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Abstract

:

Series of Eu3+/Mn4+/Yb3+-doped SrLa2Sc2O7:Bi3+ (SLSO: Bi3+) were synthesized by a high-temperature solid-state method, and the energy transfer of Bi3+→Eu3+/Mn4+/Yb3+ was observed. Under ultraviolet radiation, a 550 nm emission peak was observed, which is attributed to Bi3+ occupying the Sr2+/La3+ sites. Additionally, the other peaks were found to be 615, 707, and 980 nm, which are assigned to the Re3+ (Eu3+ and Yb3+) and Mn4+ occupying two different cationic sites. An obvious energy transfer (ET) from Bi3+ to Eu3+/Mn4+/Yb3+ was observed, and the tunable color, emitting from yellow to red, was obtained; the ET efficiency was about 86.2%, 78.6%, and 27.5% in SLSO, respectively. We found that the large overlap area between the emission spectrum of the sensitizer and the excitation spectrum of the activator could produce efficient energy transfer, which provided the idea for designing experiments in the future for some highly efficient energy transfer processes.
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1. Introduction


Recently, luminescent materials have been widely used in light-emitting diodes (LEDs), medical devices, 3D displays, temperature sensing, and other applications [1,2]. Being an essential component of LED devices, the different color emitting phosphors have been investigated and discussed; they are considered one of the biggest challenges in the field of lighting and backlighting display [3,4]. Generally, the different emitting phosphors can be achieved by energy transfer (ET) [5,6,7,8,9,10,11,12]. As is well known, Eu2+, Ce3+, and Bi3+ are effective sensitizers because they can emit broad bands in various hosts, depending on their 4f65dl-4f7, 5d1-4fl, and 3P1-1S0 allowed transitions [13,14,15], respectively, and can transfer the energy to activators, such as rare earth ions (Re3+ = Eu3+, Sm3+, Tb3+, Yb3+, Nd3+, etc.), and achieve the different color emitting phosphors [16,17,18]. The 6s2 configuration of the Bi3+ ion is sensitive to its surroundings of the local crystal field but is more stable than other valence states such as Bi0, Bi2+, and Bi5+; hence, Bi3+ ion exhibits a variety of emissions involving ultraviolet, blue, green, yellow, and red [19,20,21]. In contrast, unique spectral features such as narrow emission bands, long luminescence lifetimes, and diverse emission states are presented by Re3+ ions with a 4f electronic configuration [22]. Therefore, both are considered candidates for the potential of multiple luminescent color materials. In this work, in order to improve the luminescent properties of activator Eu3+/Mn4+/Yb3+, we select SrLa2Sc2O7 as the host and Bi3+ as the sensitizer for multi-colored phosphors. In scandium salts, the Sc3+ ion does not follow the contraction law of the lanthanides and possesses a smaller ionic radius. Due to the lack of 4f electrons, it has a different electron configuration than other rare earth elements, giving it special physicochemical properties that allow Sc-based matrices to exhibit excellent photoluminescence. We, therefore, chose SrLa2Sc2O7 matrix crystals. In this paper, we choose the co-doping of Bi3+→Eu3+; Bi3+→Mn4+; Bi3+→Yb3+ to achieve visible to near-infrared light emission in the SrLa2Sc2O7 matrix, with Bi3+ as the sensitizer and Eu3+/Mn4+/Yb3+ as the activator. It is noted that SrLa2Sc2O7 had three cationic environments: SrO12, Sr/LaO9, and ScO6 polyhedrals, respectively. The emission color can turn from yellow to red and near-infrared light by the Eu3+, Yb3+, and Bi3+ entering into the Sr/LaO9 polyhedral in terms of ion valence and radius and because the Mn4+ ion has a small radius, which can occupy the ScO6 site to produce the yellow to deep red light. Moreover, the luminescence properties and the energy transfer progress of Eu3+/Mn4+/Yb3+/Bi3+ in SrLa2Sc2O7 are also discussed. We also explore the interaction between the sensitizer and the activator and find that the large overlap area between the emission spectrum of the sensitizer and the excitation spectrum of the activator produces efficient energy transfer, which provides the idea for designing experiments in the future for some highly efficient energy transfer processes.




2. Materials and Methods


A series of SrLa2Sc2O7:0.06Bi3+, Re3+ (Re = Eu and Yb) and SrLa2Sc2O7:0.06Bi3+, Mn4+ was synthesized by the high-temperature solid-state method. High purity SrCO3 (99.99%), La2O3 (99.99%), Sc2O3 (99.99%), Bi2O3 (99.99%), Eu2O3 (99.99%), MnO2 (99.99%), and Yb2O3 (99.99%) were used as raw materials. The ingredients are mixed together thoroughly in an agate mortar for 10 min according to the stoichiometric proportions. The raw materials were then placed in a crucible and heated at 900 °C for 6 h, and then at 1500 °C for 6 h. Finally, by cooling the synthetic samples to room temperature, it was then ground into a powder for subsequent measurement.



