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Abstract

:

In this study, we developed a technology for broadening the 465 nm and 535 nm excitation peaks of Eu3+:Y2(MoO4)3 via crystal lattice orderly arrangement. This was achieved by powder particle aggregation and diffusion at a high temperature to form a ceramic structure. The powdered Eu3+:Y2(MoO4)3 was synthesized using the combination of a sol–gel process and the high-temperature solid-state reaction method, and it then became ceramic via a sintering process. Compared with the Eu3+:Y2(MoO4)3 powder, the full width at half maximum (FWHM) of the excitation peak of the ceramic was broadened by two- to three-fold. In addition, the absorption efficiency of the ceramic was increased from 15% to 70%, while the internal quantum efficiency reduced slightly from 95% to 90%, and the external quantum efficiency was enhanced from 20% to 61%. More interestingly, the Eu3+:Y2(MoO4)3 ceramic material showed little thermal quenching below a temperature of 473 K, making it useful for high-lumen output operating at a high temperature.
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1. Introduction


Phosphor-converted white-light-emitting diodes (pc-WLEDs) [1,2] have become prominent in next-generation solid-state lighting [3,4]. A conventional pc-WLED is composed of a blue LED and yellow phosphor material, which emits cold white light due to lack of a red component in the emission spectrum. The addition of red-emitting phosphor material can complement the red component of the emission spectrum, thereby improving the overall lighting quality. Hence, looking for a high-quality, inexpensive, red-emitting phosphor material is crucial to the development of next-generation lighting technology for solid-state lighting. Unfortunately, it is very hard to find a red-emitting phosphor material that provides all the advantages simultaneously, such as low thermal quenching, high quantum efficiency, broadband near-red emission, high saturation power density, and strong excitation at typical blue excitation wavelengths. Therefore, exploiting high-quality red-emitting phosphor materials remains challenging [5].



Currently, potential red-emitting phosphor materials used in the pc-WLED field are mainly Mn4+-doped fluoride [6,7,8], Eu2+-doped nitride [9,10] and Eu3+-doped inorganic material [11,12]. Mn4+-doped fluoride red-emitting phosphor material has been widely favored due to its low cost (no rare-earth elements) and high quantum efficiency [13]. However, unsatisfactory thermal stability and very low saturation power density severely restricts its applications. In addition, during the Mn4+-doped fluoride synthesis process, the extensive use of hydrofluoric acid is not safe for the environment. The most widely used commercially available red phosphors are Eu2+-doped nitride phosphors, such as CaAlSiN3:Eu2+ [14] and Sr2Si5N8:Eu2+ [15]. Although these phosphors realize high quantum efficiency, the harsh synthesis conditions (high temperature and high pressure) and deep-red emission makes it difficult for them to become ideal candidates for pc-WLED. The trivalent europium cation (Eu3+) is well known for its strong luminescence in the red spectral region due to the 5D0→7FJ electron transition (J = 0–4) from the 5D0 excited state to the J levels of the ground state 7F. The oxide hosts (molybdate, tungstate, niobate, and tantalate) are favored for Eu3+-doped red-emitting phosphor materials due to their excellent luminescent properties, such as high quantum efficiency, high color purity, and high thermal stability. The photoluminescence properties of Eu3+-doped inorganic materials belong to the narrow-band type [11]; the excitation and emission spectra are both narrow. In pc-WLED applications, the narrow-band emission spectrum of phosphor materials is advantageous as it can provide high color purity. On the contrary, narrow-band excitation can easily cause mismatching with the excitation source wavelength due to the wavelength shift of the excitation source operating at an elevated temperature. In practical applications, the wavelength of the LED/LD sources will shift to the longer wavelength at high temperatures that can result from the heat accumulation over a longer working period [16]. Therefore, Eu3+-doped inorganic red-emitting phosphor materials could be very competitive candidates for pc-WLED application if their excitation waveband could be broadened to cover the wavelength shift range of the excitation source operating over a long period of time [17,18]. Determining how to broaden the excitation waveband without affecting the other luminescent properties of Eu3+-doped inorganic red-emitting phosphor remains an unsolved problem.



In this study, we focused on developing high-performance Eu3+:Y2(MoO4)3 inorganic red-emitting material [19,20,21,22]. The energy-level structure of Eu3+ embedded in a medium is formed by several perturbations acting on the Eu3+ ion, including electron repulsion, spin–orbit coupling, and crystal field perturbation [11,23]. Together, the electron repulsion and spin–orbit coupling decide the Eu3+ energy levels of 7FJ and 5DJ that basically determine the excellent photoluminescence performance of Eu3+. The crystal field perturbation has less of an impact on the overall energy level structure of Eu3+, but causes subtle adjustment in the sub-level splitting. Using a high-temperature sintering process, we modified the orderly arrangement of the lattice with the aim of the crystal field perturbation promoting the splitting of the 7F and 5D energy levels, which is reflected in the spectrum as the broadening of the excitation peaks.




2. Results and Discussion


2.1. Microscopic Morphology Study


The surface microscopic morphology of the powder and ceramic samples was analyzed by SEM, as shown in Figure 1a–d, corresponding to the powder, 900C, 1000C, and 1100C samples, respectively. The microstructure of the powder sample had irregularly shaped, tiny dispersed pieces with a size of approximately 100 nm. For the three ceramic samples, particle aggregates were clearly observed. The size of the particles was significantly different depending on the calcinating temperature. The average size of the particles increased from 3 µm to 25 µm when the calcinating temperature increased from 90 °C to 1100 °C. Powder samples were made into dense cakes for the high-temperature calcination process, which is conducive to the mutual diffusion of small particles of the powder at a high temperature to cluster into larger particles. The higher-temperature process leads to a faster diffusion speed, a greater diffusion range, and a higher active energy for crystallizing larger particle sizes.



The chemical composition of the samples was confirmed using the energy-dispersive spectrometry (EDS) measurement, as shown in Figure 1e,f, corresponding to the powder sample and the three ceramic samples. The element tables inserted in Figure 1e,f show that the powder sample and ceramic samples had the same composition, considering the measurement error, and the content of each element was in total agreement with the stoichiometry value. Using EDS analysis data, we could distinguish the main elements in the sample and approximate the proportion of each element, so that we could find no impure crystalline contributions. Therefore, it can be concluded that we successfully synthesized the expected Eu3+-doped Y2(MoO4)3 red phosphor.




