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Polymer-derived β-SiAlON:Eu 2+ phosphors

A series of β-SiAlON:Eu 2+ phosphors were synthesized from single source precursors, perhydropolysilazane chemically modified with Al(OCH(CH3)2)3, AlCl3, and EuCl2. The single source precursors were converted to β-SiAlON:Eu 2+ phosphors by pyrolysis under flowing N2 or NH3 at 1000 °C, followed by heat treatment at 1800 °C under a N2 gas pressure at 980 kPa. By varying the molar ratio of the chemical modifiers, β-SiAlON:Eu 2+ with the compositions close to the theoretical ones expressed as Si6-zAlzOz-2yN8-z+2y:yEu 2+ were synthesized, where the z values and Eu 2+ contents were controlled in the ranges of 0.44-0.78 and 0.35-1.48 mol%, respectively. The polymer-derived β-SiAlON:Eu 2+ phosphors exhibited green emission under excitation at 460 nm attributed to the 4f 7 -4f 6 (7f 3 )5d 1 transition of dopant Eu 2+ . HAADF-STEM analysis confirmed that the doped-Eu 2+ existed interstitially within the channels along the c axis of host β-SiAlON. Compared with the conventional powder metallurgy route, the PDC route in this study offers some advantages in grain growth of host β-SiAlON and PL properties in terms of green emission intensity under excitation at 460 nm, and the highest intensity was achieved for the polymer-derived β-SiAlON:Eu 2+ with z = 0.64 and 0.37 mol% Eu 2+ .

Introduction

Along with the progress of human society, people become more aware of the alternative ways of lighting sources because of the several problems of the traditional lighting source, such as the cost, lighting efficiency, and environmental friendship. The light-emitting diodes (LEDs) have immediately spread worldwide to become the most popular fourth-generation illumination source. Classical LEDs are composed of semiconductive compounds such as gallium arsenide (GaAs), gallium phosphide (GaP), and silicon carbide (SiC), while phosphor-converted white LEDs (pc-wLEDs) have attracted much attention because of their environmental friendliness and great luminescent property. Currently, blue LED-driven white LEDs, which are formed by blending a blue LED chip with a yellow phosphor (one-pc wLEDs), or a green phosphor together with a red phosphor (two-pc wLEDs) have been in practical use [START_REF] Niu | A new route to synthesize β-SiAlON:Eu 2+ phosphors for white light-emitting diodes[END_REF][START_REF] Wang | Down-conversion nitride materials for solid state lighting: Recent advances and perspectives[END_REF].

As a kind of rare earth (RE) ions which are always utilized to be the activator in luminescent materials, europium (Eu) ions, both divalent and trivalent, have been studied and several Eu-doped luminescent systems have been discovered so far, such as AlN:Eu 2+ (blue emission centered at 465 nm) [START_REF] Inoue | Highly efficient and thermally stable blueemitting AlN:Eu 2+ phosphor for ultraviolet white light-emitting diodes[END_REF], M2Si5N8:Eu 2+ (M= Ca, Sr, Ba) (yellow-orange emission with maxima from 570 to 605 nm) [START_REF] Li | Luminescence properties of red-emitting M2Si5N8:Eu 2+ (M = Ca, Sr, Ba) LED conversion phosphors[END_REF] and SiAlON:Eu 2+ as quite important yellow (M-α-SiAlON:Eu 2+ , M = Ca, Mg) [START_REF] Xie | Preparation and luminescence spectra of calcium-and rare-earth (R = Eu, Tb, and Pr)-codoped α-SiAlON ceramics[END_REF][START_REF] Xie | Eu 2+ -doped Ca-𝛼-SiAlON: A yellow phosphor for white light-emitting diodes[END_REF] and green (β-SiAlON:Eu 2+ ) [START_REF] Hirosaki | Characterization and properties of green-emitting β-SiAlON:Eu 2+ powder phosphors for white light-emitting diodes[END_REF] phosphors with high quantum efficiency, low thermal quenching and excellent chemical stability. As an exceptional green phosphor applied for the two-pc wLEDs, β-SiAlON:Eu 2+ phosphors have been widely reported [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF][START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF][START_REF] Takahashi | Toward higher color purity and narrower emission band β-sialon:Eu 2+ by reducing the oxygen concentration[END_REF][START_REF] Li | Achieving high quantum efficiency narrow-band β-Sialon:Eu 2+ phosphors for high-brightness LCD backlights by reducing the Eu 3+ luminescence killer[END_REF]. β-SiAlON is a solid solution of β-silicon nitride (Si3N4), where Si-N bonds are partly replaced with Al-O and Al-N bonds and expressed as Si6-zAlzOzN8-z, in which the z value respects the Al concentration in the system, and in regard to the charge compensation by Eu 2+ doping, Wang et al. put forward a modified formula of Si6-zAlzOz-2yN8-z+2y:yEu 2+ [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF].