Samples were analyzed by a Bruker D8 X-ray diffractometer (XRD) under Cu Kα radiation at 40 kV and 40 mA, with the radiation source parameters set to λ = 1.5406 Å, 2θ = 10–80°, and step sizes = 0.05 s/step. Rietveld structure were carried out using the General Structural Analysis System (GSAS) software (version 1251). The excitation and emission spectra were measured by a Japan Hitachi F-7000 fluorescence spectrometer; its resolution can reach 1 nm. The decay curves were recorded on a HORIBA FLuorolog-3 fluorescence spectrometer; the instrument can measure lifetime values from 10 ps to 10 s.




3. Results and Discussion


3.1. Phase Information


Generally, the performance of phosphor is affected by the crystal structure [23]. Figure 1a depicts the crystal structure of the SrLa2Sc2O7 unit cell and the crystal structure of the SrLa2Sc2O7 orthorhombic system and the Pmmm space group. It is revealed that the Sr1, Sr2/La, and Sc sites are surrounded by oxygen atoms with the coordination numbers of 12, 9, and 6, respectively. It is worth noting that the [Sr1O12], [Sr2O9] polyhedral and the [ScO6] octahedra are joined together by shared edges to form the basic unit. Figure 1b–d present the standard XRD pattern of SrLa2Sc2O7 (SLSO) (ICSD#67625), the XRD patterns of SLSO:0.06Bi3+, yEu3+ (y = 0, 0.0125, 0.025, 0.05, 0.1, and 0.15), SLSO:0.06Bi3+, mMn4+ (m = 0, 0.001, 0.003, 0.005, 0.007, 0.01, and 0.015), and SLSO:006Bi3+, zYb3+ (z = 0. 01, 0.015, 0.02, 0.05, and 0.15). The Rietveld refinement of the XRD patterns obtained by slow sweeping using the GSAS program is required. Here, a series of SLSO: Bi3+, Eu3+, SLSO: Bi3+, Mn4+, and SLSO: Bi3+, Yb3+ was refined separately, and the diffraction peaks of all samples were basically consistent with the standard card (ICSD#67625). Figure 1e–g show the Rietveld refinement results for the representative samples of the Eu3+/Mn4+/Yb3+-doped SLSO: Bi3+. The black “-” indicates the intensity obtained from experimental tests, the blue dot represents the calculated intensity, the green line indicates the background, the green horizontal line indicates the error between the intensity obtained from experimental tests and the calculated intensity, and the plum-red “|” indicates the Bragg reflection position of the calculated pattern. The refinement parameters Rwp < 15%, Rp < 10%, and χ2 < 5 are within a reasonable range. These indicate that the Eu3+/Mn4+/Yb3+ and Bi3+ incorporation into the SLSO could maintain the phase purity and no impurity phase was generated at the current doping level.




3.2. Luminescence Properties of SLSO:0.06Bi3+, yEu3+


Figure 2a shows the emission and excitation spectra of SLSO:0.06Bi3+, 0.05Eu3+. For the 615 nm emission peak, the band centered at 350 nm, along with the characteristic absorption bands of Eu3+ ions at 394, 465, and 537 nm, which can be attributed to the 7F0-5L6, 7F0-5D2, and 7F0-5D1 of Eu3+ [24]. Moreover, the wide band is comprised of a 1S0→3P1 transition of Bi3+ ions and a charge transfer band (CTB) transition (Eu3+-O2-), while these sharp peaks are associated with the 4f-4f characteristic transitions of Eu3+ ions. Under the 350 nm excitation, as shown in Figure 2b, not only a broad emission band centered at 550 nm but also several sharp peaks at 581, 590, 598, 615, 658, and 707 nm were observed from the emission spectra of SLSO:0.06Bi3+, yEu3+, which correspond to the 5D0→7FJ (J = 0, 1, 2, 3, 4) characteristic transitions of Eu3+ ions. Among them, the 590 and 598 nm emission peaks, corresponding to the 5D0→7F1 transition, are magnetic dipole transitions and are insensitive to positional symmetry in the crystal structure, while the red emission at 615 nm is attributed to the 5D0→7F2 electric dipole transition [25,26,27], which arises from the lack of inversion symmetry at the Eu3+ site; its emission intensity is much stronger than that of the transition 7F1 level. When Eu3+ ions are in a low-local symmetric environment, the 5D0-7F2 is dominant [28]. Considering the similar ionic radius and the same charge, Eu3+ ions tend to occupy the position of La3+ in SLSO. As can be observed in the spectrum, the 5D0-7F2 emission of Eu3+ at 615 nm is the strongest emission peak. In Figure 2c, with the increase in Eu3+ concentration from y = 0 to y = 0.15, the red emission intensity at 615 nm appears to increase significantly, while the yellow emission intensity at 550 nm is constantly decreased, which shows the energy transfer from Bi3+ to Eu3+. The critical distance (Rc) is of great significance for evaluating the energy transfer mechanism from Bi3+ to Eu3+ in SLSO: Bi3+, Eu3+. The following equation can be used (see [29,30]).


