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Abstract

:

For the development and application of GaN-based nanowire structures, it is crucial to understand their fundamental properties. In this work, we provide the nano-scale correlation of the morphological, electrical, and optical properties of GaN/AlGaN nanowire light emitting diodes (LEDs), observed using a combination of spatially and spectrally resolved cathodoluminescence spectroscopy and imaging, electron beam-induced current microscopy, the nano-probe technique, and scanning electron microscopy. To complement the results, the photo- and electro-luminescence were also studied. The interpretation of the experimental data was supported by the results of numerical simulations of the electronic band structure. We characterized two types of nanowire LEDs grown in one process, which exhibit top facets of different shapes and, as we proved, have opposite growth polarities. We show that switching the polarity of nanowires (NWs) from the N- to Ga-face has a significant impact on their optical and electrical properties. In particular, cathodoluminescence studies revealed quantum wells emissions at about 3.5 eV, which were much brighter in Ga-polar NWs than in N-polar NWs. Moreover, the electron beam-induced current mapping proved that the p–n junctions were not active in N-polar NWs. Our results clearly indicate that intentional polarity inversion between the n- and p-type parts of NWs is a potential path towards the development of efficient nanoLED NW structures.
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1. Introduction


While light emitting diodes (LEDs) or laser diodes (LDs) made of group III nitrides have widely replaced conventional light sources in everyday life and various brands of technology [1,2,3], they still suffer from drawbacks such as a limited internal quantum efficiency and low light extraction efficiency. These problems are related to structural imperfections (such as a high dislocation density), strong polarization electric fields at interfaces, or inefficient doping in the planar multilayer structures, which are composed of materials with markedly different structural parameters. One solution to at least some of those problems that has been seriously considered is to replace continuous layers of semiconductors with ensembles of quasi-1D nanowires (NWs) grown perpendicularly to the substrate.



III-N compounds and their solid solutions are highly suitable for the construction of photonic devices. Their band gap energies cover a wide range from 0.7 eV for InN, through 3.4 eV for GaN, to 6.1 eV for AlN [4]. In principle, appropriate selection of the nitride composition in the active region of an optoelectronic device should allow for the obtention of electromagnetic radiation from any part of the visible spectrum or a considerable part of the ultraviolet band. Thus, they can be used in the fabrication of lighting systems imitating the daylight spectrum for houses and offices; light source-acceleration of photosynthesis for agriculture; and health care applications. Additionally, full-color displays or high-density optical data storage systems based on nitride laser diodes can be produced. Nitride-based optoelectronic devices can also be applied in UV detection [5,6] for aerospace and automotive engineering, biology/medicine, and astronomy. All the components of these devices, such as quantum wells, barriers, and p- and n-type layers in heterojunctions, can be fabricated from proper nitrides or their alloys. This is an important advantage of group III nitrides compared to many other wide-band-gap materials. Nevertheless, technical problems associated with the complex synthesis of multilayer semiconductor structures make the reproducible fabrication of reliable devices challenging. It is of great importance to select substrates that are lattice-matched and thermally compatible, while also large and cost-effective. While ammonothermal [7,8] and hydride vapor-phase epitaxy (HVPE) [9,10] methods of growing large bulk GaN substrates have already been successfully developed, sapphire or SiC substrates are still routinely used and have shown promising results. The growth of high-quality nitride structures on silicon would make the integration of nitride-based devices with advanced Si microelectronics possible. This would provide a great advancement in optoelectronic device technology.



The lattice mismatch between the substrate and the nitride layer results in dislocations, relieving the strain at the interface but deteriorating the electrical and optical properties of the structure. Various methods, such as buffer layer engineering and the epitaxial lateral overgrowth technique, have been devised to reduce the dislocation density in nitride-layered structures. Replacing 2D layers with a set of quasi 1D NWs improves the strain accommodation conditions at the markedly smaller interface. This effect was also demonstrated for nitride NWs grown on a Si substrate [11]. The appearance of stress-relieving dislocations can be avoided not only between the substrate and the nanowire but also at the interfaces inside the nanowire [12].



