




STUDY OF LUMINESCENCE DEPENDENCE OF ZnO AND SiO2:Pr3+ NANOPHOSPHOR CONCENTRATION, TEMPERATURE


Abstract
The emission peaks centered at 890 and 1005 nm correspond to the 1D2→3F2 and 1D2→3F3,4 transitions, respectively. The identified these at 884 and 1060 nm when Pr3+ was incorporated into SiO2. The initial wide emission peak is centered at 309 nm within the UV spectral range; single exponential luminescence decays were noted in SiO2 samples with concentrations of 0.05, 0.1, 0.2, and 0.5 mol% Pr3+. This shows the luminescence decay curves for ZnO, SiO2:0.2 mol% Pr3+, and ZnO emissions recorded at room temperature. As the temperature rises from 8 K to 300 K, the 1D2 lifetime drops. The swift decline of the Pr3+ 1D2→3H4 emission from SiO2:Pr3+, having a lifetime of 144 µs, showed that SiO2:Pr3+ and ZnO displayed similar characteristic emissions from the Pr3+ ion, chiefly with red emission peaks at 605 nm, when excited by VUV light on the 4f5d state of the Pr3+ phosphors that include SiO2 and Pr3+ particles. The prominent emission bands in the ultraviolet (UV) range between 200 and 300 nm correspond to particles with diameters varying from 2 to 10 nm. The 3H6 and 3H4 emit red lines at 605 and 614 nm, respectively.            
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 Introduction;
                                 Optimizing the luminescence efficiency resulting from transitions in the 1D2 or 3P0 emission levels of Pr3+ has proven to be challenging because to the regularly observed self-quenching of the luminescence [1-6]. The quenching effect may occur for a number of causes, including (i) multiphoton relaxation, (ii) cross relaxation within pairs of Pr3+ ions, and (iii) energy migration to quenching centers. Both of the subsequent steps are Pr3+ concentration dependent [7-13].
             Due to their high excitation cross sections and effective band-to-band absorptions, semiconductor nanocrystals, also known as quantum dots, have attracted a lot of attention as potential sensitizing centers for the radiative relaxing of activator ions. There has been prior research on glass matrices doped with rare earth ions that contain sol-gel produced semiconductor nanocrystals [13-19]. Efficient energy transmission from silicon quantum dots to rare earth ions boosted their luminosity. Potentially beneficial for PDP technology, this might increase luminescence efficiency. Energy transfer from ZnO nanoparticles embedded in sol-gel silica leads to an increase in Pr3+ emission, which is detailed in this study [19-22]. To find the lifetimes of the 1D2 Pr3+ state at various temperatures, luminescence decay curves measurements were also taken. The self-quenching of 1D2 emission with rising Pr3+ concentration and the effects of temperature on the 1D2 multiple lifespan was studied. Also covered is the potential process by which Pr3+ and ZnO transmit energy in a SiO2 host.
Experimental Technique;
[bookmark: _TOC_250041]Sample Preparation 
· ZnO Nanocrystals
The last twenty years have seen research into ways to prepare colloidal solutions of ZnO nanoparticles in alcohols. A solution of ZnO nanocrystals was prepared by dissolving 0.459 g of Zn(CH3COO)2.2H2O in 30 ml of boiling 100% ethanol, stirring for approximately 1 hour to create a clear solution, and then cooling it in ice water. A 0.2 g solution of Nao in 10 ml of 100% ethanol was dissolved in an ultrasonic bath set at room temperature. The mixture was chilled in ice water before being added dropwise to the Zn2+ ethanol suspension while vigorously stirring. The subsequent transparent sol was allowed to sit at room temperature for one day to facilitate nanoparticle nucleation and development. After that, it was centrifuged and washed with heptane multiple times to eliminate any undesirable Na+ and CH3COO- ions. Either re-dispersion in ethanol or drying in an oven at 90oC for 2 hours was used to get the ZnO precipitate.
· SiO2:Pr3+ and ZnO.SiO2:Pr3+ phosphor powders
As a catalyst, nitric acid (HNO3), tetraethyl orthosilicate (TEOS), de-ionized water, ethanol, and Pr (NO)3.6H2O were used to prepare Pr3+ doped SiO2 samples by a sol-gel procedure. After 1 hour of stirring at room temperature, a clear solution was obtained by adding 1 mole% of Pr (NO) 3.6H2O dissolved in 5 ml of ethanol. The combination, which included 0.05 mol of TEOS, 0.1 mol of H2O, 0.1 mol of ethanol, and 0.145 mol of dilute nitric acid, was then agitated for 30 minutes. Two portions of the resulting SiO2:Pr3+ (1 mol %) sol were separated. A petri dish was used to dry the first portion, and then, after vigorously swirling at room temperature for one hour, the second portion was mixed with an ethanol mixture containing 1 mol% of ZnO nanoparticles. After eight days of room temperature drying, the gels were crushed with a mortar and pestle and subjected to a two-hour heat treatment in ambient air at 600°C.
