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Abstract

:

This paper reports an AlGaN-based ultraviolet-B light-emitting diode (UVB-LED) with a peak wavelength at 293 nm that was almost free of efficiency droop in the temperature range from 298 to 358 K. Its maximum external quantum efficiencies (EQEs), which were measured at a current density of 88.6 A cm–2, when operated at 298, 318, and 338 K were 2.93, 2.84, and 2.76%, respectively; notably, however, the current droop (J-droop) in each of these cases was less than 1%. When the temperature was 358 K, the maximum EQE of 2.61% occurred at a current density of 63.3 A cm–2, and the J-droop was 1.52%. We believe that the main mechanism responsible for overcoming the J-droop was the uniform distribution of the concentrations of injected electrons and holes within the multiple quantum wells. Through the subtle design of the p-type AlGaN layer, with the optimization of the composition and doping level, the hole injection efficiency was enhanced, and the Auger recombination mechanism was inhibited in an experimental setting.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and COVID-19 have been stressing global healthcare [1,2] and economic systems [3]. The germicidal effect exerted by AlGaN-based deep-ultraviolet (DUV) light-emitting diodes (LEDs) displaying emission wavelengths of less than 315 nm has attracted much attention due to it being able to successfully inactivate COVID-19 [4,5,6,7]. Since the implementation of the Minamata Convention on Mercury, DUV-LEDs in particular have shown great potential in medical and agricultural applications when emitting light at wavelengths in the range of 285–315 nm [8,9,10,11,12,13]. For example, DUV-LEDs are suitable for the production of vitamin D3. In human skin, vitamin D3 production depends on several factors, including the person’s age, the time of day, the latitude and altitude, the season, the area of exposure, and the degree of skin pigmentation, with ultraviolet-B (UVB) wavelengths between 290 and 300 nm being most efficient [7,14,15,16,17,18,19,20,21,22]. Kalajian et al. [14] found that light at a wavelength of 293 nm was 2.4 times more efficient at producing vitamin D3 in human skin than light from the sun was, as measured according to the exposure time. This radiation penetrates the skin and is absorbed by 7-dehydrocholesterol (7-DHC) to form cis-cis previtamin D3, which undergoes isomerization to produce more thermodynamically stable vitamin D3. Several reports have revealed that the hole injection efficiency can be improved in AlGaN-based DUV-LEDs through the functionalization of the p-AlGaN electron-blocking layer (EBL) [7,23,24,25,26,27,28]. AlGaN-based DUV-LEDs that operate nearly free of efficiency droop have also been prepared [23,24,25]. Usman et al. [23] found through numerical analysis that the efficiency droop at 500 A cm–2 decreased from 42 to 7% when using an optimized undoped-AlGaN final quantum barrier, a p-type multiple quantum barrier EBL, and an Al composition-graded p-AlGaN hole injection layer in their UVB-LED structure. Jia et al. [24] demonstrated, through simulation, that the efficiency droop at an injection current of 120 mA decreased remarkably, from 35 to 8.9%, when employing a band-engineered quantum barrier without a p-type EBL. Zhang et al. [25] reported a system in which the efficiency droop was approximately 4% at a current density of 110 A cm–2, despite numerical calculations suggesting that it would almost be free of efficiency droop. Moreover, current droop (J-droop) and temperature droop (T-droop) processes, which are common with visible-light LEDs, are also severe problems in AlGaN-based UVB-LEDs, even for emission wavelengths of less than 280 nm [29,30,31,32,33,34,35,36]. In general, direct transitions between the conduction and valence bands are the key to enhancing the internal quantum efficiencies of multiple quantum wells (MQWs) when developing LEDs. Nevertheless, the distributions of the concentrations of electrons and holes in MQWs and the values of K of the electrons and holes of transition pairs should be the same. The biggest challenge when fabricating AlGaN-based UVB LEDs is the low doping efficiency of the p-AlGaN layer at high Al contents. Thus, we have previously suggested that one of the main reasons for the J-droop in AlGaN-based UVB LEDs is the insufficient conductivity of the neutral region of the p-AlGaN layers, with the number of holes injected into the MQWs resulting in a mismatch of the quasi-charge-neutral conditions [37]. To overcome the efficiency droop at a higher current density (>100 A cm–2), it is necessary to a subtly design the p-layer to improve the hole injection efficiency and the uniformity of the hole concentration within the well region of the MQWs, thereby avoiding Auger recombination as a result of a mismatch in the hole and electron concentrations. Nevertheless, only a few recent reports have appeared that have simultaneously discussed the phenomena of T-droop, J-droop, and current-induced degradation in AlGaN-based 293 nm UVB-LEDs [38,39,40,41,42,43]. Thus, in this study, we fabricated an AlGaN-based 293 nm UVB-LED and examined its electroluminescence (EL) characteristics over the temperature range from 298 to 358 K and at forward current densities (Jf) in the range of 12.7–113.9 A cm–2 to obtain insight into the behavior of the EL emission and the efficiency droop. Furthermore, from an evaluation of the aging lifetimes of the 293 nm UVB-LEDs, we estimated that their performance was close to the specifications for commercial solid-state lighting products.




