattice parameters gradually increase with doping Eu2+ and Mn 2+ and are larger than those of standard PDF card. In addition, Mn 2+ doped samples have apparently larger lattice parameters compared with Eu 2+ doped sample. The replacement of Ba 2+ and Mg 2+ by Eu 2+ and Mn 2+ play a key role in the lattice parameters change. The ionic radius of Mn 2+ , Eu 2+ , Ba 2+ and Mg 2+ are 0.80, 1.07, 1.35 and 0.66 Å, respectively. The large lattice parameters mean that Eu 2+ would substitute randomly at Ba 2+ and Mg 2+ sites. Eu 2+ at Ba 2+ sites leads to low lattice parameters on the contrary Eu 2+ at Mg 2+ site introduces large ones because the ionic radius of Eu 2+ is lower than that of Ba 2+ but larger than that of Mg 2+ . When doping or codoping by Mn 2+ , the remarkable increase of lattice parameters, which is in line with lower 2-theta angle reflections shown in figure3.1(b), may be considered as the substitution of Mn 2+ on Mg 2+ site.

Table 3 -2 The photoluminescence decay time τ(10%)/µs of samples.
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	Sample No	BMB0	BMB1	BMB2	BMB3	BMB4	BMB5	BMB6
	τ(10%)/µs(λ em =540nm)	7.00	5.85	5.83	3.65	3.70	3.65	2.21
	τ(10%)/µs(λ em =625nm)	9.49	8.19	6.55	5.35	5.12	4.45	3.83

Table 3 -3 Composition and color coordinate of samples
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	Sample No.		BMB0	BMB1	BMB2	BMB3	BMB4	BMB5	BMB6
	a=		0.00	0.01	0.02	0.04	0.05	0.06	0.08
	Color	x=	0.5541	0.5878	0.6000	0.6136	0.6186	0.6190	0.6256
	coordinate	y=	0.4312	0.4025	0.3916	0.3801	0.3696	0.3650	0.3645

* 2(Ba 0.98-a ,Eu 0.02 ,Mn a )Mg(BO 3 ) 2

  1.95 La 8 (SiO 4 ) 6 O 2 :Eu 2+ 0.05 and Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 2+ 0.05 monitored at different wavelength are shown in Figure 4.7 and 4.8 respectively. It can be seen that the excitation are very broad. Especially, the excitation wavelengths of Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 2+ 0.05 and Sr 1.95 La 8 (SiO 4 ) 6 O 2 :Eu 2+

	0.05

Table 4 -1 Fitted emission data of Sr4-yLa6(SiO4)6O:Eu 2+ y
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	y=	0.005	0.02	0.05	0.10	0.15	0.20
	λ Eu(I)	484	484	483	482	483	481
	λ Eu(II)	528	540	544	549	553	556
	A2/A1	1.75	1.54	2.84	4.40	6.42	9.04

  4-y La 6 (SiO 4 ) 6 O:Eu y have two crystallographic sites and divalent cation will firstly occupy 4f site, therefore, Eu2+ is also introduced at 4f site in the process of crystal growth, as a result the concentration of Eu 2+ at 4f site increases leading to increase the intensity of short wavelength emission. As Eu 2+ concentration keeps increasing, more Eu 2+ ions occupy 6h site which results in enhancing long wavelength emission intensity. Based on this deduction, the emission of short wavelength should not be decreasing as y>0.02, because the maximum Eu 2+ concentration at 4f site is y=0.05 as pointed out above. Therefore, we can deduce that energy transfer between Eu(I) and Eu(II) occurs because of large overlap between the excitation spectra at 570 nm and the emission spectra excited by 365 nm as shown in figure 4.8. Thus, the emission intensity of short wavelength decreases sharply and the one at long wavelength increases.Upon 440 nm excitation, only Eu(II) ions can be efficiently excited and show a symmetric emission band, indicating Eu(I) is not excited under 440 nm and no energy transfer occurs between Eu(I) and Eu(II). The emission intensity increases and then decreases with Eu 2+ concentration increasing, implying that Eu 2+ concentration at 6h site increases which is in agreement with the result discussed above. The optimized y value is 0.15, beyond this value concentration quenching occurs.In addition, the redshift of the long wavelength emission peak of Sr 4-y La 6 (SiO 4 ) 6 O:Eu y occurs as Eu 2+ concentration increases, for instance 528 nm at y=0.005 and 566 nm at y=0,20, as shown in table 4-1. As discussed above, energy transfer from Eu(I) to Eu(II) occurs. Generally, energy transfer between Eu 2+ and Eu 2+ happens via two ways: radiation reabsorption or a multipole-multipole interaction. The former have been considered as the mechanism of redshift, but it is independent on activator concentration. Therefore, the later is the most probable involved mechanism for this redshift phenomenon. This mechanism is also considered as the mechanism of concentration quenching process in Eu(I) for Sr 2-y La 8 (SiO 4 ) 6 O 2 :Eu y , in which Eu 2+ only at one site is involved. However, the critical distance is complicate because the respectively correct Eu 2+ concentrations at two crystallographic sites are unknown.

