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Assessment of AlGaN/AlN superlattices on GaN nanowires as active region of electron-pumped ultraviolet sources
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In this paper, we describe the design and characterization of 400-nm-long (88 periods) AlxGa1-xN/AlN (0 ≤ x ≤ 0.1) quantum dot superlattices deposited on self-assembled GaN nanowires for application in electron-pumped ultraviolet sources. The optical performance of GaN/AlN superlattices on nanowires is compared with the emission of planar GaN/AlN superlattices with the same periodicity and thickness grown on bulk GaN substrates along the N-polar and metal-polar crystallographic axes. The nanowire samples are less sensitive to nonradiative recombination than planar layers, attaining internal quantum efficiencies (IQE) in excess of 60% at room temperature even under low injection conditions. The IQE remains stable for higher excitation power densities, up to 50 kW/cm 2 . We demonstrate that the nanowire superlattice is long enough to collect the electron-hole pairs generated by an electron beam with an acceleration voltage VA = 5 kV.

At such VA, the light emitted from the nanowire ensemble does not show any sign of quenching under constant electron beam excitation (tested for an excitation power density around 8 kW/cm 2 over the scale of minutes). Varying the dot/barrier thickness ratio and the Al content in the dots, the nanowire peak emission can be tuned in the range from 340 to 258 nm.

Introduction

There is a particular demand for solid-state devices emitting in the ultraviolet (UV) range around 254 nm for application in disinfection and water purification [START_REF] Würtele | Application of GaN-based ultraviolet-C light emitting diodes -UV LEDs -for water disinfection[END_REF][START_REF] Beck | Evaluating UV-C LED disinfection performance and investigating potential dualwavelength synergy[END_REF][START_REF] Chen | LED revolution: fundamentals and prospects for UV disinfection applications[END_REF][START_REF] Kneissl | The emergence and prospects of deepultraviolet light-emitting diode technologies[END_REF]. Looking at the energy band gap and doping capabilities, AlGaN semiconducting alloys seem the natural material choice for this spectral range. However, in spite of intense research during the last decade [START_REF] Kneissl | A Brief Review of III-Nitride UV Emitter Technologies and Their Applications III-Nitride Ultraviolet Emitters[END_REF][START_REF] Nagasawa | A Review of AlGaN-Based Deep-Ultraviolet Light-Emitting Diodes on[END_REF], the efficiency of AlGaN-based light emitting diodes (LEDs) is relatively low (external quantum efficiency, EQE < 10% in the deep-UV) in comparison to visible LEDs or high-pressure mercury lamps. We remind that the EQE is the ratio of the number of photons emitted to the number of electrons injected in the device. The EQE is the product of the internal quantum efficiency (IQE), the carrier injection efficiency, and the light extraction efficiency. There are various reasons behind the low efficiency values.

First, the scarcity of high-quality AlN substrates has motivated that most of the research is performed on non-native substrates, which in turn lead to high dislocation densities, which reduce the IQE in quantum wells. Second, the electrical injection is problematic due to the high activation energy of both donors and acceptors in AlGaN [START_REF] Pampili | Doping of III-nitride materials[END_REF][START_REF] Blasco | Electrical and optical properties of heavily Ge-doped AlGaN[END_REF][START_REF] Mori | Crystal growth and p-type conductivity control of AlGaN for high-efficiency nitride-based UV emitters[END_REF], and the asymmetric carrier mobility of electrons and holes. Attaining reasonable hole concentrations and ohmic contacts to the p-type region requires that the structure is terminated with p-GaN, which absorbs the deep-UV LED emission. Then, as the Al content increases, AlGaN alloys present also problems for light extraction, since the polarization of the emitted light changes from surface-emitting (electric field component normal to the crystallographic c-axis for GaN) to edge-emitting (electric field parallel to the c-axis for AlN) [START_REF] Northrup | Effect of strain and barrier composition on the polarization of light emission from AlGaN/AlN quantum wells[END_REF].

An alternative technology for the fabrication of highly-efficient, eco-friendly UV lamps consists in mounting the active AlGaN chip in a vacuum tube, and to inject carriers using a cold cathode [START_REF] Saito | Field emission from carbon nanotubes and its application to cathode ray tube lighting elements[END_REF][START_REF] Oto | 100 mW deep-ultraviolet emission from aluminium-nitride-based quantum wells pumped by an electron beam[END_REF][START_REF] Herbert | Principles of Electron Tubes[END_REF]. Such a device, which can be miniaturized to the millimetre size, would avoid the problems associated with electrical injection, since both electrons and holes are generated equally in the active region by impact ionization. Electron-pumped emission from GaN-based quantum wells has been reported [START_REF] Oto | 100 mW deep-ultraviolet emission from aluminium-nitride-based quantum wells pumped by an electron beam[END_REF][START_REF] Matsumoto | Handheld deep ultraviolet emission device based on aluminum nitride quantum wells and graphene nanoneedle field emitters[END_REF][START_REF] Shimahara | Fabrication of Deep-Ultraviolet-Light-Source Tube Using Si-Doped AlGaN[END_REF][START_REF] Ivanov | E-beam pumped mid-UV sources based on MBE-grown AlGaN MQW: Mid-UV sources based on MBE-grown AlGaN MQW[END_REF][START_REF] Tabataba-Vakili | Dominance of radiative recombination from electron-beam-pumped deep-UV AlGaN multi-quantum-well heterostructures[END_REF][START_REF] Wang | Deep Ultraviolet Light Source from Ultrathin GaN/AlN MQW Structures with Output Power Over 2 Watt[END_REF], but the performance was mostly limited by the light extraction efficiency. Electron-pumped lasing around 350 nm has also been demonstrated [START_REF] Hayashi | Demonstration of electron beam laser excitation in the UV range using a GaN/AlGaN multiquantum well active layer[END_REF][START_REF] Wunderer | Resonator-Length Dependence of Electron-Beam-Pumped UV-A GaN-Based Lasers[END_REF].