2.2. Crystal Structure


Trivalent rare-earth (RE) molybdates of the RE2(MoO4)3 family can form four different crystal structures, including monoclinic (C2/c), orthorhombic (Pba2, Pbna), and tetragonal (P  4 ¯  21m), due to the different cations and annealing temperature [22,24,25]. The XRD results of the powder and the ceramic samples are shown in Figure 2a, which presents a tetragonal structure belonging to space group P  4 ¯  21m (Y2(MoO4)3 COD-7054114, identified from the Crystallography Open Database [21], as shown in Figure 2b. In the tetragonal Y2(MoO4)3, each unit cell included two asymmetric units, four octahedral [YO7] groups (an oxygen atom is outside the unit cell), four internal tetrahedral [MoO4] groups, eight corner-sharing [MoO4] groups, and two face-sharing [MoO4] groups. The structures of the octahedral [YO7] group and the tetrahedral [MoO4] group are shown in Figure 2c,d. Each octahedral [YO7] group is connected to six tetrahedral [MoO4] groups, and one [YO7] group that belongs to another unit cell, and each [MoO4] group is connected to four [YO7] groups. The tetragonal (P  4 ¯  21m) crystal lattice constants are a = b = 7.46 Å, c = 10.754 Å, and α = β = γ = 90°.



The XRD diffraction pattern of the powder sample was in complete agreement with the standard card (COD-7054114), and no difference was observed. However, the XRD diffraction patterns of the three ceramic samples were slightly different from the standard card, with a strong diffraction peak between 62° and 64° compared with the weak diffraction peak in the powder sample, represented by the red dashed rectangle in Figure 2a. Repeated experiments proved that this was a systematic phenomenon, rather than an accidental coincidence. According to the previous EDS results, the elemental composition and content were the same, and we can confirm that this new diffraction peak was not from impurities contaminating the ceramic samples during calcination. It is obvious that the enhanced diffraction peak at 62°–64° in the diffractograms of the three ceramics was introduced by the ordered lattice.




2.3. UV–Vis Absorption Spectra


The ultraviolet–visible absorption spectra of the powder and the ceramic samples are shown in Figure 3a, which were composed of a strong broadband absorption and multiple-line-type absorption peaks. This strong broadband absorption was attributed to the host absorption band (ligand-to-metal charge transfer) and occurred in the ultraviolet range. The multiple-line-type absorption peaks were attributed to the direct-absorption Eu3+ (7F→5D electron transition) and were located from 380 nm to 600 nm [26,27]. Comparing the powder and the ceramic samples, the entire absorbance of the ceramic samples was much higher than for the powder sample, especially in the line-type absorption peaks; it was approximate three-fold higher (as shown in the inset of Figure 3a). It is clear that the ceramic samples had larger crystal grains and reduced grain boundaries, which ensured that enough luminescent centers received and absorbed the excitation light.




2.4. Optical Band Gap Analysis


The optical band gap of the sample host can be derived from the absorption spectrum near the band edge using the empirical Formula (1) [28]:


  α h v =  A 0     (  h v −  E g   )   n   



(1)




where  α  is the absorbance,  h  is Planck’s constant, ν is the frequency,    A 0    is a constant,    E g    is the optical band gap, and  n  is an exponent value, which equals ½, in this case. The modified empirical formula is given as the following:


     (  α h v  )   2  =  A 1   (  h v −  E g   )   



(2)




where A1 is a constant. Figure 3b–e presents      (  α h v  )   2    versus   h v  , and the optical band gap of the hosts was estimated to be 3.52, 3.31, 3.21, and 3.28 eV by the intercepts of      (  α h v  )   2  = 0  , which corresponds to the powder, 900C, 1000C, and 1100C samples, respectively. We can see that the optical band gaps of the ceramic samples were reduced compared to the powder. A reasonable explanation for this is that the crystal field effects of the ordered lattice were superimposed and enhanced, which in turn, affected the optical band gaps. By calculating the bandgap we can understand more about the absorption in the UV band of the host material, especially the energy transfer process of the absorption in the UV band for enhancing the red emission [29].



In summary, (1) the ceramic samples with a large-sized crystal grain enabled a high number of the luminescent centers to be active compared to the powder sample; therefore, the absorption intensity of the ceramic samples was much greater than that of the powder sample; and (2) the ordered arrangement of the lattice via calcination in the ceramic samples led to the growth of crystal grains that did not have an improved crystalline quality compared to that of the small crystal grains in the powder samples. Due to the high-level stress at the grain boundaries in the ceramic samples, there were more defects and strains in the extended part of the re-grown crystal grains. Therefore, the crystal field effect was enhanced.




2.5. Excitation and Emission Spectra


Excitation and emission spectra of the powder and the ceramic samples are shown in Figure 4a–d. The excitation spectra were measured at the emission wavelength of 616 nm, and the emission spectra were measured under the 465-nm excitation wavelength. As is well known, the emission peaks of Eu3+ located at 591, 616, 656, and 703 nm are attributed to 5D0→7FJ (J = 0–4) electron transitions. The emission spectra of the ceramic and powder samples were found to be in perfect agreement, which indicates that the crystal field effect had no effect on the 5D0 and 7F energy levels. The excitation peaks of Eu3+ located at 362, 382, 395, 416, 465, and 535 nm were attributed to electron transition from the ground state 7F0 to the excited state 5D4, 5L7, 5L6, 5D3, 5D2 and 5D1, respectively. In addition, a broad excitation band located in the ultraviolet region belongs to the charge transfer band (CTB) [30] and arises from two primary mechanisms [27,31,32]. The first is the charge transfer of Mo-O (electronic transfer from the 2p orbital of the O2− ligand to the 5d orbital of metal Mo6+) in the [MoO4]2− group of the host crystal. The second is the charge transfer of Eu-O (electronic transfer from the 2p orbital of O2− to the 4f orbital of Eu3+ [19]) between the neighboring O2− and Eu3+. These two CTBs are overlapped in the ultraviolet region due to the fact that the energy levels of the 5d orbital of the metal Mo6+ and the 4f orbital of Eu3+ are very close [33,34].