Table 4 -2 Calculated color coordinates of Sr4-aLa6(SiO4)6O:Eua under 365nm excitation

 4 

	Eu content		0.005	0.02	0.05	0.10	0.15	0.20
	Color	x=	0.2464	0.2534	0.2876	0.3169	0.3382	0.3566
	coordinates	y=	0.3691	0.3928	0.4206	0.4466	0.4649	0.4750

Table 4 -3 Calculated color coordinates of Sr4-aLa6(SiO4)6O:Eua under 440nm excitation

 4 

	Eu content		0.005	0.02	0.05	0.10	0.15	0.20
	Color	x=	0.4480	0.4423	0.4454	0.4469	0.4490	0.4508
	coordinates	y=	0.5211	0.5301	0.5303	0.5303	0.5306	0.5286

  where Dq is the strength of crystal field, R is the bond length between a center ion and ligand ions. Thus, the blueshift of Eu 2+ emission, which is proportional to Dq, obeys the sequence of Mg, Ca, and Ba contained in the samples. In the case of the Sr 2+ -containing sample (SLSE), however, the difference between the size of cation site and the diameter of Eu 2+ ions is zero (Δr M =|r M 2+ -r Eu 2+ |,Δr Mg =0.046nm, Δr Ca =0.013nm, Δr Sr =0nm, Δr Ba =0.022nm ), so the symmetry of ligand ions surrounding Eu 2+ ions is better than the samples containing Ca 2+and Ba 2+ (CLSE and BLSE), leading to the smaller lattice distortion11 and the stronger crystal field. As a result, the redshift is observed.As for the emission bands at shorter wavelength, the phenomenon is different. Blueshift occurs in the sequence of Mg 2+ , Ca 2+ and Sr 2+ whereas from Sr 2+ to Ba 2+ a slight redshift is observed. This phenomenon can be explained in terms of two competing factors: the crystal field and the covalence degree. In the case of samples containing Mg 2+ , Ca 2+ and Sr 2+ (MLSE, CLSE and SLSE), the difference between the size of these alkaline earth ions in 4f site and the diameter of Eu 2+ ion is small. Therefore, the Eu 2+ ions located in 4f site are dominantly affected by the crystal field. As a result, the blueshift of Eu(I) emission occurs with the decreased Dq. For the sample containing Ba 2+ (BLSE), however, the Eu 2+ ions in (I) site experience the larger Nephelauxetic effect12 due to the larger bond length. According to Nephelauxetic effect theory we know that the covalence of Eu-O bonds increases with the participating alkaline earth ions in the order of Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ . In other words, in the sample containing Ba 2+ (BLSE), the covalence of Eu-O bonds is strongest, causing negative charges easy to transfer to Eu 2+ ions and thus decrease the difference between the 4f and 5d levels11 .

	Consequently, the redshift of the Eu 2+ (I) emission is observed compared with the sample containing Sr 2+ ions
	(SLSE).			
	It can be observed from figure 4.15 that BLSE exhibits considerably high excitation and emission
	intensities. This is attributed to large overlapping of two emission bands. Emission peaks wavelength and
	FWHM of M 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 were listed in table 4-4. Apparently, BLSE has the lowest wavelength
	difference and FWHM, leading to the highest emission peak intensity.
		600		
				E u(I)
	Peak emission wavelength/nm	520 540 560 580		E u(II)
		500		
		480		
		Mg	C a	S r	B a
			M 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 (M=Mg,Ca,Sr,Ba)

Table 4 -4 Emission peaks wavelength and FWHM of M3.85La6(SiO4)6O:Eu0.15 under 365 nm excitation.