   R c    ≈    2 (     3 V       4 π x   c  N    )   1 / 3     



(1)




where the xc value is the critical concentration of dopant ions (total concentration of Bi3+ and Eu3+), referring to the luminescence intensity of Bi3+ in SLSO: Bi3+, Eu3+, which is half of the initial value luminescence intensity; V is the cell volume size of 682.987 Å3; N = 4. Therefore, the calculated Rc is 12.68 Å, excluding the exchange interaction mechanism (Rc ≈ 5Å). Thus, for SLSO: Bi3+, Eu3+, the electric multipole interaction is used for the energy transfer of Bi3+-Eu3+. The energy transfer equation for multipolar interactions was derived according to the theory of Dexter and Reisfeld [31].


     τ   S 0       τ S    ∝  C   α / 3     



(2)




where C is the total concentration of Bi3+ and Eu3+ ions. τS and τS0 represent the lifetime values of Eu3+-doped and non-Eu3+-doped, respectively. The values α = 6, 8, and 10 indicate different types of dipole–dipole, dipole–quadrupole, and quadrupole–quadrupole interactions, respectively. As visualized in Figure 2d, the fitting factors of SLSO:0.06Bi3+, yEu3+ samples are equal to 0.899, 0.946, and 0.974 for α = 6, 8, and 10, respectively, where R2 obtains the maximum at α = 10; hence, the energy transfer mechanism of Bi3+-Eu3+ is quadrupole–quadrupole interaction.



Time-resolved photoluminescence (TRPL) spectroscopy reveals the dynamic behavior of doped ions with time in the emission spectrum, providing the ability to discriminate luminescent ions. Under the 350 nm Nano-LED lamp excitation, the TRPL spectra and fluorescence decay curves of SLSO:0.06Bi3+, 0.05Eu3+ are shown in Figure 3. Since the lifetimes of Bi3+ and Eu3+ are not on the corresponding level of magnitude, it can be noticed that the TRPL spectra of Bi3+ and Eu3+ do not appear at the same time in the coordinating system, as is visualized in Figure 3a,c. Figure 3b,d show the decay curves of Bi3+ and Eu3+ in SLSO:0.06Bi3+, yEu3+, respectively, and the lifetimes are calculated as follows [32,33,34,35]:


     Ι ( t ) = A   1     exp ( − t / τ   1     ) + A   2     exp ( − t / τ   2  )  



(3)




where t represents the decay time, τ1 represents the fast decay lifetime, and τ2 represents the slow decay lifetime. The average lifetime of the activated ion (τav) can be expressed by the following equation:


   τ  av      = ( A   1   τ 1    2     + A   2   τ 2    2     ) / ( A   1   τ 1     + A   2   τ 2  )  



(4)







The lifetimes of Bi3+ decrease from 473.2 to 65.3 ns with increasing Eu3+ concentration, while the lifetime of Eu3+ increases sustainably from 376.7 to 573.4 μs. This means there is an energy transfer from Bi3+ to Eu3+.



As shown in Figure 4a, when y is at 0.15Eu3+, energy transfer efficiency can reach 86.2%, and its value increases continuously with increasing Bi3+ concentration. This is because the emission peak of Bi3+ has an overlapping region with the excitation peak of Eu3+ to promote radiation reabsorption progress and, hence, energy transfer efficiency. Figure 4b illustrates the energy level diagram of Bi3+ and Eu3+ in SLSO. Figure 4c depicts the Commission International de L’ Eclairage (CIE) chromaticity coordinates of SLSO:0.06Bi3+, yEu3+. Obviously, SLSO: 0.06Bi3+, yEu3+ can emit yellow and red light, and the CIE values are from (0.377, 0.483) to (0.590, 0.376) with increasing concentrations of Eu3+.