The quasi 1D geometry of the structure has more advantages than those already mentioned: For nano-light-emitters created as axial or radial heterostructures, it increases the light generation efficiency; reduces the light losses in the structure; enhances the efficacy of light extraction from the structure; and allows for the growth of multicolor micro-LED pixels [13,14,15]. Such objects, with a regular shape defined by the crystalline structure and a size comparable to the wavelength of light, can also confine electro-magnetic radiation and play the role of a resonator for such nano-devices. However, some other critical issues influencing the functionality of nanowire-based devices still exist. It is necessary to solve the problems associated with effective p-type doping (in particular, for ternaries with high In or Al contents) in order to reduce defect-related nonradiative recombination channels, including those related to the developed surface of the system. This would improve hole transport, which is limited by defects, and thus tackle the heat management issue in quasi 1D devices. Some of these issues, such as p-type doping, defect creation (e.g., defects caused by stacking faults (SFs) and polarity inversion domains) are directly related to the nanowire growth conditions.



An important feature of NWs is the possibility of fabricating them by a bottom-up growth process, without the use of technically demanding and expensive technological processes, such as photo- or electron-beam lithography, resist deposition, or etching. Instead, the spontaneous formation of NWs governed by the growth conditions is often applied. A variety of growth methods allowing for the fabrication of NWs on various substrates have been successfully tested (including chemical vapor deposition, metalorganic chemical vapor deposition (MOCVD), and molecular beam epitaxy (MBE) [16]), and numerous examples of ensembles of NWs that are of a highly crystalline quality and have well defined electronic and optical properties have been demonstrated (for a review, see [17]).



Among the techniques currently used to grow III-N low-dimensional structures, MBE has important advantages. The high purity of the source materials and ultra-high-vacuum growth conditions, as well as the availability of many techniques of in-situ growth monitoring, allow for a reduction in the unintentional impurity level and improvement in the crystalline quality of the grown material. In general, the two most commonly used approaches to nanowire growth by MBE are based on spontaneous nucleation and vapor-liquid-solid growth, in which whiskers are grown beneath a catalyst droplet. The former [18] is routinely used to grow nitride NWs, since it eliminates the unwanted contamination of NWs with catalyst atoms. While the MBE method is not suitable for the mass production of devices, it is a convenient tool for studies motivated mainly by an interest in fundamental physical processes involving electrons and photons in NWs. The structure of NWs can be carefully controlled and modified in accordance with the results of microscopic, structural, and optical measurements, even if some uncertainties concerning the NW size or composition, resulting from the spontaneous nature of the growth process, should be borne in mind. However, the conclusions can lead to improvements in the architecture and technology of real devices or, at least, the construction of demonstrator devices.



Full control of the course of the growth process and properties of the resulting system is still far from being established. This leads to a scattering of the important physical properties of NWs, even those obtained on the same substrate in a single process. The inner structure of the nanorods may contain spontaneously formed defects, chemical composition fluctuations, domains with built-in strain, growth polarity domains, etc. Fingerprints of some of these defects can be detected by cathodo- and photoluminescence, for example, stacking faults [19,20] and inverted polarity domains [21,22]. On the other hand, intentionally grown axial or radial heterojunctions, quantum wells, etc., are formed in the NWs in order to study basic physical phenomena (e.g., those related to elementary excitations in semiconductors) or create new functionalities [13,23]. Since the properties fluctuate between nanowires, the parameters should not be analyzed as global quantities describing the sets of many nanowires. It is necessary to investigate the optical and electronic properties of NWs with a submicron or nanometer resolution, which allows the properties of the sub-structures of NWs, such as quantum wells, barriers, and p- or n-type segments in the heterojunctions to be revealed.