 4 CompoundsMg 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 Ca 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 Sr 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 Ba 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15

	λ Eu(I) (nm)	538	500	484	500
	λ Eu(II) (nm)	582	540	566	520
	Δλ= λ Eu(II) -λ Eu(I)	44	40	82	20
	FWHM/nm	112	79	143	61

  3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 are presented in figure 4.17. In accordance with the emission spectra, the emission colors of BLSM and CLSM are located in the green region and SLSM and MLSM trend to orangish-yellow region in CIE 1931 chromatic diagram. These indicate that the emission color also can be controlled by changing divalent cation.

  3.85 Ln 6 (SiO 4 ) 6 O:Eu 0.15 (Ln= Y, La and Gd ) are given in Figure 4.19. The lines are indexed and compared with the JCPDS files. The diffraction peaks of Sr 3.85 Gd 6 (SiO 4 ) 6 O:Eu 0.15 and Sr 3.85 Gd 6 (SiO 4 ) 6 O:Eu 0.15 are in good agreement with Ca 2 Gd 8 (SiO 4 ) 6 O 2 (JCPDS No.28-0212) and Ca 2 La 8 (SiO 4 ) 6 O 2 (JCPDS No.29-0337), respectively. However, Sr 3.85 Y 6 (SiO 4 ) 6 O:Eu 0.15 has a

	Ca 4 Y 6 (SiO 4 ) 6 O (JCPDS No. 27-0093) crystal phase together with some impurities phase. Many approaches have
	been used to prepared pure Sr 3.85 Y 6 (SiO 4 ) 6 O phase unfortunately without any success, meaning that this phase is
	difficult to be synthesized or does not exist.

Table 4 -

 4 5 lists color coordinates of Sr 3.85 Ln 6 (SiO 4 ) 6 O:Eu 0.15 . It can be observed that color coordinates increase in the sequence of SGSE < SYSE < SLSE, which are in good agreement with emission spectra shown in figure 4.19. The emission color varies from yellowish-green to orangish-yellow with the same sequence.

Table 4 -5 Color coordinates of Sr3.85Ln6(SiO4)6O:Eu0.15

 4 CompoundsSr 3.85 La 6 (SiO 4 ) 6 O:Eu 0.15 Sr 3.85 Y 6 (SiO 4 ) 6 O:Eu 0.15 Sr 3.85 Gd 6 (SiO 4 ) 6 O:Eu 0.15

	Color	x=	0.3382	0.3032	0.2840
	coordinates	y=	0.4649	0.4370	0.4103

  Ln 10-x-y (SiO 4 ) 6 O 3-x/2 :Eu y (x = 0.05, 1, 2, 3, 4, 5; y = 0.005, 0.02, 0.05, 0.1, 0.15, 0.2; M = Mg, Ca, Sr, Ba and Ln = Y, La, Gd) phosphors were synthesized by solid-state reaction at high temperature under reducing atmosphere. These phosphors show broad excitation and emission bands due to 5d-4f transition of Eu 2+ ion, implying that the phosphors could be a novel phosphor composition for white light emitting diodes. For M = Sr, when x ≤ 2, only one emission peak at about 506 nm is oberved, however, with increasing the Sr 2+ content, two peaks locate at 496 nm and 566 nm. The 506 nm emission peak shifts to 496 nm as a result of the bond length of Sr (I)-O increasing. The dependence of Eu 2+ concentration on photoluminescence were investigated. For Sr 2-y La 8( SiO 4 ) 6 O 2 :Eu y , the optimized y value is 0.05, beyond this value, concentration quenching occurs. Fro Sr 4-y La 6 (SiO 4 ) 6 O:Eu y , as the content of Eu 2+ increases, the relative luminous intensity of 566nm to 496nm increases. The short wavelength emission is due to Eu 2+ ions at 4f (Eu 2+ (I)) sites and the long wavelength emission to Eu 2+ ions at 6h (Eu 2+ (II)) sites. The long wavelength emission bands show the blueshift with the increased radius of the involved alkaline earth ions due to the decrease in crystal field. While Sr 2+ is an exception due to the smallest difference between the ionic radii of Eu 2+ and Sr 2+ . On the other hand, the shorter wavelength emission is influenced by two competing factors: crystal field and covalent degree. Blueshift is observed in the sequence of Mg 2+ , Ca 2+ and Sr 2+ due to the decrease in crystal field while for Ba 2+ -containing samples, redshift occurs due to the increase in Nephelauxetic effect. On the other hand, the type of trivalent rare earth ions influences the long wavelength emission of the Eu 2+ at 6h site.5.Preparation and photoluminescence properties of oxyapatite-likeSr x La 10-x Si 6 O 27-x/2-3y/2 N y :Eu (x=2, 3, 4) phosphors