Compared with the powder sample, the excitation spectra of the ceramic samples had the following characteristics. First, an intense CTB broadband from Eu-O appeared in the ultraviolet region, which was illustrated by the fact that the ceramic sample could be effectively excited by 230–270 nm ultraviolet light. The reason for this is that the grain boundary of the ceramic sample was much less than that of the powder sample, and the reflection caused by the grain boundary was very weak. Second, the subordinate excitation peak beside the primary excitation peak of 465 nm (and 535 nm) was greatly enhanced, as shown in Figure 4e. This indicates that the crystal lattice orderly arrangement can enhance the energy level (5D1 and 5D2 of Eu3+) splitting via the enhanced crystal field effect. The enhancement of the subordinate excitation peak directly leads to broadening of the primary excitation peak, which is very important for phosphor materials with narrow excitation peaks in the applications of LD or LED as the excitation source.




2.6. Luminescence Quantum Efficiency


High quantum efficiency (QE) is very important for developing phosphor materials with applicable performance. In this study, the quantum efficiency was measured using a calibrated spectrometer and integrated sphere. The internal and external quantum efficiencies were calculated by Formulas (3) and (4):


   η  I Q E   =   ∫  R e    ∫  B s  − ∫  B r     



(3)






   η  E Q E   =   ∫  R e    ∫  B s     



(4)




where    R e    is the emission spectrum,    B s    is the excitation light from the source, and    B r    is the excitation light with the sample in the integrating sphere. The measured   I Q E   and   E Q E   are summarized in Table 1. The measured   I Q E   of ceramic samples was slightly lower than that of powder samples, and the   I Q E   of the ceramic samples also showed a downward trend with the increase in calcination temperature. The decrease in grain boundary truly indicates the increase in surface defects on crystal grains was responsible, which is also a non-radiative channel. Therefore, the   I Q E   was reduced in the ceramic samples in which the crystal grains had more surface defects compared with the grains in the powder sample. Furthermore, the   E Q E  s of the ceramic samples were three times greater than that of the powder sample. As   E Q E   is equal to the product of   I Q E   and absorption efficiency, the absorption efficiency of the ceramic samples must have increased three-fold compared with that of the powder sample when the IQEs were the same. This is congruent with the results of the UV–Vis absorption spectra, as mentioned in Section 2.3. We also see that the EQEs of the ceramic samples were significantly large than those of the other Eu3+-doped red phosphor materials with a similar host lattice, as shown in Table 1.




2.7. Photoluminescence Decay Time


The luminescence decay curves of the powder and the ceramic samples are shown in Figure 5. The samples were excited at 465 nm and the emission at 616 nm was measured. These curves can be well-approximated by a second-order exponential fitting function. As per Formula (5) [36]:


  I  ( t )  =  I 0  +  A 1  exp  (    − t    τ 1     )  +  A 2  exp  (    − t    τ 2     )   



(5)




where   I  ( t )    refer to the PL intensity at time t, I0 is the baseline,    A 1    and    A 2    are the pre-exponential factors of each decay component, and τ1 and τ2 are decay times of each component. The average emission decay time (   τ  a v e    ) can be calculated using Formula (6) [36],


   τ  a v e   =    A 1   τ 1    2  +  A 2   τ 2    2     A 1   τ 1  +  A 2   τ 2     



(6)







The average emission decay time    τ  a v e     shown in Figure 5, was calculated to be 0.716 for the powder and 0.646, 0.634, and 0.63 msec for the ceramic samples 900C, 1000C, and 1100C, respectively. The emission decay times of all ceramic samples were very similar and slightly lower than that of the powder sample. This suggests that, in the ceramic samples, the electronic relaxation time from the split 5D2 energy levels to the lowest transition energy level 5D0 was reduced.




2.8. Thermal Quenching Behaviour


The thermal stability of phosphor is one of the most important technological parameters in lighting and display technology [37,38], especially in high-power lighting devices. The thermal quenching behaviors of the ceramic and powder samples are presented in Figure 6a,b, respectively. The emission spectra were measured under 465-nm excitation light, and the sample working temperature was increased from room temperature to 300 °C in steps of 50 °C. The highest emission peak value at 616 nm and emission integral value over the range of 550 nm to 750 nm versus temperature are shown in Figure 6c,d for the ceramic and the powder samples, respectively.



The emission intensity of the powder sample started to decrease when the working temperature was higher than 75 °C, reaching 50% of the initial value at a working temperature of 200 °C; the emission was completely quenched at the working temperature of 300 °C. The emission intensity of the ceramic sample showed no degradation when the working temperature was up to 200 °C, and it was even larger than that at room temperature.



Thermal quenching mechanisms are usually different for each type of luminescence center, including a cascaded multi-phonon relaxation, thermal-dependent energy transfer (involving CTB), and crossover relaxation. In considering the large energy gap between the lowest excited state (5D0) and the highest ground state (7F6), the cascaded multi-phonon relaxation transition hardly occurred because more than 10 phonons are required to bridge the gap [39]. The crossover relaxation always appears with a changed photoluminescence decay time. Thus, the crossover relaxation intensity can be roughly estimated by the changed value of the photoluminescence decay time. In order to clarify the physical mechanism of thermal quenching, the photoluminescence decay curves of the powder and the ceramic samples were measured at different temperatures, increasing from room temperature to 300 °C (excited under 465 nm and recorded at 616 nm), as shown in Figure 7. The emission decay curves of both the powder sample and the ceramic samples did not depend on measurement temperatures, which indicates that the photoluminescence decay time basically does not change with changing temperature. Thus, the crossover relaxation contributes little to the thermal quenching behavior. Therefore, we confirmed that the thermal-dependent energy transfer (involving CTB) governed the thermal quenching behavior [40], which is described as the excited electrons jumping into the charge transfer band (CTB) after the absorption of thermal energy from the environment, and returning to the ground state through CTB via a non-radiative transition (as shown in Figure 8b).



The thermal energy absorbed from the environment to excite the electrons jumping into CTB that can cause emission quenching is called the activation energy (ΔE) of the thermal quenching process. To investigate the characteristics of thermal quenching behavior, the ΔE could be experimentally determined by using the Arrhenius equation in Formula (7) [41,42,43].


