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Abstract

:

In this study, we described the structural, morphological, optical, photoluminescence, and thermoluminescence properties of SrLaAlO4:Tm3+,Yb3+ (SLAO:Tm,Yb) blue-emitting phosphors made by combustion synthesis and a post-annealing treatment at 1200 °C. The Yb co-dopant concentration was varied (1.0, 3.0, 5.0, and 6.0 mol%) while the Tm dopant concentration was fixed at 5 mol%. According to the X-ray diffraction patterns, all the samples presented the pure tetragonal phase of SrLaAlO4. Scanning electron microscopy analysis showed that the SLAO powders had morphologies of irregular or bar grains with average sizes in the range of 0.5–1.07 µm. Photoluminescence emission under 980 nm excitation showed an intense blue emission peak at 481 nm. The phosphors also emitted red light at 654 nm and a prominent NIR emission at 801 nm. All those emissions correspond to 1G4 → 3H6, 1G4 → 3H4 and 3H4 → 3H6 transitions of Tm3+. The SLAO:Tm,Yb phosphors synthesized with 3.0 mol.% of the Yb co-dopant showed the highest emission intensity in the visible/near-infrared (NIR) range (400–800 nm), and its CIE coordinates corresponded to the blue color (0.19368, 0.15826). Additionally, thermoluminescence emissions were recorded for the SLAO:Tm,Yb phosphors. The samples were previously irradiated with UV wavelengths of 265 nm, 365 nm, and 385 nm prior to the thermoluminescent measurements. After this, the kinetic parameters such as frequency factors, activation energy (E), and order of kinetics were calculated using the Chen method. The thermoluminiscent emissions demonstrated that the SLAO:Yb,Tm phosphors can be used for UV dosimetry.
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1. Introduction


The rare-earth-doped oxide phosphors have attracted wide interest in the last decades because they can produce several emission colors (blue, green, red, etc.) that can be used for lighting applications [1]. Those phosphors can be used in other applications such as solar cells, solid-state lasers, cell imaging, and drug delivery [1,2]. In addition, cooping the phosphors with thulium and ytterbium ions is useful to produce intense blue and near-infrared (NIR) emissions [2]. Some of the most efficient upconversion materials already reported for the production of blue emissions are NaYbF4:Tm3+, Yb3+, KY3F10:Tm3+, Yb3+, and Ca2YbF7:Tm3+ [3,4,5]. However, such phosphors have some limitations such as (1) a loss of energy during the conversion of high-energy photons to low-energy photons. This also produces lower efficiency and quantum yield. (2) These materials are fluoride-based phosphors that can be chemically and thermally unstable in comparison with oxide-based phosphors [6,7]. Thus, it is necessary to develop other phosphors without these limitations. One promising candidate to overcome the disadvantages above is the strontium lanthanum aluminate (SrLaAlO4 or SLAO). This material presents a tetragonal structure in the Ruddlesden-popper phase and has a chemical formula of ABCO4 (A2+—alkaline earth metal, B3+—trivalent rare-earth, and C3+—any metal) [8,9]. Sehrawat et al. studied the green emission (549 nm) of the SrLaAlO4:Er3+ phosphor under UV excitation [10]. Additionally, white emission was achieved by exciting the SrLaAlO4:Dy3+ system with 352 UV light [11]. In addition, an intense green emission was produced by SrLaAlO4:Yb3+, Er3+ phosphors under infrared 980 nm excitation, and even more, a green LED was constructed using such phosphors [12]. In general, the SrLaAlO4 host is a potential candidate to be doped or co-doped with other rare earths to achieve light emission by the upconversion mechanism. Moreover, this material has high thermal, physical, and chemical stability [13,14,15]. There are scarce reports about rare-earth-doped SrLaAlO4 systems, and this system has not been doped with Tm3+ to the best of our knowledge. For this reason, we studied the emission (photoluminescent and thermoluminescent) properties of SrLaAlO4:Tm3+,Yb3+ (SLAO:Tm,Yb) in this research. We have successfully synthesized SrLaAlO4:Tm3+,Yb3+ phosphors by combustion synthesis. Some of the main findings were i) that the sample synthesized with 3.0 mol% of Yb produced the highest blue and near-infrared (NIR) emissions and ii) the strongest thermoluminescence was generated by the sample synthesized with 6 mol% of Yb. Overall, the results of this research demonstrated that the SLAO:Tm,Yb phosphors can be used for lighting applications or UV dosimetry.




