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Abstract

:

Near-infrared emitting nano-sized particles of ZnGa2−x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed as ZGMSO:Cr3+) with persistent luminescence were prepared by sol-gel processing followed by calcination. The samples were tested by XRD, TEM, STEM, SAED, Raman, XPS, UV-Vis-NIR, TL, PLE/PL spectroscopy, and persistent luminescence decay analysis. Equimolar incorporation of Mg2+ and Si4+ ions did not change the spindle structure of ZnGa2O4 seriously. Most Mg2+ ions are more likely to occupy the sites in octahedron, but Si4+ ions are more likely to occupy the sites in tetrahedron in priority. A broader bandgap, up shift of conduction band minimum, and more anti-defects were found at a higher Mg2+/Si4+ doping concentration. ZGMSO:Cr3+ outputs near-infrared emission with a dominated band at 694 nm (2E → 4A2 transition of Cr3+), which can last longer than 48 h after the stoppage of UV irradiation. Mg2+/Si4+ doping contributes to a better near-infrared persistent luminescence, and the strongest and the longest NIR afterglow was observed at x = 0.05, owing to that the x = 0.05 sample has the deepest defects. The synthesized nanoparticles of ZGMSO:Cr3+ not only output intense NIR afterglow but also can be recharged by the red light of LED several times, indicating that they are the potential nano probes for bio imaging in living animals.
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1. Introduction


Cr3+-activated zinc gallate (ZnGa2O4:Cr3+) [1] and Cr3+-doped zinc gallogermanate (Zn3Ga2GeO8:Cr3+) [2,3] spinel phosphors are the new favorites in persistent luminescence materials and attract tremendous attention, mainly due to their near-infrared (NIR) emissions at ~700 nm (the spin forbidden 2E → 4A2 transition of Cr3+) and ~650–1600 nm (the spin-allowed 4T2 → 4A2 transition of Cr3+), that would last for a long time with several or dozens of hours after removing the light source. Recently, functionalized NIR-emitting persistent luminescent nanoparticles of ZnGa2O4:Cr3+ and Zn3Ga2GeO8:Cr3+ with long lasting afterglow have been successfully synthesized for bio-imaging in living animals [4,5,6,7,8,9,10,11,12,13,14], mainly due to their two advantages: (1) the long-lasting afterglow feature permits detection without external illumination, which can eliminate the noise from the background because of in situ excitation; (2) the NIR emission is beneficial for whole body imaging of living animals because its ratio of signal to noise is high and the penetration is deep. However, for practical applications of the NIR persistent phosphors, the effective afterglow signal rather than the very weak luminescence signal may last for several hours, and the optical materials need to be effectively activated by visible light. Therefore, increased attention has been paid to the improvement of NIR persistent luminescence of spinel phosphors through compositional modification [15,16,17,18,19,20].



It has been predicted that any combination of ions including alkaline earth, lanthanide or Li+ ions in ZnGa2O4:Cr3+ and Zn3Ga2GeO8:Cr3+ may possibly produce materials with remarkable NIR persistent luminescence, because the incorporation of foreign ions would increase the efficient electron traps [2,21,22,23]. More recently, Sn4+-doped ZnGa2O4:Cr3+ [24], Pr3+ [5], Bi3+ [25], Eu3+ [26], Yb3+/Er3+ [27] doped zinc gallogermanate persistent luminescent materials were synthesized, and the improved NIR persistent luminescence is attributed to distorted octahedral sites arising from foreign ions occupying six-coordinated Ga site [28]. However, the reports on incorporation of two different valence ions in ZnGa2O4:Cr3+ at the same time are rather limited because of their complex occupation on Zn site (four-coordinated) or Ga site (six-coordinated). But it has ability to potentially regulate the effective defects which are beneficial to the improvement of NIR persistent luminescence. In this work, equimolar Mg2+ and Si4+ ions were introduced in ZnGa2O4:Cr3+ through occupying both the four- and six- coordinated sites, which increase the efficient electron traps by local microstructure regulation, thus generating remarkable improved near-infrared persistent luminescence. The local structure and the near-infrared persistent luminescence of ZnGa2−x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed as ZGMSO:Cr3+) were investigated via detailed characterizations of X-ray diffractometry (XRD), transmission electron microscopy (TEM), STEM, SAED, Raman, X-ray photoelectron spectrometer (XPS), UV-Vis-NIR, Thermoluminescence (TL), PLE/PL spectroscopy, and persistent luminescence decay analysis. The results of this work may have wide implications on other optical materials with persistent luminescence.