According to previous studies, the photoluminescence (PL) properties of β-SiAlON:Eu 2+ phosphors are governed by several materials factors, in particular chemical composition and related local structure around the dopant Eu 2+ : Xie et al.

reported that both the z value and Eu 2+ concentration can be the factors that influence the emission intensity [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF]. The phase purity and the Eu 2+ solubility of the host β-SiAlON were improved with lowering the z value, and by taking into account the emission efficiency as well as the phase purity of the host β-SiAlON, it was suggested that the β-SiAlON:Eu 2+ phosphors with z = 0.1-0.5 are acceptable for practical applications [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF].

On the other hand, the critical Eu 2+ concentration in the host β-SiAlON was suggested approximately 0.7 and 0.5 mol % for z = 0.1 and 0.5, respectively [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF]. In addition, they found that the solubility of Eu 2+ decreased continually with the increasing z value of the host β-SiAlON, which was attributed to the structural distortion caused by the introduction of Al and O [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF]. Takahashi et al. found that the content of some elements, especially oxygen is closely related to the emission color and intensity [START_REF] Takahashi | Toward higher color purity and narrower emission band β-sialon:Eu 2+ by reducing the oxygen concentration[END_REF]. In another work, Li et al.

reported that the additional trivalent europium (Eu 3+ ) ions in the matrix, which were called as killer sites, can have a side effect on the emission intensity of β-SiAlON:Eu 2+ phosphors, and the reduction of Eu 3+ successfully improved the green-emitting property at 400-450 nm [START_REF] Li | Achieving high quantum efficiency narrow-band β-Sialon:Eu 2+ phosphors for high-brightness LCD backlights by reducing the Eu 3+ luminescence killer[END_REF]. Wang et al. went for the theoretical cooperation condition of Eu 2+ in the β-SiAlON matrix and suggested that the divalent Eu ions formed EuN9 units with nitrogen ions, and the values of Eu-N bond length of this unit make some effect on the maximum emission wavelength (emission color) [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF]. Accordingly, it is evident that strict chemical composition control is essential to develop β-SiAlON:Eu 2+ as a highperformance green phosphor for two-pc wLEDs.

The design of high-performance functional ceramics based on atomic or molecular units is an ideal way to accurately control chemical composition, morphology/structure and functional properties. An important approach is the synthesis of ceramic-based materials from organometallic precursors [START_REF] Sanchez | Molecular engineering of functional inorganic and hybrid materials[END_REF][START_REF] Clément | Sol-Gel chemistry: From molecule to functional materials[END_REF][START_REF] Sanchez | Chimie douce": A land of opportunities for the designed construction of functional inorganic and hybrid organic-inorganic nanomaterials[END_REF][START_REF] Lale | Polymer-Derived Ceramics with engineered mesoporosity: From design to application in catalysis[END_REF][START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of research and innovation in advanced ceramics[END_REF][START_REF] Ionescu | Silicon-containing polymer-derived ceramic nanocomposites (PDC-NCs): preparative approaches and properties[END_REF][START_REF] Iwamoto | Preceramic polymers as precursors of advanced ceramics: The Polymer-Derived Ceramics (PDCs) route[END_REF]. Especially, the polymer-derived ceramics (PDCs) route has been known as practicable to produce silicon (Si)-based non-oxide ceramic systems [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of research and innovation in advanced ceramics[END_REF][START_REF] Ionescu | Silicon-containing polymer-derived ceramic nanocomposites (PDC-NCs): preparative approaches and properties[END_REF][START_REF] Iwamoto | Preceramic polymers as precursors of advanced ceramics: The Polymer-Derived Ceramics (PDCs) route[END_REF].

Recently, we have succeeded in the synthesis of β-SiAlON:Eu 2+ phosphors through the PDCs route for the first time: single source precursors were synthesized by chemical modification of PHPS ((SiH2-NH)n) with aluminum triisopropoxide (Al(OCH(CH3)2)3), and europium (II) chloride (EuCl2), then converted to β-SiAlON:Eu 2+ phosphors by pyrolysis under flowing N2 at 1000 °C followed by heat treatment at 1800 °C under a N2 gas pressure at 980 kPa [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF]. Moreover, in this PDCs route, by the partial replacement of the Al(OCH(CH3)2)3 with aluminum trichloride (AlCl3), the oxygen content in the 1000 °C-pyrolyzed product, amorphous SiAlEuON was successfully controlled independently with the Al content [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF], which offers an opportunity to investigate the effect of the chemical composition on the β-SiAlON:Eu 2+ phosphors formed in-situ in more details.