In this work, we report on the nano-scale correlation of the morphological, structural, electrical, and optical properties of GaN/AlGaN nanowire LEDs, as observed by a combination of scanning electron microscopy (SEM), spatially and spectrally resolved cathodoluminescence (CL), andelectron beam-induced current (EBIC), atomic force, and Kelvin probe force microscopies. GaN/AlGaN LED nanowire structures with three GaN quantum wells in the p–n junction and AlGaN barriers were grown on silicon (111) substrates, without any catalyst, using plasma-assisted molecular-beam epitaxy. The bottom n-type part of the structure was made of GaN:Si. Then, the GaN wells sandwiched between AlGaN barriers were formed. The top part of the nanowire, which acted as the p-type part of the p–n junction, was composed of AlGaN:Mg. As this part was employed with the intention of forming a quasi-planar base for the top electrical contact of the structure, the growth mode had to be adapted to the conditions, which enhanced the lateral growth, leading to an inversely tapered form of the NWs. Therefore, the upper part of the structure was formed under particularly demanding conditions, and its properties resulted from the interplay of several coinciding physical phenomena. It was grown from an AlGaN solid solution at a reduced growth temperature and under intense Mg-doping, which should give the p-type conductivity. The results of our investigations indicated that unintentional fluctuations in the growth conditions caused the growth polarity to switch from the N- to the Ga-face for a considerable part of the NWs. Such a polarity reversal causes differences in the growth and changes the direction of the built-in spontaneous electric field [24]. The EBIC signal and the CL spectral features recorded for individual NWs proved that in the N-face NWs, the p–n junctions were not active, and the quantum-well luminescence was reduced. A comparison of the experimental data with the results of the numerical simulations of the electronic band structure of individual NWs facilitated a discussion of the physical mechanisms responsible for the activation or deactivation of the p–n junctions. We ascribed the reduced functionality of the p–n junction to an ineffective Mg-doping of the top part of the NWs grown with N-polarity. This conclusion established the growth parameters that result in the successful growth of functional nanoLEDs in NWs.




2. Samples and Experimental Methods


2.1. Samples


The GaN/AlGaN NW LEDs were grown on in-situ nitridated 3” Si (111) substrates using plasma-assisted molecular beam epitaxy (PAMBE) in a Riber Compact 21 system with elemental sources of Ga, Al, Si, and Mg. A radio frequency Addon nitrogen plasma cell, controlled by an optical sensor of plasma light emission [25], was used as the source of active nitrogen species. No catalyst was used to induce the nucleation of the NWs. The nanowire LEDs with the three GaN quantum wells in the area of the p–n junction were grown according to the following procedure. First, the 500–600 nm-long GaN nanowires doped with Si (nominal doping level: 5 × 1018 cm−3) were grown under N-rich conditions at a temperature of 790 °C to achieve the n-type part of the structure. Then, the quantum structure was grown. It began with AlxGa1−xN segments with a gradually increased composition (3%, 6%, 9%, 12%) and was followed by the growth of 3 GaN quantum wells (QWs) with thicknesses of 3.5 nm, which were sandwiched between the 10 nm-thick Al0.15Ga0.85N barriers. The number of QWs and other parameters of the quantum structure were chosen on the basis of our previous experience, and reports are available in the literature (e.g., [26]). As such a configuration provides efficient luminescence, it was suitable for testing the functionality of our nanoLED in NWs. Finally, the p-type part of the structure consisting of 1 µm-thick Al0.2Ga0.8N doped with Mg (nominal doping level: 5 × 1019 cm−3) was grown. The growth temperature at this step was reduced to 715 °C to enhance the lateral growth rate and to broaden the nanowire tops, with the aim of making the further processing of the device easier.



A detailed scheme of the NW LED structure is shown in Figure 1. More details on the growth method used for the fabrication of the NW structures can be found in [27,28,29]. The contact with the n-type (cathode) was obtained by covering the Si substrate with indium (for electroluminescence measurements) or aluminum (for EBIC studies). The anodes were made by the evaporation of a thin, semitransparent layer of gold on the upper surfaces of the NWs. The anodes for the electroluminescence measurements had a shape characterized by circular spots with a diameter of 1 mm. The layer of gold was continuous and conductive due to the good coalescence of the tops of the NWs, which was obtained by their lateral growth.




2.2. Methods


The morphology of the LED NWs was examined by scanning electron microscopy (SEM) using a field-emission Hitachi SU-70 scanning electron microscope (Hitachi, Tokyo, Japan). The SEM machine, equipped with a Gatan MonoCL3 cathodoluminescence system, including the continuous-flow liquid helium cryo-stage and Gatan electron beam induced current (EBIC) setup, enabled studies of the local optical and electrical properties of single NWs.



High-resolution transmission electron microscopy (TEM) experiments of the LED NW structures were conducted using the FEI Titan 80–300 Cubed high-resolution TEM (HRTEM) operating at 300 keV (FEI Company, Hillsboro, ON, USA).