2. Experimental Section


2.1. Synthesis


The starting materials of Zn(NO3)3·6H2O, Mg(NO3)2·6H2O, Cr(NO3)3·9H2O, SiO2, and Ga2O3, were purchased from Sinopharm (Shanghai, China) with the purity of 99.99%. Ga2O3 was dissolved in nitric acid solution. ZGMSO:Cr3+ samples were prepared by sol-gel processing in the presence of trimethylaminomethane (THAM), followed by calcinations at 1000 °C. The molar ratio of THAM to total cationic ions is maintained at 2:1, and the Cr3+ content is fixed at 0.5 at.%, substituting for Ga3+.




2.2. Characterization Techniques


X-ray diffractometry (XRD, Model SmartLab, Rigaku, Tokyo, Japan) was used for phase identification, which was performed by operating at 40 kV/40 mA using nickel filtered Cu Kα radiation and a scanning speed of 6.0° 2θ/min. A Raman microscope (Model R-XploRA Plus, Horiba, Kyoto, Japan) was used for Raman scattering measurements, using the with a 532 nm He-Ne laser as the excitation source. At the sample, the laser power was fixed at 49.1 mW. An X-ray photoelectron spectrometer (Model Axis Supra, Kratos Analytical Ltd., Manchester, UK) was used for the data of X-ray photoelectron spectroscopy (XPS) using the monochromatized Al Kα X-ray radiation. At room temperature, the measurements were performed using an ultrahigh vacuum chamber with a base pressure below 3 × 10−9 Torr. C 1 s (284.8 eV) of carbon impurities was used as reference to calibrate binding energies. Transmission electron microscopy (TEM, Model JEM-2000FX, JEOL, Tokyo, Japan) was used to test the morphologies of the products. The composition of the product was analyzed by inductively coupled plasma (ICP) spectroscopy (Model Optima 8300 and Optima 4300, Perkin Elmer, Shelton, CT, USA) with a detection limit of 0.01 wt.%. UV-Vis-NIR spectrophotometer (UV-3600 Plus, Shimadzu, Kyoto, Japan) was used for diffuse reflectance spectra of the samples at room temperature. A spectrometer (Model FJ427A TL, Beijing Nuclear Instrument Factory, Beijing, China) was used to test the glow curves of the samples with a heating rate of 1 °C·s−1 on after exposure to UV light for 5 min at room temperature. FP-8600 fluorospectrophotometer (Jasco, Tokyo, Japan) was used to analyze the photoluminescence of the phosphors, and Horiba JY FL3-21 (Horiba, Kyoto, Japan) was used to detect the persistent luminescence signals.



For Rietveld refinement, the data were collected through a step-scan mode over the 2θ range of 15°–120°, using a step interval of 0.02° and a counting time of 1 s per step. TOPAS 4.2 software was carried out for the Rietveld refinement of the XRD patterns.