3.3. Luminescence Properties of SLSO:0.06Bi3+, mMn4+


To further increase the luminescence intensity in the red region, we chose MnO2 as the raw material to provide Mn4+ ion co-doped with Bi3+ ion for luminescence, which provides the basis for the preparation of white LEDs with a high color rendering index and a low correlated color temperature. Figure 5a,b show the emission and excitation spectra of SLSO: mMn4+ (m = 0.001, 0.003, 0.005, 0.007, 0.01, and 0.015). As the samples were prepared in air, it was speculated that the Mn ions were not reductive and we did not consider the red luminescence to be Mn2+. Secondly, most of the luminescence of Mn2+ is a green or red broadband spectrum, whereas the Mn luminescence is a narrow band from 650 to 800 nm in Figure 5a. Afterwards, to further figure out the Mn4+ luminescence center, we surveyed some published literature and found that the luminescence around 707 nm, with narrowband emissions, is that of Mn4+ ions. It can be seen that the excitation spectrum contains the 200–450 nm broadband, which is attributed to the charge migration band of Mn4+-O2- and the 4A2g→4T1g energy level transition of Mn4+; the weaker excitation peak at 395 nm is ascribed to the 4A2g→2T2g transition of Mn4+; the other excitation peaks at 450–600 nm are considered to be the 4A2g→4T2g energy level transition. SLSO: mMn4+ presents the same spectral shape, and the emission intensity can reach a maximum at 0.007 Mn4+; there is a concentration quenching effect. Figure 5c shows that the emission spectra of SLSO: Bi3+, Mn4+ contain the emission peaks of Bi3+ and Mn4+, as shown in Figure 5d; with increasing Mn4+ concentrations, the emission intensities of Bi3+ decrease and the emission intensities of Mn4+ increase. This indicates that there may be an energy transfer from Bi3+ to Mn4+ in SLSO:0.06Bi3+, mMn4+. In our previous research, it was found that Bi3+ ions enter the lattice sites Sr1 and Sr2(La) in SLSO; however, in this paper, the radius of Mn4+ ions r = 0.67Å (CN = 6) is similar to Sc3+ ion radius r = 0.745Å (CN = 6), which is suitable for Mn4+ ions to dope into. Therefore, it is believed that Mn4+ enters the [ScO6] octahedron.



Figure 6a depicts the energy transfer process of Bi3+ and Mn4+, where the electrons were pumped to the excited states 1P1 and 3P1 from the ground state 1S0 under 250 and 350 nm excitation, according to the 6S2 outer-electron [36]. Meanwhile, the electrons on the ground state 4A2g of Mn4+ were excited by the UV light source transition to the excited states 4T1g, 2T2g, and 4T2g [37]. Then, the electrons relaxed to the lowest excited states 3P1 and 2Eg and released photons to emit 550 and 707 nm light through the radiation process back to the ground state. The variation in the fluorescence lifetime of the sensitizer ions doped in the matrix is direct evidence that energy transfer occurs. Figure 6b presents the decay curves of SLSO: Bi3+, mMn4+. All decay curves can be well fitted to a double exponential function, and the lifetime values of Bi3+ were 458.3, 426.4, 359.3, 250.4, 158.7, 123.2, and 97.8 ns. Moreover, the decay curves of Mn4+ in SLSO:0.06Bi3+, mMn4+ were also measured, and the lifetime values of Mn4+ increased from 12.4 to 57.5 μs, as displayed in Figure 6c. Moreover, the energy transfer efficiency can reach 78.60%, as shown in Figure 6d. In this process, although some energy is lost because of the non-radiative transition, it is clear that Bi3+-Mn4+ can still exhibit an efficient energy transfer, which is mainly attributed to the fact that Bi3+ and Mn4+ ions have not only the same excitation band but also the same radiative reabsorption process because the emission spectrum of Bi3+ and the excitation spectrum of Mn4+ have a large overlap region.



The energy transfer process may be caused by the exchange interaction or the multipolar interaction; the former should be less than 5 Å, according to the critical distance (Rc). The Rc value between Bi3+ and Mn4+ can be evaluated using Blasse’s theory [38], and the calculated Rc is 17.31 Å. It is proposed that the energy transfer mechanism may be the electron multipole–multipole interaction. In addition, the Dexter theory and the Reisfeld approximation can be utilized to analyze the multipole interaction type of the energy transfer mechanism. The values α = 6, 8, and 10 correspond to dipole–dipole, dipole–quadrupole, and quadrupole–quadrupole interactions, respectively. The plot of τS0 /τ0 and Cα/3 was fitted linearly, and the results are shown in Figure 7. By comparing the coefficient of determination (R2 value), the best fit was obtained for α = 6, and the outcome clearly illustrates that the energy transfer from Bi3+ to Mn4+ in SLSO is primarily defined by electric dipole–dipole interaction. The Mn4+ ion can emit strong deep red light, which can be excited in near ultraviolet for the lighting equipment of plant growth.




