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Evidence of optically induced degradation in gallium nitride optoelectronic devices
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Understanding the degradation mechanisms of GaN-based optoelectronic devices is of fundamental importance for the development of reliable LEDs and lasers. Most papers in the literature focused on the degradation processes induced by high temperatures and by current flow [1][2][3][4][5][6][7][8] . On the contrary, only few papers investigated the degradation processes driven by the optical field, and all of them focused on laser diodes, where the optical field is more intense and may lead to catastrophic optical damage [9][10][START_REF] Marona | Proc. SPIE[END_REF][START_REF] Hempel | [END_REF] . Tests investigating a possible gradual degradation under moderate photon fluencies were never carried out before, but they are crucial in understanding if photons, other than electrons (current) and phonons (temperature) may be a possible source of degradation in GaN-based optoelectronic devices. This is especially relevant for UV devices, where the photon energy is high.

Commonly-reported optically-induced degradation effects include the gradual degradation of the dielectric mirror coatings of laser diodes, due to an environment-related deposition and/or oxydation 9 , affecting even devices without mirror coatings 10 , direct damage to the mirror coatings [START_REF] Marona | Proc. SPIE[END_REF] and catastrophic optical damage (COD) in the semiconductor due to a temperature increase [START_REF] Hempel | [END_REF] . The onset of COD is usually described as follows: light absorption at non-radiative recombination centers causes the generation of heat, leading to a positive feedback due to bandgap narrowing and/or additional increase in defect concentration [START_REF] Tomiya | Proc. SPIE[END_REF] . Tomiya et al. suggested that the root cause is the current flow, given the lack of degradation in devices with a 2 current injection-free area [START_REF] Tomiya | Proc. SPIE[END_REF] . Cohen et al. reported the results of some tests on laser-grade InGaN multi-quantum wells with peak emission at roughly 405 nm, optically pumped by an external 355 nm pulsed laser at very high power densities, from 20 kW/cm 2 to 1 MW/cm 2 . [START_REF] Cohen | [END_REF] They showed the creation of droplets and narrow streaks in the region where the stimulated emission was the highest, but their density in the most heavily damaged region was several orders of magnitude lower than the expected crystalline defect density, therefore they should not lead to an increase in Shockley-Read-Hall (SRH) recombination. They concluded that the generated defects may play a role when they short the pn junction, and additionally reported that in regions with low gain no degradation occurred until excitation levels of several MW/cm 2 ; however, they tested a very high power pulsed condition in a structure with gain excited with photons of energy higher than the bandgap, and therefore not representative of the gradual degradation of an optoelectronic device under nominal continuous wave operation.

Other optical damage tests were reported on bare material (not fully-processed devices) to investigate the laser-induced damage threshold (LIDT). Eliseev et al. provided evidence of laser-induced surface ablation in epitaxial gallium nitride caused by sub-picosecond pulses at 400 nm (i.e. below the energy gap) 15 , and Elhadj et al. ascribed to heating the damage caused to silicon-doped GaN by 1064 nm high-power laser pulses 16 , leading to a solid-vapor phase change 17 . Ščiuka et al. tested the LIDT of InGaN layers with different indium molar fraction, and report the possible occurrence of a melting and re-solidification process, as well as the formation of small metallic gallium islands [START_REF] Ščiuka | Proc. SPIE[END_REF] .

The aim of this work is to demonstrate the presence of a non-catastrophic photon-driven degradation mechanism in GaNbased optoelectronic devices stressed under moderate laser beam, at carrier densities compatible to those reached during normal operation. To this aim, we analyzed test structures optimized to enhance the light collection efficiency, namely high-periodicity (25 pairs) In0.15Ga0.85N/GaN multi-quantum wells grown on a sapphire substrate, that can be used as elements in multi-junction solar cells [START_REF] Sheu | [END_REF] , as high-power photodetectors 20 or as receivers in laser-based wireless power transfer systems 21 and in visible light communication (VLC) LiFi systems 22 . Additional details on the device structure and growth can be found in the paper by Dogmus et al. 23 . The optical excitation for the stress tests was provided by a 405 nm high power laser diode in closed-loop optical feedback configuration, to keep the optical power on the DUT constant during the whole test (see ref. 21 for a complete description), and the chosen excitation optical power density is 361 W/cm 2 , on an elliptical spot. The devices were kept in open circuit condition, i.e. electrically disconnected, to prevent any current-related degradation. All the reported tests are carried out in air.

Fig. 1 shows the results of 486 uninterrupted hours of stress. Compared to the virgin device (black line), after stress (red line) an increase in the reverse leakage and forward leakage at low bias is clearly visible, evidence for the creation of deep levels that act as leakage paths 24,25 . This degradation affects the optical performance of the device, as confirmed by the falsecolors monochromatic photoluminescence (PL) maps in Fig. 2, recorded at 437 nm under resonant excitation with a 405 nm laser diode. In these same-scale images, after stress (Fig. 2 (b)) a reduction in the PL signal in the region where the laser was focused can be noticed compared to the device before treatment (Fig. 2 (a) ).

In principle, the photoluminescence intensity may decrease due to a local increase in non-radiative recombination centers, which act as a SRH recombination paths for part of the photo-generated hole-electron pairs, or due to an increase in the escape of carrier from the wells. However, photocurrent can not be generated in the open-circuit condition used for this test; for this reason, since the excitation photon energy is higher than the bandgap energy only inside the quantum wells, this test confirms the creation of optically-active defects inside the quantum wells.