3. Results and Discussion


3.1. Synthesis, Morphology and Local Structure


XRD pattern of the prepared ZGMSO:Cr3+ (x = 0–0.20) calcined at 1000 °C are displayed in Figure 1. The diffractions of the samples with x = 0–0.15 are well-indexed to spinel structured ZnGa2O4 (JCPDS No. 38–1240). There are two kinds of sites for cationic ions in the crystal structure, which are A site for Zn2+ in a tetrahedron surrounded by four oxygen anions, and B site for Ga3+ in an octahedron surrounded by six oxygen anions, respectively [28]. Appearance of a small trace of another phase corresponding to Zn2SiO4 (JCPDS No. 85–0453) takes place with the x value reaching 0.20, along with main phase of ZnGa2O4. The results indicates that the incorporation threshold of Mg2+ and Si4+ in ZnGa2O4 is 15% (x = 0.15). Inductively coupled plasma (ICP) spectroscopy was employed to analyze the composition of the product, and the results of chemical analysis for ZGMSO:Cr3+ (x = 0.01, 0.05, 0.15) are shown in Table 1. Elemental analysis identified ZnGa2.08(Mg2+/Si4+)0.0095O4.14:0.0048Cr3+ for x = 0.01 sample, ZnGa2.05(Mg2+/Si4+)0.046O4.15:0.0049Cr3+ for x = 0.05 sample, and ZnGa1.97(Mg2+/Si4+)0.154O4.19:0.0047Cr3+ for x = 0.15 sample, respectively. The results indicate that the composition of the prepared samples is very close to the stated objective one. Figure 2a shows the typical Rietveld structure refinements of x = 0.05 sample, using the standard ZnGa2O4 as initial model of crystal structure. Comparing the calculated and the experimental data finds that all the diffraction peaks are well matching, in absence of other impurity in the sample. The calculated values of residual factor are Rwp = 10.63%, Rp = 6.66%, Rexp = 5.92% and x2 = 1.80. The acceptable reliability factors further confirmed that the sample is a single phase, which crystallizes in a spinel structure (cubic) with the space group of Fd-3m. Figure 2b shows Morphology of x = 0.05 sample under TEM observation, that indicates that the sample entirely consist of nanoparticles, with the sizes ranging from ~20 to ~100 nm. The SAED analysis (Figure 2c) suggested that the nanoparticles are single crystalline and exhibit excellent crystallinity. The calculated plain spacings from SAED pattern are assigned to the (220) and (422) plains of ZnGa2O4 (JCPDS No. 38–1240), indicating the formation of spinel structured solid solution. Elemental mapping results are shown in Figure 3, finding that all cationic elements are distributed among the particles, and all the elements outline the particle morphology consistent with that in Figure 2b, suggesting that the nanoparticles are homogeneous solid solutions.



Figure 4a presents the X-ray photoelectron spectroscopy (XPS) survey spectra (Figure 4a). The results match well to the elemental mapping results, because other elements were not detected except for the original components and contaminating carbon. High-resolution XPS spectra of Zn 2p3/2, Ga 2p3/2, Mg 1s, Si 2p core levels for ZGMSO:Cr3+ (x = 0–0.15) were analyzed in Figure 4b–e, which reveals the effect of incorporation of Mg2+/Si4+ on the microstructure. Due to a few of tetrahedral Ga and octahedral Zn sites arising from anti-defects appear in spinel-structured zinc gallate [1], a small amount of anti-site Zn2+ and Ga3+ contribute to the asymmetric XPS spectra, which may be fitted using a bi-Gaussian function (Figure 4b,c). Due to the binding energy of cationic ions in the tetrahedral sites is smaller than that in the octahedral sites, the fitting binding energy at higher is assigned to the cationic ions occupying octahedral while the lower value is assigned to the cationic ions occupying tetrahedral sites [29]. Although Zn2+ ions in tetrahedron and Ga3+ in octahedron takes the dominate role, increasing the doping content of Mg2+/Si4+ (x value) induces more Zn2+ ions being in octahedron while more Ga3+ ions being in tetrahedron (Tables S1 and S2), indicating more anti-defects appear. Since most Mg2+ ions are in octahedron, the fitted area ratio of the peak at the higher energy (~1304 eV) takes the dominate role (Figure 4d and Table S3). When the x increases from 0.01 to 0.15 (Table S3), the fitted area ratio of the peak at the lower value of ~1300 eV increases and then takes the dominate role, indicating more Mg2+ ions occupying tetrahedral sites at a higher Mg2+/Si4+ doping content. However, most Si4+ ions are in tetrahedron, because the fitted area ratio of the peak at the lower value of ~105 eV is larger (Figure 4e and Table S4). Since the ionic radii of Si4+ (0.026 nm for four coordination and 0.040 nm for six coordination) is much smaller than that of Zn2+ (0.060 nm for four coordination) and that of Ga3+ (0.062 nm for six coordination) [30], Si4+ ions are indeed in both the tetrahedron (Zn sites) and octahedron (Ga sites). Increasing the x value did not significantly affect the occupation ratio of Si4+ in tetrahedral and octahedral sites. The above results suggest: (1) Si4+ ions occupy the tetrahedral sites in ZnGa2O4 in priority and their occupation exhibits an independence on the Mg2+/Si4+ doping content (x value); (2) more incorporation of Mg2+/Si4+ would induce more anti-defects appear.