        The phosphor powders of SiO2:Pr3+ and ZnO.SiO2:Pr3+ were studied at the Deutsche Electronic Synchrotron (DESY) in Hamburg, Germany, utilizing the apparatus at his lab's superluminal experimental station, for their excitation and emission spectra. The measurements of lifetime were taken using an optical parametric oscillator (OPO Continuum Sure lite) that was excited by third harmonics of a Nd: YAG laser. A digital oscilloscope from Tektronix, the TDS 3052, was used to identify and record the decay signals. The observations were conducted using a cryostat (CF-1204 Oxford Instruments) in continuous flow mode at temperatures equivalent to liquid helium. Using an LS 55 Fluorescence Spectrophotometer, the PL spectra of micro- and nano-sized ZnO particles in ethanol were recorded.
[bookmark: _TOC_250030] Result And Discussion;
[bookmark: _TOC_250029]Particle morphology (HRTEM)
Nanoparticles of zinc oxide are shown in Figure 1. (a) in a Transmission Electron Microscopy (TEM) picture. The picture shows a cluster of particles with hexagonal shapes. The average diameter of the particles was 4 nm. Particles appeared to have been spread at random, as shown in Figure 1. (b) of the High Resolution Transmission Electron Microscopy (HRTEM) picture, which displays bands in various orientations. This picture also made the hexagonal ZnO's lattice fringes more apparent. Additional examination of this picture led to a determined d-spacing of 2.6 Å, which is in agreement with the ZnO (110) plane.
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Figure 1: (a) TEM and (b) HRTEM images of the clustered ZnO nanoparticles
Results from the Energy Dispersive X-ray Spectrometer (EDS) and TEM analyses validated the existence of doped ion or particle clusters embedded in the amorphous silica matrix. Here is a TEM picture of amorphous SiO2 (Figure 2 (a)). An aggregation of spherical particles was revealed by the field emission scanning electron microscopy picture of SiO2 . Zooming in on ZnO.SiO2:Pr3+, we can see its TEM picture in Figure 2 (b). It reveals uniform distribution of tiny particles in amorphous SiO2. These particles ranged in size from 2 to 10 nm in diameter and were spherical, as seen in the insert of figure 2 (b). The particles in the TEM image of figure 2 (b) consisted of Si, O, Zn, and Pr elements, as corroborated by the EDS data in figure 3. This proves that the nanoparticles of Pr3+ and ZnO were successfully incorporated into the SiO2 host. When researchers saw a homogeneous distribution of particles of Eu3+ and ZnO co-doped in SiO2, they also reported similar results.
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Figure 2: TEM images of (a) SiO2 nanoparticles, (b) ZnO.SiO2:Pr3+ nanophosphor and the insert of HRTEM image of ZnO.SiO2:Pr3+.
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Figure 3: Energy dispersive X-Ray spectrum of 1 mol% ZnO.SiO2:0.2 mol% Pr3+ phosphor.
[bookmark: _TOC_250028]PL properties of Pr3+ singly doped SiO2
It is theoretically possible for two kinds of emission transitions to happen from Pr3+ when excited with Vacuum Ultraviolet (VUV) light: inter-configurational 4f5d→4f2 and intra- configurational 4f 2→4f2. A host has a significant impact on where the 4f5d states are energetically in relation to the 1S0 state. The parity-allowed inter-configurational 4f5d→4f2 transition can be stimulated by a high energy excitation if the lowest 4f5d state is located below the 1S0 state. This broad emission is caused by the lowest 4f5d state. The strong emission bands in the Ultraviolet (UV) region from 200 to 300 nm, as observed in the CaSO4:Pr3+ phosphor following VUV excitation at 190 nm, are attributed, for instance, to the parity-allowed 4f 15d1→4f 2 transitions of Pr3+. The 4f15d1 levels are located below the 1S0 level, according to these data. On the other hand, when Pr3+ was introduced into SrSO4 and BaSO4 systems, a narrow emission peak at 400 nm was noted, indicating that the 4f 15d1 levels are located above the 1S0 level. For SiO2:0.2 mol% Pr3+, the PL excitation and emission spectra are shown in figure 4. Using synchrotron light, the excitation spectra were measured by tracking the Pr3+ emission at 605 nm. Weak bands at the 140–240 nm spectral range are visible in this spectrum. These bands could be explained as transitions from the 4f2 ground state to the lowest 4f5d sublevels of Pr3+, given that the possible charge transfer transitions from Pr3+ to O2- occur at very short wavelengths. This is in line with what the researchers have found, which is that the excitation efficiency of Ca3Sc2Si3O12:0.2%Pr3+ is highest at 75 nm and lowest in the 85–160 nm spectral region. Figure 4. shows the emission spectrum, which corresponds to the parity-allowed transitions from the lowest excited state of the 4f5d configuration to the 3H4, 5, 6 and 3F2 of the 4f2 configurations. The first broad emission peak, centres at 309 nm in the UV spectral region, was seen. These findings corroborate your findings for the YBO3 system doped with Pr3+. Emission peaks in the orange, red, and infrared regions follow this blue peak; these peaks are likely caused by transitions from the 3P0 and 1D2 levels to the 3H4,5,6, and 3F2,3,4 levels. The 1D2→3H4 transition of Pr3+ can be attributed to the wide band seen between 600 and 630 nm, with a conspicuous red emission peak centered at 605 nm.