The photoluminescence (PL) spectra were excited by a system composed of a Ti:Sapphire laser and third harmonic generator at a wavelength of 300 nm, with a pulse frequency of 80 MHz. The time-resolved photoluminescence (TRPL) kinetics were measured using a Hamamatsu C5680 streak-camera (Hamamatsu Photonics, Shizuoka, Japan).



The I–V characteristics of individual LED NWs were measured in the chamber of the Tescan Lyra3 scanning electron microscope (Tescan Orsay Holding, a.s., Brno-Kohoutovice, Czech Republic) using a Keithley 236 measurement unit. A tungsten tip of a SmarAct nano-probe served as a top ohmic contact (SmarAct GmbH, Oldenburg, Germany).



The atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM) were carried out in the tapping mode using a MultiMode AFM, with a Nanoscope IIIa controller and Nanoscope Extender (Bruker/Digital Instruments, Billerica, MA, USA).





3. Results


3.1. Morphology and Structure


Despite the fact that the NWs were grown in the same growth process, the SEM investigations revealed two kinds of NW morphologies, as shown in Figure 2.



Figure 2a shows a cross-sectional SEM image, where two types of nanowires can be easily distinguished. Some of them have a regular broadening, with flat sides, and some have an irregular “oval-like” shape in the laterally grown area. In the plane-view SEM (Figure 2b), differences are also clearly visible: some of the NWs have a flat hexagonal top with sharp edges, while the others have a less regular, rough top with rounded edges.



We note that, due to a radial temperature gradient across the wafer, two areas could be easily distinguished on the substrate surface. Area A (Figure 2b, upper panel) is a ~10 mm-wide ring near the edge of the wafer, while area B (Figure 2b, bottom panel) is a circle in the center of the wafer. Independent measurements of the temperature distribution, performed by growing planar GaN layers on such substrates, indicated a ~30 °C higher growth temperature at the wafer periphery than in the central B area. Interestingly, such a temperature profile led to the noticeably higher concentration of hexagonally shaped NWs in area A than in the colder part (area B) of the wafer, as shown in the SEM images.



The TEM studies in the Z-contrast scanning transmission mode (STEM) revealed that both types of NWs contain three 3.5 nm-thick QWs (inset in Figure 2a). The bottom parts and QW regions of NWs are similar in all wires, and differences are observed only in the upper p-type Al0.2Ga0.8N:Mg part of the LED structure. The NWs with the flat hexagonal tops are more uniform, while in the NWs with the “oval-like” top area, some features resembling grain boundaries are visible.



In the [0001] direction, GaN can grow either in the Ga or N direction, which are referred to as polarities. Most nitride layers are grown in the Ga polarity, while spontaneously nucleated GaN NWs usually grow in the N polarity. However, depending on the interface chemistry and the growth procedure, changes to the Ga polarity inside one NW ensemble are often observed. Since the specific polarity of NWs affects both the optical and electrical properties and result in different properties for two morphologically distinct types of NWs, it is necessary to assess the polarity of individual NWs. This was conducted by the selective etching of the sample in an aqueous solution of potassium hydroxide (KOH). The principle of this method is based on the fact that the etching behavior strongly depends on the chemical nature of the surface. The resulting etching rate, etched surface shape, and roughness are determined by the polarity, which can, therefore, be clearly identified. It was revealed in research by several groups that the KOH etching rate is much lower for Ga-polar GaN surfaces than for N-polar ones (see, for instance, [30,31,32,33]).



In our case, the samples were etched in a KOH:H2O 6.5 g/100 mL solution at a temperature of 160 °C for 10 min. SEM images of the samples’ surfaces are presented in Figure 3. In the SEM image of the as-grown sample (Figure 3a), two kinds of NWs are visible—hexagonal- and oval-shaped, as mentioned earlier. Figure 3b presents exactly the same area of the sample, after etching in the KOH solution. It can be seen that the NWs of a hexagonal shape with flat tops have disappeared, while some of the oval-top NWs remain untouched. This experiment proved that the hexagonal-top surfaces were N-polar NWs, while the oval-top ones had Ga polarity.