2. Materials and Methods


2.1. Synthesis of   S r L a A l  O 4    and   S r L a A l  O 4  : T m , Y b  


The reagents for the preparation of the phosphors were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received: lanthanum nitrate hexahydrate (La(NO3)3⋅6H2O, (99.0%), aluminum nitrate nonahydrate (Al(NO3)3⋅9H2O (98.0%)), strontium nitrate (Sr(NO3)2 (99.0%)), thulium nitrate pentahydrate, (Tm(NO3)3.5H2O (99.99%)), ytterbium nitrate (Yb(NO3)3.6H2O (99.99%)), and urea (  C O   ( N  H 2  )  2   (99.0%)). The thulium concentration was fixed at 5 mol% in the     SrLaAlO  4  :  Tm,xYb (SLAO:Tm,Yb) phosphor, and the Yb dopant concentration was changed from 1 to 6 mol%. Those samples were named SLAO1, SLAO3, SLAO5, and SLAO6. Additionally, the undoped sample synthesized without dopants was prepared and labeled SLAO. A typical procedure for the synthesis of the SrLaAlO4: Tm,Yb phosphor was the following: 6.76 × 10−3 moles of lanthanum nitrate hexahydrate, 7 × 10−3 moles of aluminum nitrate nonahydrate, 6.8 × 10−3 moles of strontium nitrate, 3 × 10−5 moles of thulium nitrate pentahydrate, 2 × 10−5 moles of ytterbium nitrate hexahydrate, and 4.5 × 10−2 moles of urea were dissolved into 20 mL of deionized water and stirred for 20 min to obtain a homogenous solution. After this, the mixture solution was heated at 600 °C and the combustion synthesis occurred for 25 min. As a result, a fluffy powder was obtained. This powder was ground and finally annealed in air at 1200 °C for 6 h.




2.2. Characterization of   S r L a A l  O 4    and   S r L a A l  O 4  : T m , Y b   Phosphors


The morphology of the SLAO:Tm,Yb samples and the undoped one was analyzed using scanning electron microscopy (JEOL ARM200F, Peabody, MA, USA) and an energy of 15 KV. The X-ray diffraction (XRD) patterns of the samples were obtained by using Bruker D8 equipment (Billerica, MA, USA) with a Cu-Kα radiation (λ = 1.54056 Å) in the 2θ range of 20–80°. Absorbance spectra of the SLAO and SLAO: Tm,Yb samples were acquired by using a UV-Vis Cary 5000 Agilent spectrophotometer (Santa Clara, CA, USA) in the range of 200–800 nm. The photoluminescence spectra of the phosphor samples were recorded in the visible range by using a USB 65,000 Ocean Optics spectrophotometer (Peabody, MA, USA), and the excitation source was an IR Laser (CW, 980 nm, 1.6 W) from Besram Technologies (model 980MD-1.6W, Beijing, China). To perform the PL measurements under the same experimental conditions and to excite the same amount of powder, disk pellets with a 5 mm diameter and 100 mg of weight were made for each SLAO: Tm,Yb phosphor. To make such pellets, the powders for each sample were compacted using a mechanical press, and each pellet was positioned in the same position in the fluorometer to guarantee that each sample was excited by the NIR light under the same conditions. The lifetime curves were measured by using an Acton Pro SP3500i fluorometer coupled to an R955 photomultiplier tube (Hamamatsu, Shizuoka, Japan). In addition, the experimental setup included an SR 540 chopper (LA, CA, USA) and an oscilloscope Teledyne Lecroy (model LT 344). The frequency of the chopper was 33 Hz. The lifetime curves were recorded for the SLAO:Tm,Yb phosphors by exciting with an IR Laser (980 nm) at an emission wavelength of 481 nm. Thermoluminescence (TL) measurements were carried out by first exposing the SLAO, SLAO1, SLAO3, and SLAO6 phosphors to different UV lamps for 10 min. For this purpose, 3 different sources of UV radiation were employed: a UV-A LED lamp (385 nm, 10 W Chanzon Technology, Bejing, China), a UV-B light bulb (365 nm, 20 W Tecnolite, LA, CA, USA), and a UV-C fluorescence lamp (265 nm GC Wellness of 25 W, LA, CA, USA). After irradiating with UV light, the samples were placed on Harshaw 3500 equipment (Wisconsin, MA, USA) to obtain the thermoluminescence emission curves under the following conditions: 50 °C of preheat for 10 s, a heating rate of 10 °C/s, and a maximum heating temperature of 300 °C. The kinetic parameters were calculated using Chen’s method. All the optical measurements were performed at room temperature.