     I 0     I T    = 1 + A ∗ E X P  (  −   Δ E   k T    )   



(7)




where    I T    is the emission intensity at the current temperature  T ,    I 0    is the emission intensity at room temperature, A is a constant, and k is Boltzmann’s constant. Figure 8a represents the plots of ln[(   I 0   /   I T   ) − 1] versus 1/(  k T  ), and the value of the activation energy (  Δ E  ) could be obtained from the slope of the linear fitting curve, which was 0.56 eV for the powder sample and 1.03 eV for the ceramic samples. The activation energy of the powder sample was much higher than that of Eu3+:Ca19Mg2(PO4)14 (  Δ E   = 0.14 eV) [44], Eu3+:Na2Tb0.5(MoO4)(PO4) (  Δ E   = 0.2384 eV) [45], and Eu3+:NaSrLa(MoO4)3 (  Δ E   = 0.3461 eV) [34] and similar to that of the Eu3+:CaSnO3 (  Δ E   = 0.57 eV) sample [40].



The configuration coordinate diagram of energy levels and the thermal quenching process are shown in Figure 8b. Normally, after the electrons are excited, they relax from 5D2 to 5D0 (non-radiative transition) and jump to the ground state (radiative transition) accompanied by red photons being emitted. This process dominates at low temperatures—below 75 °C for the powder and below 200 °C for the ceramic samples. If the temperature increase is sufficient to provide the thermal activation energy ΔE, the excited electron will jump to the CTB band from 5D2, then transition to the ground state by a non-radiative method; taking a ceramic sample as an example, this is illustrated by the green arrow in Figure 8b [46]. The model successfully explains the process of thermal quenching with thermal activation energy.





3. Materials and Methods


3.1. Synthesis


The Eu3+:Y2(MoO4)3 powder sample was synthesized with an Eu3+-doping concentration of 50% using a combination of the sol–gel process and high-temperature solid-state reaction method [47,48]. During the synthesis process, Eu3+ ions will replace 50% of the Y3+ ions in the host material, Y2(MoO4)3, and form a EuY(MoO4)3 red phosphor material. All the reagents used in this work were of analytical-grade purity and were obtained from Sigma-Aldrich. Citric acid was used in the sol–gel process as the chelating agent and the molar dosage was equal to the molar dosage of cations in the solution. We add yttrium (III) nitrate, ammonium molybdate, and europium (III) nitrate into the citric acid solution sequentially to form a stoichiometric solution. Then, we heated the mixed solution to 100 °C for 12 h under continuous stirring with a magnetic stirrer with a 500 rad/min rotation. Thereafter, we evaporated water to form the gel and dried the gel at 300 °C for 2 h to obtain the precursor powder. Finally, the precursor powder underwent a solid-state reaction at a high temperature of 800 °C to obtain the powder that was subsequently pressed into powder cakes for sintering at high temperatures of 900 °C, 1000 °C, and 1100 °C, respectively. We investigated a wider range of calcination temperatures than those mentioned above; however, unfortunately, we did not achieve scientifically valuable data beyond 900 °C to 1100 °C. When the temperature was below 900 °C, the grain growth rate was very slow, and it became difficult for a dense ceramic sheet to form at the same time; when the temperature was above 1100 °C, the ceramic sheets had too many cracks. We marked the ceramic samples as 900C, 1000C, and 1100C, according to the different processing temperatures.




3.2. Characterization


The morphology and composition of the samples were studied using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The SEM image and EDS spectra were obtained using a Hitachi SU3500. Crystal structures were identified by X-ray diffraction (XRD) analysis. The XRD patterns were obtained using an Equinox1000 Sn.1612EQ1000137 diffractometer (Thermo Fisher; Horten, Norway) with Cu Kα radiation (λ = 1.5418 Å). The optical absorption spectrum was measured using a UV-2600 photo spectrometer (Shimadzu; Horten, Norway). The emission, excitation spectra, and electronic lifetime were measured using an Edinburgh FS05 Fluorescence Spectrometer. The quantum efficiency was measured with a calibrated AvaSpec-ULS2048-EVO PL spectrometer and AvaSphere-50 integrating sphere. In the thermal quenching experiment, samples were heated over a HT24S-24W metal ceramic heater (ThorLabs) and temperature-dependent photoluminescence was measured using the Edinburgh FS05 fluorescence spectrometer.





4. Conclusions


In this study, a new method for improving the photoluminescence properties of Eu3+:Y2(MoO4)3 red-emitting phosphor via crystal lattice orderly arrangement was successfully developed. In the powder samples, small crystal grains agglomerated with each other at high calcinating temperature to form ceramic samples with larger crystal grains. Comprehensive comparison of the Eu3+:Y2(MoO4)3 photoluminescence properties of ceramic and powder samples was presented. The ordered lattice arrangement in a larger range can significantly improve the luminescence properties of Eu3+:Y2(MoO4)3 samples. Specifically, compared with the powder sample, the ceramic samples had a 465-nm excitation peak that was broadened more than two-fold, e.g., from 2 nm to 4~6 nm. In addition, the absorption efficiency of the ceramic samples increased to 67% from 22% (for the powder sample) and the zero-quenching temperature increased to 200 °C from 75 °C (for the powder sample). Furthermore, the photoluminescence decay time of the ceramic samples also reduced slightly to 0.634 msec from 0.716 msec (for the powder sample), which will be helpful for improving the saturation power of the phosphor material. The Eu3+:Y2(MoO4)3 ceramic red phosphor with a long range of crystal lattice orderly arrangement is a potential candidate for use in lighting and display technology due to its excellent luminescence performance.







Author Contributions


Conceptualization, X.C. and M.N.A.; methodology, X.C., M.N.A. and F.C.; software, M.N.A.; validation, X.C., M.N.A. and F.C.; formal analysis, X.C., M.N.A. and F.C.; investigation, X.C. and M.N.A.; resources, X.C. and M.N.A.; data curation, F.C.; writing—original draft preparation, F.C.; writing—review and editing, X.C. and M.N.A.; visualization, X.C., M.N.A. and F.C.; supervision, X.C. and M.N.A.; project administration, X.C.; funding acquisition, X.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research Council of Norway FORNY RedOX project.




Data Availability Statement


The more research data are available from the authors on request.




Acknowledgments


We would like to thank the laboratory engineers Zekija Ramic, Birgitte Kasin Hønsvall, and Muhammad Tayyib for their help. This work was also supported by the BIA Project HiLase of the Research Council of Norway and the Norwegian Micro- and Nano-Fabrication Facility.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


The reported samples are available from the authors on request.




