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Abstract

:

The p-Si/n-MgZnO:Er/Ga2O3/ZnO:In diodes with different Ga2O3 thicknesses were fabricated through spray pyrolysis deposition at 450 °C with aqueous solutions containing magnesium nitrate, zinc acetate, erbium acetate, gallium nitrate, and indium nitrate precursors. The effects of Ga2O3 layer thickness on the diode properties were investigated. For the deposited films, a combined tiny hexagonal slices and small blocks surface morphology was characterized by scanning electron microscopy for all samples. Diodes were formed after In and Ag deposition on the back side and top side, respectively. The current-voltage characteristics and luminescence spectra are studied. With the increasing of Ga2O3 thickness, the diode forward bias resistance increases while the reverse biased dark current shows the decrease-increase characters. The Er ion corresponded green light emission was characterized for the diode under reverse biased breakdown condition. The increased luminescent intensity with low turn-on current behaviors was characterized by the diode with a Ga2O3 thickness of 4.9 nm. With the diode electrical and luminescence analysis, the effect of the Ga2O3 barrier layer on the diode was discussed. The Ga2O3 barrier layer improves performance for rare earth-related light-emitting devices.






Keywords:


gallium oxide; magnesium zinc oxide; erbium; diode












1. Introduction


In the past decade, zinc oxide (ZnO) and its related materials have got certain interests in electronic and optoelectronic applications. Devices such as field effect transistors [1], photodiode [2], laser [3], and light-emitting diodes (LEDs) [4] have been reported with promising performance. For a non-toxic material with high chemical and thermal resistance properties, some interest arises in ZnO based on its large exciton binding energy (60 meV). This high binding energy character suggests ZnO is a favorable light-emitting device. Meanwhile, Si is the most important semiconductor material. The integrated Si and ZnO-based device has great attraction for further device development. One of these kinds of photonic devices, the silicon (Si) substrate integrated erbium (Er) doped ZnO/MgZnO light emitting diode [5,6], shows the promising Si-based photonic devices for communication as the Er-related green emission matches the low loss band of PMMA (polymethyl methacrylate) core optical fiber [7]. For this rare-earth element doped light emitting diode, a high reverse bias condition is generally required for ensuring high energy carrier generation and energy transformation to Er-related energy states after the impact excitation mechanism [5]. The light emission was observed by the relaxation process from the excited state to the ground state of the rare-earth element. For the diode under high electric field operation before light emission, certain currents can be characterized. A photonic device with a high turn-on current before light emission, thus, exhibits poor performance.



For photonic devices, carrier confinement is important for controlling the recombination process. The carrier blocking layer can, thus, be embedded in the structure for device performance, improving InGaN LED [8], and Perovskite solar cells [9]. For the Si substrate-based device, the high band gap SiOx formed on the Si surface by the thermal process exhibits a good carrier-blocking character on the bottom side of the luminescent host. The reduced turn-on current before light emission was characterized by this introduced bottom-side SiOx blocking layer in the diode structure [10].



For efficient carrier blocking in ZnO, some wide bandgap materials such as AlN [11], MgZnO [12], and Ga2O3 [13] can be taken as the barrier layer. For these wide bandgap materials, Ga2O3, which shows high breakdown voltage characteristics [14] with a wide bandgap of 4.7–5 eV, presents a promising property for barrier material. Although there are studies on the effects of the barrier layer on ZnO-based photonic devices [15], fewer studies can be found on the effect of the barrier layer on the top side of the luminescent host.



A variety of film deposition techniques, such as molecular beam epitaxy method, chemical vapor deposition method, sputtering technique, sol-gel technique, and spray pyrolysis method, etc., has been developed for preparing the ZnO-based devices. Among them, the non-vacuumed spray pyrolysis method has got more interest owing to its inexpensive and easy scale-up abilities. In our previous work, we report the active layer thickness effect of the MgZnO:Er diode by spray pyrolysis [16]. In this work, the Ga2O3 barrier layer was introduced on the top side of the MgZnO:Er host in the diode structure. The effects of Ga2O3 thickness on the diode current–voltage and luminescence properties were studied. The optimized Ga2O3 thickness for the reductions of the reverse biased leakage current and the turn-on current before light emission were characterized, and the mechanism was discussed.