3. Results and Discussion


3.1. Structural and Morphological Characterization


Figure 1a shows a simulation of the crystalline structure of the     SrLaAlO  4    host (made from VESTA), which consisted of octahedrons of   A l  O 6   , see the blue parts. The ionic radii of the atoms are     Sr   2 +     = 1.26 Å,     La   3 +     = 1.30 Å, and    O  2 −     = 1.24 Å [12]. The X-ray diffraction (XRD) patterns were obtained for the SLAO and SLAO:Tm,Yb samples synthesized with x = 1.0, 3.0, 5.0, and 6.0 mol.% of the Yb concentration, and are depicted in Figure 1b. It was observed that the samples have the tetragonal pure phase with diffracted peaks matching the pure     SrLaAlO  4    (JCPDS #81-0744) [10,11,12]. The most intense diffraction peaks at 2θ = 24.9°, 2θ = 32.04°, and 2θ = 33.8° correspond to the (101), (103), and (110) orientations, respectively. The crystallite size for each sample of SLAO:Tm,Yb was calculated using the well-known Scherrer formula [10]:


  D =   K λ   β c o s   θ    



(1)




where K is the shape factor (0.941),  λ  is the wavelength = 1.5418 Å (CuKα radiation), β is the full width at half maximum (FWHM), and θ is the diffraction angle observed from the (103) plane. The estimated values of the crystallite sizes were 8.832, 13.823, 12.717, 13.824, and 15.140 nm for the SLAO, SLAO1, SLAO3, SLAO5, and SLAO6 phosphors, respectively (see Table 1). In general, the crystallite size increases with the Yb concentration. In addition, diffraction peaks associated with impurities were not observed despite the high Yb concentration in the SLAO phosphors. The a, b, and c lattice parameters were also calculated using the diffraction peaks located at 2θ = 32.04°, 33.88°, and 48.72°, which corresponds to (103), (110), and (200) orientations, respectively. It can be noticed in Table 1 that the a, b, and c lattice parameters decrease as the     Yb   3 +     concentration increases from 1 to 5.0 mol%. The error (ε) was calculated for the a, b, and c lattice parameters in Table 1 and obtained values of ε = 0.12–0.4%. Moreover, the volume of the unit cell also decreases as the     Yb   3 +     concentration increases from 1 to 5 mol%. This agrees with the reports given by Jacob et al., where a diminution of the crystallite size occurred with the Tm concentration [16]. The radius percentage value (   D r   ) was calculated for the dopant and host ions. If    D r     < 15 %, this means that the dopants are substituting the ion sites in the lattice without segregation of phases [14,15,16].