In this study, a series of amorphous SiAlEuON compounds were prepared by N2 or NH3-pyrolysis of single source precursors, Al, Eu-modified PHPS in which strictly controlled chemical composition was established at the molecular scale. The polymerderived amorphous compounds were converted to β-SiAlON:Eu 2+ phosphors by heat treatment up to 1800 °C under a N2 gas pressure at 980 kPa. The relationships between the chemical composition, phase purity, morphology, and PL properties of the polymer-derived β-SiAlON:Eu 2+ samples are discussed based on a set of characterization techniques including X-ray diffraction (XRD), PL spectroscopy, scanning electron microscope (SEM) observations and a high-angle annular dark-field-scanning transmission microscopy (HAADF-STEM) analysis.

Experimental

Materials and methods

Commercial PHPS (AZ NN110-20, 20 wt% xylene solution, AZ Electronic Materials Co., Ltd., Tokyo, Japan), Al(OCH(CH3)2)3 (99.9 %, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan), AlCl3 (99.9 %, Sigma-Aldrich Japan, Tokyo, Japan) and EuCl2 (99.9 %, Sigma-Aldrich Japan, Tokyo, Japan) were used as-received.

The handling of the chemicals and reagents was performed under dry argon (Ar) atmosphere using standard Schlenk techniques. Single source precursor synthesis was conducted according to our established procedures [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF].

Here, we describe the synthesis of the A66E1 sample as a representative of the synthesis process applied in this study: a 300 mL two-neck round-bottom flask equipped with a magnetic stirrer was charged with PHPS (Si: 67.91 wt%, 10 mL of 20 wt% xylene solution, i.e. Si 48.50 mmol), Al(OCH(CH3)2)3 (0.593 g, 2.90 mmol), AlCl3 (0.387 g, 2.90 mmol) and EuCl2 (0.108 g, 0.48 mmol), then refluxed for 1h. After the reaction mixture was cooled down to RT, the solvent was removed under vacuum at RT. The residue of the white solid precursor was subsequently pyrolyzed in a tube furnace (model ARF60-150-31KC, Asahi Rika, Chiba, Japan) under flowing NH3 at 1000 °C for 1 h with a heating rate of 5 °C min -1 . The pyrolyzed powder was further heat-treated in a graphite resistance-heated furnace (model High Multi 5000, Fujidempa Kogyo, Co., Ltd., Osaka, Japan) at 1800 °C for 1h under a N2 gas pressure at 980 kPa.

As reference samples, β-SiAlON:Eu 2+ phosphors were prepared by the conventional powder metallurgy method. Starting powders of α-Si3N4 (Grade SN-E10, Ube Industries, Ltd., Tokyo, Japan), aluminum nitride (AlN, 99.99 % purity, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan), α-aluminum oxide (α-Al2O3, 99.99 % purity, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan) and europium(III) oxide (Eu2O3, 99.99 % purity, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan) were used. A proper amount of mixed powder with the composition equivalent to the nominal composition of the A63E1 (SiAl0.09O0.18N1.00Eu0.01) [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF] was prepared by mixing the starting powders using an agate mortar and pestle with a small amount of ethanol (reagent grade, 99.5 %, Kishida Chemical Co. Ltd., Osaka, Japan). The mixed powder was heat-treated at 1800 °C for 1 h in the same manner as applied for the polymerderived samples. In addition, a longer heat treatment at 1800 °C for 8 h was also performed on this mixed powder. The resulting β-SiAlON:Eu 2+ phosphor samples prepared were labeled as PMM63-1h and PMM63-8h, respectively. As another reference, a green-emitting β-SiAlON:Eu 2+ phosphor sample with the composition of Eu0.003Si0.414 Al0.013O0.004N0.565 was prepared from 94.77 mass % α-Si3N4, 2.68 mass % AlN, and 2.55 mass % Eu2O3 as reported by Hirosaki et al. [START_REF] Hirosaki | Characterization and properties of green-emitting β-SiAlON:Eu 2+ powder phosphors for white light-emitting diodes[END_REF]. The mixed powder was heat-treated at 1800 °C for 8 h under the same manner mentioned above to afford another β-SiAlON:Eu 2+ phosphor sample labeled as PMM-8h.

