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A series of Sb-, Dy-, and Eu-doped oxyfluoride silicate glasses for light emitting diodes (LEDs) applications were prepared via the melt-quenching method, and studied by a) photoluminescence emission and excitation spectra, b) decay curves, c) Commission Internationale de L'Eclairage (CIE) chromaticity coordinates, and d) correlated color temperatures (CCTs). We discover the energy transfer from Sb 3+ to Dy 3+ ions occurs in Sb/Dy co-doped glass. We also find the emission behavior of Sb 3+ single doped glass is dependent on the excitation wavelength. Furthermore, the white light emission can be achieved in Sb/Dy/Eu co-doped oxyfluoride silicate glasses under ultraviolet (UV) light excitation. The results presented here demonstrate that the as-prepared Sb/Dy/Eu doped oxyfluoride silicate glasses may serve as a potential candidate for LEDs-based lighting.
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Nowadays, luminescent glasses play an increasingly significant role in many fields Sb is a promising low-cost and environmentally-friendly element. Sb 2 O 3 is used, for example, as a fining agent in glass melting. Although some investigations on the emission of Sb 3+ have been reported [10,11], Sb 3+ has not been further considered as an emission center in conventional glass science. On the other hand, the oxyfluoride silicate glasses are important materials with excellent thermal and chemical stability, high mechanical strength, as well as low phonon energy environment for luminescence ions [7,12]. In the present work, we fabricated a series of Sb-, Dy-and Eu-doped oxyfluoride silicate glasses for LEDs by the melt quenching method in air atmosphere. Until now, only preliminary results on the luminescent glasses or glass-ceramics for LEDs have been reported the Dy 3+ ion site. They also studied the yellow/blue emission intensity ratios by varying the concentration of Dy 3+ and excitation wavelengths. While, the Sb/Dy/Eu co-doped oxyfluoride silicate glasses have not been reported. The current study mainly concerns the influence of the excitation wavelengths as well as glass compositions on the luminescent properties of the glasses. In this work, we report the tunable light emissions of Sb-, Dy-, and Eu-doped oxyfluoride silicate glasses, and discuss in detail the energy transfer from Sb 3+ to Dy 3+ ions.

The objective is to achieve efficient white light emission. The findings reported here are scientifically intriguing and could also provide knowledge for the fabrication of future optical devices.

Experimental

All the investigated glasses have the glass matrix (GM) composition of 45SiO 2 -15Al 2 O 3 -10ZnO-20CaF 2 -10CaO (in mol.%). Samples GMS4 (doped with 4 mol.% Sb), GMD0.5 (doped with 0.5 mol.% Dy), GMS4D0.5 (co-doped with 4 mol.% Sb and 0.5 mol.% Dy), GMS4D0.5E0.3 (co-doped with 4 mol.% Sb, 0.5 mol.% Dy, and 0.3 mol.% Eu), and GMS4D0.5E0.5 (co-doped with 4 mol.% Sb, 0.5 mol.% Dy, and 0.5 mol.% Eu) were prepared by melt-quenching method in normal atmosphere. SiO amounts of the starting materials based on the compositions of the as-designed samples were taken in an agate mortar and grounded well to obtain homogenous mixtures. The well mixed batches were put into corundum crucibles and melted in an electrical furnace at 1460°C for 1 hour in normal atmosphere. After melting, the glass melts were quickly casted into a preheated stainless steel mould for quenching in air. To relieve the internal stress of these glasses, which is induced during the quenching process, the obtained glass samples were annealed in a muffle furnace at 450 °C for 2 hours in normal atmosphere, followed by natural cooling.

The energy dispersive spectroscopy (EDS) was measured using an EDS detector SDD Xmax attached on the Scanning Electron Microscope (SEM, JEOL JSM 7100F) to analyze the compositions of the glasses. The excitation and emission spectra were recorded using an FLS920 fluorescence spectrometer (Edinburgh Instruments Ltd., United Kingdom). A continuous wave 450 W Xe lamp (Xe900) was used as a light source. The fluorescence decay curves were measured by using a standard storage digital oscilloscope and by exciting the samples at 266 nm with a frequency-quadrupled Nd:YAG laser providing 6 ns laser pulses.

All the measurements were performed at room temperature and with the same measurement conditions.

Results and discussion

Since some raw materials (e.g., CaF 2 and ZnO) used can be volatile during the preparation of glasses, the final product composition can be different from the nominal one as designed.