3.2. Macroscopic Electro- and Photoluminescence


The semiconductor structure inside the NW was designed to work as a light emitting diode. The bottom part was n-type (Si-doped), the upper part was p-type (Mg-doped), and three QWs were placed in the region of the p–n junction in order to trap electrons and holes, which should promote radiative recombination. Figure 4 (upper panel) shows the photoluminescence spectra at different points in the sample. It can be observed that the spectra are significantly different. For example, the GaN-related G1 peak is much stronger in the A area, while area B is dominated by AlGaN emission (peak A4). To check the operation of the NW LED devices, a series of small diodes were prepared for macroscopic electroluminescence (EL) measurements in a few rows, from the edge to the center of the wafer, across the A and B areas. After application of a voltage, blue-violet-UV electroluminescence was only observed in the B area. Diodes in the A area, mostly consisting of the hexagonally shaped top facets, were not active, which agrees well with the I–V data shown in Figure 9. The electroluminescence (EL) spectra of the forward polarized ensemble of the NWs in the B area, as a function of the applied voltage, are plotted in Figure 4 (bottom panel).



We note that in order to obtain a sufficient current, it was necessary to apply a bias of the order of 10 V, which was due to the high resistivity of the NWs. The main decrease in the voltage was most probably in the p-type part of the NWs. Nevertheless, the change in bias caused a change in electric field in the area of QWs, which led to a shift in the emission energy from 3.15 eV up to 3.28 eV, with an increase in the bias (see Figure 4—bottom panel). The effect can be explained as state filling due to a high-density electron current or a reduction in the quantum-confined Stark effect (QCSE). In the second case, an increase in the external voltage led to a reduction in the total electric field, which means that the build-in electric field has the opposite direction to that of the external one. Figure 4 shows the photoluminescence (PL) spectra obtained by the photoexcitation of the diode without voltage and PL (plus EL), observed under a bias of 14 V. In the case of EL, electrons are provided by a cathode, while holes are injected by an anode. The only part of the structure that contains both types of carriers is an active region with the QWs. Thus, in EL, only one peak was visible. During light excitations, electrons and holes were generated throughout the structure, so we could also observe the peak A4 at 3.6 eV, which is related to AlGaN. The A4 peak decreased after the application of the voltage, which was probably caused by the increase in the electric field in the AlGaN part. This meant that the build-in electric field existing in AlGaN without application of an external voltage had the same direction as the external field applied in the forward direction. The EL was only observed at room temperature, since at lower temperatures, the sample was not electrically conductive. However, it was possible to measure PL at lower temperatures.



A comparison of PL at 4 and 300 K in the A and B areas can be found in Figure 5. The spectra were measured in the time-resolved mode, and the kinetics of the light emission could be determined. At room temperature (upper panels in Figure 5a,b), the AlGaN-related emission was observed in a range above 3.5 eV. It was diminished by fast relaxation (lifetime about 0.1 ns) due to the escape of carriers to GaN. The main GaN peak, G1, was at about 3.4 eV at 300 K. Its lifetime depended on the location in the sample at which it was measured, from 1 ns in area A to 0.2 ns in the B area. It was observed that the GaN peak at t = 0 was at about 3.4 eV, and its energy decreased to 3.3 eV after 2 ns. Such an effect can be caused by the QCSE in the QWs. Since the energy of this peak coincided with the electroluminescence energy, we can assume that it was emitted by the QWs. Due to a shift in the energy gap [34], the luminescence spectra at 4 K are expected to be at an energy that is about 0.1 eV higher, compared to that at room temperature. The AlGaN emission was observed in the 3.6–3.8 eV range, and the GaN emission was at 3.47 eV (G1) and about 3.43 eV (G2). As can be seen in in the bottom panels of Figure 5a,b, the emission dynamics in the A and B areas were similar. The G1 peak was observed only under a high-power excitation. The lifetimes ranged from 0.2 to 0.5 ns for the AlGaN emission and 1–2 ns for the G2 emission. The exciton lifetimes in 3D GaN were below 1 ns [35], but similarly long lifetimes were observed for QWs [26,36] and SF (which was also compared to QW [20]). Therefore, we assumed that G2 is related to QWs.