References


	



Cho, J.; Park, J.H.; Kim, J.K.; Schubert, E.F. White light-emitting diodes: History, progress, and future. Laser Photonics Rev. 2017, 11, 1600147. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, Y.; Zheng, H.; Yu, F.; Liang, Q.; Yang, H.; Yi, X.; Wang, J.; Li, J. Review of high power phosphor-converted light-emitting diodes. In Proceedings of the 2019 16th China International Forum on Solid State Lighting & 2019 International Forum on Wide Bandgap Semiconductors China (SSLChina: IFWS), Shenzhen, China, 25–27 November 2019; pp. 111–115. [Google Scholar]

	



He, M.; Jia, J.; Zhao, J.; Qiao, X.; Du, J.; Fan, X. Glass-ceramic phosphors for solid state lighting: A review. Ceram. Int. 2021, 47, 2963–2980. [Google Scholar] [CrossRef]

	



Nair, G.B.; Swart, H.; Dhoble, S. A review on the advancements in phosphor-converted light emitting diodes (pc-LEDs): Phosphor synthesis, device fabrication and characterization. Prog. Mater. Sci. 2020, 109, 100622. [Google Scholar] [CrossRef]

	



Wei, Y.; Xing, G.; Liu, K.; Li, G.; Dang, P.; Liang, S.; Liu, M.; Cheng, Z.; Jin, D.; Lin, J. New strategy for designing orangish-red-emitting phosphor via oxygen-vacancy-induced electronic localization. Light Sci. Appl. 2019, 8, 15. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Devakumar, B.; Sun, L.; Sun, Q.; Wang, S.; Huang, X. Novel Mn4+ doped Ca2GdSbO6 red–emitting phosphor: A potential color converter for light-emitting diodes. J. Am. Ceram. Soc. 2019, 102, 4730–4736. [Google Scholar] [CrossRef]

	



Adachi, S. Review—Mn4+-Activated Red and Deep Red-Emitting Phosphors. ECS J. Solid State Sci. Technol. 2019, 9, 016001. [Google Scholar] [CrossRef]

	



Huang, D.; Zhu, H.; Deng, Z.; Zou, Q.; Lu, H.; Yi, X.; Guo, W.; Lu, C.; Chen, X. Moisture-Resistant Mn4+-Doped Core–Shell-Structured Fluoride Red Phosphor Exhibiting High Luminous Efficacy for Warm White Light-Emitting Diodes. Angew. Chem. Int. Ed. 2019, 58, 3843–3847. [Google Scholar] [CrossRef]

	



Pucher, F.J.; Marchuk, A.; Schmidt, P.J.; Wiechert, D.; Schnick, W. Luminescent Nitridophosphates CaP2N4:Eu2+, SrP2N4:Eu2+, BaP2N4:Eu2+, and BaSr2P6N12:Eu2+. Chem. Eur. J. 2015, 21, 6443–6448. [Google Scholar] [CrossRef]

	



Van den Eeckhout, K.; Smet, P.F.; Poelman, D. Persistent luminescence in Eu2+-doped compounds: A review. Materials 2010, 3, 2536–2566. [Google Scholar] [CrossRef]

	



Binnemans, K. Interpretation of europium (III) spectra. Coord. Chem. Rev. 2015, 295, 1–45. [Google Scholar] [CrossRef]

	



Chen, F.; Balci, M.H.; Xia, H.X.; Akram, M.N.; Chen, X.Y. Photoluminescence Properties and Quantum Efficiency of Eu3+/Mn2+-Doped ZnMoO4 Red Phosphor. In Key Engineering Materials; Trans Tech Publications Ltd.: Wollerau, Switzerland, 2020; pp. 70–78. [Google Scholar]

	



Verstraete, R.; Sijbom, H.F.; Joos, J.J.; Kortholts, K.; Poelman, D.; Detavernier, C.; Smet, P.F. Red Mn4+-doped fluoride phosphors: Why purity matters. ACS Appl. Mater. Interfaces 2018, 10, 18845–18856. [Google Scholar] [CrossRef]

	



Uheda, K.; Hirosaki, N.; Yamamoto, Y.; Naito, A.; Nakajima, T.; Yamamoto, H. Luminescence properties of a red phosphor, CaAlSiN3:Eu2+, for white light-emitting diodes. Electrochem. Solid State Lett. 2006, 9, H22. [Google Scholar] [CrossRef]

	



Xie, R.-J.; Hirosaki, N.; Suehiro, T.; Xu, F.-F.; Mitomo, M. A simple, efficient synthetic route to Sr2Si5N8:Eu2+-based red phosphors for white light-emitting diodes. Chem. Mater. 2006, 18, 5578–5583. [Google Scholar] [CrossRef]

	



Kondow, M.; Kitatani, T.; Nakahara, K.; Tanaka, T. Temperature dependence of lasing wavelength in a GaInNAs laser diode. IEEE Photonics Technol. Lett. 2000, 12, 777–779. [Google Scholar] [CrossRef]

	



Pan, C.; Zhang, J.; Kou, K.; Zhang, Y.; Wu, G. Investigation of the through-plane thermal conductivity of polymer composites with in-plane oriented hexagonal boron nitride. Int. J. Heat Mass Transf. 2018, 120, 1–8. [Google Scholar] [CrossRef]

	



Wang, Z.; Meng, G.; Wang, L.; Tian, L.; Chen, S.; Wu, G.; Kong, B.; Cheng, Y. Simultaneously enhanced dielectric properties and through-plane thermal conductivity of epoxy composites with alumina and boron nitride nanosheets. Sci. Rep. 2021, 11, 2495. [Google Scholar] [CrossRef]

	



Tian, Y.; Qi, X.; Wu, X.; Hua, R.; Chen, B. Luminescent properties of Y2(MoO4)3:Eu3+ red phosphors with flowerlike shape prepared via coprecipitation method. J. Phys. Chem. C 2009, 113, 10767–10772. [Google Scholar] [CrossRef]

	



Bispo-Jr, A.G.; Shinohara, G.M.M.; Pires, A.M.; Cardoso, C.X. Red phosphor based on Eu3+-doped Y2(MoO4)3 incorporated with Au NPs synthesized via Pechini’s method. Opt. Mater. 2018, 84, 137–145. [Google Scholar] [CrossRef]

	