Characterizations

Elemental analyses for oxygen (O), nitrogen (N) (inert-gas fusion method using an oxygen nitrogen hydrogen analyzer, model EMGA-930, Horiba, Kyoto, Japan), and carbon (C) (non-dispersive infrared method using a carbon sulfur analyzer, model CS844, LECO CORPORATION, St. Joseph, USA) were performed on the pyrolyzed and heat-treated samples. The Al and Eu contents in the polymer-derived SiAlON:Eu 2+ samples were analyzed by the energy dispersive X-ray spectrometer (EDS) mounted on a SEM (model JSM-6010LA, JEOL Ltd., Tokyo, Japan). In this study, EDS element mapping analysis was performed on the powdered sample surfaces observed within a SEM image area of approximately 20 x 25 (µm 2 ) at the magnification and accelerating voltage of 5000x and 15 kV, respectively to give an atomic percentage for all the constituent elements. For each sample, the Al/Si and Eu/Si ratios were evaluated as an average value of the mapping scans conducted for at least five different areas randomly selected. Then, chemical composition of the polymer-derived SiAlON-based samples was determined as follows [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]:

wt% (Si + Al + Eu) = 100 % -wt % (C) -wt % (N) -wt % (O) (1) 
XRD measurement was performed on the β-SiAlON:Eu 2+ phosphor samples by an Xray diffractometer (model X' Pert-Pro α1, PANalytical, UK) using Cu radiation.

Morphology of the polymer-derived β-SiAlON:Eu 2+ samples was observed by using a SEM (model JSM-6010LA, JEOL Ltd., Tokyo, Japan). In order to quantify the growth behavior of the host β-SiAlON grains, one hundred single β-SiAlON grains in the SEM image were randomly chosen for the selected samples, and their diameter and length were measured [START_REF] Iwamoto | Crystallization and microstructure development of Si3N4-Ti(C,N)-Y2O3 ceramics derived from chemically modified perhydropolysilazane[END_REF]. The average diameter, length, and aspect ratio of the β-SiAlON grains were calculated using software (Igor Pro, WaveMetrics, Inc., Portland, USA). Local structure around the dopant Eu 2+ was investigated by using a high-angle annular dark-field-scanning transmission microscope (HAADF-STEM) (model JEM-ARM200F, JEOL Ltd., Tokyo, Japan).

The photoluminescence (PL) emission and excitation spectra were recorded at RT using a fluorescence spectrometer (model F-7000, Hitachi, Tokyo, Japan) with a xenon (Xe) lamp. Quantum efficiency was measured with a 60f integrating sphere (model 5J0-0422, Hitachi, Tokyo, Japan) equipped with Hitachi F-7000 and sodium salicylate was used as a reference.

Results and Discussion

Chemical composition and crystallization of polymer-derived multicomponent amorphous compounds

The single source precursor synthesis in this study was conducted for the A66E1 and A69E1 samples listed in Table 1.

Compared with those investigated in our previous studies (A90E1 [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF], A90E5 [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF], and A63E1 [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]), the Al/Si atomic ratios for the chemical modification of PHPS were increased from 0.09 to 0.12 (A66E1) and 0.15 (A69E1), respectively by increasing the amount of AlCl3. On the other hand, the Eu/Si ratio was fixed at 0.01 so as to control the Eu 2+ cation concentration in the β-SiAlON as 0.43 mol %, lower than the critical Eu 2+ concentration (0.5 mol %) previously suggest for the β-SiAlON with z = 0.5 [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF]. The z values calculated for the A66E1 and A69E1 by the theoretical β-SiAlON formula, Si6-zAlzOz-2yN8-z+2y:yEu 2+ [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF] were 0.64 and 0.78, respectively. The resulting nominal chemical composition was expressed by the modified formula, Si6-zAlzOz-2y+δN8-z+2+γ:yEu 2+ [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]. The value of differences, δ and γ were also listed in this table. The chemical compositions of 1000 °C-pyrolyzed samples are listed in Table 2.

The Al/Si ratios of NHA66E1 and NHA69E1 samples were 0.14 and 0.17, respectively, while Eu/Si ratios of these samples were 0.02-0.03. These values were slightly higher in comparison with the nominal ones calculated based on the composition listed in were listed in Table 3. The z values were calculated by using the theoretical β-SiAlON formula, Si6-zAlzOz-2yN8-z+2y:yEu 2+ [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF], and the resulting chemical compositions were expressed as Si6-zAlzOz-2y+δN8-z+2+γ:yEu 2+ as mentioned in the experimental section.

Table 3 Chemical compositions of 1800 °C-heated samples *: Cl content was below the detection limit.