The use of nanowire arrays as active media opens interesting perspectives for electron-pumped UV emitters. Semiconductor nanowires represent an innovative material approach with potential applications in the domains of electronics, optoelectronics, sensors and energy conversion [START_REF] Gudiksen | Growth of nanowire superlattice structures for nanoscale photonics and electronics[END_REF][START_REF] Lu | Nanowire Transistor Performance Limits and Applications[END_REF][START_REF] Krogstrup | Single-nanowire solar cells beyond the Shockley-Queisser limit[END_REF][START_REF] Xu | The generalized Shockley-Queisser limit for nanostructured solar cells[END_REF][START_REF] Hochbaum | Semiconductor Nanowires for Energy Conversion[END_REF][START_REF] Cui | Nanowire Nanosensors for Highly Sensitive and Selective Detection of Biological and Chemical Species[END_REF][START_REF] Spies | Nanowire photodetectors based on wurtzite semiconductor heterostructures[END_REF][START_REF] Barrigón | Synthesis and Applications of III-V Nanowires[END_REF]. The nanowire geometry offers the advantages of strain compliance, high crystalline quality, and the possibility of selfassembled growth on silicon substrates, which reduces the device production costs. From the optical point of view, the nanowire geometry spontaneously favours light extraction without additional processing requirements. In addition the relatively easy implementation of nano-objects displaying three-dimensional (3D) quantum confinement (quantum-dot-like) [START_REF] Renard | Exciton and Biexciton Luminescence from Single GaN/AlN Quantum Dots in Nanowires[END_REF][START_REF] Nguyen | Full-color InGaN/GaN dot-in-a-wire light emitting diodes on silicon[END_REF][START_REF] Holmes | Room-Temperature Triggered Single Photon Emission from a III-Nitride Site-Controlled Nanowire Quantum Dot[END_REF][START_REF] Gačević | Influence of composition, strain, and electric field anisotropy on different emission colors and recombination dynamics from InGaN nanodisks in pencil-like GaN nanowires[END_REF] results in high IQE at room temperature [START_REF] Jahangir | Molecular beam epitaxial growth and optical properties of red-emitting (λ = 650 nm) InGaN/GaN disks-in-nanowires on silicon[END_REF][START_REF] Himwas | Alloy inhomogeneity and carrier localization in AlGaN sections and AlGaN/AlN nanodisks in nanowires with 240-350 nm emission[END_REF].

With a nanowire diameter around 50 nm the "quantum dot" nature of insertions in nanowires is often controversial, since the radial confinement is very week in comparison to the vertical confinement. Some authors argue that the objects look more like wells than like dots, and they are often referred to as "nanodisks". In this paper, we make the choice of referring to these structures as "quantum dots" based on their optical behaviour. In previous works we have reported studies of single GaN/AlN dots in a nanowire [START_REF] Renard | Exciton and Biexciton Luminescence from Single GaN/AlN Quantum Dots in Nanowires[END_REF], and showed correlation measurements indicating antibunching [START_REF] Renard | Suppression of nonradiative processes in long-lived polar GaN/AlN quantum dots[END_REF], which is a signature of quantum dot behaviour. Furthermore, the strong reduction of non-radiative recombination, which results in photoluminescence lifetimes that remain constant in the 5-300 K temperature range [START_REF] Beeler | Long-lived excitons in GaN/AlN nanowire heterostructures[END_REF], confirms that the presence of 3D confinement of carriers.

The synthesis of nanowire ensembles containing quantum dot superlattices faces some particular challenges. For application in electron-pumped devices it is important to attain a good control and reproducibility of the quantum dot geometry and composition in a superlattice that is hundreds-of-nanometres long (exceeding the penetration depth of the electrons). Unfortunately nanowires generally present large spectral dispersion [START_REF] Himwas | Alloy inhomogeneity and carrier localization in AlGaN sections and AlGaN/AlN nanodisks in nanowires with 240-350 nm emission[END_REF][START_REF] Zagonel | Nanometer Scale Spectral Imaging of Quantum Emitters in Nanowires and Its Correlation to Their Atomically Resolved Structure[END_REF] due to the variation of the dot geometry [START_REF] Rigutti | Origin of energy dispersion in Al(x)Ga(1-x)N/GaN nanowire quantum disks with low Al content[END_REF][START_REF] Furtmayr | Carrier confinement in GaN/AlxGa1-xN nanowire heterostructures (0<x≤1[END_REF][START_REF] Carnevale | Three-Dimensional GaN/AlN Nanowire Heterostructures by Separating Nucleation and Growth Processes[END_REF] and variable strains [START_REF] Rigutti | Origin of energy dispersion in Al(x)Ga(1-x)N/GaN nanowire quantum disks with low Al content[END_REF][START_REF] Furtmayr | Carrier confinement in GaN/AlxGa1-xN nanowire heterostructures (0<x≤1[END_REF][START_REF] Rivera | Strain-confinement mechanism in mesoscopic quantum disks based on piezoelectric materials[END_REF] along the growth axis, the appearance of interdiffusion at the heterointerfaces [START_REF] Himwas | Alloy inhomogeneity and carrier localization in AlGaN sections and AlGaN/AlN nanodisks in nanowires with 240-350 nm emission[END_REF], and the structural perturbations introduced by nanowire coalescence [START_REF] Zagonel | Visualizing highly localized luminescence in GaN/AlN heterostructures in nanowires[END_REF].

The target of this paper is to report the first complete study of N-polar AlxGa1-xN/AlN (0 ≤ x ≤ 0.1) quantum dot superlattices on GaN nanowires, for application in electronpumped UV sources, combining the design, optical and structural characterization of the nanostructure. We asses that the superlattice is long enough to collect the electron-hole pairs generated by an electron beam with an acceleration voltage VA = 5 kV preventing Xray emission. The optical performance of GaN/AlN quantum dot superlattices on nanowires is compared with the emission of planar GaN/AlN superlattices with the same periodicity and thickness grown on bulk GaN substrates along the N-polar and metalpolar crystallographic axes. Furthermore, IQE measurements are performed under lowinjection conditions using a continuous-wave laser, and are compared with these under pulsed excitation. These results demonstrate stability of the nanowires under electron pumping. Finally, we describe the adjustment of the nanowire peak emission in the range of 340 to 258 nm by varying the dot/barrier thickness ratio and the Al content in the dots.