One could argue that the variation in PL intensity could also be caused by a variation in surface reflectivity at the PL excitation wavelength, e.g. due to a laser/driven deposit of material on top of the devices 26 . This would lead to a lower excitation optical power density in the degraded area. To evaluate this aspect, we measured the reflectivity map after stress. As shown in Fig. 3, the measurements taken on the degraded sample do not show any pattern that could explain the measured the PL distribution measured in Fig. 2 (b). The current flow can not be the cause for the degradation in this case, since no current flows through the device in opencircuit condition. An additional cause of degradation could be the temperature, that can significantly increase in the illuminated area. We measured the temperature of the device under stress by means of a FLIR A35 IR thermal camera, obtaining a peak temperature value of 30 °C. IR thermography may lead to inaccurate results, due to the limited spatial resolution and therefore to the averaging at the same detector pixel of regions with higher and lower temperature. At the optical power level and with the excitation spot size used during the stress, we can estimate a worst-case temperature error of ≈ 60 °C, according to the literature 27 . The real error is lower, since the heated area is significantly larger in our case and leads to a lower resolutionrelated inaccuracy. Additionally, the 60 °C estimate is based on the assumption that all the stress optical power is absorbed and contributes to the temperature increase, whereas the collection efficiency is not 100% due to the surface reflectivity 28,29 and to the partial absorption 30,31 . Anyway, given a worst-case estimated temperature of 90 °C, to investigate the effect of the temperature as a possible source for the degradation we carried out a stress test on a virgin device without any optical excitation at 100 °C, i.e. a higher temperature, for the same amount of time.

Remarkably, a purely thermal stress does not cause any leakage increase in the electrical characterization of the device (see Fig. 4), suggesting that the temperature is not responsible for the degradation reported under optical excitation. The analysis of the photoluminescence maps before and after stress provides additional information on the degradation process induced by temperature. Fig. 5 (a) shows the spatially-resolved amount of degradation, which is higher at the edges and lower at the center.

Since the devices are not passivated, this result is compatible with the intake of impurities from the environment, which behave as non-radiative recombination centers. To confirm whether or not this is a different degradation mechanism, we carried out the same experiment on the same device which was previously optically stressed. As shown in Fig. 1, after the additional purely thermal stress (green curve) the leakage current compared to the value after the optical stress (red curve) is not increased and even lowered, suggesting a partial annealing of the defects generated during the optical stress. Additional insight can be obtained from the degradation PL map in Fig. 5 (b): in this case, the map shows the spatial distribution of the degradation caused only by the thermal stress on the device that underwent the previous optical stress. The spatial distribution of the degradation is the same as the one reported for the device stressed only thermally in Fig. 5 (a), confirming that the thermal treatment has a negative impact on the optical performance of the device, and a stronger impact at the edges. The most important information comes from the complete uniformity over the whole surface of the degradation pattern. This result confirms that the thermal stress causes a different degradation mode with respect to the optical stress, because if the degradation mode is the same we would expect a lower amount of thermal degradation in the lower left -upper right diagonal, which was severely damaged during the optical stress. Therefore, in the optical stress a possible role of current flow can be excluded due to the open-circuit configuration, and the temperature is not causing the same degradation mode. Since electrons and phonons are ruled out as possible origin for the degradation, the only remaining energy source in the test are the photons. One possible mechanism that can lead to the degradation is the absorption of photons by the gallium or nitrogen atoms of the lattice, breaking the atomic bond and generating vacancies. The GaN bond strength is rather high, evaluated at 8.9 eV 32,33 , whereas the energy of the photon used in the stress test is only 3.06 eV. For this reason, direct lattice damage is an unlikely event. A second possibility is the de-hydrogenation of gallium vacancies. This process is known to negatively affect the optical performances of a device, as confirmed by positron annihilation spectroscopy experiments 34 . Unfortunately, no data are available in the literature on the energy required to remove one hydrogen atom from a gallium vacancy in InGaN, but the value was calculated for GaN by using the density-functional theory in the local-density approximation and found to be lower than the energy gap 35 . Therefore, one photon may be absorbed by a VGa-Hn complex, thus transferring the energy required to remove one hydrogen atom. This can result in the creation of deep acceptor levels in the gap, which are responsible for an higher SRH recombination 34 . This hypothesis is supported by previous stress tests carried out on the same devices under short circuit condition, which highlighted an increase in the concentration of optically-active gallium vacancies 36 . Other works suggest the possible de-hydrogenation of other complexes, such as ON-H, but no correlation of this process with a decrease in the optical performance is provided 37 . In summary, the presence of an optically-induced degradation mechanism caused by photon flow in the quantum wells was experimentally demonstrated. A current flow is not present during the stress due to the open-circuit condition. Stresses at the same temperature reached during the optical stress but without any optical degradation show a different degradation mechanism, probably related to the intake of impurities from air, and exclude its possible role. The damage is not likely to be caused by destruction of the atomic bonds, that requires an energy significantly higher than that of photons. Degradation is ascribed to the de-hydrogenation of gallium vacancies, a process that lowers the optical efficiency of the device due to the creation of Shockley-Read-Hall recombination centers. According to previous reports 34 , this process requires an energy lower than the photon energy.
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 1 FIG.1. Current-voltage characteristic of a solar cell before any stress (black), after 486 h of stress in open circuit under illumination at 361 W/cm 2 with a 405 nm laser diode in air at room temperature (red) and after additional 486 h of stress under no illumination in air at 100 °C (green).

FIG. 3 .

 3 FIG. 2. False-colors photoluminescence maps recorded at 347 nm under resonant excitation with a 405 nm laser diode (a) before and (b) after optical stress at 361 W/cm 2 in open-circuit configuration. Both images share the same scale, where blue and red correspond to lower and higher PL intensity, respectively. (c) shows the position of the laser beam on the solar cell during stress.
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 64 FIG.4. Current-voltage characteristic of an additional solar cell before stress (black) and after 486 h of stress under no illumination in air at 100 °C (red).
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