The residual chlorine was successfully removed by the high-temperature heat treatment up to 1800 °C, and the resulting chlorine content in each sample was below the detection limit. Both the carbon and oxygen contents in each sample also apparently decreased, which reveals that, alongside the in-situ β-SiAlON formation, carbothermal reduction and subsequent nitridation reactions of silica species efficiently proceeded as expected [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]. The diffraction peak position of β-SiAlON shifts towards a lower diffraction angle consistently with the z value due to the lattice expansion by replacing Si-N bond (0.174 nm) with Al-O bond (0.175 nm) or Al-N bond (0.187 nm) [START_REF] Ekström | SiAION Ceramics[END_REF][START_REF] Zhou | Preparation of Eu-doped β-SiAlON phosphors by combustion synthesis[END_REF]. In this study, the shift was clearly observed at the 2θ corresponding to the strongest peak attributed to the (101) plane of β-SiAlON as reported previously [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF][START_REF] Zhou | Preparation of Eu-doped β-SiAlON phosphors by combustion synthesis[END_REF] (Table 3). subsequent α-/β-phase transformation promoted by the dissolution, diffusion, and reprecipitation processes through the Si-Al-Eu-O-N transient liquid phase formed in-situ [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]. It should be noted that the observed α-/β-phase transformation was well consistent with that previously suggested: at 1400 to 1800 °C, β-SiAlON precipitates from liquid containing dissolved α-SiAlON [START_REF] Cao | alpha.'-Sialon ceramics: a review[END_REF].

The amount of the transient liquid phase increases consistently with the Al and O contents i.e. the Al/Si ratio in the single source precursor synthesis, and thus a sufficient amount of liquid phase could be formed within the NHA66E1 and NHA69E1 samples which allowed the formation of β-SiAlON single phase.

Morphology of host β-SiAlONs

The 1800°C heat-treated samples exhibited typical rod-like β-SiAlON grains (Fig. 2). The host β-SiAlON grain size distributions of the selected samples were shown in Fig. S2, and their average grain diameter (Dav.) and length (Lav.) were plotted and shown in Fig. 3. On the other hand, the Dav. and Lav. of the reference sample, PMM63-1h (Fig. 2(g)) were apparently smaller and measured to be 0.25 and 0.83 µm, respectively (Figs. S2 and3). After the longer heat treatment for 8 h at 1800 °C, these values got to be close to those of the 1800°C-NA63E1 sample (Fig. 3). The longer heat treatment was also found as effective to increase the grain size of another reference sample [START_REF] Hirosaki | Characterization and properties of green-emitting β-SiAlON:Eu 2+ powder phosphors for white light-emitting diodes[END_REF], the Dav. and the Lav. of the PMM-8h sample (Fig. 2(i)) reached 1.0 and 7.6 nm, respectively (Figs. S2 and3).

These results suggest that the in-situ formation of β-SiAlON through the PDCs route investigated in this study can offer some advantages in grain growth of host β-SiAlON with a low z value below 0.8 during the short heat treatment of 1 h at 1800 °C.

PL properties of polymer-derived β-SiAlON:Eu 2+ phosphors

The effect of the chemical composition on the green emission properties of the polymerderived β-SiAlON phosphors was conducted by measuring PL spectra. These samples exhibited a similar excitation spectrum with a broad peak centered around 300 nm and several peaks around 410 to 500 nm attributed to the absorptions of host lattice and the 4f 7 -4f 6 5d 1 transitions of the dopant Eu 2+ cations, respectively [START_REF] Xie | Synthesis and photoluminescence properties of β-sialon : Eu 2+ (Si6-zAlzOzN8-z:Eu 2+ ) : A promising green oxynitride phosphor for white light-emitting diodes[END_REF]. The polymerderived β-SiAlON:Eu 2+ phosphors exhibit a typical green emission under blue light excitation (λex =460 nm) ascribed to the 4f 7 -4f 6 5d 1 transition of the dopant Eu 2+ cations (Fig. 4(b)).

Compared with the 1800°C-NA90E1 sample [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF], the green emission intensity of the 1800°C-NA63E1 and the 1800°C-NAH63E1 samples [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF] slightly increased by reducing the carbon impurity in the intermediate amorphous compound synthesized by the 1000 ºCpyrolysis (Table 2). On the other hand, the green emission intensity of the 1800°C-NA90E5