2. Materials and Methods


Figure 1a displays a schematic representation of the 293 nm AlGaN-based UVB-LED, which was prepared using low-pressure metal–organic chemical vapor deposition (LP-MOCVD). Trimethylaluminum, trimethylgallium, silane, bis(cyclopentadienyl)magnesium, and ammonia were used as the Al, Ga, Si, Mg, and N sources, respectively. First, an AlN layer that had a thickness of 2.65 μm was deposited onto a 2-inch (0001)-oriented sapphire substrate through an AlN buffer layer that was 4.7 nm in thickness. Next, a strain-relieving interlayer that was 0.55 μm in thickness and consisting of 30 periods of an AlN/AlGaN superlattice with an equivalent Al composition of 0.72 was grown on the AlN layer. A layer of undoped Al0.6Ga0.4N that was 0.28 μm in thickness was then grown on the superlattice interlayer. Subsequently, a Si-doped n-Al0.5Ga0.5N layer that was 2.66 μm in thickness was grown as the n-contact layer. After that, a current-spreading layer (CSL) of Si-doped Al0.47Ga0.53N that was 50 nm in thickness was grown on the n-contact layer. The active region of the MQWs included three pairs of Si-doped Al0.38Ga0.62N quantum wells (QWs) that were 2.5 nm in thickness and Si-doped Al0.45Ga0.55N quantum barriers (QBs) that were 11 nm in thickness, followed by a Si-doped Al0.38Ga0.62N QW that was 2.5 nm in thickness and an undoped Al0.45Ga0.55N QB that was 6 nm in thickness. A structure consisting of Mg-doped Al0.45Ga0.55N that was 9 nm in thickness and Mg-doped p-Al0.55Ga0.45N that was 20 nm in thickness was grown as the EBL on the undoped Al0.45Ga0.55N QB. Subsequently, a Mg-doped p-AlGaN layer that was 23 nm in thickness with the Al content grading down from 40 to 0% was grown on the EBL as the transition layer. Finally, a Mg-doped p-GaN layer that was 15 nm in thickness was deposited, serving as the p-contact layer. After the epitaxial layers had been grown, the sample was annealed in situ (700 °C, 15 min) under a N2 ambient to activate the Mg dopants. Figure 1b provides a transmission electron microscopy (TEM) image of the 293 nm UVB-LED structure; one of insets displays the MQW and p-layer structures, while the other displays the AlN layer and superlattice structures. The EDX mapping images of the insets of Figure 1b revealing the variable composition of Al and Ga are as shown in Figure 1c. Furthermore, Figure 1d presents the secondary ion mass spectroscopy (SIMS) depth profiles of the concentrations of the Mg and Si atoms, measured in units of atoms cm–3; the intensities of the Al and Ga atoms are provided in units of counts per second (cps). The concentration of Si atoms was approximately 1 × 1019 cm–3 in the Si-doped n-Al0.5Ga0.5N layer; in the CSL of the Si-doped Al0.47Ga0.53N and the MQWs, it decreased in steps to approximately 5.5 × 1018 and 5 × 1018 cm–3, respectively. The concentration of Mg atoms increased slightly at the interface between the undoped Al0.45Ga0.55N QB and the EBL, then remained constant at approximately 1 × 1019 cm–3 in the Mg-doped p-Al0.55Ga0.45N layer of the EBL. In contrast, in the layer of Mg-doped p-AlGaN with a graded Al content, the concentration of Mg atoms increased gradually to approximately 5 × 1019 cm–3, accompanied by a decrease in the Al content. Finally, the concentration of Mg atoms in the p-contact layer was approximately 7 × 1019 cm–3. These SIMS data suggest the effective incorporation of Mg atoms when using the designed p-type structure and growth conditions. LED chips were fabricated using standard flip-chip processing technologies. Mesa structures were defined through inductively coupled plasma etching to expose the n-Al0.5Ga0.5N layer surface. The n-contacts of Ti/Al/Ti/Au (100/200/30/100 nm) were deposited through electron beam evaporation and subjected to rapid thermal annealing (980 °C, 60 s). To form the transparent p-contact, a layer of indium tin oxide (ITO) that was 50 nm in thickness was sputtered on top of a p-GaN layer with a contact area of approximately 0.079 mm2 and then annealed (600 °C, 10 min). The LED chips were completed through the deposition of Ti/Pt/Au (50/30/100 nm) and a AuSn alloy that was 3 μm in thickness, functioning as bonding pads. The processed wafer was then lapped and scribed into the dimensions of 350 × 450 μm2.