	4.8 Summary
	M x-y 5.1 Introduction
	Eu 2+ doped oxyapatite-type alkaline earth rare earth silicates exhibit tunable photoluminescence by varying
	alkaline earth, rare earth and doping Eu 2+ concentration. Their preparation and photoluminescence have been
	investigated in detail in chapter 4. As well known, in oxyapatite structure with general chemical formula
	M x Ln 10-x (SiO 4 ) 6 Y (M = Ca, Sr, Ba…; Ln = La, Y, Gd…; Y = O, S, Se…), the isolated and covalent silicate

  3 as Sr source, La 2 O 2 CO 3 forms instead of La 2 O 2 CN 2 at low firing temperature. With increasing firing temperature, peak intensities of La 2 O 3 and La 2 O 2 CN 2 gradually decrease while those of the oxyapatite-type phase remarkably increase. At 1250 o C, La 2 O 2 CN 2 phase disappears and at 1300 o C pure oxyapatite-type phase with chemical formula Sr 2 La 8 Si 6 O 26-3y/2 N y is obtained. This process can simply be expressed as follows: SrCN 2 :Eu + La 2 O 3 + SiO 2 Sr x La 10-x (SiO 4 ) 6 N y :Eu + La 2 O 3 + La 2 O 2 CN 2 + SiO 2 (glass) Sr x La 10-x (SiO 4 ) 6 N y :Eu + La 2 O 3 + SiO 2 (glass) Sr x La 10-x (SiO 4 ) 6 N y :Eu

  Sr 1.96 La 8 Si 6 O 26-2y/3 N y :Eu 0.04 (S2LSON-9) using SrCO 3 as Sr resource together with Sr 2 La 8 (SiO 4 ) 6 O 2 fired in air are gathered in figure5.2. The undoped sample show a remarkable drop in the UV range around 360 nm , corresponding to the valence to conduction band transition of Sr 2 La 8 (SiO 4 ) 6 O 2 host lattice. The value of the optical band gap, therefore, is calculated to be about 3.44eV. For Eu 2+ doped oxynitride samples, a same broad absorption band can be observed in the wavelength range of 290-480 nm. The absorption band around 360-480 nm can be attributed to the 4f-5d absorption of Eu 2+ ions, compared with that of undoped Sr 2 La 8 (SiO 4 ) 6 O 2 .However the absorption band around 290-360nm is attributed to co-absorption of host lattice and Eu 2+ due to its intensity increasing with increasing Eu 2+ concentrations. Besides, the absorption intensity of S2LSON-9 is lower than the others, indicating weaker absorption efficiency which would probably affect photoluminescence intensity. Similarly, the absorption intensities of Sr 4-x La 6 Si 6 O 25-3y/2 N y :Eu x increase with increasing Eu 2+ concentration as shown in figure5.3. However, Sr content affect the absorption onset wavelength which changes from 480 nm to 515 nm when Sr content varies from 2 to 4 in Sr x-0.04 La 8 Si 6 O 27-x-3y/2 N:Eu 0.04 , suggests that the absorption wavelength range is broadened with increasing Sr content.

2-z La 8 Si 6 O 26-3y/2 N y :Eu z (M = Ca, Sr) using MCN 2 :Eu as M resource and

Table 5 -1 The measured oxygen and nitrogen contents.