Laufer, S.; Strobel, S.; Schleid, T.; Cybinska, J.; Mudring, A.-V.; Hartenbach, I. Yttrium (III) oxomolybdates (VI) as potential host materials for luminescence applications: An investigation of Eu3+-doped Y2[MoO4]3 and Y2[MoO4]2[Mo2O7]. New J. Chem. 2013, 37, 1919–1926. [Google Scholar] [CrossRef]

	



Wang, S.F.; Koteswara Rao, K.; Wang, Y.R.; Hsu, Y.F.; Chen, S.H.; Lu, Y.C. Structural characterization and luminescent properties of a red phosphor series: Y2−xEux(MoO4)3 (x = 0.4–2.0). J. Am. Ceram. Soc. 2009, 92, 1732–1738. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, T.; Wang, J.; Yang, G.; Li, M.; Wu, G. The Investigation of the Effect of Filler Sizes in 3D-BN Skeletons on Thermal Conductivity of Epoxy-Based Composites. Nanomaterials 2022, 12, 446. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, R.; Abe, M.; Benino, Y.; Fujiwara, T.; Kim, H.; Komatsu, T. Laser-induced crystallization of β′-RE2(MoO4)3 ferroelectrics (RE: Sm, Gd, Dy) in glasses and their surface morphologies. J. Non-Cryst. Solids 2007, 353, 85–93. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yan, B. RE2(MO4)3:Ln3+ (RE = Y, La, Gd, Lu; M = W, Mo; Ln = Eu, Sm, Dy) microcrystals: Controlled synthesis, microstructure and tunable luminescence. CrystEngComm 2013, 15, 5694–5702. [Google Scholar] [CrossRef]

	



Kodaira, C.A.; Brito, H.F.; Felinto, M.C.F. Luminescence investigation of Eu3+ ion in the RE2(WO4)3 matrix (RE = La and Gd) produced using the Pechini method. J. Solid State Chem. 2003, 171, 401–407. [Google Scholar] [CrossRef]

	



Zhuravlev, K.; Tsaryuk, V.; Kudryashova, V. Photoluminescence of europium and terbium trifluoroacetylacetonates. Participation of LMCT state in processes of the energy transfer to Eu3+ ion. J. Fluor. Chem. 2018, 212, 137–143. [Google Scholar] [CrossRef]

	



Wood, D.; Tauc, J. Weak absorption tails in amorphous semiconductors. Phys. Rev. B 1972, 5, 3144. [Google Scholar] [CrossRef]

	



Ran, W.; Wang, L.; Zhang, W.; Li, F.-f.; Jiang, H.; Li, W.; Su, L.; Houzong, R.; Pan, X.; Shi, J. A super energy transfer process based S-shaped cluster in ZnMoO4 phosphors: Theoretical and experimental investigation. J. Mater. Chem. C 2015, 3, 8344–8350. [Google Scholar] [CrossRef]

	



An, Y.; Schramm, G.E.; Berry, M.T. Ligand-to-metal charge-transfer quenching of the Eu3+ (5D1) state in europium-doped tris (2, 2, 6, 6-tetramethyl-3, 5-heptanedionato) gadolinium (III). J. Lumin. 2002, 97, 7–12. [Google Scholar] [CrossRef]

	



Dutta, P.; Khanna, A. Eu3+ activated molybdate and tungstate based red phosphors with charge transfer band in blue region. ECS J. Solid State Sci. Technol. 2012, 2, R3153. [Google Scholar] [CrossRef]

	



Ye, S.; Xiao, F.; Pan, Y.; Ma, Y.; Zhang, Q. Phosphors in phosphor-converted white light-emitting diodes: Recent advances in materials, techniques and properties. Mater. Sci. Eng. R Rep. 2010, 71, 1–34. [Google Scholar] [CrossRef]

	



Lei, F.; Yan, B.; Chen, H.H.; Zhao, J.T. Surfactant-assisted hydrothermal synthesis of Eu3+-doped white light hydroxyl sodium yttrium tungstate microspheres and their conversion to NaY(WO4)2. Inorg. Chem. 2009, 48, 7576–7584. [Google Scholar] [CrossRef] [PubMed]

	



Rajendran, M.; Vaidyanathan, S. New red emitting phosphors NaSrLa(MO4)3:Eu3+ [M = Mo and W] for white LEDs: Synthesis, structural and optical study. J. Alloys Compd. 2019, 789, 919–931. [Google Scholar] [CrossRef]

	



Huang, X.; Guo, H.; Li, B. Eu3+-activated Na2Gd(PO4)(MoO4): A novel high-brightness red-emitting phosphor with high color purity and quantum efficiency for white light-emitting diodes. J. Alloys Compd. 2017, 720, 29–38. [Google Scholar] [CrossRef]

	



Grzyb, T.; Lis, S. Structural and spectroscopic properties of LaOF:Eu3+ nanocrystals prepared by the sol–gel Pechini method. Inorg. Chem. 2011, 50, 8112–8120. [Google Scholar] [CrossRef] [PubMed]

	



Balci, M.H.; Chen, F.; Cunbul, A.B.; Svensen, Ø.; Akram, M.N.; Chen, X. Comparative study of blue laser diode driven cerium-doped single crystal phosphors in application of high-power lighting and display technologies. Opt. Rev. 2018, 25, 166–174. [Google Scholar] [CrossRef]

	



Pagonis, V.; Ankjærgaard, C.; Murray, A.; Jain, M.; Chen, R.; Lawless, J.; Greilich, S. Modelling the thermal quenching mechanism in quartz based on time-resolved optically stimulated luminescence. J. Lumin. 2010, 130, 902–909. [Google Scholar] [CrossRef]

	



Pązik, R.; Zawisza, K.; Watras, A.; Maleszka-Bagińska, K.; Boutinaud, P.; Mahiou, R.; Dereń, P.J. Temperature induced emission quenching processes in Eu3+-doped La2CaB10O19. J. Mater. Chem. 2012, 22, 22651–22657. [Google Scholar] [CrossRef]

	



Zhang, J.; Chen, B.; Liang, Z.; Li, X.; Sun, J.; Cheng, L.; Zhong, H. Optical transition and thermal quenching mechanism in CaSnO3:Eu3+ phosphors. J. Alloys Compd. 2014, 612, 204–209. [Google Scholar] [CrossRef]