The prepared 293 nm UVB-LED chips were flip-bonded using the eutectic method onto AlN-based direct plating copper ceramic (AlN-DPC) lead frames (LFs). The packaged samples were soldered onto an Al metal-core printed circuit board (MCPCB). The dimensions of the AlN-DPC LF and MCPCB were 3.75 (L) × 3.75 (W) × 1.4 (H) mm and 20 × 1.6 mm, respectively. The light output power (LOP), current–voltage characteristics, and EL spectra of the samples were measured using a calibrated ATA-5000 LED photoelectric measurement system (Everfine) equipped with an integrating sphere that was 30 cm in diameter. During measurement, the temperature of the heat sink mounting the samples was controlled at 298, 318, 338, or 358 K, while the driving direct current was varied at 10, 30, 50, 70, or 90 mA (current densities, approximately 12.7, 38.0, 63.6, 88.6, and 113.9 A cm–2, respectively.). To minimize the effect of self-heating of the chip, the stop interval was set to 5 min during each continuous wave (CW) measurement.




3. Results and Discussion


Figure 2a reveals the dependence of the EQEs and LOPs of the fabricated 293 nm UVB-LED on the four tested temperatures and various forward current densities. The LOP increased monotonically upon increasing the forward current density (Jf) to 113.9 A cm–2, reaching maximum values of 11.0, 10.7, 10.4, and 9.8 mW at 298, 318, 338, and 358 K, respectively. The maximum EQEs at 298, 318, and 338 K (2.93, 2.84, and 2.76%, respectively) occurred when the value of Jf was 88.6 A cm–2. At 358 K, the maximum EQE was 2.61% when the value of Jf was 63.3 A cm–2; at 113.9 A cm–2, the maximum EQEs measured at 298, 318, 338, and 358 K decreased to 2.90, 2.82, 2.74, and 2.58%, respectively. In other words, we obtained very low J-droops of 0.83, 0.86, 0.70, and 1.52% at 298, 318, 338, and 358 K, respectively.



For a given value of Jf, the EQEs decreased monotonically upon increasing the temperature, but the tendency upon increasing the value of Jf was not obvious. Figure 2b presents the T-droops plotted with respect to temperature. The T-droops measured at values of Jf of 12.7, 38.0, 63.3, 88.6, and 113.9 A cm–2 were 10.38, 9.19, 9.83, 11.37, and 11.25%, respectively. We observed monotonically increasing T-droops upon increasing the temperature from 298 to 358 K, but the maximum T-droop of 11.37% occurred when the value of Jf was 88.6 A cm–2. Moreover, Figure 2c displays the normalized LOPs with respect to temperature measured at various values of Jf. The decays in the normalized LOPs were approximately 10% upon increasing the temperature from 298 to 358 K at values of Jf of 12.7, 38.0, 63.3, 88.6, and 113.9 A cm–2. These findings suggest that mechanism through which the J-droop was overcome was related to an enhancement in the uniform distribution of the concentrations of injected electrons and holes within the MQWs. Through our subtle design of the p-type AlGaN-based layer, with its optimized composition and doping level, the hole injection efficiency increased, and the efficiency droop was inhibited for values of Jf of up to 113.9 A cm–2.