2. Materials and Methods


The device structures p-Si/MgZnO:Er/Ga2O3/ZnO:In were prepared by spray pyrolysis at 450 °C on the p-Si substrate. The Si substrate was cleaned with acetone, rinsed in de-ionized (DI) water, dried by N2 gas, dipped in 5% HF aqueous solution, rinsed in DI water, and dried by N2 gas. The substrate was then transferred to the deposition chamber. A thin SiOx of about 3 nm was formed on the surface underwater mist. Three aqueous solutions were prepared for the sequential film deposition. The zinc acetate dehydrate (Zn(CH3COO)2·2H2O, 0.2 M), magnesium nitrate hexahydrate (Mg(NO3)2∙6H2O) 0.05 M (Mg/Zn = 25%), and erbium acetate hydrate (Er(CH3COO)3·4H2O) 0.01 M (Er/Zn = 5%) aqueous was prepared in forming MgZnO:Er. The gallium nitrate octahydrate (Ga(NO3)3∙8H2O) aqueous (0.1 M) with glucose was prepared for the deposition of Ga2O3. The zinc acetate dehydrate (0.2 M) and indium nitrate hydrate (In(NO3)3·5H2O) 0.01 M aqueous (In/Zn = 5%) were prepared for the deposition of the ZnO:In layer. The thickness of the MgZnO:Er and ZnO:In were about 300 nm and 100 nm, respectively. The backside in contact was the formation by the thermal deposition process. The front side Ag contact with a diameter of 0.6 mm was formed with a metal mask by sputter. Diode samples with different Ga2O3 deposition times of 1 min, 3 min, and 7 min were prepared, and the sample codes were AT1, AT3, and AT7, respectively. For comparison, the pn diode without the Ga2O3 layer was also prepared with sample code AT0. On the other hand, Ga2O3 films with deposition times of 1 min, 3 min, and 7 min were deposited on the p-Si substrate also under the same parameters described above. After the same metallization process, the MOS structure (p-Si/Ga2O3/Ag) was formed. The sample codes were AP1, AP3, and AP7, respectively. Moreover, Ga2O3 films were prepared with a deposition time of 20 min on quartz and Si substrates, respectively, for film optical and elements analysis. On the other hand, unintentionally doped ZnO and MgZnO were deposited at 450 °C on a Si substrate with the same deposition parameters for photoluminescence analysis.



The surface morphologies and the elements of the films were characterized by scanning electron microscopy (SEM, Hitachi S4300) with EDS (Energy-dispersive X-ray spectroscopy). The element contents of the film were achieved by XPS analysis (ECSALAB XI+). The MOS capacitance–voltage (C-V) characteristics were examined by an impedance analyzer (Agilent 4294A) at 100 kHz. The photoluminescence (PL) spectrum was achieved by an optical system with the spectrometer (Ocean Optics HR2000+) and HeCd laser with emission wavelength 325 nm mainly. The diode current–voltage (I–V), luminescence spectrum, and optical property were characterized by a source meter (Keithley 2400) and an optical fiber integrated spectrometer (Ocean Optics HR2000+).




3. Results and Discussion


Figure 1 shows the XPS spectra of (a) O 1s and (b) Ga 2p3/2 for sample SP20. In Figure 1a, the O 1s spectra show the three oxygen signals with binding energy 531.1 eV, 533.5 eV, and 535.1 eV, respectively. The peak at 531.1 eV is ascribed to lattice oxygen in Ga–O bonding [17]. The peak at 532.8 eV is attributed to the C-related O state [18] and or O–H bonds [19]. For the film prepared by mist-CVD, carbon and hydrogen species in the precursor may be incorporated into the film in the deposition process. The peak at 535.1 eV shows the characteristic peaks of O in β-Ga2O3 [20]. In Figure 1b, the Ga 2p3/2 consists of three components at 1122.2 eV, 1119.9 eV, and 1117.8 eV were observed. The peaks located at 1122.2 eV and 1119.9 eV are known to Ga in Ga-O bonding for β-Ga2O3 structure [20] and α-Ga2O3 structure [21], respectively. The peak at 1117.8 eV was attributed to Ga 1+ oxidation state in Ga2O bonding and may be formed in the interface through the decomposition of the Ga2O3 source [22,23]. As the calculated core state binding energy difference for the same atom in the primitive unit cell is small, the broadness of the binding energy in XPS may originate from the instrumental broadening and the carrier lifetime broadening of the excitations [24].