	



Fang, Y.-C.; Chu, S.-Y.; Kao, P.-C.; Chuang, Y.-M.; Zeng, Z.-L. Energy transfer and thermal quenching behaviors of CaLa2(MoO4)4:Sm3+, Eu3+ red phosphors. J. Electrochem. Soc. 2010, 158, J1. [Google Scholar] [CrossRef]

	



Geng, X.; Xie, Y.; Ma, Y.; Liu, Y.; Luo, J.; Wang, J.; Yu, R.; Deng, B.; Zhou, W. Abnormal thermal quenching and application for w-LEDs: Double perovskite Ca2InSbO6:Eu3+ red-emitting phosphor. J. Alloys Compd. 2020, 847, 156249. [Google Scholar] [CrossRef]

	



Jia, Z.; Zhang, X.; Hua, X.; Dong, Y.; Li, H.; Feng, C.; Wang, Y.; Xia, M. Engineering mixed polyanion red-emitting Rb2Bi(PO4)(WO4):Eu3+ phosphors with negligible thermal quenching and high quantum yield. J. Alloys Compd. 2020, 844, 155875. [Google Scholar] [CrossRef]

	



Zhu, G.; Ci, Z.; Shi, Y.; Que, M.; Wang, Q.; Wang, Y. Synthesis, crystal structure and luminescence characteristics of a novel red phosphor Ca19Mg2(PO4)14:Eu3+ for light emitting diodes and field emission displays. J. Mater. Chem. C 2013, 1, 5960–5969. [Google Scholar] [CrossRef]

	



Guo, Z.; Wu, Z.-C.; Milićević, B.; Zhou, L.; Khan, W.U.; Hong, J.; Shi, J.; Wu, M. Na2Tb0.5(MoO4)(PO4):0.5Eu3+: A red-emitting phosphor with both high thermal stability and high colour purity. Opt. Mater. 2019, 97, 109376. [Google Scholar] [CrossRef]

	



Wang, C.; Ye, S.; Zhang, Q. Unraveling the distinct luminescence thermal quenching behaviours of A/B-site Eu3+ ions in double perovskite Sr2CaMoO6:Eu3+. Opt. Mater. 2018, 75, 337–346. [Google Scholar] [CrossRef]

	



Chen, F.; Akram, M.N.; Chen, X. Nanocomposite phosphor materials fabricated by solid-state reaction for optoelectronics application. In Proceedings of the 2020 IEEE 8th Electronics System-Integration Technology Conference (ESTC), Tønsberg, Norway, 15–18 September 2020; pp. 1–4. [Google Scholar]

	



Peng, T.; Huajun, L.; Yang, H.; Yan, C. Synthesis of SrAl2O4: Eu, Dy phosphor nanometer powders by sol–gel processes and its optical properties. Mater. Chem. Phys. 2004, 85, 68–72. [Google Scholar] [CrossRef]








[image: Molecules 28 01014 g001 550] 





Figure 1. (a) SEM images of powder, (b) 900C, (c) 1000C, and (d) 1100C samples; (e) EDS spectra of powder and (f) ceramic samples. EDS results of three ceramic samples were the same, considering the measurement error; therefore, we used the results from 1000C as being representative for all ceramic samples. 
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Figure 2. (a) XRD diffraction patterns of the powder and ceramic samples, compared with tetragonal crystal structure Y2(MoO4)3 standard card (COD-7054114); * point out the enhancement of the same diffraction peak; (b) unit cell tetragonal crystal structure of Y2(MoO4)3; (c) structure of single [YO7] group; (d) structure of single [MO4] group. 
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Figure 3. (a) UV−visible absorption spectra of four samples; inset of (a), UV−visible absorption spectra zoom at 465 nm; (b–e), plot of      (  α h v  )   2    versus   h v   and linear fitting results near the band edge, corresponding to the powder, 900C, 1000C, and 1100C samples, respectively. 
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Figure 4. (a–d) Excitation and emission spectra of four samples, corresponding to powder, 900C, 1000C, and 1100C, respectively; (e) excitation spectra of powder and ceramic samples zoomed in to 465 nm; * point out the enhancement of the same excitation peak. 
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Figure 5. Photoluminescence decay curve of four samples with excitation and emission wavelength of 465 nm and 616 nm, respectively. 
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Figure 6. (a,b) The emission spectra thermal quenching behavior of ceramic and powder samples recorded under 465 nm, with a temperature increase from room temperature to 300 °C; (c,d) the highest emission peak value at 616 nm and emission integral value over the range of 550 nm to 750 nm versus temperature for the ceramic and powder samples. 
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Figure 7. The photoluminescence decay curves of powder (a) and ceramic (b) samples were measured at temperatures increasing from room temperature to 300 °C (excited under 465 nm and recorded at 616 nm). 
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Figure 8. (a) The linearly fitted activation energy for the thermal quenching process of powder and ceramic samples; (b) configurational coordinate diagram to show the thermal quenching mechanism and pathway for P (powder) and C (ceramic) samples. 
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Table 1. The internal quantum efficiency (IQE), external quantum efficiency (EQE), and absorption efficiency (Abs) of our samples and reported samples, as a comparison.
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	Samples
	    I Q E    
	    E Q E    
	Abs
	Ref.





	Eu3+:Y2(MoO4)3 Powder
	0.95
	0.21
	0.22
	This work



	Eu3+:Y2(MoO4)3 900C
	0.93
	0.51
	0.55
	This work



	Eu3+:Y2(MoO4)3 1000C
	0.91
	0.61
	0.67
	This work



	Eu3+:Y2(MoO4)3 1100C
	0.88
	0.57
	0.65
	This work



	Eu3+/Au:Y2(MoO4)3
	0.92
	0.10
	0.11
	[20]



	Eu3+:Y2(MoO4)3
	-
	0.2238
	-
	[19]



	Eu3+:Na2Gd(PO4)(MoO4)
	0.90
	0.37
	0.41
	[35]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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/).






media/file13.jpg
w w
- Powdersample ——25°C || _ Ceimiisasinple —25C
E) —s0C 3 —soc
2 e | S s
£ e |z 150
H | 2 200°C.
= —asc | 2 —2s0C
2 10 - 300°C, 2 10 - 300°C
£ H
ki 1 2w

1004 [ 10

I S R S S

Decay Time (ms)






media/file4.png
~
Qo
~

Relative Intensity (a.u.)