In contrast, Figure 2b reveals that a higher T-droop did not occur at higher values of Jf. In other words, the T-droop did not increase monotonically upon increasing the value of Jf. This behavior is inconsistent with previous findings of the T-droop increasing or decreasing upon increasing the current at a constant temperature [36,43]. Moreover, the normalized LOP decreased upon increasing the temperature from 298 to 358 K (Figure 2c). The decay rate of the LOP was slightly faster when increasing the value of Jf for temperatures in the range from 338 to 358 K. After applying the equation of the characteristic temperature [35],


L(T) = L(0 K) exp(−T/Tc)



(1)




we estimated the minimum characteristic temperatures (Tc) to be approximately 454 K at a value of Jf of 12.7 A cm–2 and approximately 749 K at a value of Jf of 63.3 A cm–2. We suggest that the mechanism of T-droop in this study arose from the uniform distribution of the concentrations of injected electrons and holes within the MQWs, even at the relatively high temperature of 358 K. Through the subtle design of the p-type AlGaN-based layer, with its optimized composition and doping level, high values of Tc were achieved while inhibiting carrier leakage.



Figure 3a,b display the forward voltages (Vf) and EL spectral data recorded at various forward currents and temperatures of 298, 318, 338, and 358 K. The forward voltage decreased, and the peak wavelength increased upon increasing the temperature at the same forward current due to the shrinking of the band gap; the peak wavelength underwent a slight blue shift (<0.5 nm) upon increasing the current density from 12.7 to 63.3 A cm–2 when the temperature was 298 or 318 K. This result implies the absence of a band-filling effect or coulomb screening of the quantum confinement Stark effect (QCSE) in the MQWs of the fabricated 293 nm UVB-LED. When the temperature was 338 or 358 K, the peak wavelength underwent a slight red shift upon increasing the current from 63.3 to 113.9 A cm–2 due to the effect of self-heating. Thus, the temperature-dependent recombination mechanism in the MQWs of the fabricated 293 nm UVB-LED was suppressed at temperatures ranging from 298 to 358 K.



Figure 4a presents the relative LOPs measured over time for the 293 nm UVB-LED operated at a forward current of 50 mA (current density: ca. 63.3 A cm–2) at room temperature as well as a photograph of the UVB-LED on MCPCB. Rapid degradation of the LOP, to 89.4% of its initial value, occurred in the first 48 h of the aging operation; it then decreased to 86.5% of its initial value when the aging time reaching 168 h. After an aging time of 500 h, the LOP decreased to 74.3% of its initial value. Such behavior has been observed many times previously [38,39,40,41,42,43]. The LOP decreased more slowly after 500 h of aging operations, in accordance with previous reports [40,43]. This performance is close to the specifications of commercial solid-state lighting products, with the estimated 70% lifetime (L70) being comparable with those reported for a 310 nm UVB LED operated at current densities of 28.5 and 33.5 A cm–2 [38,43]. Figure 4b–d present the time-dependence of the forward voltage, the EL peak wavelength, and the EL FWHM, respectively, all measured during the aging tests performed at a value of Jf of 63.3 A cm–2. The forward voltage decreased dramatically at the onset of operation but remained stable during operation between 168 and 500 h. This behavior is very similar to that reported previously [40,43]. Interestingly, while the LOPs and forward voltages decreased simultaneously upon increasing the aging time to 500 h, no significant changes occurred in the peak wavelengths or in the FWHMs. This behavior suggests that the crystal quality of the MQWs did not undergo serious deterioration over time.




4. Conclusions


We prepared an AlGaN-based UVB-LED that operated nearly free of efficiency droop at its peak wavelength of 293 nm at temperatures ranging from 298 to 358 K. The maximum EQEs measured at a current density of 88.6 A cm–2 at 298, 318, and 338 K were 2.93, 2.84, and 2.76%, respectively. Nevertheless, the J-droops measured at 298, 318, and 338 K were all less than 1%. When the temperature was 358 K, the maximum EQE (2.61%) occurred at a current density of 63.3 A cm–2, and the J-droop was 1.52%. We suspect that the main mechanism responsible for overcoming the J-droop was the uniform distribution of the concentrations of the injected electrons and holes within the MQWs. Through the subtle design of the p-type AlGaN layer, which had an optimized composition and doping level, we increased the efficiency of hole injection and inhibited the Auger recombination mechanism, as determined experimentally. After aging for 500 h at a value of Jf of 63.3 A cm–2, no significant changes occurred in the peak wavelengths or the FWHMs. This behavior suggests that the crystal quality of the MQWs was not impacted significantly over time.