Methods

Self-assembled N-polar nanowires were synthesized using plasma-assisted molecular beam epitaxy (PAMBE) on n-type Si(111) substrates on top of a low-temperature two-step AlN nucleation layer, as described elsewhere [START_REF] Ajay | Intersubband absorption in Si-and Ge-doped GaN/AlN heterostructures in self-assembled nanowire and 2D layers[END_REF][START_REF] Musolino | Compatibility of the selective area growth of GaN nanowires on AlN-buffered Si substrates with the operation of light emitting diodes[END_REF][START_REF] Dimkou | Design of AlGaN/AlN Dot-in-a-wire Heterostructures for Electron-Pumped UV Emitters[END_REF]. To improve the uniformity of the height across the substrate surface [START_REF] Sabelfeld | Height self-equilibration during the growth of dense nanowire ensembles: Order emerging from disorder[END_REF], the growth was started with a long (≈ 900 nm) GaN nanowire base grown under N-rich conditions (Ga/N flux ratio FGa/FN = 0.25), at a substrate temperature TS = 810 °C, and with a growth rate of vG = 330 nm/h. This leads to a density of GaN nanowires around 6-8×10 9 cm -2 , with a nanowire diameter of 30-50 nm. The growth continued with the deposition of the AlxGa1-xN/AlN (x = 0, 0.05, 0.10) active region, which was 400 nm long (88 periods of quantum dots). The AlxGa1-xN dots were grown using the same N-rich conditions as for the GaN base (Ga/N flux ratio = 0.25), and adding a flux of aluminium FAl = x/vG, where x is the targeted Al mole fraction. The Al mole fraction in the dots was intentionally kept low, x ≤ 0.1, to prevent deformations of the nanowire morphology and reduce the effects of alloy inhomogeneity, observed for x ≥ 0.3 [START_REF] Himwas | Alloy inhomogeneity and carrier localization in AlGaN sections and AlGaN/AlN nanodisks in nanowires with 240-350 nm emission[END_REF]. The AlN sections were grown at stoichiometry (FAl/FN = 1, with a growth rate vGN = 450 nm/h). The complete heterostructure was synthesized at TS = 810 °C without any growth interruption. A summary of the samples under study is presented in table 1. Some of the samples were repeated to assess the reproducibility of their growth.

In order to compare the performance of the nanowires with standard quantum wells, one of the samples (S1A) has been reproduced as a planar structure with similar thicknesses of well/dot, barrier and total active region. The sample was grown simultaneously on the Ga-face (P1G in table 1) and on the N-face (P1N in table 1) of freestanding n-type GaN substrates (resistivity at room temperature < 0.05 Ωcm, dislocation density < 5´10 6 cm -2 ). Growth was performed at 720 °C, under Ga-rich conditions (nitrogen-limited growth rate vGN = 450 nm/h) and without growth interruptions [START_REF] Kandaswamy | GaN/AlN short-period superlattices for intersubband optoelectronics: A systematic study of their epitaxial growth, design, and performance[END_REF].

The structural quality was analysed by X-ray diffraction (XRD) in a Rigaku SmartLab diffractometer using a 2 bounce Ge(220) monochromator and a long plate collimator of 0.228° for the secondary optics. The as-grown nanowire ensemble was imaged using a Zeiss Ultra 55 field-emission scanning electron microscope (SEM). Detailed structural studies were conducted using high-resolution transmission electron microscopy (HR-TEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) performed on a FEI Tecnai microscope and a probe-corrected FEI Titan Themis microscope, both operated at 200 kV.

Photoluminescence (PL) measurements under continuous-wave excitation were obtained by pumping with a frequency-doubled solid-state laser (λ = 244 nm), with an optical power of » 10 μW focused on a spot with a diameter of » 100 μm. PL measurements under pulsed excitation used a Nd-YAG laser (266 nm, 2 ns pulses, repetition rate of 8 kHz). In both cases, samples were mounted on a cold-finger cryostat, and the PL emission was collected by a Jobin Yvon HR460 monochromator equipped with a UV-enhanced charge-coupled device (CCD) camera.

Cathodoluminescence (CL) experiments were performed using a FEI Inspect F50 field-emission SEM equipped with a low-temperature Gatan stage to cool the sample down to 6 K, and with an IHR550 spectrometer. The beam spot diameter was » 10 nm on the focal point, the accelerating voltage was varied from 2 to 20 kV and the electron beam current was kept below 150 pA. Cross-sectional CL measurements were performed in a Zeiss Ultra-55 field-emission scanning electron microscope equipped with a Gatan MonoCL4 system and a cold stage, using an acceleration voltage of 5 kV and a current of about 1.3 nA. Spectral line-scans were recorded with an integration time of 0.5 s per spectrum on a cleaved cross-section and dispersed nanowires for samples P1G and S1A respectively. Finally, additional CL experiments were performed using a Kimball Physics EGPS-3212 electron gun operated in direct current mode, under normal incidence, with a beam spot diameter of 4±1 mm. The gun was operated with an acceleration voltage in the range of 3 to 10 kV, injecting up to 400 µA of current. The CL emission arrived to an ANDOR ME-OPT-0007 UV-NIR light collector coupled with an ANDOR Shamrock500i spectrograph connected to an electron-multiplying CCD Newton 970 from ANDOR operated in conventional mode.

The electronic structure of samples S1A and S8 was modelled in 3D using the Nextnano 3 8-band k×p Schrödinger-Poisson equation solver [START_REF] Barrigón | Synthesis and Applications of III-V Nanowires[END_REF], with the material parameters described in ref. [START_REF] Renard | Exciton and Biexciton Luminescence from Single GaN/AlN Quantum Dots in Nanowires[END_REF]. For the AlxGa1-xN alloys, all the bowing parameters were set to zero. The nanowires were defined as a regular hexagonal prism with minor radii being 27.5 nm. Along the axis, they consisted of a 150-nm-long GaN base section, followed by 15 periods of AlxGa1-xN/AlN quantum dots. Both the AlxGa1-xN /AlN dots and the GaN base were laterally surrounded by a 5-nm-thick AlN shell, and the whole nanowire structure was enclosed in a rectangular prism of air, permitting elastic deformation. In a first step, the 3D strain distribution was calculated by minimizing the elastic energy assuming zero stress at the nanowire surface. This was followed by the calculation of the band diagram, taking both spontaneous and piezoelectric polarization into account. For such calculations, it was assumed that the Fermi level at the AlN/air sidewall interface is pinned 2.1 eV below the conduction band minimum [START_REF] Reddy | The effect of polarity and surface states on the Fermi level at III-nitride surfaces[END_REF]. Finally, the electronic levels and squared electron and hole wavefunctions were calculated in the quantum dot located in the middle of the AlxGa1-xN/AlN heterostructure.