! I I ! —— Powder|

rlT| MH“I

COD-7054114: Tetragonal P 42,m

r-] II |] ]ﬂ' h:| rlL me s ol ot dpa

Eﬂ 70 80 90
2Theta()






nav.xhtml


  molecules-28-01014


  
    		
      molecules-28-01014
    


  




  





media/file16.png
In { [lg/lir)] =17}

3 -

4 -

Powder: AE = 0.56 eV

»

"

!

‘I

. rl
[
y=a+bxx

Ceramic PY
Pearson's r -0.96363
0.85717

1| Adj. R-Square
-5 4

B Powder
® Ceramic
Fitted Y of Powder

Fitted Y of Ceramic

y=a+bxx
powder
Pearson'st -0.99133
Adj. R-Squar 0.97698
Intercept 13.38636 + 1.1008
Slope -0.56637 + 0.04335

Ceramic: AE =1.03 eV

Intercept 21.50208 + 6.39575
Slope -1.02989 + 0.28561
I | I ! | I ' |
20 22 24 26 28 30

1/KT (eV)

32

(b) Engrgy

CTB (p)
SDZ

SDO

7FJ

'

\.CTB (c)






media/file2.png
! |} 1 |} |}
15,0kV 6.8mm x10,0k BSE-3D 30Pa 5.00um 15.0kV 7.2mm x2.00k BSE-3D

> 1 1 I

; |
15.0kV 7.3mm x2.00k BSE-3D 20.0um 5.0kV 7.2mm x2.00k BSE-3D

CERER ISR
wt.%] | [at.%] (wt.%] | [at.%]
0 23.36 66.86 23.46 67.19
20.85 10.74 18.04 9.3
31.69 15.13 3335 15.93
24.10 7.26 25.15 7.58
100.00 100.00 100.00 100.00

Li... ' | | JLJLI!;..:-






media/file5.jpg
Absorbance (a.u.).






media/file3.jpg
g

Relative Inensiy (a.6)

T

s
e
e
||1MMA .
I T
| COD-7054114: Tetragonal P 42,m
s e
| e a e a e |
el

()5

4 ©

'y

-

#

8

(@ I





media/file1.jpg





media/file7.jpg
Relative Intensity(a.u.)

o

“.:Lf””"'
kT
G
¥ J\ e

Relative Intonsity(a.u.)

©

PR

0 0 W 0 w0 S0 550 600 60 700 750

‘Wavelength (nm)

X
Wavelength (nm)





media/file10.png
Logarithmic intensity (a.u.)

1045

Samples Decay time / ms
i Powder 0.716
0% 900C 0.646
] 1000C 0.634
1100C 0.63
102§
11— Powder
10'4 - 900C
1 —— 1000C
j —1100C
100 " 1 L 1 b I 2 I = | ¥
0 1 2 3 4 S 6 7 8 9

Decay Time (ms)

10





media/file12.png
Ceramic

(b) Powder

Relative Intensity (a.u.)

g

O
oS
g
O
v 0\’0
@Q
&Qv
550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Relative Intensity (a.u.)

R

(C): 120 (d) 120

= 1oo---v}nf&_‘-- ----i'-‘m.i Ceramic S 100 & -H., 4 Powder

2> 80 N 2 80- '

7

O 60 ' O 60 '

-~ ) \ - |

= ) . A c :

s— P ] o 1 \

O 40 * Highest value ' \ O 40 :

= v Integral value : . T : B o

o : o | # Highestvalue ¥\

© 20- . . = ' ™ Integral valu

0 . ! 0 . 1 JAgVR vesuR, \
0 v T v T v T - % v T a T 0 " x T ; T v T v T v T v T

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (°C) Temperature (°C)





media/file9.jpg
Samples _ Decay time / ms
Powder 0.716
900C 0.646
1000C 0634
1100C 063

Logarithmic intensity (a.u.)

AR

Decay Time (ms)

Ll
7





media/file0.png





media/file14.png
Logarithmic intensity (a.u.)

(5

10°

10° 4

107 4

Powder sample

4 6

| L0010
8

Decay Time (ms)

10

G

Logarithmic intensity (a.u.)

10 5
Ceramic sample — 25°C
—50°C
10° — 100°C
: —150°C
—200°C
7 ——250°C
ol ——300°C
10" -
10 . —
0 2 4 6 8

Decay Time (ms)






media/file8.png
Relative Intensity(a.u.)

Excitation spectra
hem = 616 nm 395 7F, — D,

(a)

7Fn o 5'-&- f“Du -

T
2
616

Emission spectra
hoy = 465 nm

Powder

A

I ! | ! I ! | B 1 ! 1 !
250 300 350 400 450 500 550
Wavelength (nm)

Relative Intensity(a.u.)

— 1 T o
600 650 700 750

(e)

hem=

—— Powder
----- Ceramic

E—
430 440

—— T e
450 460 470 480 490 500 510
Wavelength (nm)





media/file11.jpg
Ceramic

Wavelength (o)

s

Relative Itensiy (a.u)

8

8

RN

Relative Intensity (a.u)

Wavelength (om)

1

| i
om0 I

| g I

: T N

Temperature (°C)

Temperature (C)






media/file6.png
Absorbance (a.u.)

1.0
&9:
UB:
071
&E;
QSL

0.4 +

0.3 45

0.2 -

0.0

(@)

o A{\

D_ﬂ
450 460 , 470 480

/

1
|
|
|
|
|

250 300 350 400 450 SUD 550 600 650 700 750

Wavelength (nm)

L ®
y=-22.14995+6.28128 x X
3
2 Powder
14 352eV
G ] - B - -
1 2 3 G
hv (eV)
0
o @
y=-46.83768+14 5785~ X
6-
4. 1000C
24 321eV
0 .

1 2 3 4

hv (eV)

]
1

10
L ©
y=-49.64528+14.9856 < X
t\/l}_: 6 |
= g00C
=
2- 3.31 eV
0 - : : :
0 1 2 3 4 5
hv (eV)
10
e
@
y=-34.09451+10,39048 x X
s6
1% 4 1100C
21 3.28 eV
G - ’ , -
0 1 2 3 4 5

hv (eV)






media/file15.jpg
In{llgl] =1}

™ st Ceramic:

]
KT (V)





