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Core-shell GaN/AlGaN multiple quantum wells (MQWs) embedded in p-n junction are integrated on the upper part of GaN microwires grown by silane-assisted metal organic vapor phase epitaxy. Dispersed wires are then contacted by electron beam induced deposition for the fabrication of single wire UV-LED devices. Rectifying diode-like behavior is firstly demonstrated for both n-GaN/p-GaN and n-GaN/p-AlGaN junctions without MQW active region. A weak leakage current in the GaN/AlGaN core-shell heterostructure is attributed to an additional conduction path along wire sidewalls. Electroluminescence at 340 nm in UV-A is demonstrated using GaN (2.6 nm)/Al 0.3 Ga 0.7 N (3 nm) heterostructure embedded in GaN/Al 0.3 Ga 0.7 N p-n junction. This value is even decreased to 310 nm by reducing well thickness to 0.9 nm and increasing the Al-content of barriers (up to 60%) integrated in GaN/Al 0.3 Ga 0.7 N p-n junction. This work demonstrates UV-B emission based on single wire core-shell UV-LED.

Light emitting diodes (LEDs) based on III-N semiconductors are excellent solutions for the increasing demand of Hg-free ultraviolet (UV) sources. The wavelength of UV-LEDs can be controlled depending on the targeted applications. For instance, the UV-A (400-315 nm) and UV-B (315-280 nm) are applied for curing, sensing, plant lighting and medical treatments, while the UV-C (280-200 nm) is mainly dedicated for bactericidal and virucidal applications.

Despite more than 20 years of research on planar UV-LEDs leading to significant optimizations, external quantum efficiency (EQE) remains relatively low in comparison to visible LEDs (below 20% for UV-C 1 vs above 80% for blue emission). This low efficiency is related to extended and point defects, poor light extraction and the issue of Al-rich AlGaN p-doping. 2 The use of nano/microwires has recently emerged to go further in the UV-LED development, due to the drastic reduction of extended defects 3,4 and also a more efficient p-doping for UV-C emission. 5,6 With the wire approach, the active region in core-shell geometry grown on mplane surfaces offers additional advantages, such as the absence of the quantum confined Stark effect, the significant increase of emitting area and the possibility to make micro-sized UV-sources 7 or flexible LEDs/photodetectors. [8][9][10] Core-shell UV emission has been already demonstrated by several multiple quantum well (MQW) heterostructures: GaN/AlN, 11 GaN/InAlN, 12,13 GaN/AlGaN, 14,15 AlGaN/AlGaN 16,17 and AlGaN/AlN. 18 However, core-shell electroluminescence (EL) is yet rarely reported and only limited to the UV-A range. Indeed, 365 nm EL was obtained for a core-shell n-i-p Al 0.1 Ga 0.9 N heterostructure without embedded MQWs, 19 and 318 nm EL for core-shell AlGaN MQWs in a p-n AlGaN junction. 17 In this context, one of the main issues for core-shell heterostructures is to address electroluminescence beyond the UV-A. This work targets UV-B electroluminescence with GaN microwires using core-shell GaN/AlGaN MQWs embedded in p-n junction. We first study GaN and AlGaN core-shell p-n junctions to understand the electrical properties of single wire UV-LEDs. Two types of core-shell LED structures are then designed to demonstrate EL both in UV-A and UV-B ranges. As the UV emission wavelength can be directly tuned by the QW thickness in core-shell GaN/AlGaN MQW system, 14 2.6 nm-thick GaN QWs are accordingly chosen for UV-A, whereas thinner 0.9 nm-thick QWs are preferred to get UV-B.

Core-shell microwires are grown by metal-organic vapor phase epitaxy (MOVPE) on nitridated c-sapphire substrates to promote the N-polarity growth 20 using a silane-assisted method. 21 The silane flow (set to 200 nmol/min) induces a very high n-doping level in the wire bottom part (~10 20 at./cm 3 , 22 called "n ++ -part") and the formation of the SiN x passivation layer on the m-plane sidewalls enhancing the vertical growth. At the second step of the growth, the silane is switched off and its residue leads to an unintentional n-doping level in the wire upper part (~10 19 at./cm 3 , 23 called "n + -part"). The shell structure grown at 920°C begin with an unintentional n-doped GaN spacer (~50 nm at 150 mbar), which covers the n + -part thanks to the absence of the passivation layer. This GaN spacer allows burying the surface defects of the wire top part induced by the formation of an ultrathin SiGa x N y residual layer. 24 The n-doped shell of the LED structure grown at 100 mbar is composed of a 20 nm-thick n-doped Al x Ga 1-x N layer with a linear gradient (x = 0-30%) followed by a 10 nm-thick n-Al 0.3 Ga 0.7 N layer.