3.4. Luminescence Properties of SLSO:0.06Bi3+, zYb3+


In order to explore the possibility of near-infrared luminescence in SLSO, we co-doped Yb3+ with Bi3+. Figure 8a shows the emission spectra of SLSO:0.06Bi3+, zYb3+ (z = 0.01, 0.015, 0.02, 0.05, and 0.15), which can range from 400 to 1350 nm under the 350 nm excitation. Figure 8b depicts the excitation spectrum and the emission spectrum of SLSO:0.06Bi3+, 0.02Yb3+, and the 980 nm emission peak reaches the high excited state 2F5/2 to ground state 2F7/2 of the Yb3+ ions [39]; the 550 nm emission peak is due to the excited state 3P1 to ground state 1S0 of the Bi3+ ions. As shown in Figure 8c, obviously, with an increase in Yb3+ concentrations, the emission intensities of 980 nm increase and those of 550 nm decrease; it means there may be an energy transfer from Bi3+ to Yb3+. According to the critical distance (Rc) [40], for SLSO: Bi3+, Yb3+, N = 4, V = 683.702 Å3, and xc = 0.11, the critical distance is Rc = 14.37 Å. The plot of τS0 /τ0 and Cα/3 is fitted linearly in Figure 8d, where α = 6, 8, and 10 corresponds to dipole–dipole (d–d), dipole–quadrupole (d–q), and quadrupole–quadrupole (q–q) interactions, respectively. The fitting factors of R2 are 0.957, 0.931, and 0.908, respectively, and the best fit was obtained for α = 6, showing that Bi3+ and Yb3+ belong to the d–d interaction.



Figure 9a depicts the energy transfer process of Bi3+-Yb3+ [41]. Figure 9b shows the decay curves of Bi3+ in SLSO: Bi3+, zYb3+, and the lifetime values were 512.2, 486.3, 481.0, 480.7, 437.6, and 371.3 ns. Obviously, the lifetime of Bi3+ ions gradually decayed, and Figure 9c presents the lifetime values of a Yb3+ increase from 374.1 to 558.1 μs, which means the energy transfer from Bi3+ ions to Yb3+ ions. The energy transfer efficiency was calculated as follows: η = 1-τS0 /τ0 [42], and Figure 9d shows that the η value can reach a maximum of η = 27.5% at z = 0.15. Since the excitation spectrum of Yb3+ ion is concentrated in the near-UV region and the emission spectrum of Bi3+ is in the visible region, they have fewer overlapping areas, so the energy transfer efficiency between them is low. However, it is found that the Bi3+-Yb3+ co-doping greatly broadens the emission range; this means that SLSO: Bi3+, zYb3+ has a promising application in the visible illumination region as well as the near-infrared detection region.





4. Conclusions


In summary, a series of SLSO:0.06Bi3+, yEu3+, SLSO:0.06Bi3+, mMn4+, and SLSO:0.06Bi3+, zYb3+ was synthesized by the high-temperature solid-state method and could create tunable color emissions by the energy transfer from Bi3+ to Eu3+/Mn4+/Yb3+, which was proven by the decay curves, time-resolved spectra, and spectral properties. The experiments have not only discussed the process of energy transfer from Bi3+ ions to other luminescent centers but have also investigated the interactions between the sensitized and activated ions. Based on the above studies, we believe that a large overlapping area between the emission spectrum of the sensitizer and the excitation spectrum of the activator will result in high energy transfer efficiency. Therefore, in order to prepare multifunctional luminescent materials with both visible and near-infrared emissions, the intense luminescence of the Yb3+ ion needs to be improved so that the emission spectrum of Bi3+ can be modulated to blue-shift to get more overlapping regions in the future in order to obtain efficient energy transfer progress between Bi3+ and Yb3+, which can provide a novel tunable wavelength luminescent material for high-quality lighting and detection applications.
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Figure 1. (a) Crystal structure of SrLa2Sc2O7; (b–d) XRD patterns of SLSO:0.06Bi3+, yEu3+, SLSO:0.06Bi3+, mMn4+, and SLSO:0.06Bi3+, zYb3+; (e–g) Refined results of SLSO:0.06Bi3+, 0.05Eu3+, SLSO:0.06Bi3+, 0.007Mn4+, and SLSO:0.06Bi3+, 0.02Yb3+. 
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Figure 2. (a) Excitation and emission spectra of SLSO:0.06Bi3+, 0.05Eu3+; (b) emission spectra of SLSO:0.06Bi3+, yEu3+ (λex = 350 nm); (c) Emission intensities of SLSO:0.06Bi3+, yEu3+ (λem = 550 and 615 nm); (d) relationship between τS0/τ0 with C6/3, C8/3, and C10/3. 
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Figure 3. (a,b) Time-resolved spectrum and fluorescence decay curve of Bi3+; (c,d) time-resolved spectrum and fluorescence decay curve of Eu3+ in SLSO: Bi3+, yEu3+. 
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Figure 4. (a) Energy transfer efficiency of SLSO:0.06Bi3+, yEu3+; (b) schematic energy level diagram of Bi3+ and Eu3+ in SLSO; (c) color coordinates and luminescence photos of SLSO: Bi3+, yEu3+. 






Figure 4. (a) Energy transfer efficiency of SLSO:0.06Bi3+, yEu3+; (b) schematic energy level diagram of Bi3+ and Eu3+ in SLSO; (c) color coordinates and luminescence photos of SLSO: Bi3+, yEu3+.