Raman spectra of ZGMSO:Cr3+ (x = 0–0.15) are exhibited in Figure 5. For the spinel structure, group theory predicts the following phonon modes, Γ = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 5T1u + 2T2u [31]. Gorkom et al. [32] reported that the Raman peak at ~714 cm−1 is assigned to A1g Raman-active modes (k = 0), while the peak at ~610 cm−1 is assigned to T2g Raman-active modes (k = 0). In this work, the Raman peaks at ~610 and ~714 cm−1 are clearly observed for ZnGa2O4 (x = 0 sample), which indicates there are a large amount of ZnO4 groups with symmetric stretching vibrations [32,33]. However, the intensity of Raman peaks at ~610 and ~714 cm−1 weakens with increasing the x up to 0.15. More Mg2+/Si4+ doping (larger x value) would induce more Si4+ and Mg2+ ions occupying tetrahedral sites, along with more anti-defects of Ga3+ ions in tetrahedral sites, so a few of ZnO4 groups in symmetric status transformed into ZnO4 groups in distorted status, which contributes to the weakened Raman peaks.




3.2. Photoluminescence and NIR Persistent Luminescence of ZGMSO:Cr3+


Figure 6a displays the photoluminescence excitation (PLE) and emission (PL) spectra of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ (taking x = 0.05 sample as an example) at room temperature. In the PLE spectra, three excitation bands are found by being monitored at a near-infrared (NIR) wavelength of 694 nm. The strongest excitation bands at the wavelength range from 220 to 320 nm, are arising from the overlap of VB → CB transition and 4A2 → 4T1 (4P) transition of Cr3+ [1,2]. While the excitation peaks at 410 and 565 nm are assigned to 4A2 → 4T1 (4F) transition and 4A2 → 4T2 transition of Cr3+, respectively [1,2,14], indicating the samples can be excited by visible light, such as blue and orange red light, except for the UV irradiation. Under the 265 nm UV excitation, the samples exhibit a near-infrared (NIR) emission with the maximum at 694 nm, which is arising from the 2E → 4A2 transition of Cr3+, this is mainly due to Cr3+ ions occupying the distorted octahedrons. It is interesting to find that incorporation of Mg2+/Si4+ ions, leads to the NIR emission intensity at 694 nm increasing by ~23% and the maximum peak of the strongest UV excitation band shifting from 256 to 265 nm, through comparing with the excitation and emission spectra of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ (Figure 6a). The NIR persistent-luminescence decay curves of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ are compared in Figure 6b, which were monitored at 694 nm after UV light irradiation for 300 s at room temperature. Both of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ could output strong NIR afterglow that lasting more than 7200 s, but ZGMSO:Cr3+ exhibits much more intense NIR afterglow than that of ZnGa2O4:Cr3+ and thus having a longer afterglow time, which indicates that Mg2+/Si4+ doping contributes to an improved NIR persistent luminescence. The persistent luminescence spectra of ZGMSO:Cr3+ with various durations confirmed that the NIR signal of afterglow can still be detected after removing the UV light source at 48 h (2880 min, Figure 6c). The appearance of NIR afterglow in Figure 6e directly shows that intense afterglow of ZGMSO:Cr3+ can last longer than 240 min, which is much stronger than that of ZnGa2O4:Cr3+. Since ZGMSO:Cr3+ can also be excited by visible light, it was second in situ excited under a red-light lamp for 120 s, and repeated signal of NIR afterglow was observed after removing the excitation. The persistent luminescence spectra of ZGMSO:Cr3+ with various durations indicate that the repeated signal of afterglow can last more than three hours (Figure 6d), while the appearances of NIR afterglow in Figure 6e directly show that the repeated signal of afterglow can last more than four hours and exhibit priority to that of ZnGa2O4:Cr3+. Therefore, it can be inferred that ZGMSO:Cr3+ sample possesses an excellent NIR persistent luminescence property and can be repeatedly recharge by red LED light. Since incorporation of Mg2+/Si4+ ions in ZnGa2O4:Cr3+ contributes to the electrons traps which can store UV and visible light [14,24], the prepared samples exhibited rechargeable ability for UV light and red LED light. In the following section, the influence of Mg2+/Si4+ doping on the NIR persistent luminescence would be investigated in detail.