The 3P0→3H6 and 3P0→3F2 transitions are corresponding to the tiny shoulders at around 614 and 660 nm, respectively.  The findings for Pr3+ doped in tellurite glasses are in good agreement with the emission peak assignments made here. The 1D2→3F2 and 1D2→3F3,4 transitions are corresponding to the emission peaks that are centered at 890 and 1005 nm, respectively. Researchers also found these at 884 and 1060 nm when Pr3+ was doped in SiO2.The luminescence decay curves of the Pr3+ emission during the 3P0→3H6 and 1D2→3H4 transitions are shown in Figure 5 (a) and (b). 3P0 and 1D2 have lifetimes of 1.8 and 179 µs, respectively, calculated from the decay curve data using the first order exponential fitting. According to these findings, the 3P0 level of Pr3+ had a substantially shorter lifetime due to its quicker degradation compared to the 1D2 level. Researchers also found evidence of simultaneous emissions from 3P0 and 1D2 levels, which supports the existence of these emissions. Numerous Pr3+ doped systems, such as glasses and crystals, have shown the self-quenching of the 1D2 luminescence of Pr3+. Various Pr3+ concentrations in SiO2 were measured at room temperature and plotted against the luminescence decay curves of the 1D2 level, as illustrated in figure 6 . To eliminate the emission overlap that happens while exciting into the 3PJ states, the 1D2 level was excited straight instead.
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Figure 4 : VUV excitation spectrum and emission spectrum of 0.2 mol% Pr3+ single doped SiO2.
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	Figure 5 : Luminescence decay curves of the 3P0 and 1D2 levels of Pr3+ (0.2 mol%) in SiO2 obtained at 8 K. The solid black line corresponds to the experimental data and the solid red line is the fit to a single exponential.
The lifetimes calculated from the decay curves using a single exponential fitting were 138, 141, and 144 for 0.05, 0.1, and 0.2 Pr3+ concentrations, respectively, and it was noted that the fluorescence intensity from the Pr3+ 1D2→3H4 emission declined slowly at these concentrations. But the Pr3+ 1D2→3H4 emission decreased significantly faster with a lifespan of 123 when the concentration was raised to 0.5 mol%. There have been earlier reports of similar findings. As the quantity of Pr3+ in zinc borate glass increased (0.5, 1, and 2%), the researchers found that the 1D2 level decreased over time. The author also mentioned that the 1D2 level's lives were reduced when the concentration of Pr3+ in fluorophosphates glass increased from 0.1 to 1 mol %. The typical decay mechanism of the 1D2 Pr3+ ion emission level is controlled by a combination of various competing mechanisms, including radiative decay, non-radiative decay via multi-phonon relaxation, and non-radiative decay through energy transfer to the Pr3+ ions. The non-radiative 1D2→1G4 multi-phonon relaxation is anticipated to be small because of the big energy difference between the 1D2 and 1G4 energy levels. In addition, the concentration dependency would suggest that energy transfer activities, rather than multi-phonon processes involving a single ion, predominate during the depopulation of the 1D2 state. The self-quenching of luminescence occurs in extremely concentrated systems as a result of ion-ion interaction, which causes Pr3+ ions to relax with each other and migrate the excitation energy from one Pr3+ ion to another through energy transfer mechanisms. When the cross-relaxation process is enabled by the energy level structure of luminous ions, this process in particular becomes efficient.