As mentioned before, all the investigated glasses have the same glass matrix composition. As an example, we performed the composition analysis of samples GMS4 and GMD0.5 using
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EDS technique, as shown in Fig. 1. It can be seen that the content of F, Zn, and Sb reduced compared to the nominal compositions, indicating that these three elements were partially lost during preparing these glasses by melt quenching method. Fig. 2 shows the excitation and emission spectra of Sb single doped (GMS4), Dy single doped (GMD0.5), and Sb/Dy co-doped (GMS4D0.5) glasses. The excitation spectrum of GMS4 covers a broad UV wavelength region from 230 to 355 nm with a maximum at about 266 nm, corresponding to the partially forbidden 1 To further evaluate the energy transfer from Sb 3+ to Dy 3+ in glass GMS4D0.5, the decay curves of emission of Sb 3+ were measured with excitation at 266 nm and monitoring at 408 nm for samples GMS4 and GMS4D0.5, as shown in Fig. 3. The decay processes of these two samples are characterized by average lifetime τ , which can be derived from:

∞ ∞ = 0 0 ) ( / ) ( dt t I dt t tI τ
, where I(t) stands for the intensity at time t [21]. The calculated lifetimes τ are 5.77 and 5.03 µs for samples GMS4 and GMS4D0.5, respectively. The decrease of the lifetime of GMS4D0.5 with respect to GMS4 can be attributed to the ET process from Sb 3+ to neighboring Dy 3+ . The above analysis of luminescence spectra and decay times demonstrates the presence of the ET process from Sb 3+ to Dy 3+ in glass GMS4D0.5.

In the present work, we find an interesting emission behavior of Sb 3+ doped glass. Fig. 4 shows the emission spectra of GMS4 under different excitation wavelengths, in which a significant red-shift as well as reducing emission intensity are observed with increasing excitation wavelengths. It is known that the Sb 3+ ion possesses an electron in the outermost shell in both the ground state and the excited state, thus the emission of Sb 3+ is highly affected by the coordinated surroundings [16], i.e., the emission of Sb 3+ ions is greatly dependent on the local structures around them. It is reported that the variation of emission peak positions sometimes suggests luminescent ions are located at multi-site positions The emission spectra of Sb/Dy/Eu co-doped glass GMS4D0.5E0.3 excited at various wavelengths are displayed in Fig. 5, where the emission bands correspond to the electronic transitions of Sb 3+ , Dy 3+ , and Eu 3+ ions. All the spectra are normalized to the peak intensity of Fig. 8 and Table 1. We can see that color coordinates are dependent on the glass compositions and excitation wavelengths. In particular, some color coordinates are located within the white light region of CIE diagram. and concentrations of doped activators) as well as excitation wavelengths are listed in Table 1.

These results reveal that the CCTs of the as-prepared glasses can be efficiently tuned from cold color to warm color by selecting appropriate glass compositions and excitation wavelengths.

It is seen from Fig. 8 and Table 1 that the color coordinates and CCTs can both be effectively tailored by changing the glass compositions and excitation wavelengths, which is interesting and significant for the LED lighting applications because easy adjustment of the light color becomes possible. For these investigated glasses, the wavelength-tunable UV-LEDs can be employed as the excitation source, which are modulated by a

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

voltage-to-current control circuit system that allows independent manipulation of the current sent to UV-LEDs in order to adjust the wavelength of the emitted light. These results imply that the Sb-, Dy-and Eu-doped oxyfluoride silicate glasses are promising candidates for developing lighting devices with UV-LEDs as excitation source. Therefore, a smart lighting system based on the Sb-, Dy-and Eu-doped glasses is a potential future illumination source offering controllability of color hue to match specific environments and requirements.

Conclusions

In summary, Sb-, Dy-, and Eu-doped oxyfluoride silicate luminescence glasses were synthesized by melt quenching method. By varying glass compositions and excitation wavelengths, we have managed to tune the emission colors as well as CCTs of the luminescent glasses under the UV light excitation, including enabling the glasses to emit white light. This gives the flexibility to obtain smart lighting to meet special requirements. In addition, the emission behavior of Sb 3+ doped glass has been studied as a function of the excitation wavelengths. We find that emission red-shift occurs with increasing excitation wavelengths, which is due to a distribution of the emission centers (Sb 3+ ) at various sites in the glass structure. The energy transfer from Sb 3+ to Dy 3+ ions occurs in Sb/Dy co-doped glass due to the existence of a spectral overlap between the emission of Sb 3+ and the excitation spectrum of Dy 3+ . Our study shows that the as-prepared luminescent glasses may provide a new platform to design and fabricate novel luminescent materials for LEDs lighting in the future.
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Table Caption

Table 1 Color coordinates and correlated color temperatures (CCTs) of glass samples. 

Highlights

Sb-, Dy-, and Eu-doped oxyfluoride glasses for LED applications are studied.

Emission red-shift occurs with increasing excitation wavelength for Sb-doped glass.

Energy transfer from Sb 3+ to Dy 3+ ions occurs in Sb/Dy co-doped glass.