3.3. Effects of Mg2+/Si4+ Doping on the NIR Persistent Luminescence and Mechanism


Figure 7a estimates the bandgap energies of ZGMSO (the host of ZGMSO:Cr3+) with various x values, which were determined by a UV-Vis-NIR spectrophotometer. The absorption coefficient (α) and incident photon energy (hν) follows the relationship as α = Bd(hν-Eg)1/2, where Bd is the absorption constant and Eg is the bandgap energy [34]. Figure 7a shows the relationship of (Ahυ)2 versus hυ based on the spectral data. Bandgaps of 4.65 eV for x = 0, 4.70 eV for x = 0.05, and 4.77 eV for x = 0.15 are obtained by extrapolating the linear parts of the curves, which indicates that a higher x value induces a broader bandgap. Figure 7b presents the valence-band XPS spectra, which finds that all the samples have the almost the same edges of the maximum energy at about 2.88 eV. Therefore, the conduction band minimum (CBM) can be calculated from the data of bandgap and valence-band maximum (VBM), and the results are −1.78 eV for x = 0, −1.82 eV for x = 0.05, and −1.89 eV for x = 0.15, respectively. Figure 7c shows TL glow curves of ZGMSO:Cr3+ with various x values, and only one main peak ranging from 25 °C (298 K) to 300 °C (573 K) was observed. The main peak temperature of the TL glow curves are summarized in Table 2. Increasing the x value from 0 to 0.05 results in the temperature of peak maximum increasing from 105 °C (378 K) to 128 °C (401 K). Further increasing the x value from 0.05 to 0.15 only yields a slightly decrease with the maximum of the peak being 127 °C (400 K) and 124 °C (397 K) for x = 0.10 and x = 0.15, respectively. The electron-trap depths of ZGMSO:Cr3+ samples can be estimated from the following equation as E = Tm/500 [14], where Tm is the peak maximum in TL curves. The electron-trap depth calculated from the TL peaks increases from 0.756 to 0.802 eV with elevating the x value from 0 to 0.05. While the electron-trap depths exhibit a very small reduction by further elevating the x value up to 0.15.



Through the combination of the above results, a schematic illustration of the energy level was constructed in Figure 8. Since the 4T1 (4P) level of Cr3+ is broad and it locates partly in the bandgap and partly in the conduction band (CB), the excitation bands arising from the VB → CB transition and the 4A2 → 4T1 (4P) transition of Cr3+ overlap, which thus contributes to the strongest excitation band at the wavelength ranging from 220 to 320 nm (Figure 6a). More Mg2+/Si4+ incorporation (larger x value) induces the up shift of CBM, so more parts of the 4T1 (4P) level appear in the bandgap that are near the CBM (Figure 8). The separation of CB and 4T1 (4P) level contributes to the red shift of the maximum peak of the strongest UV excitation band. Additionally, due to more part of 4T1 (4P) level breaks away from CB, more excited electrons leap into the 4T1 (4P) level rather than the CB, which results in more excited electrons going from 4T1 (4P) level to 2E level through nonradiative transition and thus contributing to the enhanced emission intensity at 694 nm (2E → 4A2 transition of Cr3+, Figure 6a). Since traps with deep trap depth are not easy to be emptied at room temperature, the sample having deeper traps usually exhibit more intense and longer afterglow. Therefore, x = 0.05 sample exhibits the most intense and the longest persistent luminescence, owing to its deepest defects. Since the x = 0.10 sample and x = 0.15 sample have the trap depth close to that of x = 0.05 sample, they exhibit the similar persistent luminescence to that of x = 0.05 sample (Figure 9). Previous literatures reported that anti-defects play the role as the electron traps that can capture the excited electrons, so they would contribute to the improved persistent luminescence [35,36,37]. Here, more incorporation of Mg2+/Si4+ resulted in more anti-defects, which thus contributed to the improved NIR persistent luminescence. However, Si4+ ions occupy the tetrahedral sites (Zn sites) in ZnGa2O4 in priority, which leads to the appearance of Ga vacancy with three negative charges and Si4+ in Zn sites with two positive charges. These defects contribute to the electron traps with a deeper depth more than ~1.0 eV [28,38,39], where the captured electrons cannot easily escape at room temperature and thus contributes to the worse NIR persistent luminescence. Therefore, the most intense and the longest persistent luminescence was observed for x = 0.05 sample, which are the comprehensive outcome from the anti-defects and the defects arising from Si4+ ions occupying the tetrahedral sites.