Precursors and gas flows are respectively 0-3.65, 3.6, 66 900, 0.012 µmol.min -1 for trimethyl-Aluminium (TMAl), triethyl-Gallium (TEGa), NH 3 and silane flows. Then, the active region either UV-A or UV-B is grown, named "Structure A" and "Structure B", respectively. For both structures, the active region is ended by a ~10 nm-thick p-Al 0.3 Ga 0.7 N layer is then grown with a Cp 2 Mg precursors flux set to 0.3 µmol.min -1 , followed by a ~50 nm-thick p-GaN layer grown using 178 mmol.min -1 of NH 3 , 45 and 0.7 µmol.min -1 for TMGa and Cp 2 Mg precursors. The shell is ended by a thin p + -doped GaN layer (34 and 0.8 µmol.min -1 for TMGa and Cp 2 Mg). The Mg-dopant activation is achieved by a thermal annealing at 700 °C for 20 min under nitrogen.

The grown core-shell wires have a typical diameter of about 1 µm at the base for a total length of 20-25 µm (density of 10 7 wires/cm 2 ).

For the sake of simplicity, we decided here to electrically contact the wire with a rapid technique without lithography, called EBID (Electron Beam Induced Deposition), which is particularly well adapted to this study due to the ease of mechanically dispersing the wires on any substrate. In addition, this core-shell geometry allows a direct access to the p-GaN shell at the upper part of the wires and to the n ++ -GaN core at the bottom part. Byeong-Seon An et al. reports on the relatively high percentage of carbon and oxygen in EBID deposited materials (attributed to the insufficient decomposition of the W precursor (W(CO) 6 )) that induces more resistive contacts. 25 High-energy IBID (Ion Beam Induced Deposition) is an alternative for efficient W(CO) 6 decomposition, increasing the contact conductivity. However, this technique has been ruled out considering the damage caused by the Ga + ion on the structure, and EBID has been preferred. As shown in the SEM image of Figure I, microwires are directly dispersed on a silicon substrate coated with an insulating SiO 2 layer, on which Ni/Au metal patterns (in yellow) are deposited by a lithography process. Figure I(a,b) illustrates the possibility to move the selected wire (green) between two Ni/Au contacts (yellow) using a micromanipulator.

Once the wire is in place, an injector is inserted near the sample and releases the organometallic tungsten precursors W(CO) 6 . To contact the core-shell wires, the electron beam is set to deposition conditions (3 kV, 17 nA) and the observation window is reduced to decompose the precursor only in the area corresponding to the two zones delimited by red dashed rectangles in Figure I(c), i.e., p-GaN shell and n ++ -GaN wire base, respectively.

Usually, the Al-rich active part of deep UV-LED devices is embedded in an AlGaN p-n junction.

In this work, the core-shell active layer is buried under a Mg p-doped layer, as it has been already demonstrated in microwire LEDs for visible emission. 26 However, extending the Mg doping procedure to AlGaN alloys is still challenging, and only few studies investigated it on m-plane surfaces. 19,27 To study the electrical characteristics of AlGaN p-n junction in core-shell geometry, two first structures were grown without active part as shown in Figure 2(a): first, a core-shell structure with only a GaN p-n junction (named structure 1), and second, a structure with an additional embedded Al 0.3 Ga 0.7 N p-n junction (named structure 2). As shown in Figure 2(b), I-V measurements are performed on several wires with core-shell structure 1 (red curves) and 2 (green curves), contacted with the EBID method. For both structures, a clear rectifying profile is observed with standard diode-like behavior. We measure higher turn-on voltages for the Al 0.3 Ga 0.7 N p-n junction due to the larger band gap energy, and also a large threshold value dispersion (+2 to +5 V) probably related to the low quality and reproducibility of the p + -GaN/W EBID contacts. 28 Structure 1 exhibits an average current of 80 µA at 5.8 ±1 V, while the same current level is reached at 9.1 ±0.9 V for Structure 2. The inset of Figure 2(b) showing I-V data in logarithmic scale demonstrates that the leakage currents of the GaN junction (structure 1) are very low (below the detection limit ≈ 10 -6 µA), whereas for the Al 0.3 Ga 0.7 N p-n junction (structure 2), higher leakage currents are measured in the order of 10 -1 -10 -3 µA. We suspect that these parasitic currents come from the activation of an additional conduction path through the wire sidewalls (see the schematic of Figure 2(c)). Thus, as shown in the SEM images of Figure 2(c), the Structure 1 without Al shows the p-GaN shell only on the wire upper part (bright contrast). On the contrary, for Structure 2 involving AlGaN growth, the p-GaN shell grows on both parts (n ++ -and n + -GaN) of the wires. Indeed, we observe that the radial growth of the Al-based layers is not selective and buries the SiN x passivation layer on the wire bottom part, as already reported. 14 We can also note that the p-GaN thickness at the wire bottom part decreases as we approach its base (see the contrast variation), and it may be possible to circumvent this problem by growing longer GaN wires. These first electrical characterizations of the core-shell structures demonstrate the suitability of the core-shell GaN/GaN and GaN/AlGaN p-n junctions.