Figure 2 shows the spectral dependences of the absorption coefficient for (a) Ga2O3 thin film and (b) the quartz glass substrate. The inset shows the corresponding Tauc plot of Ga2O3. The low absorption coefficient of the quartz substrate in the spectrum was characterized. For the prepared Ga2O3 film, the absorption coefficient increased sternly with a wavelength less than 280 nm region. The Tauc plot for Ga2O3 was shown in the inset with photon energy hν. The optical bandgap extracted from the linear interpolation in the shaded region around 4.70–4.84 eV can be obtained. In the following band diagram alignment, the bandgap value 4.77 eV was used from the mean value of 4.70 eV and 4.84 eV for the prepared Ga2O3. This bandgap value is between the reported bandgap value for α-Ga2O3 (5 eV) [21] and β-Ga2O3 (4.69–4.71 eV) [25].



For the crystalline and composition evaluation, the unintentionally doped ZnO and MgZnO were deposited on a Si substrate with the same deposition parameters for photoluminescence analysis. Figure 3 shows the room temperature PL spectrum with photon energy E(eV) for the unintentionally doped ZnO and MgZnO films. Emissions in both the ultraviolet (UV) band (E > 3.1 eV) and visible (VIS) band (1.8 eV < E < 3.1 eV) in the spectrum for both ZnO and MgZnO samples can be observed. For ZnO, the characteristic near band edge (NBE) signal with peak energy 3.30 eV with a corresponding wavelength of 376 nm was observed. This is an attribute of carrier transitions from the free exciton (FX) level to the valence band (VB) [26]. The sub-peak at 3.23 eV and 3.16 eV, which shows the energy state with less 72 meV and 144 meV than the NBE signal, respectively, is the first and second longitudinal optic (LO) phonon replica of the NBE signal [27]. For the free exciton binding energy 60 meV [28], the bandgap of ZnO is known to be 3.36 eV.



For the VIS band emissions, broad emissions around 1.8 eV–2.9 eV with corresponding wavelengths 430 nm–690 nm [29,30] were observed. The emissions can be fitted to several peaks, as shown in the figure. The fitted emissions can be related to the Zn interstitial (Zni) state (3.15 eV, 390 nm) [30], zinc vacancy (VZn) state (2.5 eV, 496 nm) [31], oxygen vacancy (VO+) [30] and oxygen antisite (OZn) state [32] (2.34 eV, 530 nm), the doubly charged oxygen vacancy (VO++) state (2.19 eV, 566 nm) [32], and Zn interstitial to oxygen interstitial (Zni-Oi) state (2.06 eV, 602 nm) [33].



For the MgZnO film, as shown in Figure 3b, a blue shift in NBE emissions and the intensity reduction in VIS emissions was observed. The fitted emission in the UV band is attributed to NBE emission (3.34 eV, 371 nm), and its first phonon replica (3.27 eV, 379 nm) and the second phonon replica (3.20 eV, 388 nm). After considering the same exciton binding energy as that of ZnO, the bandgap of MgZnO can be achieved as 3.4 eV. The emissions in the VIS band were fitted with peaks similar to that in ZnO, as the peak broadening is larger than the wavelength blue shift in the NBE signal. For MgZnO, only three fitted PL peaks in the VIS band can be observed. These were attributed to the Zn interstitial (Zni) state (3.15 eV), zinc vacancy (VZn) state (2.5 eV), and oxygen vacancy (VO+) and oxygen antisite (OZn) state (2.34 eV). The intensity depression of these three residue emissions and emission elimination of VO++ state (2.19 eV) and Zni-Oi transmission (2.06 eV) reveals the defects reduction [24] for the prepared MgZnO. With the inhibition of these O-related and Zn-related defects, MgZnO can be served as a good host material for rare-earth doping. Moreover, with the energy difference for the near band edge signal for ZnO and MgZnO, the Mg content in the film was estimated to be 3% (Mg0.03Zn0.97O) [34].



Figure 4 exhibits the C−V characteristics for the sample AP1, AP3, and AP7, respectively. The flat-down-flat character in the CV curve with the increase in bias voltage can be observed for all samples. This corresponded to carrier accumulation, depletion, and inversion conditions in MOS (p-Si/Ga2O3/Ag) structure. The capacitance in the accumulation condition shows the oxide capacitance. The capacitance in inversion shows reduced capacitance after considering the oxide capacitance and semiconductor junction capacitance. For samples AP1, AP3, and AP7, the accumulation condition occurred with bias voltage excess −0.3 V, and the measured capacitance corresponded to oxide capacitance (Cox). The decreased Cox for samples AP1 to AP7 can be observed in Figure 4. This shows the increased oxide thickness of the MOS structure with the increased deposition time. With considering the electrode area, relative dielectric constant 10.2 [14], and the oxide capacitance, the effective oxide thickness d was achieved. The thickness was 2.6 nm, 4.9 nm, and 7.7 nm for samples AP1, AP3, and AP7, respectively. The result is shown in the inset of Figure 4.