Author Contributions


Conceptualization, M.-J.L. and Y.-T.C.; methodology, M.-J.L., Y.-T.C. and R.-S.L.; formal analysis, M.-J.L. and Y.-T.C.; investigation, M.-J.L., R.-S.L. and R.-M.L.; data curation, M.-J.L.; writing—original draft preparation, M.-J.L. and Y.-T.C.; writing—review and editing, S.-F.H., S.-C.W., X.Z., L.-C.C. and R.-M.L.; visualization, X.Z., L.-C.C. and R.-M.L.; supervision, L.-C.C. and R.-M.L.; project administration, M.-J.L., L.-C.C., S.-F.H. and R.-M.L.; funding acquisition, Y.-T.C., S.-C.W., S.-F.H. and R.-M.L. All authors have read and agreed to the published version of the manuscript.




Funding


Jimei University Research Project (contract no. Z91956/4412), National Natural Science Foundation of China (grant no. 62005026), Natural Science Foundation of Jiangsu Province (grant no. BK20191027), Suzhou Science and Technology Project (grant no. SZS2020313), Ministry of Science and Technology (MOST) of Taiwan (contract no. MOST 109-2221-E-182 -060), and Chang Gung Memorial Hospital (grant no. BMRP 591).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Keh-Yung Cheng, Liann-Be Chang, and Chieh-Hsiung Kuan for the helpful discussions.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds ... are available from the authors.




References


	



Raeiszadeh, M.; Adeli, B. A critical review on ultraviolet disinfection systems against COVID-19 outbreak: Applicability, validation, and safety considerations. ACS Photonics 2020, 7, 2941–2951. [Google Scholar] [CrossRef]

	



Roy, D.; Tripathy, S.; Kar, S.-K.; Sharma, N.; Verma, S.-K.; Kaushal, V. Study of knowledge, attitude, anxiety & perceived mental healthcare need in Indian population during COVID-19 pandemic. Asian J. Psychiatr. 2020, 51, 102083. [Google Scholar] [PubMed]

	



Ceylan, R.-F.; Ozkan, B.; Mulazimogullari, E. Historical evidence for economic effects of COVID-19. Eur. J. Health Econ. 2020, 21, 817–823. [Google Scholar] [CrossRef] [PubMed]

	



Chiappa, F.; Frascella, B.; Vigezzi, G.-P.; Moro, M.; Diamanti, L.; Gentile, L.; Lago, P.; Clementi, N.; Signorelli, C.; Mancini, N.; et al. The efficacy of ultraviolet light-emitting technology against coronaviruses: A systematic review. J. Hosp. Infect. 2021, 114, 63–78. [Google Scholar] [CrossRef]

	



Carleton, T.; Cornetet, J.; Huybers, P.; Meng, K.-C.; Proctor, J. Global evidence for ultraviolet radiation decreasing COVID-19 growth rates. PNAS 2021, 118, 2012370118. [Google Scholar] [CrossRef]

	



Lau, F.-H.; Powell, C.-E.; Adonecchi, G.; Danos, D.-M.; DiNardo, A.-R.; Chugden, R.-J.; Wolf, P.; Castilla, C.-F. Pilot phase results of a prospective, randomized controlled trial of narrowband ultraviolet B phototherapy in hospitalized COVID-19 patients. Exp Derm. 2022, 31, 1109–1115. [Google Scholar] [CrossRef]

	



Khan, M.A.; Itokazu, Y.; Maeda, N.; Jo, M.; Yamada, Y.; Hirayama, H. External quantum efficiency of 6.5% at 300 nm emission and 4.7% at 310 nm emission on bare wafer of AlGaN-based UVB LEDs. ACS Appl. Electron. Mater. 2020, 2, 1892–1907. [Google Scholar] [CrossRef]

	



Amano, H.; Collazo, R.; Santi, C.D.; Einfeldt, S.; Funato, M.; Glaab, J.; Hagedorn, S.; Hirano, A.; Hirayama, H.; Ishii, R.; et al. The 2020 UV emitter roadmap. J. Phys. D: Appl. Phys. 2020, 53, 503001. [Google Scholar] [CrossRef]

	