Design

The aim of this study is to explore the possibility of using AlxGa1-xN/AlN quantum dot superlattices integrated along GaN nanowires as active media for electron-pumped UV emitters. The implementation of a superlattice of quantum dots in a wire seems a good strategy, since 3D carrier confinement grants a certain insensitivity to non-radiative processes [START_REF] Renard | Suppression of nonradiative processes in long-lived polar GaN/AlN quantum dots[END_REF], which results in high internal quantum efficiency at room temperature.

However, the semiconductor geometry and conductivity must be adapted to maximize the energy conversion under electron pumping.

A first specification is that the total length of the active region should be larger than the penetration depth of the impinging electron beam, Re. A commonly used empirical expression for Re is [START_REF] Leamy | Charge collection scanning electron microscopy[END_REF]:
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) assuming VA = 5 kV, we obtain 𝑅 ! = 115 nm and 𝑅 ! = 215 nm, respectively. For a more precise estimation of 𝑅 ! , Monte Carlo simulations of the electron beam interaction with GaN, Al0.67Ga0.33N and AlN were performed as a function of 𝑉 * , using the CASINO software [START_REF] Hovington | CASINO: A new monte carlo code in C language for electron beam interaction -part I: Description of the program[END_REF], with the results depicted in figure 1. For VA = 5 kV, the calculations predict values of 𝑅 ! around 175 nm, 224 nm, and 260 nm for GaN, Al0.67Ga0.33N and AlN, respectively [see figures 1(a), (b) and (c), respectively]. The penetration depth in Al0.67Ga0.33N is presented here because it reflects the average Al content in the active region of some of the heterostructures under study, as it will be explained later in this paper.

In view of these results, and accounting for a reduction of the effective material density in the nanowire ensemble with respect to bulk material, the length of our quantum dot superlattices was chosen to be 400 nm. To maximize the number of emitting centres, the nominal superlattice period was fixed at 4.5 nm, which means that the active region consists of 88 quantum dot periods. To adjust the spectral response, we varied the Al content in the dots and the dot/barrier thickness ratio, i.e. the total number of dots and the active region length remained constant.

To favour the charge evacuation during the electron pumping process the nanowires were grown on n-type Si(111) with a resistivity in the range of 0.001-0.005 Ωcm. The nanowire base and the dots were doped n-type with [Si] = 5×10 18 cm -3 (value estimated from Hall effect measurements using the Van der Pauw method on planar Si-doped GaN layers).

Results and discussion

Nanowires vs. planar layers

In a first experiment, we have compared the structural and optical properties of GaN/AlN quantum dot superlattices on GaN nanowires (samples S1A and S1B in table 1) with planar structures with the same layer sequence grown along the [0001] (Ga-polar) or [000-1] (N-polar) crystallographic axis of GaN, starting from free-standing GaN substrates (samples P1G and P1N in table 1, respectively). An SEM image of S1A is displayed in figure 2(a), illustrating the high density of nanowires in the ensemble. Figures 2(b-c) present HAADF-STEM images of the GaN/AlN heterostructure (88 periods) in S1A, where the bright contrast is GaN and the darker contrast corresponds to AlN. Along the nanowire, the heterostructure exhibits a regular thickness of 1.5 ± 0.2 nm for GaN and 2.8 ± 0. The structural characteristics of the GaN/AlN superlattice were also investigated by high-resolution XRD. Figure 4(a) shows θ-2θ scans around the GaN (0002) reflection for samples S1A, P1G and P1N. In the nanowire sample, the angular location of the reflection from the GaN stem is shifted to higher angles with respect to relaxed GaN, which confirms that it is compressively strained by the AlN shell. From the inter-satellite distance, we extract the MQW periods listed in table 1, which are in good agreement with the nominal values. Using the Ga-polar sample as a reference, the N-polar structure presents broader reflections due to the larger inhomogeneity in thickness observed in the TEM images. In the case of nanowires, thickness fluctuations from wire to wire within the ensemble introduce an additional broadening factor. Nevertheless, the satellites of the MQW reflection are still well resolved, and their linewidth is comparable to the N-polar structure.

To get an idea of the impact of the structural properties on the optical characteristics we studied the PL emission of the three heterostructures S1A, P1G and P1N. Normalized spectra recorded at low temperature (T = 5 K) are displayed in figure 4(b). The peak emission wavelength of the three samples is relatively close, in the 336-340 nm range.

The spectra from planar samples present a multi-peak structure due to the monolayer thickness fluctuations in the quantum wells [START_REF] Tchernycheva | Electron confinement in strongly coupled GaN∕AlN quantum wells[END_REF], with the Ga polar sample presenting narrower lines. In contrast the emission for the nanowire sample consists of a single spectral line, centred at 337 nm, with a large linewidth due to the geometry fluctuations in the nanowire ensemble.

The variation of the PL intensity as a function of temperature is presented in figure 4(c). The luminescence from the planar structures drops by more than two orders of magnitude when increasing the temperature from 5 K to 300 K. In contrast the emission intensity from the nanowires remains constant up to 100 K and remains at 63% of its maximum (low temperature) value at 300 K. This result confirms the relevance of carrier confinement in hindering non-radiative recombination.

The room-temperature internal quantum efficiency (IQE) of the nanostructures is often estimated as the ratio of the room-temperature and low-temperature integrated PL intensities:
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This estimation is based on the hypothesis that the PL intensity saturates at low temperature as a result of the carrier freeze out which prevents carriers from reaching defect-related non-radiative recombination centres. There is hence a risk of overestimation of the IQE if non-radiative recombination is active at low temperature, but also if the pumping intensity is high enough to saturate non-radiative recombination paths at high temperature.

To get an estimation of the IQE associated with the material properties, we tried to introduce as few extraneous perturbations as possible to straightforward linear response.