The active region of "Structure A" detailed in Figure 3 Indeed, a rectifying behavior similar to the GaN/AlGaN p-n junction without heterostructure is measured with a current of 80 µA near 9 V. The inset shows the log scale curves exhibiting leakage currents in the same range of magnitude as for the GaN/AlGaN p-n junction (10 -2 -10 - 5 µA at -5 V). Figure 3(c) shows an SEM image of a typical wire with core-shell structure A with its EBIC (Electron Beam Induced Current) signal mapping. This measurement is obtained by placing tips on the Ni/Au contacts connected to the n-and p-sides of the wire without applied voltage bias and by injecting electrons locally via the SEM electron beam scanning operating at 2 kV. Note that in our geometry the excitation is parallel to the p-n junction 29 and not perpendicular as it is usually the case to extract minority carrier diffusion length. 30 Therefore, minority hole carriers play a role in signal generation, but the EBIC mapping also reflects transport properties of majority electron carriers. 29 As observed in Figure 3(c), the EBIC signal only comes from the wire upper part. It evidences the signature of the core-shell p-n junction located only on the wire upper part, in agreement with previous measurements on core-shell InGaN/GaN MQW wires. 23,29 The absence of EBIC signal underneath the p-GaN contact can be directly attributed to a shadowing of the electron beam by the tungsten deposit. 29 Electroluminescence (EL) measurements were carried out by applying a pulsed voltage at 10 kHz frequency and 1% duty cycle to prevent the damage of wire devices by Joule heating. The EL measurements shown in Figure 3(d) were performed by applying a peak voltage ranging from 12 to 18 V. The location of EL emission is expected to come from the core-shell structure in accordance with EBIC signal and core-shell CL emission of UV MQWs (no emission is observed on N-polar c-top surface). 14 Three main contributions are identified: (i) the yellow band (YB) emission at around 2.25 eV related to deep defects in GaN, 31 (ii) an asymmetric contribution at 3.35 eV called violet band (VB), (iii) the contribution at higher energy coming from the GaN MQWs with a UV-A emission centered at 3.65 eV (340 nm) having a FWHM of ≈ 150 meV. From the evolution of the EL intensity as a function of the applied voltage, we observe that the QW emission intensity significantly increases at high voltage till to dominate the VB contribution. The room temperature CL spectrum of the same wire is shown in inset of Figure 3(d). In contrast with EL measurements, the main CL emission at 2 kV excitation comes from the QW contribution localized at the same position than EL emission at 3.65 eV (340 nm) and the two peaks observed at 3.43 eV (362 nm) and 3.35 eV (370 nm) attributed respectively to the near band edge of n-doped GaN and the VB emission are much weaker. This VB emission becomes dominant in CL spectra for low acceleration voltage (below 1 kV). We suspect that the origin of the VB emission comes from the external shell layers and most probably from the donor/acceptor pairs (DAPs) contribution in the p-GaN. 32 The intense VB emission, as well as the high voltages required for the QW emission, could be the sign of a poor hole injection in the active region (with parasitic conduction paths) combined with a poor electrical injection at the metallic contact level. Moreover, a phenomenon of electron overflow is suspected: the absence of EBL can involve a significant radiative recombination on the p-side shell. The hole injection issue is expected to be amplified in the case of a structure designed for deeper UV emission, including Al-rich layers.

The active region of "Structure B" detailed in Figure 4(a) is now designed for UV-B emission consisting in five periods of thinner GaN QW estimated at 0.9 nm embedded in 3 nm-thick Al 0.6 Ga 0.4 N barrier (QW growth time three times shorter with doubled TMAl flow in comparison of the structure A). This UV-B active region is integrated in a p-n junction corresponding to the following core-shell heterostructure n-GaN/n-Al 0.3 Ga 0.7 N/MQWs/20 nmthick graded p-Al x Ga 1-x N (x=60-30%)/p-Al 0.3 Ga 0.7 N/p-GaN junction. To ensure quantum confinement, the GaN layers are separated by 3 nm Al 0.6 Ga 0.4 N barriers instead of Al 0.3 Ga 0.7 N used for the UV-A structure. It is important to note that for such ultrathin GaN layers grown on m-plane Al 0.6 Ga 0.4 N, a quantum dot like regime is usually observed with strong confinement and localization. 14,15 To address the hole injection issue, we incorporated a p-doped linear AlGaN gradient with 60-30 % Al composition between the active part and the p-Al 0.3 Ga 0.7 N layer, as already used in UV planar structures. 33,34 Figure 4(b) shows the I-V measurements performed on several UV-B core-shell wires. As expected, UV-B devices do not show as good rectifying behavior as the UV-A ones. The forward current of 10 -1 -10 -2 µA measured at 10 V for UV-B devices is 3-4 orders of magnitude lower than in UV-A devices. The log scale curves shown in inset exhibit leakage currents in the same order of magnitude as for the core-shell structures 2 and A, i.e., 10 -2 -10 -5 µA at -5 V.