sample [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF] was apparently improved by increasing the amount of the dopant Eu 2+ from 0.41 to 1.48 (Table 3), and as shown in The results of the thermogravimetry-mass spectrometry (TG-MS) analysis (model STA7200, Hitachi, Tokyo, Japan) for the single source precursors performed in our previous studies [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF] revealed that, at around 744 °C, the EuCl2 began to melt accompanied by Cl -elimination, which triggered Eu-N bond formations with silylamino moiety derived from PHPS associated with the elimination of HCl up to 1000 °C. This reaction was clearly observed by detecting a total ion current chromatogram (TICC) peak composed mainly of mass fragments at the m/z ratios of 38 and 36 assigned to HCl [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]. Results of the TG-MS analysis for the present A66E1 and A69E1 samples were shown and compared with the AE63E sample [START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF] in Fig. S3. The AE63E sample exhibited a distinct TICC peak around 850 ºC. The A66E1 sample also showed a broad TICC peak around 850 to 1000 ºC, however, such a peak was not detected for the A69E1 sample. Accordingly, the 1000 ºCpyrolyzed sample (NHA69E1) was a quaternary SiAlON amorphous compound physically mixed with the thermally decomposed products of EuCl2 (i.e. without the Eu-N bond formation) which led to the phase separation to afford the X-ray amorphous secondary phase to offer the Eu 2+ cation site attributed to the blue emission at 441 nm, or essentially, the solubility of the Eu 2+ was lower due to the higher z value of the 1800°C-NHA69E1 sample (0.78), which promoted the formation of Eu 2+ -doped secondary glassy phase at the 0.35 mol % Eu-doping.

As a typical result, the amplified excitation spectrum (λem =537 nm) of the 1800°C-NA63E1 sample is shown in Fig. 5. The 4f 7 -4f 6 5d 1 transition energy levels detected as a minor peak and/or shoulder correspond well with the 7FJ (J=1-6) energy levels of Eu 3+ cation [START_REF] Dieke | The spectra of the doubly and triply ionized rare earths[END_REF], which is consistent with previous results obtained by the extremely low temperature (6 K) PL measurements of β-SiAlON:Eu 2+ phosphors performed by Takahashi et al. [START_REF] Takahashi | On the origin of fine structure in the photoluminescence spectra of the β-sialon: Eu 2+ green phosphor[END_REF] and suggests that chemical bonding between the Eu 2+ and the host atoms in the β-SiAlON is ionic, i.e. the crystal field strength around the Eu 2+ is weak, which allows the 5d 1 level to exhibit the 4f-electronic structure [START_REF] Takahashi | On the origin of fine structure in the photoluminescence spectra of the β-sialon: Eu 2+ green phosphor[END_REF]. SiAlON is located interstitially within the channels along the c axis, and thus the crystal field strength around the Eu 2+ is suggested as weak as discussed above. In addition, this observation result is well consistent with those previously offered both experimentally [START_REF] Kimoto | Direct observation of single dopant atom in light-emitting phosphor of 𝛽-SiAlON:Eu 2+[END_REF] and theoretically [START_REF] Wang | Elucidating structure-composition-property relationships of the β-SiAlON:Eu 2+ phosphor[END_REF] for the β-SiAlON:Eu 2+ phosphors fabricated by the conventional powder metallurgy method. The internal quantum efficiency (ƞint.) and external quantum efficiency (ƞex.) of the selected samples are plotted and shown as a function of excitation wavelength in Fig. 8. For the β-SiAlON:Eu 2+ with z value below 0.8, the present PDC route offers some advantages to achieve higher intensity of the green emission, especially under blue light excitation at 460 nm ascribed to the 4f 7 -4f 6 ( 7 f3)5d 1. HAADF-STEM analysis confirmed that the doped-Eu 2+ cation existed interstitially within the channels along the c axis of the host β-SiAlON, which was consistent with previous reports on the β-SiAlON:Eu 2+ phosphors fabricated by the conventional powder metallurgy method.

2. The critical Eu 2+ concentration in the polymer-derived host β-SiAlON was estimated at approximately 1.48 and 0.37 mol % for z = 0.55 and 0.64, respectively.

3. Compared with the conventional powder metallurgy route, the PDC route investigated in this study offers some advantages in grain growth of host β-SiAlON with z value below 0.8 during the short period of 1 h-heat treatment at 1800 °C.

4. The polymer-derived β-SiAlON:Eu 2+ phosphors exhibited better PL properties in terms of green emission intensity under excitation at 460 nm, and the highest intensity was achieved for the polymer-derived β-SiAlON:Eu 2+ with z = 0.64 and 0.37 mol% Eu 2+ . The internal and external quantum efficiencies were measured to be 11.6 and 7.2 %, respectively.

Single source precursor-derived multicomponent amorphous compounds are highly homogeneous at the molecular scale. Moreover, the content of excess oxygen existed as silica species can be finely controlled by selecting the Al(OCH(CH3)2)3/AlCl3 molar ratio in the precursor synthesis, which leads to the formation of a sufficient amount of homogeneous transition liquid phase upon heating to 1800 °C to afford β-SiAlON:Eu 2+ composed of well-grown rod-like host β-SiAlON grains. On the other hand, the excess oxygen was finally spent out for the carbothermal reduction and subsequent nitridation reactions to afford β-SiAlON:Eu 2+ having a composition close to the theoretical one. In addition, an increase in the critical Eu 2+ concentration in the host β-SiAlON was also suggested as one of the potential advantages of this route.