[image: Materials 15 08040 g004]







[image: Materials 15 08040 g005 550] 





Figure 5. (a) Excitation and emission spectra of SLSO:0.007Mn4+; (b) emission spectra of SLSO: mMn4+; (c) emission spectra of SLSO:0.06Bi3+, mMn4+ (λex = 350 nm); (d) the emission intensities of SLSO:0.06Bi3+, mMn4+ (λem = 550 and 707 nm). 
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Figure 6. (a) Schematic energy level diagram of Bi3+/Mn4+ in SLSO; (b) the decay curves of Bi3+; (c) the decay curves of Mn4+; (d) energy transfer efficiencies of SLSO:0.06Bi3+, mMn4+. 
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Figure 7. Relationship between τS0/τ0 and (a) C6/3, (b) C8/3, and (c) C10/3. 
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Figure 8. (a) Emission spectra of SLSO: Bi3+, zYb3+; (b) excitation and emission spectra of SLSO: Bi3+, 0.02Yb3+; (c) emission intensities of SLSO:0.06Bi3+, zYb3+ (λem = 550 and 980 nm); (d) relationship between τS0 /τ0 and C6/3, C8/3, and C10/3 in SLSO:0.06Bi3+, zYb3+. 
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Figure 9. (a) Schematic energy level diagram of Bi3+ and Yb3+ ions in SLSO; (b) decay curves of Bi3+; (c) decay curves of Yb3+; (d) energy transfer efficiencies of SLSO:0.06Bi3+, zYb3+. 






Figure 9. (a) Schematic energy level diagram of Bi3+ and Yb3+ ions in SLSO; (b) decay curves of Bi3+; (c) decay curves of Yb3+; (d) energy transfer efficiencies of SLSO:0.06Bi3+, zYb3+.



[image: Materials 15 08040 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  materials-15-08040


  
    		
      materials-15-08040
    


  




  





media/file8.jpg
@ e (O B
— S
= Tom = -
z Fi - m=0.005
H s =’
L z —o
] 2 o
] 8
X0 3 Wo o o 7o W e & 70 73 730 75 w00
‘Wavelength(nm) 'Wavelength(nm)
© C) LI
— 515000687 ‘" SLS00 068" it
- = e
= 3
s E
= H
8 2
= : \\\
ad 000 0305 057 05T 0%

400 450 500 550 600 650 700 750 800
Wavelength(nm)

Mn* Concent





media/file11.png
o
O
St

Normalized

3 -
3P2 ! T,
P1 F'y : 2_|_ g
3p - | I I
0 ' S ) T2
|l ¥ izEg
g
el | € =
- - C c
ol O o M~
D kg o] o
N ™ o [
1 v w 4
Bid* Mn#*
| SLS0:0.06B% mMné*
11 m=0.001, 1=12.4us
: ) =7070m m=0.003, t=42.4ps
m=0.005, t=38.6ps
0.1 m=0.007, t=48.4ps
m=0.01 , t=57.7ps
. m=0.015, 1=57 5us
0.01+ e
0.001-
0.0001 .

0.5

Time(ms)

(b) "

Normalized

Energy transfer efficiency(n{) &

i SLS0:0.06Bi**mMn**

e m=0 1=458.3ns
b, =550nM e m=0.001 1=426.4ns
e m=0.003 t=359.3ns
e m=0.005 1=250.4ns
+ m=0.007 t=158.7ns
* m=0.01 1=123.2ns
L
0.1
0 1 2 3
Time(us)
100
-®- 1-150/1p n:7860%
80- "
o/
60 - /
o
40- /
20 -
.
04 o
0.000 0.005 0.010 0.015

Mn** Content





media/file6.jpg
Energy transfer efficiency(

(b)

P——
o
o0 03 070 075

Eu® Content

S —
LA L W—
P,
P
E|E| E| £| §
E| £ z| 8| 2| 8| 5
HE HEEEE
=T
==
15, T,

Bis*






media/file1.png
Sr(1)0,,

{
o
Sr(2)lLa0, ¢

SrLa,Sc,0 S0, VWY | m

(b)| i7" yEU® (c) SLSO.0.068°" mMn*"" (d) [SLS0:0.0681* 2Yb*
y=0.15 m=0.015 ”
i N z=0.15
= m=0.01
= - = = 22005
4 = m=0.007 A SN
S ) ¥y=0.05 S S 220,02
=2 y=0025 = ol = e
@ G 2 m=0.003 2 220015
o) ¥=0.0125 k] 8 i &
kS A A = i m=0.001 e 22001
g _ =) — ICSD#67625
| loso#ere2s ) ow— . P
10 20 40 50 60 70 80 10 20 3 50 60 70 80 10 20 40 50 60 70 80

2-Theta . 2-Theta
SLSO:6%Bi™* 5%EU" Observ =
o Calcuiated ,=12.02% O o
=12, - Background p ~ Backgrour
:':912 ‘;% v R,=8.69% —— Difference
=9.10" | Bragg position $2=2.371 | Bragg position
¥*=2.488