 5 

	Sample No	O(wt%)	N(wt%)	N/O (mol/mol)
	S2LSON-4	19.12	1.10	0.066
	S2LSON-9	21.15	1.07	0.058
	C2LSON-14	22.35	1.44	0.074
	S3LSON-10	21.93	1.11	0.058
	S4LSON-11	21.15	1.47	0.079
	5.6			

Photoluminescence characteristics at room temperature

  Based on the results of XRD spectra and O/N contents, M x-z La 10-x (SiO 4 ) 6 N 2-x/3 :Eu z oxynitride phosphor can be prepared by using different Sr source. Their excitation and emission spectra are presented in figure 5.6. The same emission and excitation bands are observed, in which both emission peaks are located at 532 nm with excitation range from 280 to 480 nm, such broad excitation band will be discussed later. However phosphor using SrCN 2 :Eu show a higher emission intensity compared to the ones prepared from SrCO 3 . This may originate from the different dispersion degree, in former compounds Eu 2+ have been dispersed already but the later have to be dispersed in the firing process which leads to higher local Eu 2+ concentration. Thus, SrCN 2 :Eu is a better Sr source than SrCO 3 .

	SrCN 2 :Eu 0.02

Table 6 -1 The phases in the samples.
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	Samples No.	SSNE-1000	SSNE-1200	SSNE-1250	SSNE-1300
	Primary phase	Si 3 N 4	Sr 2 Si 5 N 8	Sr 2 Si 5 N 8	Sr 2 Si 5 N 8
	Second phase	Sr 2 Si 5 N 8	Si 3 N 4	Si 3 N 4	-

Table 7 -1 Lattice parameters of (Cax,Sr1-x)CN2:Eu0.02 (x=0,0.3,0.48,0.68,0.98)

 7 When Sr 2+ ions are partially substituted by Ca 2+ to form Sr 1-x Ca x CN 2 :Eu, XRD spectra (as shown in Figure 7.2) indicate that crystal phase trends to CaCN 2 phase with gradually varying from Pnma of SrCN 2 to R-3m of CaCN 2 . The lattice parameters of Sr 1-x Ca x CN 2 :Eu are listed in table 7.2. Apparently, a few Ca 2+ lead to large change in the crystal structure, which means low solubility of Ca 2+ in SrCN 2 lattice, on the contrary, high solubility of Sr 2+ in CaCN 2 lattice, because SrCN 2 and CaCN 2 have different crystal structure.

	Sample	Space group	a(Å)	b(Å)	c(Å)
	SrCN 2 :Eu 0.02	Pnma	12.414	3.961	5.391
	(Sr 0.68, Ca 0.3 )CN 2 :Eu 0.02	Ccc2	8.146	6.114	4.436
	(Sr 0.5 ,Ca 0.48 )CN 2 :Eu 0.02	R3	3.840	3.840	14.846
	(Sr 0.3, Ca 0.68 )CN 2 :Eu 0.02	R32	3.772	3.772	14.782

Table 7 -2 Oxygen and nitrogen content of the samples.
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	Samples No	O (wt%)	N (wt%)	O/N (mol/mol)	Composition
	SCN1	0.8225	20.15	0.0357	SrCN 1.954 O 0.070 :Eu 0.01
	SCN2	1.3160	20.64	0.0558	SrCN 1.928 O 0.108 :Eu 0.02
	SCN4	1.1490	20.10	0.0500	SrCN 1.935 O 0.097 :Eu 0.04

  8.Conclusions1. Red emission Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphors by means of high temperature solid-state reaction have been prepared successfully. A broad excitation band ranging from 250 to 450 nm is obtained, indicating that the present Ba 2 Mg(BO 3 ) 2 :Eu,Mn phosphor is a potential candidate for application in white LEDs. While a strong yellow light and a bright red light have been observed for single Eu 2+ -doped and Eu 2+ /Mn 2+ codoped samples, respectively. Their emission spectra consists of three fitted Gaussian profiles peaking at about 545, 610 and 632 nm corresponding to three crystallographic sites in Ba 2 Mg(BO 3 ) 2 host lattice. With increasing Mn 2+ concentration, the emission at 545 nm is quenched sharply. Therefore, the CIE chromaticity coordinates can be controlled by adjusting the ratio of Eu 2+ to Mn 2+ . Examination of photoluminescence decay curves shows that Mn 2+ ions did not participate in lighting but they play an active role in purifying and intensifying the red emission from Eu 2+ .2. A novel series of oxyapatite-like oxysilicates with general chemical formula M x-y Ln 10-x-y (SiO 4 ) 6 O 3-x/2 :Eu 2+ y (M = Mg, Ca, Sr, Ba; Ln = Y, La, Gd) have been prepared by high temperature solid state reaction under 90% N 2 + 10% H 2 atmosphere. The firing temperature influence on crystal structure and photoluminescence