Kneissl, M.; Rass, J. III-Nitride Ultraviolet Emitters: Technology and Applications; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Matsuura, S.; Ishikura, S. Suppression of tomato mosaic virus disease in tomato plants by deep ultraviolet irradiation using light-emitting diodes. Lett. Appl. Microbiol. 2014, 59, 457–463. [Google Scholar] [CrossRef]

	



Middelkamp-Hup, M.A.; Bos, J.D.; Rius-Diaz, F.; Gonzalez, S.; Westerhof, W. Treatment of vitiligo vulgaris with narrow-band UVB and oral Polypodium leucotomos extract: A randomized double-blind placebo-controlled study. J. Eur. Acad. Dermatol. Vener. 2010, 21, 942–950. [Google Scholar] [CrossRef]

	



Beani, J.C.; Westerhof, M. Narrow-band UVB therapy in psoriasis vulgaris: Good practice guideline and recommendations of the French Society of Photodermatology. Ann. Dermatol. Vener. 2010, 137, 21–31. [Google Scholar] [CrossRef] [PubMed]

	



Verhaeghe, E.; Lodewick, E.; van Geel, N.; Lambert, J. Intrapatient comparison of 308-nm monochromatic excimer light and localized narrow-band UVB phototherapy in the treatment of vitiligo: A randomized controlled trial. Dermatol. 2011, 223, 343–348. [Google Scholar] [CrossRef] [PubMed]

	



Kalajian, T.A.; Aldoukhi, A.; Veronikis, A.J.; Persons, K.; Holick, M.F. Ultraviolet B light emitting diodes (LEDs) are more efficient and effective in producing vitamin D3 in human skin compared to natural sunlight. Sci. Rep. 2017, 7, 11489. [Google Scholar] [CrossRef] [PubMed]

	



Veronikis, A.J.; Cevik, M.B.; Allen, R.H.; Shirvani, A.; Sun, A.; Persons, K.S.; Holick, M.F. Evaluation of a ultraviolet B light emitting diode (LED) for producing vitamin D3 in human skin. Anticancer. Res. 2020, 40, 719–722. [Google Scholar] [CrossRef] [PubMed]

	



Ogbonna, A.C.; Chaudhry, A.S.; Asher, L. Effect of dietary vitamin D3 and Ultraviolet B light on growth performance, blood serum parameters, gut histology, and welfare indicators of broilers. Front. Anim. Sci. 2022, 17, 806967. [Google Scholar] [CrossRef]

	



Duchow, E.G.; Sibilska-Kaminski, I.K.; Plum, L.A.; DeLuca, H.F. Vitamin D esters are the major form of vitamin D produced by UV irradiation in mice. Photochem. Photobiol. Sci. 2022, 21, 1399–1404. [Google Scholar] [CrossRef]

	



Nimitphong, H.; Holick, M.F. Vitamin D status and sun exposure in southeast Asia. Dermatoendocrinol. 2013, 5, 34–37. [Google Scholar] [CrossRef]

	



Barnkob, L.L.; Argyrak, I.A.; Petersen, P.M.; Jakobsen, J. Investigation of the effect of UV-LED exposure conditions on the production of vitamin D in pig skin. Food Chem. 2016, 212, 386–391. [Google Scholar] [CrossRef]

	



Morita, D. Short-range ultraviolet irradiation with LED device effectively increases serum levels of 25(OH)D. J. Photochem. Photobiol. B 2016, 164, 256–263. [Google Scholar] [CrossRef]

	



Holick, M.F. Biological effects of sunlight, ultraviolet radiation, visible light, infrared radiation and vitamin D for health. Anticancer Res. 2016, 36, 1345–1356. [Google Scholar]

	



Krause, R.; Roth, H.J.; Kaase, H.; Stange, R.; Holick, M.F. Vitamin D status in chronic kidney disease: UVB irradiation is superior to oral supplementation. Anticancer Res. 2016, 36, 1397–1401. [Google Scholar] [PubMed]

	



Usman, M.; Malik, S.; Khan, M.A.; Hirayama, H. Suppressing the efficiency droop in AlGaN-based UVB LEDs. Nanotechnol. 2021, 32, 215703. [Google Scholar] [CrossRef] [PubMed]

	



Jia, H.; Yu, H.; Ren, Z.; Xing, C.; Liu, Z.; Kang, Y.; Sun, H. Nearly efficiency-droop-free AlGaN-based deep-ultraviolet light-emitting diode without electron-blocking layer. J. Electron. Packag. 2020, 142, 031115. [Google Scholar] [CrossRef]