Intensity(a.u.)
Intensity(a.u.)
Intensity(a.u.)






media/file13.png
@ Raw data
— Fitted Line

@ Raw data
— Fitted Line

5
C63x103

8 10
CSBX 1 04

@ Raw data
— Fitted Line
10 13 16
C10;’3><1 05






media/file10.jpg
@y T (O errymr—"
pay L Ty M0 cedsadne
& T m=0001 1=426 4ns
Po T 3 0003 re359 30

] o008 2s04ne
3 s
ety
dil o| @ £ s
2|8 8 B
'Sy s
Bi* Mn#
c) d;
© : Do
: SLSO:0.0681% mMn* . i ; .ttt n=78.60%
241 5 w o
o+ 000y iz B ——
Syl  me000s, w386y D gt

£ : b /'

5 . &

£ ™ & w0

5 oo 3 /

£
0.001 § /
5 of«
00001 &
0o a5 10" ko ods oo odws

Time(ms)

Mn* Content





media/file7.png
(8)’]2100
E | —@—Decay Lifetime
%)
= 80 - /
QO
(&)
£ 60- .
()
a_) .
‘% 40-
§ ./'
S 204 &7
2 |
5 |/
T —
0.00 0.05 0.10
Eu®* Content
3p, ~
3P, —
3P,

250nm

350nm

Bi3*

581nm

= el £ =
— | —
(e @] Lo 0@ N~
D ~ Lo o
Lo © © ™~
F
1 6
A 4 1
v )
L}
F

7
Eus* O/






media/file12.jpg
(b)

©

Ri=0957

o Raw data o Rawdata o Rawcaa
2 Fitea Line Zrites Uine Zrites Une
5 ] o ™ 316
CBAx10% CH3x10¢ C193,108






media/file9.png
~—
Q
—

Intensity(a.u.)

SLS0O:0.007Mn**

hey=390NM
hem=707NM

200 300 400 500 600 700 800

Wavelength(nm)

(c)

Intensity(a.u.)

SLSO:0.06Bi** mMn**

C;

Intensity(a.u.)

3800

650 675 700 725 750 775
(d) Wavelength(nm)
o SLS0:0.06Bi*"mMn* /_,_,__,.—. o
\ o
o o 8- ), =550nM
; / -8 he,=707nmM
=
= @
fp)
-
D \
L= / o
\.\
.—‘“"“---....

400 450 500 550 600 650 700 750 800

Wavelength(nm)

0 0.001 0.003 0.005 0.007 0.01 0.015
Mn** Concent





media/file14.jpg
(@) = (b)
[ aisouor oore sisoooms oazm”
[ Sisoaoesoarav! il

_ [ aisosenooms. n

= Sisoouseooom» 3

f et e :

5 §

£ £
Foe G i 1 10 25 480 60 sh  10R0 13m0

‘Wavelength(nm) Wavelength(nm)
© (d) 129 Ré0 08 R2%0.931 REx0.908
B NI

o & )4 =080nm

~ 129

3 [stsonossizve 120

= g

= 115

2 ¥

& o . .

= /' 1.05
” 19012 s | o nowa | Forawamn

Pt | [ oot | [ S

001 0015 002 005 015 09Ty erioaise 4 z0aaos
Yb* Concent CH5x109  CB3x10°  C193x108





media/file16.jpg
SLs00 068 2v"
heaZ8500m,

'S i Frp
B Yoo o T e T Tk
(c) Time(us)
g’y
Sisoosesroom” =
SLS0.0.068™ 0.015YE" —— g n1=27.5% e

515000687 0.0216"
51500068 0.05Y5"
5150006870 15v5"

Normalized

Energy transfer efficiency(n;)

s

o

01 003 005 0.07 009 0.11 013 015
Time(ms) Yb* Content






media/file5.png
o~
Q
T

Decay time(ns)

—
O
—

Decay time(us)

o

o

o
1

D
o
o

N
O
o

200 -

400

-

500

-

600
Wavelength(nm)

700

800

1000 -

900 -

800 -

700 -

600 -

600 650
Wavelength(nm)

700

750

0.1

Normalized

0.01

] SLS0:6%Bi* yEu®

y=0, 473.2ns
o y=1.25%, 374.2ns
o y=25%, 355.3ns
o y=5%, 314.6ns
y=10%, 176.7ns
y=15%, 65.3ns

—_—
Q.
~—

Normalized

1 4

0.1

Time(ms)

 SLSO:6%Bi%* yEu®*
y=1.25%, 376.7us
o y=25%, 459.3us
¢ y=5%, 542.1ps
y=10%, 567.8us
573.4us

e

» P 'il";'.‘L‘_' X '_-3‘_*-_' -

2 condal APER T OB A P WL T
SIS & G G S S —
aa MU TN AR

(X F WY TN ]