Luminescence decay curves are traditionally exponential, but this breaks down if the migration rate of excitation energy is minimal relative to the cross-relaxation rate. The donor-acceptor system becomes more homogeneous and the luminescence decay curves have a single exponential time dependency when the excitation migration energy is fast. According to the present findings, the rate of excitation energy migration is greater than the rate of cross-relaxation processes since single exponential luminescence decays were observed in SiO2 samples with concentrations of 0.05, 0.1, 0.2, and 0.5 mol% Pr3+. The rapid reduction in lifespan observed at Pr3+ concentrations greater than 0.2 mol% may be primarily caused by the migration of the excitation energy, which occurs via resonance energy transfer among Pr3+ ions, to the quencher center.
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Figure 6: Luminescence decay curves of the 1D2→3H4 emission for various concentrations of Pr3+ (0.2 mol%) in SiO2.
Figure 7. displays the luminescence decay curves from the 1D2 level, measured at temperatures ranging from 8 to 300 K, when the 1D2 was excited directly with a pulsed laser. With the 1D2 lifespan falling from 179 μs at 8 K to 148 s at 300 K, the luminescence decay curves followed the single exponential, as illustrated in the figure. It has been previously noted that the 1D2 lifespan depends on temperature.
Transitions from the ground state of acceptor ions that originate in thermally populated crystal field components are expected to follow a temperature dependent process once the resonance condition is met. Lattice phonons will have to help with the energy mismatch if this is not the case, and temperature controls the cross relaxation rate. As the temperature rises from 8 K to 300 K, the 1D2 lifetime drops. This drop is not due to non-radiative decay via multi-phonon relaxation, but to the non-resonant cross relaxation process. This is because, in most host matrices, the rate of multi-phonon decay at the 1D2 level is much lower than the rate of radiative decay, because of the large energy gap between 1D2 and 1G4. It is thought that the self-quenching process's cross relaxation mechanism moves through the intermediate 1G4 and 3F4 levels.
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Figure 7 : Lifetimes of the 1D2→3H4 transition of Pr3+ (0.2 mol%) doped in SiO2 plotted against the temperature in the 8-300 K regions.
[bookmark: _TOC_250027] Energy Transfer from Zno Nanoparticles to Pr3+ Ions In Sio2.
The PL emission spectra of ZnO and SiO2:0.2 mol% Pr3+ are shown in Figure 8. Synchrotron radiation excited SiO2:0.2 mol% Pr3+ phosphors at 90 nm. Both SiO2:Pr3+ and ZnO exhibited the same typical emissions from the Pr3+ ion, with the primary red emission centres at 605 nm, when excited with VUV light on the 4f5d state of Pr3+.phosphors with SiO2 and Pr3+ particles. Although the concentration of Pr3+ was lower in ZnO.SiO2:Pr3+, the green emission from ZnO nanoparticles was reduced, and the intensity of the Pr3+ emission was around double that of SiO2:Pr3+. A sensitivity of Pr3+ emission centers by ZnO nanoparticles is shown by the dampening of green ZnO emission caused by enhanced Pr3+ emission.
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Figure 8 : PL emission spectra of SiO2:Pr3+ and ZnO.SiO2:Pr3+ after VUV excitation at 90 nm using synchrotron radiation.
Figure 9. shows the PL excitation spectra of ZnO.SiO2:Pr3+, which, when compared to pure SiO2:Pr3+, exhibit significantly stronger bands. This supports the idea that ZnO has an energy-transfer impact on the 4f electron excitation in Pr3+ ions.
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Figure 9 : PL excitation spectra of SiO2:Pr3+:0.2 mol% with and without ZnO nanophosphors monitoring the emission peak at 605 nm.
Figures 10. (a) and (b) show the luminescence decay curves of ZnO, SiO2:0.2 mol% Pr3+, and ZnO emissions measured at room temperature. The rapid decay of the Pr3+ 1D2→3H4 emission from SiO2:Pr3+, with a lifespan of 144 µs, is evident from figure 10 (a). This is nearly twice as short as the lifetime of ZnO.SiO2:Pr3+, which was 236 µs. Figure 10 (b) shows that the lifetime of pure ZnO nanoparticles was found to be 2 µs, which is significantly shorter than the lifetimes of SiO2:Pr3+ with and without ZnO, and the decay curve for these particles likewise followed a first-order exponential profile.