Figure 5 shows the surface morphology of samples (a) AT0, (b) AT1, (c) AT3, and (d) AT7. The surface morphology with combined hexagonal flakes and small rods was observed for the AT0 sample. This surface expresses a morphology originating from the spray pyrolysis process with magnesium nitrate hexahydrate and zinc acetate dehydrate precursors. With the introduced thin Ga2O3 layer between MgZnO:Er and ZnO:In layer, similar morphology for samples AT1, AT3, and AT7 can be observed.



Figure 6 shows the current−voltage (I−V) characteristics of samples AT0, AT1, AT3, and AT7 measured at room temperature. In the forward bias region, a little increase in the turn-on voltage with the introduced and increased Ga2O3 thickness can be observed for samples AT0 to AT7. For a pn diode considering the series resistance, the ideality factor η and series resistance Rs can be extracted from the IdV/dI−I plot in forward bias condition as [35]


  I   d V   d I   = I × R s + η    k B  T  q   



(1)




while kB, T, and q are Boltzmann constant, diode temperature, and the elementary charge, respectively. The extracted ideality η and series resistance Rs for samples AT0, AT1, AT3, and AT7 were listed in Table 1. The increased Rs of AT1 compared to that of AT0 was characterized. The bandgap of Ga2O3 around 4.8 eV is higher than that of the MgZnO and ZnO layer in this study. For AT1 to AT7, the increased Rs due to the increased Ga2O3 layer thickness was observed. The increased Rs for AT1 is owing to the occurred barrier height of the Ga2O3 layer and the adjacent layers. A little ideality factor difference due to carrier transport variant with introduced Ga2O3 layer was characterized. The increased ideality factor η reveals the degraded crystalline, which may be caused by the coupled defects [36] increase with the increasing of Ga2O3 thickness. In the reverse bias region, the breakdown occurred for all samples with reverse bias excessed −6.2 V. The reduced steep I–V character in the breakdown region was observed for the diode with the increased Ga2O3 thickness. This is due to the increased diode series resistance Rs originating from the introduced Ga2O3 layer. The fine plot around reverse bias 0 to −2 V was shown in the inset. The inhibited reverse-biased dark current before breakdown was characterized for samples AT1 and AT3 compared to that of AT0. Yet, the increased dark current for sample AT7 with a thick Ga2O3 layer can also be observed. This reveals the enhanced carrier recombination character and may be originated from the increased defect states for the thick Ga2O3 sample AT7.



The diode luminescent was observed for the diode under reverse bias in the breakdown condition. Figure 7 shows the luminescent intensity (L) to reverse biased injection current (Iinj.) relations for diode AT0, AT1, AT3, and AT7. For sample AT0, no spectral response for injection current less than 9 mA. A little spectrum response was observed while the injection current reached 20 mA. An obvious green light emission can be observed with an injection current in excess of 30 mA. For sample AT1, a little spectral response can be observed while applying a 1 mA injection current on the diode. A green light emission can be observed with a higher injection current by the naked eye. For sample AT3, the spectral response and obvious green light emission were characterized with a 1 mA injection current. For the thick Ga2O3 sample AT7, a high turn-on current was characterized, and green light emission was observed with a 10 mA injection current.



The luminescent spectrum of each sample under different reverse-biased injection currents is shown in Figure 8. The characterized emission spectrum around 533 nm and 553 nm was correlated to the Er3+ 2H11/2→4I15/2 and 4S3/2→4I15/2 energy state transitions [5], respectively. For samples AT0, AT1, and AT3, similar spectrum distribution for the two characteristic emissions was observed. Yet, the emission spectrum of sample AT7 is far from that of sample AT0 to AT3. In this rare earth-doped optoelectronic device, the characteristic emission is from the core of rare earth elements, while the spectral distribution is controlled by the host material. For samples AT0 to AT3, similar spectra reveal similar crystalline of the MgZnO:Er host. Varied emission spectra for sample AT7 shows the different crystalline. As a high turn-on current and a large dark current were characterized for sample AT7, reduced crystalline was expected for this sample. This reduced crystalline region may occur beneath the Ga2O3 in the deposition process while considering the diode structure.