	



Zhang, Z.H.; Huang Chen, S.W.; Chu, C.; Tian, M.; Fang, M.; Zhang, Y.; Bi, W.; Kuo, H.C. Nearly efficiency-droop-free AlGaN-based ultraviolet light-emitting diodes with a specifically designed superlattice p-type electron blocking layer for high Mg doping efficiency. Nanoscale Res. Lett. 2018, 13, 122. [Google Scholar] [CrossRef]

	



Khan, M.A.; Matsumoto, T.; Maeda, N.; Kamata, N.; Hirayama, H. Improved external quantum efficiency of 293 nm AlGaN UVB LED grown on an AlN template. Jpn. J. Appl. Phys. 2018, 58, SAAF01. [Google Scholar] [CrossRef]

	



Khan, M.A.; Maeda, N.; Jo, M.; Akamatsu, Y.; Tanabe, R.; Yamada, Y.; Hirayama, H. 13 mW operation of a 295–310 nm AlGaN UV-B LED with a p-AlGaN transparent contact layer for real world applications. J. Mater. Chem. C 2018, 7, 143–152. [Google Scholar] [CrossRef]

	



Mehnke, F. Effect of heterostructure design on carrier injection and emission characteristics of 295 nm light emitting diodes. J. Appl. Phys. 2015, 117, 195704. [Google Scholar] [CrossRef]

	



Trivellin, N.; Monti, D.; Piva, F.; Buffolo, M.; Santi, C.D.; Zanoni, E.; Meneghesso, G.; Meneghini, M. Degradation processes of 280 nm high power DUV LEDs: Impact on parasitic luminescence. Jpn. J. Appl. Phys. 2019, 58, SCCC19. [Google Scholar] [CrossRef]

	



Monti, D.; Santi, C.D.; Ruos, S.D.; Piva, F.; Glaab, J.; Rass, J.; Einfeldt, S.; Mehnke, F.; Enslin, J.; Wernicke, T.; et al. High-current stress of UV-B (In)AlGaN-based LEDs: Defect-generation and diffusion processes. IEEE Trans. Electron. Dev. 2019, 66, 3387–3392. [Google Scholar] [CrossRef]

	



Meneghini, M.; Santi, C.D.; Tibaldi, A.; Vallone, M.; Bertazzi, F.; Meneghesso, G.; Zanoni, E.; Goano, M. Thermal droop in III-nitride based light-emitting diodes: Physical origin and perspectives. J. Appl. Phys. 2020, 127, 211102. [Google Scholar] [CrossRef]

	



Santi, C.D.; Meneghini, M.; Monti, D.; Glaab, J.; Guttmann, M.; Rass, J.; Einfeldt, S.; Mehnke, F.; Enslin, J.; Wernicke, T.; et al. Recombination mechanisms and thermal droop in AlGaN-based UV-B LEDs. Photonics Res. 2017, 5, A44–A51. [Google Scholar] [CrossRef]

	



Wu, T.; Lin, Y.; Peng, Z.; Chen, H.; Shangguan, Z.; Liu, M.; Huang Chen, S.-W.; Lin, C.-H.; Kuo, H.-C.; Chen, Z.; et al. Interplay of carriers and deep-level recombination centers of 275-nm light emitting diodes: Analysis on the parasitic peaks over wide ranges of temperature and injection density. Opt. Express 2019, 27, A1060–A1073. [Google Scholar] [CrossRef] [PubMed]

	



Oh, C.H.; Shim, J.I.; Shin, D.S. Current- and temperature-dependent efficiency droops in InGaN-based blue and AlGaInP-based red light-emitting diodes. Jpn. J. Appl. Phys. 2019, 58, SCCC08. [Google Scholar] [CrossRef]

	



Ploch, N.L.; Einfeldt, S.; Frentrup, M.; Rass, J.; Wernicke, T.; Knauer, A.; Kueller, V.; Weyers, M.; Kneissl, M. Investigation of the temperature dependent efficiency droop in UV LEDs. Semicond. Sci. Technol. 2013, 28, 125021. [Google Scholar] [CrossRef]

	



Peng, Z.; Guo, W.; Wu, T.; Guo, Z.; Lu, Y.; Zheng, Y.; Lin, Y.; Chen, Z. Temperature-dependent carrier recombination and efficiency droop of AlGaN deep ultraviolet light-emitting diodes. IEEE Photon. J. 2020, 12, 8200108. [Google Scholar] [CrossRef]