    D r      =    R 1    C N   −  R 2    C N        R 1    C N       ×   100 %   



(2)




where    R 1    C N     and    R 2    C N     are assigned to the radii of the substituted ions (    Sr   2 +   or     La   3 +    ) and dopant ions (Yb3+ or Tm3+), respectively. They have ionic radii and coordinate numbers (CN) as follows: Sr2+ = 1.26 Ǻ (CN = 8), La3+ = 1.16 Ǻ (CN = 8), Yb3+ = 0.985 Ǻ (CN = 8), and Tm3+ = 0.994 Ǻ (CN = 8). The estimated value of    D r    between the Yb3+ and     La   3 +     ions was 13.07%, while the    D r    value for the     Tm   3 +     and La3+ ions was 12.23%. As observed, the values of    D r    were below 15%. This indicates that both the Yb3+ and Tm3+ ions are substituting the La3+ ions in the SrLaAlO4 system [17].



The SEM images in Figure 2 show the morphology of the SLAO, SLAO1, SLAO3, and SLAO6 phosphors. The average size of the SLAO:Tm,Yb phosphors was determined from the SEM images, and we employed Image J software. The average particle size for each sample was calculated by averaging the sizes of 200–300 microparticles. We also calculated the particle size distribution for each sample, see Figure S1 in the Supporting Information. Figure 2a shows the SEM image for the pure SLAO (undoped host). We observe coalesced particles with irregular shapes and sizes of 0.3–1 μm. If the concentration of the Yb3+ dopant is incremented to 1.0 mol% (SLAO1), it now observes particles of irregular shapes mixed with micro-rods; see the green circles in Figure 2b. The average length of the bars was 1 μm. The SLAO3 phosphor shows mostly micro-rods with an average length size of 0.68 μm and an average width of 0.15 μm (see the orange circles in Figure 2c). Some irregular particles are also observed with an average size of 0.93 μm. Moreover, the SLAO6 phosphor made with 6 mol% of Yb showed a high agglomeration of particles, and the micro-rods disappeared, as seen in Figure 2d, see the blue circle. Overall, the SEM results demonstrate that raising the co-dopant concentration of Yb3+ increases the coalescence degree of the SLAO: Tm,Yb microparticles. This phenomenon has been observed in previous rare-earth-doped oxide phosphors [18]. Possibly, an imbalance of charges occurred at higher Yb3+ concentrations, which avoids the formation of particles with well-defined morphology [18].




3.2. Absorbance and Optical Band Gap of the SrLaAlO4 and SrLaAlO4:Tm, Yb Phosphors


The absorbance spectrum of the undoped SLAO phosphor (see Figure 3a) shows a UV absorption band at 230 nm (edge band gap absorption). The absorbance spectra of SLAO:Tm,Yb exhibits a peak at 318 nm, which is attributed to the 1D2 → 3H6 transition of Tm3+ [19,20]. Additionally, the intensity of the band at 318 nm increases with the Yb concentration, which is consistent with the energy transfer from the Yb sensitizer to the Tm ions [19,20]. The optical band gap values for both the undoped SLAO and SLAO1–SLAO6 phosphors were calculated from the absorbance spectra using the well-known Tauc plot procedure, which provides plots of (αhv)1/n vs. energy (eV). The band gap is obtained from those curves by intersecting the linear section with the energy axis (αhv = 0), as seen in Figure 3b. α is the absorption coefficient, hv is the photon energy, h is the plank constant, and v is the frequency of light. n was taken as ½ because     SrLaAlO  4    is a direct band gap material [21]. The optical band decreased with the Yb concentration from 1 to 6 mol%, as seen in Figure 3b. The pure host has a band gap value of 5.06 eV. Furthermore, the refractive indexes of the phosphors were calculated using the following formula [22]:


      n 2  − 1    n 2  + 1     = 1 −      Ɛ g    20     ,   



(3)




where n = the refractive index and Ɛg = optical band, and we obtained a refractive index of 1.725, 1.734, 1.736, 1.738, and 1.741 for the SLAO, SLAO1, SLAO3, SLAO5, and SLAO6 phosphors, respectively. As the concentration of Yb increases in the SLAO host, the refractive index generally increases, and this reduces the scattering loss of light. This agrees with the report of Xu et al., who reported that the refractive index of an efficient phosphor is 1.83. In our case, we obtained refractive indexes close to 1.83; thus, we should have a low scattering of light, and this contributes to the enhancement of photoluminescence [23].