For the optical pumped rare earth element doped optoelectronic device, the luminescence for upconversion and downconversion can be distinguished. The luminescence mechanism was characterized by the luminescent intensity (L) to pumping power (P) relations with different power orders [37]. The slope change of the down-conversion luminescence intensity changes from power order n = 1 (~ P1) at low pumping power toward power order n = 0.5 (~ P0.5) at high pumping power. The slope change of the up-conversion luminescence with more than one photon mechanism shows the high power order quantity (n > 1).



Figure 9 shows the double logarithmic plot for the two characteristic emission intensities L533nm and L553nm for samples AT0, AT1, AT3, and AT7 to injection current (Iinj.) measured at room temperature. The power order n of emission intensity to injection current shows two branches, basically. For AT1, the intensity L to injection current (Iinj.) shows n = 1 (L ~ Iinj.1) with low injection current (<5 mA) and n = 0.5 (L ~ Iinj.0.5) with injection current excess 10 mA. The L-Iinj. relation with order n = 1 shows the direct pumping-relaxation mechanism, which was the same as that in the downconversion luminescence by low-power optical pumping. With increased injection current, the carriers at the excited state may take the impact excitation energy again to higher energy states and or the defect states of the host material. High energy carriers, thus, back to their initial state after the non-radiative depopulation mechanisms [37]. Few photons can be generated by this process. The reduced injection current power order (n < 1) for high injection current can be expected. For AT3, the emission intensity shows the injection current to the power order 0.5 (L ~ Iinj.0.5). This shows the high current injection condition for AT3. For the injection current 10 mA, both AT1 and AT3 show the same power order of 0.5. Thus the power order n = 1 for AT7 reveals that some measured current takes less contribution to photon generation as in the low injection condition. The low emission intensity in the power order n = 1 region, thus, can be realized. Moreover, it was known that the variation of intensity ratio for the rare earth element’s characteristic emissions might be referred to as the characteristic temperature [38]. As both intensities, L533nm and L553nm, in Figure 9 have the same trend for each sample, the intensity ratio (L533nm/L553nm) remains constant with the increase in Iinj. for all samples. The temperature variation in this operation range may be less.



The schematic band diagram plot of this diode with the Ga2O3 barrier layer under reverse bias is shown in Figure 10. In the diagram, the electron affinity(χ) of SiO2, Si, ZnO, Ga2O3, and MgZnO were taken as 0.9 eV [10], 4.0 eV, 4.35 eV, 4.0 eV, and 4.27 eV [39], respectively. The band gap (Eg) of Si was 1.12 eV [39]. The band gap of Ga2O3, ZnO, and MgZnO were 4.77 eV, 3.36 eV, and 3.40 eV, as determined from Figure 2 and Figure 3. The conduction band edge energy difference (ΔEc) and valence band edge energy difference (ΔEv) around Ga2O3 were, thus, estimated as [13] 0.27 eV and 1.10 eV for MgZnO-Ga2O3 interface and 0.35 eV and 1.06 eV for Ga2O3-ZnO respectively.



For the diode operated on the reverse bias before breakdown, electron, and hole emissions through bandgap generation-recombination centers in the depletion region at room temperature. For AT0, the diode with SiOx only, hole generated from the depletion region and minority carrier, i.e., electrons from p-type Si were blocked by the SiOx layer due to its high conduction band discontinuity. With the introduced Ga2O3 barrier layers on top of MgZnO:Er, i.e., on the right-hand side in the figure, the low energy electron in the depletion region was blocked, and the current before light emission could be further reduced. This illustrates the dark current reduction for samples AT1 and AT3 with the increased Ga2O3 thickness to 4.9 nm. For sample AT7, the increased dark current reveals the increased defect states in this structure, and a high turn-on current for light emission is needed. For the diode operated in the breakdown condition, the electrons and holes accelerated in the opposite direction gain sufficient high energy to excite Er ion to an excited state (Er*) by impact excitation (Er→Er*). In the following relaxation process after excitation, carriers at excited 2H11/2 state to 4I15/2 state results in one green light emission with a wavelength around 533 nm, and carriers at excited 4S3/2 state to 4I15/2 state results in the other green light emission with a wavelength around 553 nm (Er*→Er). The high energy carriers make the main contribution to the impact excitation energy transformation and current measured. The introduced Ga2O3 served as a barrier layer for blocking low-energy carriers. This causes the reduced turn-on current and steep light intensity to increase with the increase in injection current. For the G2O3 barrier layer in the diode structure, carriers with insufficient energy were blocked. This reduced the turn-on current before light emission and improved the luminescent property by effective high-energy carrier injection.