These results revealed that the PDCs route investigated in this study is promising for developing high-performance β-SiAlON:Eu 2+ green phosphors for two-pc wLEDs using a blue LED tip. Further study on the improvement of the green emission properties is in progress by applying higher heat treatment temperatures at 1900 °C or higher under high N2 pressure above 980 kPa. 

Fig. 1

 1 Fig. 1 presents the XRD patterns of the heat-treated samples, 1800℃-NHA66E1 and

FIGURE 1

 1 FIGURE 1 XRD patterns of polymer-derived β-SiAlON: Eu 2+ phosphor samples: (a) 1800°C-NHA63E1 [20], (b) 1800°C-NHA66E1, (c) 1800°C-NHA69E1 samples and reference samples of (d) PMM63-1h, (e) PMM63-8h and (f) PMM-8h

FIGURE 2 FIGURE 3

 23 FIGURE 2 SEM images showing morphology of polymer-derived β-SiAlON: Eu 2+ phosphor samples: (a) 1800°C-NA90E1 [19], (b) 1800°C-NA90E5 [19], (c) 1800°C-NA63E1 [20], (d) 1800°C-NHA63E1 [20], (e) 1800°C-NHA66E1, (f) 1800°C-NHA69E1 and reference samples fabricated through the conventional powder metallurgy route: (g) PMM63-1h, (h) PMM63-8h and (i) PMM-8h

  Fig. 4(a) shows the room temperature excitation spectra of the polymer-derived β-SiAlON:Eu 2+ phosphor samples monitored at appropriate maximum emission wavelengths of each sample shown in Fig 4(b).

FIGURE 4

 4 FIGURE 4 PL properties of 1800°C-NHA66E1 and 1800°C-NHA69E1 samples along with 1800°C-NA90E1 [19], 1800°C-NA90E5 [19], 1800°C-NA63E1 [20] and 1800°C-NHA63E1 [20] samples. (a) Excitation spectra monitored at appropriate maximum emission wavelengths shown in (b), and emission spectra under excitation at (b) 460 nm, and (c) 290 nm

Fig. 4 ,

 4 the present 1800°C-NHA66E1 sample (z =0.64) shows a significant increase in the intensity of the overall excitation spectrum and exhibits the highest green emission intensity under blue light excitation at 460 nm. However, a further increase in the z-value to 0.78 (1800°C-NHA69E1 sample) of the present polymerderived β-SiAlON:Eu 2+ sample resulted in the apparent degradation of the PL properties (Figs. 4(a) and 4(b)).

Fig. 8 (

 8 Fig. 8 (c) shows the emission spectra excited at 290 nm. Both 1800°C-NHA63 and

FIGURE 5

 5 FIGURE 5 Amplified excitation spectrum of the 1800°C-NA63E1 sample [20] with the 7 FJ (J=1-6) energy levels of Eu 3+ cation

FIGURE 6

 6 FIGURE 6 (a) HAADF-STEM image of 1800°C-NA63E1 sample [20] showing (a) typical six-membered rings of β-SiAlON and (b) the Z contrast profile along with the A-B line across the atomic channel shown in (a).

FIGURE 7

 7 FIGURE 7 (a) Excitation and (b) emission spectra of 1800°C-NA63E1 [20], 1800°C-NHA66E1 samples along with the reference samples fabricated through the conventional powder metallurgy route.
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 12345678 FIGURE 1 XRD patterns of polymer-derived β-SiAlON: Eu 2+ phosphor samples: (a) 1800°C-NHA63E1 [20], (b) 1800°C-NHA66E1, (c) 1800°C-NHA69E1 samples and reference samples of (d) PMM63-1h, (e) PMM63-8h and (f) PMM-8h

  

  

  

  

Table 1

 1 Nominal molar ratios for the synthesis of single source precursors for β SiAlON:Eu 2+

	Name	Si in [SiH2-NH]n (PHPS)	M/Si ratio Al(OCH(CH3)2)3 AlCl3	EuCl2	Formula	Calculated chemical composition Si6-zAlzOz-2y+δN8-z+2y+γ:yEu 2+ z y δ γ	Eu 2+ (mol%)
	A90E1 [19]	1	0.09	0.00	0.01	SiAl0.09O0.27N1.00Eu0.01 0.50 0.055 1.10	-2.11	0.42
	A90E5 [19]	1	0.09	0.00	0.05	SiAl0.09O0.27N1.00Eu0.05 0.50 0.275 1.54	-2.55	2.07
	A63E1 [20]	1	0.06	0.03	0.01	SiAl0.09O0.18N1.00Eu0.01 0.50 0.055 0.61	-2.11	0.44
	A66E1	1	0.06	0.06	0.01	SiAl0.12O0.18N1.00Eu0.01 0.64 0.054 0.43	-2.11	0.43
	A69E1	1	0.06	0.09	0.01	SiAl0.15O0.18N1.00Eu0.01 0.78 0.052 0.26	-2.10	0.43