Thus the measurements presented here were performed using a continuous-wave laser, and very low power density excitation (10 µW laser power, focused on a spot with a diameter of 100 µm). The results in figure 4(c) show that the luminescence from planar samples P1G and P1N clearly does not attain saturation at low temperature, so that the IQE calculated from these curves should be taken as an upper limit. On the contrary, all the nanowire samples in the study present a clear saturation of their PL for temperatures lower than 100 K, as shown for S1A in figure 4(c). Therefore, the ratio of their roomtemperature and low-temperature PL intensities can be considered as a good estimation of their IQE. The obtained IQE values are summarized in table 1, together with the peak emission wavelength and linewidth at room temperature. In the case of S1A and S1B, the IQE at room temperature is 60-63%, orders of magnitude higher than the IQE of planar structures with the same layer sequence (P1G and P1N). The higher value of IQE in P1N in comparison to P1G is explained by the localization of carriers in the thickness fluctuations observed in the N-polar structure.

When the perturbation introduced by the excitation source is very small (low injection regime), the IQE values describe the material properties in terms of radiative and non-radiative processes. However, it is difficult to compare these data with the literature since most reported values are measured under pulsed excitation [START_REF] Wang | Deep Ultraviolet Light Source from Ultrathin GaN/AlN MQW Structures with Output Power Over 2 Watt[END_REF][START_REF] Shatalov | Efficiency of light emission in high aluminum content AlGaN quantum wells[END_REF][START_REF] Ban | Internal Quantum Efficiency of Whole-Composition-Range AlGaN Multiquantum Wells[END_REF][START_REF] Bryan | High internal quantum efficiency in AlGaN multiple quantum wells grown on bulk AlN substrates[END_REF][START_REF] Murotani | Dependence of internal quantum efficiency on doping region and Si concentration in Al-rich AlGaN quantum wells[END_REF][START_REF] Liao | AlGaN based deep ultraviolet light emitting diodes with high internal quantum efficiency grown by molecular beam epitaxy[END_REF][START_REF] Banal R G | Extremely high internal quantum efficiencies from AlGaN/AlN quantum wells emitting in the deep ultraviolet spectral region[END_REF][START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF][START_REF] Bhattacharyya | Deep ultraviolet emitting AlGaN quantum wells with high internal quantum efficiency[END_REF][START_REF] Hao | Electrical determination of current injection and internal quantum efficiencies in AlGaN-based deep-ultraviolet light-emitting diodes[END_REF][START_REF] Dong | AlGaN-based deep ultraviolet light-emitting diodes grown on nano-patterned sapphire substrates with significant improvement in internal quantum efficiency[END_REF], using power densities in the range of 5-1000 kW/cm 2 [START_REF] Shatalov | Efficiency of light emission in high aluminum content AlGaN quantum wells[END_REF][START_REF] Ban | Internal Quantum Efficiency of Whole-Composition-Range AlGaN Multiquantum Wells[END_REF][START_REF] Bryan | High internal quantum efficiency in AlGaN multiple quantum wells grown on bulk AlN substrates[END_REF][START_REF] Murotani | Dependence of internal quantum efficiency on doping region and Si concentration in Al-rich AlGaN quantum wells[END_REF][START_REF] Banal R G | Extremely high internal quantum efficiencies from AlGaN/AlN quantum wells emitting in the deep ultraviolet spectral region[END_REF][START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF], to emulate the carrier injection at LED operating conditions. In this pumping regime, the photogenerated carrier densities are higher than the doping level of the original structure (high injection) and nonradiative recombination paths are partially saturated. Therefore the obtained IQE is significantly higher than the low-injection value and depends on the excitation power density [START_REF] Shatalov | Efficiency of light emission in high aluminum content AlGaN quantum wells[END_REF][START_REF] Ban | Internal Quantum Efficiency of Whole-Composition-Range AlGaN Multiquantum Wells[END_REF][START_REF] Bryan | High internal quantum efficiency in AlGaN multiple quantum wells grown on bulk AlN substrates[END_REF][START_REF] Murotani | Dependence of internal quantum efficiency on doping region and Si concentration in Al-rich AlGaN quantum wells[END_REF][START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF][START_REF] Frankerl | Challenges for reliable internal quantum efficiency determination in AlGaN-based multi-quantum-well structures posed by carrier transport effects and morphology issues[END_REF]. Maximum values of IQE are obtained for an excitation power density around 10-100 kW/cm 2 [START_REF] Murotani | Dependence of internal quantum efficiency on doping region and Si concentration in Al-rich AlGaN quantum wells[END_REF][START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF]. Note that in an electronpumped UV lamp using an acceleration voltage of 5 kV and an injection current of 1 mA to irradiate a spot with a diameter of 1 mm, the excitation density would be below

1 kW/cm 2 .
To explore the behaviour of the nanowire heterostructures under operating conditions, and compare with previous literature, we have measured PL as a function of the excitation power using a pulsed Nd-YAG laser. Measurements were performed at 6 K and at 300 K. Under high injection, the calculation of the IQE at room temperature must take into account the drop of the PL efficiency at low temperature due to the many-body effects induced by high-power excitation [START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF] where 𝐼(𝑇, 𝑃) is the integrated PL intensity as a function of temperature and excitation power (P), and 𝑃 67 is an excitation power at low injection conditions. The results for samples S1A, P1G and P1N are presented in figure 4(d). In the case of planar samples, the IQE increases with pulsed excitation. A maximum IQE around 3-4% is obtained for excitation in the range of 100-500 kW/cm 2 . The values are lower than the IQE = 15-50% that can be found in the literature for this spectral range (measured by the same method) [START_REF] Murotani | Dependence of internal quantum efficiency on doping region and Si concentration in Al-rich AlGaN quantum wells[END_REF][START_REF] Mickevičius | Internal quantum efficiency in AlGaN with strong carrier localization[END_REF][START_REF] Frankerl | Challenges for reliable internal quantum efficiency determination in AlGaN-based multi-quantum-well structures posed by carrier transport effects and morphology issues[END_REF]. This difference can be explained by the choice of AlN/GaN as materials for barriers/wells, to be used as a reference for the nanowire heterostructures. In this case, the lattice mismatch is maximum in comparison with generally-used AlxGa1-xN/AlyGa1-yN heterostructures. This leads to enhanced plastic relaxation of the misfit strain [START_REF] Kandaswamy | Strain relaxation in short-period polar GaN/AlN superlattices[END_REF], which has an important effect on the maximum IQE [START_REF] Ban | Internal Quantum Efficiency of Whole-Composition-Range AlGaN Multiquantum Wells[END_REF]. Looking back to figure 4(d), in the case of quantum dots contained in nanowires, the IQE is stable under pulsed excitation up to around 50 kW/cm 2 , and then decreases slightly.