4. Conclusions


In this work, nano-sized particles of ZnGa2-x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed as ZGMSO:Cr3+) were prepared by sol-gel processing, which were then calcined at 1000 °C. The nanoparticles are single crystalline and well crystallized. Incorporation of equimolar Mg2+ and Si4+ ions did not significantly affect the spindle structure of ZnGa2O4. Most Mg2+ ions occupy the octahedral sites, but more Mg2+ ions occupying tetrahedral sites at a higher Mg2+/Si4+ doping content. Si4+ ions occupy the tetrahedral sites in priority, which are independent on the Mg2+/Si4+ doping content. More incorporation of Mg2+/Si4+ contributes to broader bandgap, up shift of conduction band minimum, and increased anti-defects. Under the UV excitation, ZGMSO:Cr3+ exhibits a near-infrared (NIR) emission with the maximum at 694 nm, which is arising from the 2E → 4A2 transition of Cr3+, because Cr3+ ions are in the distorted octahedrons. Mg2+/Si4+ doping contributes to an improved NIR persistent luminescence, and the most intense and the longest NIR afterglow was observed for x = 0.05 sample, owing to its deepest defects. The best sample possesses an excellent NIR long-lasting luminescence with intense NIR signal of afterglow more than 48 h and can be rechargeable by a red light of LED lamp. The prepared persistent-luminescence phosphors are suitable for applications in long-term in vivo imaging, and they imaging signal can be repeated in vivo through in situ recharge with external excitation of a red LED lamp.
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Figure 1. XRD pattern for the prepared ZGMSO:Cr3+ (x = 0–0.20) calcined at 1000 °C. 
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Figure 2. (a) Rietveld refinements, (b) TEM image, and (c) SAED patterns of ZGMSO:Cr3+ (x = 0.05 sample). 
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Figure 3. Element distribution of ZGMSO:Cr3+ (x = 0.05 sample), with (a) Zn, (b) Ga, (c) Mg, (d) Si, (e) Cr. 
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Figure 4. (a) XPS survey spectrum of ZGMSO:Cr3+ (x = 0.05 sample) and (b–e) high-resolution XPS spectra of ZGMSO:Cr3+ (x = 0–0.15): (b) Zn 2p3/2, (c) Ga 2p3/2, (d) Mg 1s, (e) Si 2p. 
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Figure 5. Raman spectra of the prepared ZGMSO:Cr3+ (x = 0–0.15) calcined at 1000 °C. 
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Figure 6. (a) PLE/PL spectra and (b) NIR persistent luminescence decay curves (monitored at 694 nm, 5-min excitation at 254-nm UV light illumination) of x = 0 and x = 0.05 samples. (c,d) are persistent luminescence spectra of x = 0.05 sample with various durations after stopping UV light and secondary excitation with a red light from a LED lamp. (e) is appearance of NIR afterglow of x = 0.05 sample with various durations obtained by a Kodak In Vivo Imaging System FX Pro at different times after removing UV irradiation for 5 min and the appearance of recharging NIR afterglow thought a secondary excitation of red light. 
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Figure 7. (a) Determination of bandgap energies, (b) Valence-band XPS spectra, and (c) TL glow curves of ZGMSO:Cr3+ (x = 0–0.15). 
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Figure 8. Schematic illustration of energy level diagram. 
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Figure 9. NIR persistent luminescence decay curves of ZGMSO:Cr3+ (x = 0–0.15). 
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Table 1. Results of chemical analysis for ZGMSO:Cr3+ (x = 0.01, 0.05, 0.15).
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x

	
Chemical Analysis (wt.%)

	
Chemical Formula




	
Zn

	
Ga

	
Mg

	
Si

	
Cr






	
0.01

	
23.4

	
51.9

	
0.04

	
0.05

	
0.09

	
ZnGa2.08(Mg2+/Si4+)0.0095O4.14:0.0048Cr3+




	
0.05

	
23.3

	
51.1

	
0.22

	
0.21

	
0.09

	
ZnGa2.05(Mg2+/Si4+)0.046O4.15:0.0049Cr3+




	
0.15

	
24.2

	
49.2

	
0.66

	
0.80

	
0.09

	
ZnGa1.97(Mg2+/Si4+)0.154O4.19:0.0047Cr3+
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Table 2. Main peak temperatures of the TL glow curves and estimated trap depths.
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	x
	Peak Temperature (°C)
	Trap Depth (eV)





	0
	105
	0.756



	0.01
	114
	0.774



	0.03
	117
	0.780



	0.05
	128
	0.802



	0.10
	127
	0.800



	0.15
	124
	0.794
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