White light emission is achieved for Sb/Dy/Eu co-doped glasses.

  photovoltaic solar cells, fiber amplifiers and waveguides etc. Luminescent glasses for light

  [13-15]. R.F. Wang et al. investigated Eu 3+ /Tb 3+ co-doped SiO 2 -AlF 3 -BaF 2 -PbF 2 -GdF 3 luminescent glass and glass-ceramics for LED applications [14]. Compared with glasses, the coordination environment around Eu 3+ in the glass-ceramics is changed from the Cs symmetry to inversion symmetry, thus the emission characteristic of Eu 3+ is changed and results in color tunable luminescence. They also M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT examined the energy transfer process between Eu 3+ and Tb 3+ ions. Structural and luminescence properties of Dy 3+ doped B 2 O 3 -P 2 O 5 -Al 2 O 3 -PbO-ZnF 2 -Bi 2 O 3 glasses for white LEDs were studied by M. Vijayakumar et al. [15]. The nephelauxetic effect and Judd-Ofelt theory are applied to investigate the nature of the Dy-O bond and local environment around

  2(b) and 2(c), it is observed that the excitation band located at ~ 260 nm in the excitation spectrum of sample GMS4D0.5 is greatly enhanced compared to the excitation spectrum of Dy single doped glass GMD0.5, which also confirms the existence of an energy transfer process from Sb 3+ to Dy 3+ in Sb/Dy co-doped glass GMS4D0.5.

  [22]. Considering the chemical composition of sample GMS4, this glass may contain [SiO 4 ], [AlO 4 ], [AlO 6 ], [ZnO 4 ] M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT and [ZnO 6 ] structural units, which can provide various local environments and enable multiple activator sites for Sb 3+ ions. In other words, in glass GMS4, emission centers (Sb 3+ ) are present in several different ligand fields with respective crystal field strength. Generally, the lower the surrounding crystal field strength the shorter the emission wavelength [23]. The glass GMS4 possesses various surroundings for emission centers, thus creating a distribution of energetically different emission centers that allows their excitation selection. To the best of our knowledge, no investigation has been carried out on the excitation wavelength dependent emission behavior of Sb 3+ in oxyfluoride aluminosilicate glass. For the purpose of understanding the origin of this phenomenon, further studies, both theoretical and experimental, need to be performed to obtain insight into this aspect and are now underway.
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 496 Fig.6presents the excitation spectra of sample GMS4D0.5E0.3 monitored at four

Furthermore, the correlated

  color temperatures (CCTs) of the luminescence glasses are also investigated. Here, we use the McCamy equation to calculate CCT from CIE color coordinates x, y [28]. The CCTs of the luminescence glasses are determined by CCT = an 3 + bn 2 + cn + d [28], where the parameters are set to a = -449, b = 3525, c = -6823.3, d = 5520.33, and n = (x-0.3320) / (y-0.1858). The CCTs for different glass compositions (different types
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  2 , Al 2 O 3 , ZnO, CaF 2 , CaCO 3 , Sb 2 O 3 , Dy 2 O 3 and Eu 2 O 3 were used as raw materials. Rare earth oxides (Eu 2 O 3 and Dy 2 O 3 ) have the purity of 99.99% and other materials are analytical grade reagents. Calculated

  S 0 3 P 1 electronic transition of Sb

3+

[16,17]

. Under the excitation of 266 nm, this glass presents a broad emission band ranging from 340 to 650 nm, which can be assigned to the electronic transition of

3 

P 1 1 S 0 of Sb 3+ [16, 17]. For the emission spectrum shown in Fig. 2 (b), the emissions at 480 and 574 nm are attributed to the 4 F 9/2 6 H 15/2 and 4 F 9/2 6 H 13/2 transitions of Dy 3+ [18,19]. Additionally, the excitation spectrum monitored at 574 nm mainly exhibits eight bands peaking at ~245, 323, 348, 363, 384, 423, 451, and 472 nm, which are assigned to the electronic transitions of Dy 3+ ions from ground state 6 H 15/2 to excited states 4 L 19/2 (323 nm) 6 P 7/2 (348 nm) 6 P 5/2 ( 363 nm ),

Table 1

 1 

	Sample No.	ex (nm)	Color coordinate x y	CCT (K)
		272	0.39	0.34	3429
		300	0.36	0.31	4156
	GMS4D0.5E0.3	310 320	0.32 0.42	0.29 0.36	6354 2915
		348	0.41	0.43	3686
		385	0.45	0.42	2920
	GMS4D0.5E0.5	310	0.37	0.30	3624
	GMS4D0.5	310	0.27	0.27	12635

I 13/2 (384 nm),4 G 11/2 (423 nm),4 I 15/2 (451 nm), and 4 F 9/2 (472 nm) [20], respectively.Additionally, the weak broad excitation band centered at ~ 245 nm is due to the charge transfer band of O 2-→ Dy 3+ . Fig.2 (c) displays the emission and excitation spectra of Sb/Dy co-doped glass GMS4D0.5, where the emission bands corresponding to the electronic transitions of Sb 3+ and Dy 3+ ions are observed in the emission spectrum excited at 266 nm. It is noted from Fig.2(c) that there is a strong overlap between the emission of Sb 3+ and the excitation of Dy 3+ in the range of 340 to 460 nm. Consequently, it is expected that the energy transfer (ET) process can efficiently occur from Sb 3+ to Dy 3+ . Furthermore, by carefully
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