3.3. Microscopic Optical and Electrical Properties


3.3.1. Cathodoluminescence Studies


SEM combined with CL enables a direct correlation of luminescence maps and sample morphologies at the nanoscale level. The high spatial and spectral resolution and high energy excitation of this method make it the perfect tool for studying the optical properties of nanostructures that emit light in the UV range [37,38,39].



NW arrays were studied by CL spectroscopy and imaging at 5 K using an acceleration voltage (AV) of 5 kV and a beam current (Ib) of 1 nA. Spectra and monochromatic CL maps were collected in the cross-sectional geometry using the photomultiplier mode. In the CL spectrum (Figure 6, central panel), four main emission bands can be distinguished. Two bands—A1: 3.83 eV; and A4: 3.63 eV—are related to AlGaN luminescence. The CL maps (Figure 6, right side) confirmed that the emission comes from the upper (p-type) part of the NWs. The presence of two bands is most probably related to the existence of inhomogeneous Al contents in AlGaN. The third emission line, G1 centered at 3.47 eV, is related to the luminescence of the QWs. The emission of QWs is clearly visible in the corresponding CL map (Figure 6, left side). The fourth one, G3 at 3.3 eV, most probably comes from the recombination of donor–acceptor pairs.



To study local optical properties in detail, CL spectrum line-scans at 5 K were recorded for a number of individual NWs (in a cross-sectional geometry) using an AV of 5 kV and Ib of 1 nA. A CCD camera in the CL line-scan mode enabled the acquisition of a series of luminescence spectra of the individual NWs, which were excited with the electron beam point-by-point along the specified line parallel to the NW axis. The direction of the line-scans is illustrated in the SEM insets shown in Figure 7. Typical results are shown in Figure 7. The set of spectra in the upper panel corresponds to the CL line-scan of the nanowire with an oval shape, where the polarity switched to the Ga-one, while the bottom panel shows the spectra for a fully N-polar hexagonal NW.



As can be seen in the upper panel in Figure 7, the bright luminescence from the active region is observed in the Ga-face NWs. Since the QWs emission is the main source of LED radiation, we conclude that a reversal of NW polarity is crucial for LED efficiency. The N-face NWs had a strong emission related to the A4 peak at 3.65 eV, which was emitted in the upper part of the NW.



A series of spectra of the individual NWs was also collected in the top-view configuration. The CL in the spot-mode was measured at 6 K using an AV of 5 kV and Ib of 1.9 nA. The electron beam parameters have been adjusted so that only the upper, p-type Al0.2Ga0.8N:Mg part of the LED NW structure was excited. A Monte Carlo simulation of the CL intensity distribution, performed using the Casino v2.48 (2.4.8.1) software [40], allowed us to estimate the size of this region. For AV = 5 kV, about 90% of the CL signal comes from a depth of 200 nm.



Observing Figure 7 and Figure 8, one can easily see that the different peaks in the CL spectra correlate with the differences in the shape of the NWs. The AlGaN:Mg emission was expected to be above 3.5 eV. The hexagonal-shaped (N-polar) NWs emissions corresponded to the A1 and A4 peaks, while the oval-shaped (Ga-polar) NWs emitted mainly at 3.78 eV (peak A2). The lower energy of the oval-shaped NWs implies that these NWs have a lower Al content. Since the Al desorption at used growth temperatures is negligible, irrespective of the polarity, this was probably caused by the higher Ga incorporation into AlGaN on the N-polar than on the Ga-polar surface, which is similar to the case of In during InGaN growth [41].




3.3.2. EBIC and Nano-Probe Results


The EBIC technique was used to assess and analyze the local electrical properties of the structure. The interaction of the electron beam with the semiconductor structure results in the generation of electron–hole pairs, which are separated in the presence of an internal field near the p–n junction. As a result, an electrical current is generated, providing the EBIC signal. This technique, combined with SEM, enabled the visualization of the position and continuity of the p–n junction and estimation of the width of the depletion region [42,43].