We have compared the optical characterization results with theoretical calculations of the electronic structure. A schematic description of the simulated structure is presented in figure 5(a), where the GaN dots are modelled as regular hexagonal prisms.

To assess the effect of the sidewall facets observed in figure 2(c), the structure was also modelled considering a reduction of the prism radius along the growth axis, as illustrated in figure 5 the characteristic saw-tooth profile of GaN, is clearly visible. The internal electric field in the dots shifts the electron wavefunction towards the nanowire stem and the hole wavefunction towards the cap. However, the separation of electron and hole along the growth axis remains relatively small due to the small quantum dot height. The electronhole transition at room temperature is predicted to occur at 340 nm and 349 nm, as a result of the calculations in figures 5(a,c) and 5(b,d), respectively. These results are very close to the experimental value of 340 nm (room temperature, 31 nm linewidth) in sample S1A (i.e. the sample analysed by HAADF-STEM in figure 2).

If we compare the results of the calculations for the structures in figures 5(a) and (b), the presence of the facets in the dots does not have a major effect on the strain in the centre of the nanowire (see values in table 2). However, it has a drastic effect on the inplane distribution of the electron and hole wavefunctions, depicted on the right side of figures 5(c) and (d). In the structure without facets [figure 5(c)] the maximum of the electron wavefunction is located in the centre of the nanowire, whereas the hole is shifted towards the sidewalls. In the structure with facets the radial distribution of carriers is opposite, with the hole wavefunction in the centre of the nanowire and the electron close to the sidewalls. The radial separation of the electron and hole wavefunctions is known to exist in GaN nanowires and its effects on the carrier lifetime have been measured by timeresolved PL [START_REF] Beeler | Long-lived excitons in GaN/AlN nanowire heterostructures[END_REF]. In homogeneous nanowires (without heterostructure) the separation occurs due to the Fermi level pinning at the nanowire sidewalls [START_REF] Calarco | Size-dependent Photoconductivity in MBE-Grown GaN-Nanowires[END_REF]. However in heterostructured nanowires the separation is enhanced due to a radial electric field that appears because of the radial gradient of strain and the sheer component of the strain associated to elastic relaxation at the surface [START_REF] Beeler | Long-lived excitons in GaN/AlN nanowire heterostructures[END_REF]. Figures 5(e) and (f) represent the in-plane electric field along the [START_REF] Saito | Field emission from carbon nanotubes and its application to cathode ray tube lighting elements[END_REF][START_REF] Oto | 100 mW deep-ultraviolet emission from aluminium-nitride-based quantum wells pumped by an electron beam[END_REF][START_REF] Herbert | Principles of Electron Tubes[END_REF][START_REF] Matsumoto | Handheld deep ultraviolet emission device based on aluminum nitride quantum wells and graphene nanoneedle field emitters[END_REF][START_REF] Shimahara | Fabrication of Deep-Ultraviolet-Light-Source Tube Using Si-Doped AlGaN[END_REF][START_REF] Ivanov | E-beam pumped mid-UV sources based on MBE-grown AlGaN MQW: Mid-UV sources based on MBE-grown AlGaN MQW[END_REF][START_REF] Tabataba-Vakili | Dominance of radiative recombination from electron-beam-pumped deep-UV AlGaN multi-quantum-well heterostructures[END_REF][START_REF] Wang | Deep Ultraviolet Light Source from Ultrathin GaN/AlN MQW Structures with Output Power Over 2 Watt[END_REF][START_REF] Hayashi | Demonstration of electron beam laser excitation in the UV range using a GaN/AlGaN multiquantum well active layer[END_REF][START_REF] Wunderer | Resonator-Length Dependence of Electron-Beam-Pumped UV-A GaN-Based Lasers[END_REF] axis, measured at the point along the growth axis where the electron and hole wavefunctions reach their maxima. In the structure without facets [figure 5(e)] the field points towards the sidewalls, with a maximum value of 37 kV/cm. Even if this value is much smaller than the electric field along the growth axis (7.3 MV/cm in the dots), it is enough to force a radial separation of electron and hole.

However it should be noted that the calculations do not take into account the Coulomb attraction, so that the radial separation should be smaller than the calculated result. The presence of the facets in the quantum dots changes the strain distribution, which leads to an inversion of the radial electric field, now more intense (maximum of 250 kV/cm) and pointing towards the centre of the wire [see figure 5(f)], which results in a different radial distribution of charges. In spite of these radial changes the emission wavelength does not vary significantly since it is dominated by the axial electric field, which is one order of magnitude more intense.

To better understand the origin of the spectral broadening of the nanowire samples, and the presence of multiple peaks in the planar layers, we investigated P1G and S1A using CL spectral line-scans on the cross-section of the samples, recorded at 7 K. The results are depicted in figures 6(a) and (b). In the case of the planar structure [figure 6(a)], analysing from bottom to top, the narrow emission from the GaN substrate is observed around 356 nm. The line remains visible when the excitation shifts into the superlattice (position = 0-0.4 µm in the graph), which points to a good vertical diffusion of carriers, facilitated by the orientation of the polarization-induced internal electric field for this Gapolar sample. The emission from the superlattice presents two distinct peaks, which is consistent with the PL measurements in figure 4(b). The spectral separation of the two peaks corresponds to a change in quantum well thickness of 1 monolayer, which is in line with the atomic steps at the top interface of the quantum wells identified in HAADF-STEM [see figure 3(b)]. Towards the surface these peaks are slightly shifted to shorter wavelengths as outlined by the white dashed lines in the figure. The small value of the total shift, around 1 nm along the superlattice thickness, points to strain relaxation.

If we turn to the behaviour of the nanowire structure [figure 6(b)], the emission from the GaN stem around 350 nm is visible in the 0.4-0.5 µm position range. The fact that the emission is no longer observed when exciting the superlattice (position = 0-0.4 µm) is explained by the N-polarity of the nanowires. In this crystallographic orientation the internal electric field pushes the electrons away from the interface between the stem and the superlattice. The emission from the superlattice shifts from 320 to 344 nm, following the dashed white line in the figure, when the excitation moves from the stem to the top of the nanowire. Note that in individual spectra at a specific position, the emission linewidth is comparable to that of the planar superlattice. Therefore the spectral broadening of the luminescence in figure 4(b) is mostly due to the shift of the emission along the growth axis. Looking at theoretical calculations for GaN/AlN superlattices in nanowires [START_REF] Ajay | Effect of doping on the intersubband absorption in Si-and Ge-doped GaN/AlN heterostructures[END_REF] this shift can be explained by a difference in the quantum dot height of 1-2 atomic layers (» 0.3-0.5 nm) along the growth axis, consistent with STEM observations.