3.3. Upconversion Luminescent Emission of the SLAO:Tm, Yb Phosphors


Figure 4a shows the upconversion emission of the SrLaAlO4:Tm,Yb phosphors (under 980 nm excitation). It is observed at an emission of 801 nm (3H4 → 3H6 transition), 481 nm (1G4 → 3H6 transition), and 654 nm (1G4 → 3H4) [23,24]. Both the visible and NIR emissions increase with the Yb3+ concentration (up to 3.0 mol%) and decrease for Yb concentrations above 5 mol%. The decrease in the emission intensity at high Yb concentrations (7 mol%) has been observed in the BaLaAlO4:Tm3+,Yb3+, and Sr2CeO4:      Yb    3 +   ,   Tm   3 +     systems [25,26]. In our case, the emission decreased after 5 mol% due to the quenching concentration effect, which consisted of the continuous re-absorption of energy among the Yb ions (this avoided the generation of emission photons) [27]. In fact, we found in the literature that the systems of Lu2O3:X-mol%Yb3+, 0.2 mol%Tm3+ (X from 0 to 15 mol%) and CaMoO4:X-mol%Yb3+, 0.5 mol%Tm3+ (X from 0 to 20 mol%) suffered the quenching of luminescence as the Yb concentration increased [28,29]. According to the articles for those last systems, emission quenching occurred because the distance between the dopant ion decreases, allowing non-radiative energy transfer among dopants (multipole–multipole interactions). On the other hand, the contribution of the different emission colors to the total emission was calculated. For the SLAO1-SLAO6 samples, the blue emission represents 2.28%–30.12% of the overall visible emission in the spectrum. Additionally, the red emission contributes 6.134%–11.24% of the overall emission spectra. The NIR emission represents 14.69%–58.63% of the overall emission. The emission intensity decreased in the following order: NIR > blue > red because the 3H4 → 3H6 transition is mainly favored after the energy transfer from the Yb3+ to the Tm3+. Consequently, fewer electrons are available to be recombined for the generation of photons; this, in turn, produces weaker blue/red emissions [30,31,32]. In fact, strong NIR emission is useful for applications, such as bio-imaging and cell labeling [33]. The inset in Figure 4a shows a photograph of the blue emission produced by the SLAO3 sample (made with Tm3+ = 5 mol%, and Yb3+ = 3.0 mol%) under 980 nm excitation (0.5 W of power). The photograph was taken in darkness using an IR filter (cutoff wavelength = 850 nm). Figure 4b shows the integrated NIR emission (at 801 nm) as a function of the Yb concentration. The maximum emission was produced by the sample synthesized with 3 mol% of Yb3+.



The lifetime curves of the SrLaAlO4: Tm,Yb phosphors are presented in Figure S2 of the Supporting Information. We use the following equation: I = I0 exp(−t/τ), where I is the PL intensity at time t, I0 is the intensity at time t = 0, and τ is the lifetime. The values of the lifetime (at λemis = 481 nm) were 61, 68, 105 μs, and 184 μs for the SLAO1, SLAO3, SLAO5, and SLAO6, respectively. As observed, the lifetime increased with the Yb concentration, and this occurred because more defects were formed in the host matrix as the Yb concentration increased which, in turn, delayed the photoluminescent emission of Tm3+ (the defects worked as electron trapping centers that delayed the electron-hole recombination, which caused the emission of light) [34,35]. The increase in the lifetime with the Yb concentration (at fixed Tm3+ concentration and λemis = 475 nm) was also observed in the systems of SiO2-CaO:X-mol%Yb3+, 0.15 mol%Tm3+ (X from 1 to 4 mol%) and GdVO4:X-mol%Yb3+, 3 mol%Tm3+ (X from 0 to 9 mol%) [36,37].