On the other hand, reduced crystalline by the increasing diode ideality and increased series resistance also formed with the increased G2O3 layer thickness. This crystalline reduction may be due to Ga2O3 thickness and the switching procedures in the deposition procedure. Optimized Ga2O3 thickness of 4.9 nm for sample AT3 presents a small turn-on current and high carrier injection-luminescent behavior. For sample AT7 with further thick Ga2O3, reduced crystalline by increased dark current and enhanced series resistance degrades the diode electrical and luminescence properties.




4. Conclusions


In conclusion, light-emitting diodes with MgZnO:Er/Ga2O3 heterostructures were fabricated by the non-vacuumed spray pyrolysis method. The effect of Ga2O3 thickness on the diode’s electrical and optoelectrical properties was studied. With increased Ga2O3 thickness, a great increase in diode series resistance was characterized under the forward bias condition. The green emissions correspond to Er ion excited 2H11/2 state and 4S3/2 state to ground 4I15/2 state were characterized for the diode with and without Ga2O3 barrier layer under the reverse biased condition at room temperature. The Ga2O3 on top of MgZnO:Er serves as a barrier layer for blocking carriers and takes effect on the turn-on current and light emission. The reduced turn-on current for light emission and enhanced luminescent characters due to efficient high energy carrier generation were achieved for the diode with Ga2O3 thickness around 4.9 nm. For the diode with further thick Ga2O3, the degraded diode performance, which was due to the arisen mixed interface defect states, was characterized. The effect of Ga2O3 thickness on the diode performance was discussed and realized. The introduced Ga2O3 on top of the luminescence host shows an effective factor for improved performance for the rare earth-doped optoelectronic device.
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Figure 1. The XPS spectra of (a) O 1s and (b) Ga 2p3/2 for sample SP20. 






Figure 1. The XPS spectra of (a) O 1s and (b) Ga 2p3/2 for sample SP20.



[image: Crystals 13 00275 g001]







[image: Crystals 13 00275 g002 550] 





Figure 2. Spectral dependences of the absorption coefficient for (a) Ga2O3 thin film and (b) the quartz glass substrate. The inset shows the corresponding Tauc plot of Ga2O3. 
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Figure 3. The photoluminescence spectrum for (a) ZnO and (b) MgZnO at room temperature. 
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Figure 4. The capacitance−voltage (C−V) characteristics of Ga2O3 MOS AP1, AP3, and AP7. The effect of oxide thickness d for each sample was shown in the inset. 
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Figure 5. Surface morphology of samples (a)AT0, (b) AT1, (c) AT3, and (d) AT7. 
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Figure 6. (a) The current−voltage (I−V) characteristics of samples AT0, AT1, AT3, and AT7 measured at room temperature. The insect shows the fine-scale in 0 to −2 V region. (b) The IdV/dI−I plot for extracting the diode ideality factor and series resistance. 






Figure 6. (a) The current−voltage (I−V) characteristics of samples AT0, AT1, AT3, and AT7 measured at room temperature. The insect shows the fine-scale in 0 to −2 V region. (b) The IdV/dI−I plot for extracting the diode ideality factor and series resistance.



[image: Crystals 13 00275 g006]







[image: Crystals 13 00275 g007 550] 





Figure 7. The luminescent intensity (L)-injection current (Iinj.) characteristics for diode AT0, AT1, AT3, and AT7. 
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Figure 8. The luminescent spectrum of samples (a) AT0, (b) AT1, (c) AT3, and (d) AT7 under different reverse-biased injection current levels. 
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Figure 9. The log(L)) to log(Iinj.) plot with two characteristic emissions Er3+ 2H11/2→4I15/2 (wavelength 533 nm) and 4S3/2→4I15/2 (wavelength 553 nm) for sample AT0, AT1, AT3 and AT7 measured at room temperature with different injection current level (Iinj.). 
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Figure 10. Schematic energy band diagram for the diode with barrier layers under reverse bias. 
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Table 1. The diode ideality factor (n) and series resistance (Rs) of the sample AT0, AT1, AT3, and AT7.






Table 1. The diode ideality factor (n) and series resistance (Rs) of the sample AT0, AT1, AT3, and AT7.





	Sample
	η
	Rs (Ω)





	AT0
	6.4
	22.4



	AT1
	6.3
	44.2



	AT3
	6.9
	50.6



	AT7
	7.0
	60.1
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