To study the penetration depth of the electron beam under operating conditions, samples P1G and S1A were characterized by CL (excitation normal to the surface in the SEM) as a function of the acceleration voltage, with the results described in figure 7. Figure 7(a) shows that the superlattice presents a multi-peak emission as described by the PL studies [figure 4(b)]. Luminescence from the GaN substrate (at 357 nm) is only visible for acceleration voltages higher than 10 kV. This result is consistent with the calculations in figure 1(b), which show that acceleration voltages higher than 7.5 kV are required for electrons to generate electron hole pairs in the substrate. Note that the AlxGa1-xN layer modelled in figure 1(b) presents the same average aluminium mole fraction as the active region of samples P1G and S1A. In the case of the nanowire sample [figure 7(b)] the emission spectra are dominated by a line around 340 nm, assigned to carrier recombination in the quantum dot superlattice. The emission from the stem becomes visible for acceleration voltages above 5.5 kV, which points to a higher penetration depth in comparison with planar layers, which is justified by the reduced average material density in the nanowire ensemble.

The evolution of the CL intensity as a function of the acceleration voltage, VA, was studied using an electron gun operated in direct current mode, under normal incidence, with a beam spot diameter of 4±1 mm. Measurements were performed with an injection current of 100 µA. Figure 7(c) depicts the result for the nanowire sample S1A, showing that the maximum CL intensity is attained for VA » 5.5 kV, which is consistent with the penetration depth estimated from figure 7(b). Accordingly, a decrease of the emission efficiency is observed for VA > 5.5 kV [see figure 7(d)].

To validate the results in figures 7(c) and (d), it is necessary to assess the influence of the electron beam current on the CL emission. With this purpose, sample S1A was pumped with an electron gun operated in direct current mode, under normal incidence, with a beam spot diameter of 4±1 mm, keeping VA = 5 kV and varying the injected current. As shown in figure 7(e), the integrated emission of the sample scales linearly with the current, without any indication of saturation up to 400 µA.

Finally, CL studies of GaN nanowires have been previously reported [START_REF] Zagonel | Nanometer Scale Spectral Imaging of Quantum Emitters in Nanowires and Its Correlation to Their Atomically Resolved Structure[END_REF][START_REF] Lähnemann | Quenching of the luminescence intensity of GaN nanowires under electron beam exposure: impact of C adsorption on the exciton lifetime[END_REF][START_REF] Lim | Direct Correlation between Structural and Optical Properties of III-V Nitride Nanowire Heterostructures with Nanoscale Resolution[END_REF][START_REF] Robins | Optical and structural study of GaN nanowires grown by catalyst-free molecular beam epitaxy. II. Sub-band-gap luminescence and electron irradiation effects[END_REF] with some groups observing a reversible degradation of the emission during the experiments [START_REF] Lähnemann | Quenching of the luminescence intensity of GaN nanowires under electron beam exposure: impact of C adsorption on the exciton lifetime[END_REF][START_REF] Robins | Optical and structural study of GaN nanowires grown by catalyst-free molecular beam epitaxy. II. Sub-band-gap luminescence and electron irradiation effects[END_REF] which they attributed to charge accumulation and trapping at the nanowire surface. The CL quenching was reduced in the case of nanowires with an AlN shell [START_REF] Lähnemann | Quenching of the luminescence intensity of GaN nanowires under electron beam exposure: impact of C adsorption on the exciton lifetime[END_REF].

The stability of our samples under electron irradiation was studied by measuring the evolution of the CL intensity with time. The experiment was performed at room temperature with an acceleration voltage VA = 5 kV, the injected current was 25 pA and the beam was concentrated in a 20 nm spot (i.e. excitation power density around 8 kW/cm 2 at the impact point). Figure 7(f) shows the evolution of the emission from P1G and S1A over a period of 300 seconds. In contrast to refs. [START_REF] Lähnemann | Quenching of the luminescence intensity of GaN nanowires under electron beam exposure: impact of C adsorption on the exciton lifetime[END_REF][START_REF] Robins | Optical and structural study of GaN nanowires grown by catalyst-free molecular beam epitaxy. II. Sub-band-gap luminescence and electron irradiation effects[END_REF], we did not observe any degradation of the CL emission. The stability of the samples is probably due to the relatively thick AlN shell that embeds the quantum dots and renders them insensitive to recombination at the nanowire surface.

Towards shorter wavelengths

In order to shift the peak emission wavelength towards the spectral region efficient for disinfection (around 260-270 nm), we have first explored the effect of reducing the size of the GaN dots in the heterostructure from 1.5 nm to 0.65 nm, while keeping the same number of periods and total thickness of the heterostructure. Note that 0.65 nm is approximately 2.5 monolayers. The normalized room-temperature PL emission from these samples (S1B, S4, S5 and S7A) is displayed in figure 8 (green spectra), and the peak emission wavelength is summarized in table 1. The emission shifts from 340-336 nm (samples S1A-S1B) to 265-277 nm (samples S7A-S7B). However, the blue shift comes with a monotonous decrease of the IQE at room temperature measured in the lowinjection regime, which evolves from 63% to ≈ 30%, as illustrated in the inset of figure 8.

To shift the emission further into the deep ultraviolet we have incorporated aluminium in the dots. The result is depicted in figure 8 (pink spectra). For 10% of Al in the dots, the room temperature emission is still dominated by a single spectral line that can be tuned from 331 nm (S2, 1.5 nm well thickness) to 258 nm (S8, 0.65 nm well thickness). Like in the case of GaN dots a decrease of the IQE and an increase of the relative linewidth is observed as the emission shifts to shorter wavelengths (see table 1).

However, if we compare samples with GaN and Al0.1Ga0.9N dots emitting at the same wavelength, the IQE is roughly the same (see inset of figure 8). Therefore, we conclude that the presence of Al in the dots does not introduce any additional degradation of the optical properties.