Table 1 ,

 1 which was due to the volatilization of low molecular fraction of as-received PHPS, monomeric chlorosilanes and oligomers formed in-situ during the chemical modification reactions[START_REF] Gao | Green emitting β-SiAlON:Eu 2+ phosphors derived from chemically modified perhydropolysilazanes[END_REF][START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF]. On the other hand, in spite of the larger amount of

AlCl3 used for the present precursor synthesis, the Cl/Si ratios of the NHA66E1 and NHA69E1 samples were measured to be 0.02 and 0.03, and the PDCs route applied in this study was effective to reduce chlorine impurity of the polymer-derived multicomponent SiAlEuON compound as an intermediate for synthesizing SiAlON:Eu 2+ phosphors through the PDCs route.

Table 2

 2 Chemical compositions of 1000 °C-pyrolyzed samples

	Precursor	Pyrolysis atmosphere	Pyrolyzed sample	EDS (molar ratio) Al/Si Eu/Si Cl/Si	Element analysis (wt%) O N C	Empirical formula
	A90E1[19]	N2	NA90E1 [19]	0.11	0.02	0.02	5.70 22.25 6.25	SiAl0.11O0.19N0.84C0.28Eu0.02Cl0.02
	A90E5[19]	N2	NA90E5 [19]	0.10	0.06	0.02	7.12 29.00 4.57	SiAl0.10O0.30N1.39C0.25Eu0.06Cl0.02
	A63E1[20]	N2 NH3	NA63E1 [20] NHA63E1 [20]	0.09 0.11	0.02 0.02	0.02 0.01	4.64 23.34 3.91 3.99 30.51 3.01	SiAl0.09O0.15N0.84C0.16Eu0.02Cl0.02 SiAl0.11O0.14N1.20C0.14Eu0.02Cl0.01
	A66E1	NH3	NHA66E1	0.14	0.02	0.02	4.90 26.93 3.15	SiAl0.14O0.17N1.05C0.14Eu0.02Cl0.02
	A69E1	NH3	NHA69E1	0.17	0.03	0.03	4.95 32.33 1.42	SiAl0.17O0.19N1.44C0.07Eu0.03Cl0.03
	3.2 Formation of SiAlON:Eu 2+ phosphors			
		The 1000 °C-pyrolyzed samples were further heat-treated at 1800 °C under a N2

pressure at 980 kPa. The chemical compositions of the 1800 °C heat-treated samples

Table 4

 4 RelationAs a typical result, phase evolutions up to 1800 °C of the NA63E1 sample[START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF] are shown in Fig.S1. X-ray amorphous NA63E1 sample crystallizes at 1300 °C and leads to the formation of α-SiAlON (labeled by referring to the data of α-SiAlON,

	z-value	Sample	(101) plane 2θ/ degree
	0.00	β-Si3N4 2)	33.666
	0.17 1)	PMM-8h	33.593
	0.50 1)	PMM63-1h	33.557
	0.50 1)	PMM63-8h	33.528
	0.55	1800 ºC-NHA63E1 [20]	33.510
	0.64	1800 ºC-NHA66E1	33.507
	0.78	1800 ºC-NHA69E1	33.421
	2.00	Si4Al2O2N6 3)	33.114
		33-1160	
	3) JCPDS card No. 00-048-1616	

between the z value and X-ray diffraction peak position, 2θ corresponding to (101) plane of the host β-SiAlON identified for the polymer-derived β-SiAlON:Eu 2+ 1) Calculated based on the nominal composition 2) JCPDS card No.

phase at 1800 °C. Accordingly, in this PDCs route, in-situ formation of β-SiAlON from the single source precursor-derived multicomponent amorphous compound can be recognized as follows: 1) nucleation and crystallization of α-SiAlON and 2)
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FIGURE S1

Phases evolution of the NA63E1 sample [START_REF] Gao | Chemical route for synthesis of β-SiAlON:Eu 2+ phosphors combining polymer-derived ceramics route with non-hydrolytic sol-gel chemistry[END_REF] during the heat treatment up to 1800 °C