0.001
0

1 2 3
Time(ms)






media/file15.png
(a) T T T o rils T T T T ' T T (b) Ekd
—SLSOZU.OGBi3+,0.01Yb3+ SLSO:0 068|3+ 0 02Yb3+
—— SLS0:0.06Bi%,0.015Yb™ L —em
- SLS0:0.06Bi%* 0.02Yb3" . ;1‘350::

S SLS0:0.06Bi**,0.05Yb** = o
© [— SLS0:0.06Bi*,0.15Yb* ©
T St
= 2
7] D
- C
O O
et et
L g £

350 550 950 1150 1350 1550 250 450 650 850 1050 1250

Wavelength(nm) Wavelength(nm)
(C) (d) 1.35
R2=0.957 R2=0.931 R2=0.908
—- }bem—QBOnm
—_ 1.25;
-
© [SLS0:0.06Bi°",zYb*" @ 1201
}.‘ o
= “51.15
N
% ® e " ] "7 =Y
i o——¢@
/ 1.05; 1 '
¢ @ 1.00{ s 1S g
@ Raw data @ Raw data @ Raw data
— Fitted Line — Fitted Line — Fitted Line

0.01 0015 002 005 015 OG5 77 1 54104154 4 204404
Yb"" Concent C®3x10%  C®3x10*  C193x10°





media/file3.png
~

Intensity(a.u.)

a)

SLSO:6%Bi*",5%Eu®*

- A

Aem=2950NM

T Ag,=350nm

em=015nmM

200 300 400 500 600 700 800
Wavelength(nm)

—
O
‘h-...-'

Intensity(a.u.)

900 400

EERN

-0- Ly, =050NM
-0~ oy, =615nmM

6.
o _ _
SLSO:6%Bi* yEu3* 5/
O
@ “%4-
(0 )]
l__)
/ . 3
9
/. \ 2.
i ) "
0 00125 0025 005 01 0.15

Concent

I
500

I
600

|
700

Wavelength(nm)

(d) 7]

(s ]
R2=0.899

* ]
Raw data
— Fitted Line

{ R?=0.946

L @ Raw data

— Fitted Line

# @ Raw data

— Fitted Line

4 24 44 4 54104154 4 254 504

Cb/3x103

C83x104

C10/35105






media/file17.png
(@) T~

3P2 ‘\“ .
3p ! ) Cooperative
; 1 t . ~--._Energy transfer
PU \\\ “"‘ﬁ‘
\i ~.
i '\
L] \\\
\
1 \
1 \\
| £ | ‘»
o| © i 2F | 2F
ﬁ g y ¥ RI2 % 512
'S * —F1 —Fp
Bi* Yb3*
(c)
1 %, =980nM e SLSO:0.06Bi**,0.01Yb%
e SLS0:0.06Bi%*.0.015Yb>
©  SLS0:0.06Bi* 0.02Yb%*
5 558.1us . 51.50:0.06Bi*,0.05Yb%
ﬂi’ e SLS0:0.06Bi*",0.15Yb°*
©
-
e
O
Z 0.1

Time(ms)

—
O
S
—_—

SLS0:0.06Bi** zYb™*

hem=090NM

T(Ns)

0.1-

Normalized

0.01;

o 1 2 3 4 5 &
Time(us)

(8
o

—O0— 11 /1, 1’]:27 5% e

N
n

151

56°°

Energy transfer efficiency(n) =2
N
o

0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15
Yb** Content






media/file4.jpg
b) 1
(@ QI Prepery
o amaam
_ Terasw, Sraame
2 Vezsn, 3 om
B < L S
EGW g y=10%, 176.7ns
£ 2 \ e o
> £ 011 NN "
3 s
g 0. 2
8
w0 S0 e 70 80 3 7 7 3
Wavelength(nm) Time(ms)
© (LI ey
1000 1.25%, 376 Ty
_ o yezo, a9nm
2 Yoo si2te
Lo § = o1 0%, se7 80
£ I T
H a0 2
5
4 2 oot
& o
&0
0001
500 60 650 700 750 o

Wavelength(nm)






media/file0.jpg
(a)

Si WWOM

rLa,Sc,0; 1.
L PG e
. 1 v [ =T
B o3 | £
— =
§ I e ; 1 ==
- i} . & 1 -
I [ =
e R

2Theta
L e
e






media/file2.jpg
=

Intensity(a.u.)

O

Intensity(a.u.)

SLSO8%BI SHEW"

2o 0 sl a0 T @O Wo 0 B0 w0 e o
Wavelength(nm) Wavelength(nm)
() ol [wmon ] [ 7
q
[sLsoswei” yeu" 5|
HJ B . o
.
s esa] o

0 001250025 005 01 015
‘Concent

724 44 4 541041544254 504

C93x10°  C¥3x10%

CToRy108