  4. Pure Sr 2 Si 5 N 8 :Eu 0.04 red phosphor was successfully synthesized by using SrCN 2 :Eu and Si 3 N 4 as starting materials at 1300 o C under NH 3 atmosphere. The reaction between SrCN 2 :Eu and Si 3 N 4 begins at relatively low firing temperature such as 1000 o C. With increasing firing temperature, Sr 2 Si 5 N 8 phase gradually becomes primary phase and Si 3 N 4 phase disappears. Under N 2 atmosphere, pure Sr 2 Si 5 N 8 phase can also be obtained but it contains structural carbon which can not be driven out. The single broad band with peak at 610 nm shows blueshift due to the compressed crystal structure and residual oxygen. 5. Single phase MCN 2 :Eu 2+ (M=Ca, Sr) powder samples were prepared by high temperature solid state reaction under NH 3 atmosphere. The maximum solubility of Eu 2+ in SrCN 2 is lower than 8 mol%. The crystal structure of MCN 2 :Eu trends to CaCN 2 with increasing Ca content. The optical properties of SrCN 2 have been investigated in detail. SrCN 2 has an energy gap about 4.56 eV obtained from its reflection spectrum. Eu 2+ doped SrCN 2
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SEM and EDS analysis

The particle size and morphology of powder samples were determined by using a JSM-6301F scanning electronic microscopy. The elements analysis were also carried out with this instruments. For better observing the morphology of particles, different magnifying power were chosen until 50000X. larger ratio of Sr 2+ ions versus La 3+ . 

(a) (b)

Photoluminescence characteristics

Excitation and emission spectra of Sr 3.95 La 6 (SiO 4 ) 6 O:Eu 0.05 prepared at different firing temperature are shown in figure 4.2 and 4.3 respectively. The identical shape indicates that the broad excitation and emission bands originate from the same host lattice, which is in line with the results from XRD. As impurities exist in the sample fired at 1200 o C, it exhibits low excitation and emission intensities. The intensities remarkably increase as firing temperature increases which can be attributed to higher purity and crystallization degree, as discussed above. The sample has the highest intensities when fired at 1400 o C. Therefore, all further samples were prepared at 1400 o C. When Sr 2+ ions were partially substituted by Ca 2+ , the emission spectra gradually change to characteristic Eu 2+ emission in Ca-oxyapatite oxynitride, as presented in figure 5.11. The phosphor with 30% Ca 2+ show the same characteristics as Ca 2+ -free one except that it has higher intensity in the range of short wavelength. With increasing Ca 2+ content, short wavelength emission band predominates remarkably; as a result, the emission color varies from orange to yellowish-green under 440 nm excitation. The results suggest that the emission wavelength and color are tunable by doping with a second different alkaline earth ions. 

Photoluminescence characteristics at low temperature

For further investigating the photoluminescence characteristics, the temperature dependence on emission and excitation spectra of Sr 3.96 La 6 (SiO 4 ) 6 N:Eu 0.04 was investigated. Figure 5.12 and 5.13 show the emission spectra upon different wavelength excitation at the temperature range of 69-317K. It can be seen that it shows only one emission peak under 460 nm excitation, however, upon 440 nm or lower excitation, two emission bands appear. The short wavelength emission bands peaking at about 507 nm don't change with excitation wavelength and temperature, however, for the long wavelength emission, blueshift occurs with increasing temperature and decreasing excitation wavelength, such as from 619 to 607 nm as temperature increasing from 69 to 317K and from 619 to 611 nm when excitation wavelength changing from 460 to 365 nm. Besides, the emission intensities decrease with increasing temperature, i.e. temperature quenching occurs. We can see that the intensity of short wavelength emission decreases faster than that of long wavelength.