The electrical measurements conducted on the wafer with the NWs revealed that the NW LED structures in the central B area of the wafer exhibited diode-like I–V curves (Figure 9a), which means that we could expect a current generation caused by an electron beam. The obtained EBIC contrast image is presented in Figure 9b. EBIC measurements were performed at room temperature using an AV of 5 kV and Ib of 0.2 nA, without applying any bias voltage. The Au+Pd contact was deposited on the p-type NW tops using a sputter coater. Al contacts were deposited onto the exposed Si (n-type) substrate using the same method. The sample with deposited contacts was cleaved for EBIC measurements in the cross-sectional geometry. The EBIC contrast (red) superimposed on the SEM image (grey) revealed the position of the active part of the p–n junction. We observed a strong EBIC signal only in the NWs with the “oval-like” shape tops. The depletion region in these LED NWs was located on the side of the p-type part of the structure, and its width was about 300 nm. A Monte Carlo simulation of CL from GaN under such conditions shows that about 65% of the emission originates from a volume with a diameter of 10–15 nm. This also gives us an estimate of the lateral resolution of the EBIC experiment and confirms that it insignificantly interferes with the observed width of the depletion region [40]. This observation meant that the p-type part had a lower concentration of electrically active acceptor dopants, compared to the concentration of donors in the n-type part, even if the nominal concentration of the acceptors was ten times higher. This was due to the weak activation of Mg acceptors.



To investigate the I–V characteristics of individual LED NWs, a tungsten-tip nano-probe was used to form the top ohmic contact. The native tungsten oxide was preliminary removed from the tip using a 30 keV focused Ga+ ion beam. Thin silver wire, glued by conductive silver paste, provided the ohmic contact to the silicon substrate. The bias voltage was applied between the needle and the grounded substrate [44,45]. The current–voltage characteristics were measured for the two different types of nanowires with different shapes and polarities. The measurements were repeated on different spots of the sample, achieving a reasonable reproducibility (see Figure 10). The sharp hexagons (black curves) exhibit nonlinear, symmetrical I–V curves, with a low turn-on voltage. The NWs with the rounded edges (red curves) exhibit nonlinear and nonsymmetrical diode-like I–V curves.



Both the EBIC and nano-probe measurements revealed that the p–n junction works properly only in the NWs with the oval-like top segment and that only these NW structures act efficiently as LED diodes.




3.3.3. Kelvin Probe Force Microscopy


The change in the NW polarity should produce significant differences in the surface potential at the top of the NW. The surface potential profile at the microscale for individual NWs can be measured by Kelvin probe force microscopy (KPFM). The KPFM allows for the determination of the polarity of single NWs over micrometer-large surface areas with a nanometer resolution, without the need for any special sample preparation. In the KPFM studies, the local-contact potential difference (VCPD) between the metallic tip and sample was measured. By scanning the sample surface in KPFM measurements, we can compare the potentials of different wires, and local changes can be determined.



Nitrides of V-group elements, including AlGaN, exhibit a strong built-in electric field caused by spontaneous polarization, together with a piezoelectric contribution due to a strain-related electric polarization along the AlGaN axis. We assume that the potential at the wafer and along the NW up to the QW region is the same for all NWs. Then, above the QW, the polarity is reversed, so the built-in field should be different by a few MV/cm. Consequently, we expected a difference in the potential at the top of the nanowire [30]. The VCPD is expected to be higher at the N-polar than the Ga-polar surfaces. This assumption is in agreement with our calculations presented below and with earlier reports on GaN epitaxial layers [46] and nanowires [47] grown according to the MBE technique.



In the topography map (Figure 11a), the hexagonal wires appear to be higher and brighter. In the KPFM contrast (Figure 11b), still larger brightness differences between the hexagonal-shaped (N-polarity) and oval-shaped (Ga-polarity) NWs are visible. This means that the N-polar wires had a much higher electrical potential than the Ga-polar ones. In Figure 11c, the height and VCPD profiles along the line marked in Figure 11a,b through four NWs are plotted as red and black curves. The black curve denotes the height profile from the AFM topography image, in which two NWs with flat hexagonal tops—NW2 and NW4—and two NWs with rough, oval tops—NW1 and NW3—are visible. The red curve is the profile of VCPD from the KPFM contrast map. It can be seen that the surface potential is not correlated with the height of the NWs and is much higher for the NWs with flat hexagonal tops; therefore, the contrast shown in the KPFM map is not an artifact resulting from the NW topography. The results of the KPFM experiments are fully consistent with the results concerning the polarity determination, performed by KOH etching of the NWs (see Section 3.1).