The Commission International de I’Eclairage (CIE) color coordinates were calculated from the PL emission spectra of SLAO:Tm, Yb phosphors, as seen in Figure 5. The color coordinates were (0.21824, 0.17945), (0.19368, 0.15826), (0.22078, 0.20033), and (0.19624, 0.16416) for the SLAO1, SLAO3, SLAO5, and SLAO6. All those coordinates are located in the blue region of the CIE map.




3.4. The TL Emission of the SLAO:Tm,Yb Phosphors


Thermoluminescence (TL) properties of the SLAO, SLAO1, SLAO3, and SLAO6 phosphors were studied. Firstly, the phosphors were exposed to different UV sources (265 or 365, or 385 nm) for 10 min to create traps in the samples. After UV irradiation, the samples were heated in the range of 50 °C–300 °C to release the electrons confined in the traps of the samples. TL spectra of the SLAO, SLAO1, SLAO3, and SLAO6 samples after irradiation with a 385 nm source are presented in Figure 6a. The TL signal presents two main peaks, one around 125 °C and the second around 250 °C–260 °C. The most intense TL response was obtained for the SLAO6 sample. Since the TL emission is proportional to the content of defects in the samples, the SLAO6 sample should have the highest content of defects [38,39,40,41]. The TL response of the SLAO, SLAO1, SLAO3, and SLAO6 samples (previously irradiated with 365 nm) is shown in Figure 6b. In this plot, the SLAO and SLAO1 samples present a weaker emission in comparison with the SLAO3 sample, which exhibited a wide peak at 160 °C. The most intense TL emission is also obtained for the SLAO6 sample, which reveals a prominent peak band at 250 °C. This peak could be due to the intrinsic effects of the crystal lattice rather than new defects or color centers induced by the higher Yb concentration [42,43]. Figure 6c shows TL responses of the SLAO, SLAO1, SLAO3, and SLAO6 samples after 265 nm irradiation. Irradiation with this last UV wavelength produced higher TL emissions than the 385 nm and 365 nm wavelengths. Moreover, the undoped SLAO sample presents a weak TL response. The SLAO1 sample shows a weak TL band in the range of 140–180 °C, while the SLAO3 and SLAO6 samples show TL peaks at 160 °C and 140 °C [44,45,46], respectively. Previous reports in the literature about the TL properties of phosphors doped with Yb demonstrated that the introduction of Yb ions into the lattice sites caused the formation of oxygen vacancies, which act like electron traps with high activation energy [44,45,46,47]. Thus, the SLAO6 sample, which presented the highest TL emission, should have the highest content of oxygen vacancy defects.



Kinetic parameters were calculated for the TL response obtained from the SLAO:Tm,Yb samples previously irradiated with 265 nm, as seen in Table 2. This one shows the kinetic order tendency, activation energy, and frequency factor, which were calculated employing Chen’s method [48]. The activation energy represents the position of the trapping level within the forbidden gap, while the frequency factor represents the number of times that the electrons interact with the trapping centers before the recombination of the electron holes, which produce the TL emission. In addition, it can be appreciated that the activation energy (E) shown in Table 2 is consistent in all samples; peak 1 is around 0.5 eV in almost all samples while peak 2 is around 0.4 eV but the frequency factor increases as the Yb increases. This allows the process of recombination and re-trapping of the electrons in the host SrLaAlO4 matrix.