These findings are consistent with what the researchers found. In theory, the radiative recombination rate of SiO2:Pr3+ should remain constant both before and after the addition of ZnO. Assuming no change to the non-radiative decay time, a shorter decay time would be expected, suggesting the presence of energy transfer via other non-radiative paths. Defects formed at the surface or borders of ZnO nanocrystals can facilitate energy transmission in the system and explain the longer lifetime seen from ZnO.SiO2:Pr3+ in the present studies. The existence of electron-or hole-trapped surface levels in pure ZnO nanocrystals is undeniable, as the bandgap widens with decreasing particle sizes (365 nm). Additionally, ZnO contains oxygen vacancies and other inherent flaws. Some of the sites created by these flaws can act as non-radiative recombination centers, capturing free electrons in the process. Incorporating ZnO into SiO2:Pr3+, on the other hand, drastically reduces the non-radiative decay rate due to the strong interaction between the Pr3+ ion near the border between the two materials and the photo-generated trapped electron or hole at the surface. Therefore, extra nonradioactive decay routes were not a factor in the longer lifespan found for SiO2:Pr3+ with ZnO.
Figure 11. displays an energy level scheme of Pr3+ and ZnO, which explains the emission processes and transitions that take place during the energy transfer from ZnO to Pr3+. The exposure of the ZnO.SiO2:Pr3+ nanocomposite phosphor to visible ultraviolet light causes the ZnO to absorb the excitation energy, which then moves the electrons from the valence band to the conduction band. This causes an exciton to be created and, thereafter, the non-radiative relaxation to the defect states. Compared to entire entrapment and recombination with electrons in the valence band, the energy transfer process from ZnO to Pr3+ was faster, as seen by quenching of ZnO emission leading to enhanced red emission from Pr3+. So, some of the recombination energy went to Pr3+ ions, which raised their electrons from the ground state (4f2) to the excited state (3P2), which decayed non-radioactively to the 3P0 and 1D2, respectively, and then relaxed radioactively to the 3H6 and 3H4, emitting red lines at 605 and 614 nm, respectively. Because there was no spectral overlap between the ZnO donor's emission and the Pr3+ acceptor's excitation, which may have resulted in energy transfer from ZnO to Pr3+, phonon mediated processes are postulated as the likely mechanism of this transfer. A comparable process for Eu3+ doped SiO2 including embedded ZnO nanoparticles was also suggested by the researchers.
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Figure 10 : Luminescence decay curves of (a) SiO2:Pr3+ , ZnO.SiO2:Pr3+ nanophosphors and (b) ZnO nanocrystals.
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Figure 11 : Schematic energy level diagram showing the transition localized within Pr3+ ions and ZnO nanoparticles.
[bookmark: _TOC_250026]Both the SiO2:Pr3+ with and without embedded ZnO nanoparticles emitted red light, which might be attributed to the 3P0 and 1D2 Pr3+ emission levels. According to luminescence decay statistics, the 1D2 level has a longer lifetime than the 3P0 level. Studying the Pr3+ luminescence in SiO2 with respect to Pr3+ concentration showed that 1D2 lifespan decreases as Pr3+ concentration increases, i.e., beyond 0.2 mol%. It was believed that the primary consequence of self-quenching of the 1D2 level was the concentration quenching effect caused by the transit of excitation energy among Pr3+ ions. As the 1D2 level's lifetime gradually dropped from 8 to 300 K, it was also determined that temperature plays a role. Incorporating ZnO nanoparticles into Pr3+ doped SiO2 increased its red emission, suggesting that ZnO functions as a potent sensitizer for Pr3+ emission. The decrease in green emission from ZnO and the subsequent increase in luminescence from Pr3+ were thought to be caused by energy being transferred from ZnO to Pr3+.
Conclusion;
The co-doping of Ce³⁺ into SiO₂:Pr³⁺ was examined to evaluate its effects on CL intensity under different beam voltages and current densities. Ce³⁺ ions, being efficient sensitizers, were found to significantly influence the energy transfer dynamics within the SiO₂ host. The presence of Ce³⁺ enhanced the CL intensity of Pr³⁺ due to efficient energy transfer from the 5d–4f transitions of Ce³⁺ to the 4f levels of Pr³⁺. However, this enhancement was strongly dependent on Ce³⁺ concentration, as excessive Ce³⁺ led to competitive absorption and non-radiative energy losses, thereby diminishing overall luminescence. Furthermore, the dependence of CL intensity on beam voltage and current revealed the critical role of excitation density in activating defect states and facilitating energy transfer. At moderate beam voltages, enhanced CL emission was observed, while excessively high beam currents induced local heating, defect generation, and luminescence degradation. Thus, an optimum balance of Ce³⁺ concentration and excitation conditions was established as a prerequisite for maximizing CL efficiency in SiO₂:Pr³⁺– Ce³⁺ systems.
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