Those values indicate that the leakage currents are not dependent on the quantity of Al in the shell, which is in agreement with the assumption of a parallel conduction path through the p-GaN shell presented in Figure 2(c). Figure 4(c) shows a SEM image of an EBID contacted UV-B core-shell wire and the corresponding EBIC signal mapping. As for the UV-A structure, the EBIC signal is only measured on the n + -GaN part of the wire, where is situated the GaN/AlGaN p-n junction and active part. In contrast to the UV-A structure, dark lines are observed on the EBIC mapping, revealing the presence of several cracks on the wire. This type of defects already studied in the literature results from the elastic relaxation of the Al-rich shells and affects the CL and PL emissions of the MQWs. 15 This observation also confirms the detrimental effect of cracks on the electroluminescence of these devices, but does not increase the leakage currents with respect to the crack-free AlGaN p-n junction and UV-A structures, see Figure 2(b) and 3(b). EL is obtained in the targeted UV-B range as shown in Figure 4(d) despite low forward currents and multiple cracks. Similarly to the UV-A sample, the EL emission comes from core-shell structures considering the EBIC and CL mappings exhibiting core-shell emissions (no emission from N-polar c-flat top surface). 14 By applying a pulsed voltage of 7 to 14 V, the three contributions previously discussed are found: the YB and VB bands, the UV-B emission centered at 4 eV (310 nm) coming from confined charge carriers in GaN. The MQW emission is clearly pronounced with respect to the VB band at 14V in comparison of the device A for the same voltage, proving the effective hole injection despite the addition of the p-AlGaN gradient. This device demonstrates an UV-B electroluminescence at 310 nm with core-shell GaN/Al 0.6 Ga 0.4 N heterostructure. For LED structure based on MQWs, the UV emission move at 3.7 eV for the UV-A structure and up to 4 eV for the UV-B structure. A broadening of the MQW UV emission is observed, especially on UV-B emission (full width at half maximum (FWHM) equal to 150 eV and 250 meV for UV-A and UV-B emission), which is perfectly consistent with the increasing width of UV emission by decreasing GaN MQW thickness, as measured by photoluminescence on the same core-shell GaN/AlGaN MQW system. 14 This broadening is mainly related to the wall-towall variation of GaN QW thickness (possible variation up to 40-50%) for the UV-A emission, whereas the dot-like emission is more observed on the UV-B emission that contributes to broaden the emission over a larger range due to local QW thickness variations. 14 In conclusion, the electrical characterization and electroluminescence of core-shell GaN/AlGaN heterostructures grown on m-plane sidewalls of GaN wires have been performed on single wire devices contacted with the EBID technique. We demonstrated with core-shell GaN/GaN and GaN/AlGaN p-n junctions (and without the addition of MQWs) a rectifying diode behavior. In addition, an increase of leakage currents is measured when the growth involves AlGaN-based shells, indicating the presence of a conduction path along wire sidewalls through the p-GaN shell grown on AlGaN under-shell. A first device is developed for UV-A emission with 2.6 nm-thick GaN wells. Electroluminescence at 340 nm is demonstrated and EBIC mapping confirmed the core-shell p-n junction located at the wire upper part (Si n + -doped GaN). EL measurements also revealed a strong DAP signal coming from the Mg p-doped GaN external shell. This contribution could be reduced by improving the hole injection in the active region and by adding an electron blocking layer to limit electron overflow. A second device designed for UV-B emission is achieved by reducing the QW thickness to 0.9 nm and increasing the Al composition in the barriers up to 60 %. Such wires exhibit an electroluminescence at 

  (a) is designed for UV-A emission by incorporating five periods of 2.6 nm-thick GaN QW embedded in 3 nm-thick Al 0.3 Ga 0.7 N barrier. This active MQW region is integrated in a p-n junction corresponding to the following coreshell heterostructure n-GaN/n-Al 0.3 Ga 0.7 N/MQWs/p-Al 0.3 Ga 0.7 N/p-GaN junction. After contacting several microwire devices by EBID, I-V measurements are performed at room temperature. It is shown from the measurements in Figure 3(b) that the addition of the GaN/ Al 0.3 Ga 0.7 N quantum wells does not significantly affect the electrical properties of the diode.
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represents a milestone in the development of core-shell wires for deep UV applications.
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