We have performed an analysis of the structural properties at the nanometre scale for sample S8, i.e. the structure emitting at the shortest wavelength, with the results illustrated in figure 9. An SEM image of S8 displayed in figure 9(a), does not show significant differences in shape or density with respect to the GaN/AlN samples [see figure 2(a)]. Figures 9(b-d) present HAADF-STEM images of the complete heterostructure and zoomed images of the last and first AlGaN/AlN periods, respectively. Bright contrast corresponds to Ga-rich areas and darker contrast represents Al-rich areas. If we focus on the initial stage of the growth of the heterostructure, illustrated in figure 9(d), the straindriven diffusion of Ga from the stem into the superlattice is also visible in this case and it extends around 1.5 periods. The thickness of the dots and barriers is homogeneous along the nanowire (0.7-1 nm dots and 3.5-3.7 nm barriers). The image contrast points to a slight increase of the Ga content in the dots along the growth axis but this might be partially due to the increasing thickness of the AlN shell when moving from the top of the wire to the GaN stem, or to a slight bending of the nanowire crystal resulting in the heterostructure being better oriented with respect to the electron beam in the top part of the wire.

Conclusion

In summary, we present a feasibility study of nanowire arrays as active media for electron-pumped UV emitters. The nanostructures under study consist of 400-nm-long AlxGa1-xN/AlN (0 ≤ x ≤ 0.1) quantum dot superlattices grown on self-assembled GaN nanowires by PAMBE on n-type Si(111) wafers. By growing the AlxGa1-xN sections under N-rich conditions and the AlN sections under stoichiometric conditions, we obtain quantum dots with highly homogeneous dimensions along the whole superlattice. When compared with the emission of planar samples with the same periodicity and thickness, GaN/AlN nanowire structures are less sensitive to nonradiative recombination, attaining IQE higher than 60% at room temperature, even under low injection conditions. Using pulsed optical excitation we demonstrate that the IQE remains stable for excitation power densities up to 50 kW/cm 2 . Experiments under electron pumping show that the nanowire superlattice is long enough to collect the electron-hole pairs generated by an electron beam with an acceleration voltage VA = 5 kV. By varying the dot/barrier thickness ratio and the Al content in the dots, we demonstrate the adjustment of the nanowire peak emission in the range from 340 to 258 nm. This manuscript describes the first assessment of nanowires for application in electron-pumped UV sources and our results confirm the feasibility of the approach.

Electron channelling effects can be compensated by an increase of the active region length by »60% in comparison to planar layers. Using quantum dot superlattices as active media, it is possible to keep the homogeneity of the dot geometry all along the active region in order to obtain nanowire ensembles providing a single emission line in the deep UV range. Furthermore, we have demonstrated the stability of the nanowires under electron pumping. Next validation steps should include an evaluation of the external quantum efficiency, lifetime in operation conditions, and x-ray emission. The results reported here are very promising for the fabrication of electron-pumped UV lamps which could find application in the domains of disinfection and water purification. An electron-pumped device can be scaled down to millimetre size, so that it can compete with LEDs in domains where efficiency and total output power are relevant. The implantation of such a technology would depend mostly on the cost per milliwatt of optical power, which could become competitive with LEDs thanks to the simpler material growth and processing.

Keeping the acceleration voltage at 5 kV, as proposed in this paper, the x-ray emission should be low enough for domestic use. In industrial applications where x-ray irradiation is not a problem, VA could be increased and, in such a case, the feasibility of longer active regions should be further assessed. 

  2 nm of AlN, with the whole GaN/AlN quantum dot superlattice enveloped by an AlN shell. Along the superlattice the thickness of the GaN section increases by a maximum of 0.5 nm from the base to the end. It can be observed in zoomed images [figure 2(c)] that the thickness of the AlN shell decreases along the nanowire growth axis, being negligible at the top of the nanowires and having a maximum thickness of around 5 nm at the interface with the GaN base. The vertical cross section of the GaN dots is not rectangular but trapezoidal, with {1-102} facets towards the nanowire sidewalls [see dashed yellow lines in figure 2(c)].
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Table 1 .

 1 Structural and optical characteristics of the samples under study: Nominal thickness of the AlN barriers (tB) and of the AlxGa1-xN wells (tW), Al concentration in the wells (x), MQW period measured by XRD, peak emission wavelength at room temperature (in the case of multiple peaks, the dominant peak appears in bold fonts), internal quantum efficiency (IQE) at room temperature (measurement under low-injection conditions), and full width at half maximum (FWHM) of the emission at room temperature.

	Sample	tW (nm)	tB (nm)	x	XRD Period (nm)	Peak emission (nm)	IQE (%)	FWHM (nm)
	S1A S1B	1.5	3.0	0	4.4±0.1	340 336	63 60	31 30
	S2	1.5	3.0 0.05 4.4±0.1	331	34	27
	S3	1.5	3.0 0.1 4.6±0.1	335	42	29
	S4	1.0	4.0	0	5.0±0.1	324	55	25
	S5	0.75 3.75	0	4.4±0.1	296	48	22
	S6	0.75 3.75 0.1 4.3±0.1	286	44	16
	S7A S7B	0.65 3.85	0	4.1±0.1	277 265	29 31	23 36
	S8	0.65 3.85 0.1 4.1±0.1	258	22	34
	P1G	1.5	3.0	0	4.4±0.1	329, 343	<0.05	9, 11
	P1N 1.5	3.0	0	4.1±0.1	329, 342, 367	<0.4	9, 13, 24

Table 2 .

 2 Some results of the theoretical calculations described in figure5: in-plane and out-of-plane strain at the centre of GaN dots (𝜀8 9: and 𝜀 ; 9: , respectively) and at the centre of the barrier (𝜀 8 < and 𝜀 ; < , respectively), and emission wavelength at room temperature (𝜆 => ).

	Simulation 𝜀 8 9: (%) 𝜀 ; 9: (%) 𝜀 8 < (%) 𝜀 ; < (%) 𝜆 => (nm)
	Without facets -1.70	0.61	0.78 -0.80	340
	With facets	-1.68	0.56	0.78 -0.80	349
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left side of the images show the schematics of the samples. White dashed lines highlight the evolution of the peak emission wavelength of the superlattices along the growth axis.