	



Huang, S.-M.; Lai, M.-J.; Liu, R.-S.; Liu, T.-Y.; Lin, R.-M. Strain compensation and trade-off design result in exciton emission at 306 nm from AlGaN LEDs at temperatures up to 368 K. Mater. 2021, 14, 6699. [Google Scholar] [CrossRef] [PubMed]

	



Ruschel, J.; Glaab, J.; Beidoun, B.; Ploch, N.L.; Rass, J.; Kolbe, T.; Knauer, A.; Weyers, M.; Einfeldt, S.; Kneissl, M. Current-induced degradation and lifetime prediction of 310 nm ultraviolet light-emitting diodes. Photonics Res. 2019, 7, B36–B40. [Google Scholar] [CrossRef]

	



Ruschel, J.; Glaab, J.; Brendel, M.; Kneissl, M. Localization of current-induced degradation effects in (InAlGa)N-based UV-B LEDs. J. Appl. Phys. 2018, 124, 084504. [Google Scholar] [CrossRef]

	



Liu, T.-Y.; Huang, S.-M.; Lai, M.-J.; Liu, R.-S.; Zhang, X.; Chang, Y.-T.; Zhang, L.-J.; Lin, R.-M. Narrow-band AlGaN-based UVB light-emitting diodes. ACS Appl. Electron. Mater. 2021, 3, 4121. [Google Scholar] [CrossRef]

	



Glaab, J.; Ploch, C.; Kelz, R.; Stölmacker, C.; Lapeyrade, M.; Ploch, N.L.; Rass, J.; Kolbe, T.; Einfeldt, S.; Mehnke, F.; et al. Degradation of (InAlGa)N-based UV-B light emitting diodes stressed by current and temperature. J. Appl. Phys. 2015, 118, 094504. [Google Scholar] [CrossRef]

	



Glaab, J.; Haefke, J.; Ruschel, J.; Brendel, M.; Rass, J.; Kolbe, T.; Knauer, A.; Weyers, M.; Einfeldt, S.; Guttmann, M.; et al. Degradation effects of the active region in UV-C light-emitting diodes. J. Appl. Phys. 2018, 123, 104502. [Google Scholar] [CrossRef]

	



Chang, Y.T.; Lai, M.J.; Liu, R.S.; Wang, S.C.; Zhang, X.; Zhang, L.J.; Lin, Y.H.; Huang, S.F.; Chen, L.C.; Lin, R.M. Efficiency droop and degradation in AlGaN-based UVB light-emitting diodes. Cryst. 2022, 12, 1082. [Google Scholar] [CrossRef]








[image: Molecules 27 07596 g001 550] 





Figure 1. (a) Schematic representation of the heterostructure of the investigated 293 nm AlGaN-based UVB-LED. (b) TEM image of the 293 nm AlGaN-based UVB-LED structure. Insets: (top) Enlarged TEM image revealing the MQW and p-layer structures; (bottom) enlarged TEM image revealing the AlN layer and superlattice structures; (c) (top) EDX mapping image revealing the variable composition of Al and Ga in the MQW and p-layer structures; (bottom) EDX mapping image revealing the variable composition of Al and Ga in the undoped AlGaN and superlattice structures. (d) SIMS depth profiles of Mg, Si, Al, and Ga atoms in the 293 nm AlGaN-based UVB-LED. 
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Figure 2. (a) EQEs (solid lines) and LOPs (dotted lines) of the 293 nm AlGaN-based UVB-LED plotted with respect to the forward current and measured at four different temperatures. (b) T-droop plotted with respect to temperature and measured at various forward currents. (c) Normalized LOPs plotted with respect to temperature and measured at various forward currents. 
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Figure 3. (a) Forward voltages and (b) EL spectral data of the 293 nm UVB-LED recorded at various forward currents and temperatures of 298, 318, 338, and 358 K. 
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Figure 4. (a) Relative LOPs of the 293 nm UVB-LED. Inset: photograph of the UVB-LED on MCPCB. (b) Forward voltages, (c) EL peak wavelengths, and (d) EL FWHMs of the AlGaN-based 293 nm UVB-LED measured at a value of Jf of 63.3 A cm–2 during the aging tests. 
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