(a)

6. Preparation, Structure and properties of Sr 2 Si 5 N 8 :Eu 2+ red phosphors by using SrCN 2 :Eu 2+ as raw materials

Introduction

A red-emitting phosphor is usually combined with yellow phosphors in the case of WLED utilizing a blue-LED chip. As mentioned in chapter 1, the present red-emitting phosphors for this WLED mainly include sulfide, nitride and Eu 3+ -doped molybdate [1][2][3][4][5][6][7][8][9] . As we all know, sulfide suffers from poor chemical stabilities, whereas Eu 3+ -doped molybdate show sharp excitation peak located 460 nm due to the forbidden 4f-4f transition of Eu 3+

and do not adapt for application in WLED because of the emission wavelength change of blue-LED with the temperature [9] . Amongst these red phosphors, nitride, especially (Sr,Ca) 2 Si 5 N 8 :Eu 2+ , exhibits excellent photoluminescence characteristics, such as broad excitation band ranging from 300-520 nm, high thermal and chemical stability, high efficiency and low temperature quenching [2,[10][11][12] . So far, (Sr,Ca) 2 Si 5 N 8 :Eu 2+ still the best red-emitting phosphor for WLED utilizing a blue-LED chip.

At present, three major approaches have been used to synthesize (Sr,Ca) 2 Si 5 N 8 :Eu 2+ , including conventional solid state reaction, gas-reduction nitridization (called GRN) and carbothermal reduction (called CRN). The conventional solid state reaction suffers from high firing temperature (i.e. 1500-2000 o C) and even high N 2 pressure (i.e. 1Mpa) as well as oxygen and moisture sensitive alkaline earth metals and nitrides as starting materials (i.e. Sr 3 N 2 and Ca 3 N 2 ). GRN requires Silicon diimide (Si(NH) 2 ) as starting materials. However, CRN suffers from carbon contamination although the residual carbon in powders can be removed by post-annealing the phosphor powders in a carbon-free atmosphere (e.g., N 2 ) at 1600 o C which is still considerably high temperature. [13] Recently, Xianqing Piao and co-workers successfully synthesized pure low oxygen contained Eu 2+ -doped Ca-α-SiAlON and (Sr,Ca) 2 Si 5 N 8 :Eu 2+ by calcium cyanamide reduction under N 2 atmosphere but this synthesis route still requires high temperature ( 1600 o C) [11,14] .

In Chapter 5, the emission of phosphor is enhanced by using SrCN 2 as one of starting materials. Therefore, for solving these problems above mentioned, SrCN 2 :Eu 2+ and Si 3 N 4 were used as starting materials and Sr 2 Si 5 N 8 :Eu 2+ were synthesized by solid state reaction under NH 3 atmosphere. The requiring firing temperature is only 1300 o C. The detailed preparation process is described in chapter 2. In order to distinguish the type of carbon, the sample was fired again under NH 3 at 1000, 1200 and 1300 o C, respectively. The XRD spectra of as-produced are shown in Figure 6. stable. Thus, we can deduce that the solid state reaction between SrCN 2 :Eu and Si 3 N 4 can be simply speculated as follows:

XRD spectra and Crystal structure

in which, C(NH 2 ) 2 is a possible formula obtained from the reaction between C and NH 3 , this will be discussed later. SrCN 2 :Eu easily reacts with NH 3 and then C would be driven out firstly. But the produce is unknown so far.

This need further investigation.

phases or take the place of N 3-to form O N + trap level [11] . In present work, the oxide impurity phases could not be distinguished from the XRD spectra and thus the residual oxygen take the place of N 3-. This substitution decreases the emission intensity and peak wavelength. Thus, for confirming this deduction, the contents of oxygen and nitrogen were measured by using an O/N analyzer and the results are given in Table 6-2. The content of Oxygen is slightly higher than that of literature. The higher oxygen content may be attributed to the use alumina boat and alumina tube instead of BN boat. 