4. Conclusions


In this work, we reported a simple combustion synthesis to synthesize SrLaAlO4:Tm,Yb phosphors. The XRD analysis demonstrated that the undoped SLAO and SLAO:Tm,Yb samples presented a tetragonal phase. SEM images demonstrated that the SLAO:Tm,Yb samples increased their coalescence degree as the concentration of Yb in the SLAO host increased. Another effect was the diminution of the crystallite size when the Yb concentration increased from 1 to 5 mol%. The highest luminescent intensity produced in the visible/near-infrared (NIR) range (400–800 nm) was obtained for the sample doped with 3 mol% of Yb. The upconversion emission of the SLAO:Tm,Yb samples showed emissions at 481 nm, 654 nm, and 801 nm under 980 nm excitation. Moreover, the most intense TL emission was obtained in the SLAO6 sample previously irradiated with 265 nm. In general, any SLAO sample irradiated with UV light generated a TL signal. This suggests that the SLAO phosphors can be used for dosimeter applications.
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Figure 1. (a) A visualization of the crystalline structure of the pure tetragonal SrLaAlO4. The green, red, and gray spheres correspond to Al, O, and Sr/La atoms, respectively. The blue color shows   A l  O 8    octahedrons. (b) X-ray diffraction patterns of the pure SrLaAlO4 and SrLaAlO4:Tm Yb phosphors. 






Figure 1. (a) A visualization of the crystalline structure of the pure tetragonal SrLaAlO4. The green, red, and gray spheres correspond to Al, O, and Sr/La atoms, respectively. The blue color shows   A l  O 8    octahedrons. (b) X-ray diffraction patterns of the pure SrLaAlO4 and SrLaAlO4:Tm Yb phosphors.



[image: Coatings 13 01003 g001]







[image: Coatings 13 01003 g002 550] 





Figure 2. SEM micrographs for the (a) pure/undoped SrLaAlO4, (b) SLAO1, (c) SLAO3, and (d) SLAO6 phosphors. 
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Figure 3. (a) Absorbance spectra and (b) Tauc plot for the undoped SrLaAlO4 and SrLaAlO4:Tm, Yb phosphors. 
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Figure 4. (a) Upconversion spectra of the SrLaAlO4:Tm,Yb phosphors and (b) PL intensity (at 801 nm) as a function of the Yb concentration of SrLaAlO4:Tm, Yb phosphors. The inset is a photograph of the blue emission of the SLAO3 phosphors. 
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Figure 5. A CIE color map for the PL spectra of the SrLaAlO4:Tm, Yb phosphors. 
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Figure 6. TL emission spectra of the undoped SrLaAlO4 sample and the SrLaAlO4:Tm, Yb phosphors after irradiation with different ultraviolet lamps: (a) 385 nm, (b) 365 nm, and (c) 265 nm. 






Figure 6. TL emission spectra of the undoped SrLaAlO4 sample and the SrLaAlO4:Tm, Yb phosphors after irradiation with different ultraviolet lamps: (a) 385 nm, (b) 365 nm, and (c) 265 nm.



[image: Coatings 13 01003 g006]







[image: Table] 





Table 1. The volume and crystallite size of the SLAO:Tm,Yb phosphors at different co-dopant concentrations of Yb with fixed Tm = 5 mol% dopant concentration.
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	Sample
	a

(Å)
	b

(Å)
	c

(Å)
	Volume

(Å3)
	Crystallite

Size (nm)





	SLAO
	3.7504
	3.7504
	12.669
	178.196
	17.38



	SLAO1
	3.7377
	3.7377
	12.615
	176.991
	16.95



	SLAO3
	3.7435
	3.7435
	12.600
	176.574
	14.22



	SLAO5
	3.7433
	3.7433
	12.541
	175.728
	13.04



	SLAO6
	3.7435
	3.7435
	12.517
	176.411
	12.02
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Table 2. Kinetic parameters for the TL emission of the SLAO and SLAO:Tm,Yb samples (under 265 nm excitation).
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PEAK

	
Activation Energy, E (EV)

	
Frequency Factor (S) (S−1)






	
SLAO6

	
1

	
0.566

	
8.68 × 106




	
2

	
0.429

	
1.84 × 104




	
3

	
0.689

	
9.26 × 105




	
SLAO3

	
1

	
0.616

	
1.26 × 107




	
2

	
0.424

	
1.05 × 104




	
SLAO1

	
1

	
0.549

	
1.15 × 106




	
2

	
0.414

	
2.80 × 103




	
SLAO

	
1

	
0.446

	
6.48 × 103
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