The electronic structure

Crystallographic data for SrCN 2 was reported by U. Berger [3] in detail. Using their data, the electronic structure of SrCN 2 was calculated. The calculations were carried out with density functional theory and performed with the CASTEP code. The generalized gradient approximations (GGA) were chosen for the theoretical basis of density function while the code was determined using the band-by-band conjugate-gradient technique to minimize the total energy with respect to the plane-wave coefficient. Two steps were necessary for calculating the electronic band structure. The first step was to optimize their crystal structure using the crystallographic data reported in the literature [1]. There is only a small difference between the experimental lattice parameters and calculated ones after the optimization of crystal structure. The excitation spectrum at 77K monitored at an emission wavelength of 610 nm is also shown in Figure 7.7. It consists of a broad band with several sub-bands, which are due to the parity allowed 4f 7 ( 8 S 7/2 )-4f 6 5d transitions of Eu 2+ ions. These sub-bands structure, peaked at 335, 396, 449, 456 and 491 nm, is assigned to the crystal field splitting of the 5d level of Eu 2+ ions. The excited 5d levels are not shielded from the ligand field, giving rise to a strong splitting of the excited levels. The symmetry of the anion coordination polyhedron around the emission centers determines the number of the splitting level. Dorenbos has made a clear correlation between the splitting and the coordination polyhedron, revealing that the crystal field splitting tends to be the largest for octahedral coordination followed by cubic, dodecahedral, and it is the smallest for tricapped trigonal prism (3ctp) and cuboctahedron coordination [6] . In the SrCN 2 :Eu 2+ crystal, Sr 2+ ions coordinating with 6 N 3-with different bond lengths forms an asymmetric structure, as shown in figure 7.8. Since the doped Eu 2+ ions occupy asymmetric Sr 2+ sites and are exposed to a strong ligand field due to the presence of highly covalent bonding of Eu-N, a large ligand-field splitting occurs to Eu 2+ ions, resulting in their excitation band extending into visible region. According to the excitation spectrum, the crystal field splitting is estimated to be about 12019 cm -1 , assuming no 5d sub-bands to be positioned in the conduction band of the host lattice. A rough estimate of the Stokes shift determined by the maxima of the emission and excitation bands is 8859 cm-1, which is fairly large and attributed to the distortion of the excited state of Eu 2+ due to CN 2 2-anion groups surrounding the Eu 2+ ions emission centers. The broad excitation band and orangish-red emission mean that the SrCN 2 should be a good host lattice for doping Eu 2+ , like (Ca,Sr)S and Sr 2 Si 5 N 8 which have been used as the red components of white light-emittingdiodes illumination [7,8] . However, the emission of SrCN 2 :Eu 2+ is strongly quenched with increasing temperatures

and not observable at room temperature. The emission intensity dependence on the temperature using the excitation wavelength of 396 and 491 nm are depicted in Figure 7.9. When it is excited at 396 nm, the temperature at which the intensity is half of that at 77K is about T 0.5 =90K, and at 227K the emission is completely quenched. These temperatures are slightly lower than those excited at 491nm (T 0.5 =92K). Besides, the emission peaks slightly broaden and shift to the longer wavelength with the increasing temperature.
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Abstract:

Because white light emission diodes can offer benefits in terms of high luminous efficiency, energy savings, long persistence, environmental friendliness, small volume and lack of toxic mercury, they have been considered as the next generation solid state lighting system. Several approaches have been explored

to achieve these qualities in LED-based white lighting. Presently, the most common white LED design employs a blue or NUV LEDs and to pump phosphors that emit at longer wavelengths where LED performance is deficient. Here, Ba2Mg(BO3)2:Eu,Mn, Eu 2+ doped oxyapatite-type Mx-yLn10-x(SiO4)6O27-

x/2:Eu 2+ y (M=Mg, Ca, Sr, Ba, Ln=Y, La, Gd) and their oxynitrides, Sr2Si5N8:Eu 2+ phosphors and MCN2:Eu (M= Ca,Sr) by means of high temperature solid-state reaction have been prepared successfully.

Their phase structure and photoluminescence properties have been investigated in detail by the measurements of XRD, FT-IR spectra, O/N analyzer, photoluminescence spectra at different temperature, photoluminescence decay time and SEM. The results show that Ba2Mg(BO3)2:Eu,Mn exhibit excellent orangish-red emission under the excitation ranging from 250-450 nm. Oxyapatite-type MxLn10x(SiO4)6O27-x/2:Eu 2+ phosphors show emission color from bluish-green to orangish-yellow according to M 2+ and its content, Ln 3+ and Eu 2+ concentration, orangish-red emission can be obtained by the introduction of N in the host lattice under the excitation ranging from 280-510 nm. Pure Sr2Si5N8:Eu0.04 red phosphor were gained by using SrCN2:Eu and Si3N4 as starting materials at 1300 o C under NH3 atmosphere. Eu 2+ :SrCN2 shows a broad band red emission with a peak at 610nm when it is excited by 350-520nm at 77K.