4. Discussion


It is known that during the growth of catalyst-free GaN on silicon using the PAMBE technique, the N-rich conditions promote columnar growth, leading to the formation of NWs that are mainly nitrogen-polar [18,48,49,50]. In the case of our GaN/AlGaN NW LED structures, the n-type part of the structure (GaN:Si) and the active region of the structure with three QWs, which were grown under N-rich conditions, exhibit nitrogen polarity, which was confirmed for many previously grown structures. During the growth of the p-type part, to enhance the Mg incorporation and increase the NW diameter, the temperature was decreased, which promoted lateral growth. However, lowering the growth temperature increases the possibility of stacking fault formation and switching of the polarity to Ga-polar. Moreover, such conditions enabled the more efficient incorporation of Mg dopant [51]. The polarity inversion induced by Mg-doping in GaN has been observed before by many groups, but usually 2D structures were studied, and the polarity changed from Ga- to N-polar in the samples from both the MOCVD and MBE growth processes [52,53,54,55,56]. It was reported that doping of N-face GaN with Mg resulted in a crystalline phase transition from wurtzite to zinc blende [57,58]. However, switching from N- to Ga-polarity was also observed as a result of Mg-doping during PAMBE growth. In one case, it was achieved by exposing the surface of the GaN layer to Mg and N fluxes during growth interruption at a reduced substrate temperature, and the formation of a MgxNy compound was suggested to be responsible for inverting the crystal polarity [59]. In the second case, the polarity of GaN was inverted from the N- to Ga-face by inserting a composite AlN/AlOx interlayer structure at the inversion interface [60].



In wurtzite structures, the growth polarity strongly influences the incorporation of dopants and impurities and affects the formation of native point defects. Additionally, the doping behavior of Mg and resulting conductivity of the doped structures were found to be strongly dependent on the surface polarity of the growing GaN planes. In the PAMBE process, the incorporation rate of the most common dopant used for achieving p-type conductivity is significantly higher in Ga-polar structures, while N-polar growth inhibits effective Mg doping. A lower Mg incorporation efficiency in N-face GaN has been predicted theoretically [61] and confirmed experimentally [53,62,63].



Oxygen atoms are one of the most common impurities in the GaN growth process, especially if Al-containing alloys are used. Oxygen acts as a shallow donor [64,65] and compensates Mg acceptors. It was widely reported that oxygen incorporation is also dependent on the growth polarity. Oxygen can be incorporated much more easily into N-polar (Al,Ga,In)N films in comparison to metal polar films. The higher oxygen incorporation efficiency on the N-polar surface was associated with a facile exchange between N-surface atoms and oxygen [62,66,67].



In order to understand the origin of different electrical characteristics of the two types of nanowires, a set of band profiles was calculated using a one-dimensional Drift-Diffusion Poisson Schrodinger Solver [68]. For simulation purposes, for each III-nitride layer, we consider only the majority dopant (i.e., acceptor or donor) concentrations, defined as the difference between the majority and minority type of dopant. Keeping in mind that the oxygen (donor) background doping levels that are typically observed are in a range between 1 × 1016–5 × 1017 atoms/cm3, the numbers indicated below may be significantly different to those implied by the dopant fluxes introduced during growth. In Figure 12, two band profiles obtained for unbiased structures of both types of NWs are compared. The black dotted line corresponds to the fully N-polar structure with n-type doping (2 × 1018 atoms/cm3) below the MQW and p-type AlGaN:Mg (2 × 1015 atoms/cm3) above it. Such a lightly doped structure should result in an extremely thick depletion region and could be easily perturbed by other effects, such as residual oxygen contamination. The blue dashed line in Figure 12 indicates how residual oxygen, at the relatively low concentration of 1 × 1016 atoms/cm3, in the nominally p-type region changes the band profile, resulting in a lack of p–n junction in the structure. This effect could explain the lack of a rectifying characteristic in N-polar NWs, as shown in Figure 10. The last profile, represented by the red line in Figure 12, corresponds to the structure in which a p-type layer polarity inversion from N- to Ga-polar took place at the beginning, and the incorporation of 5 × 1016 atoms/cm3 of Mg started. Our calculations show that this corresponds to a depletion width of approximately 300 nm situated above the MQW region, which is in agreement with the results of the EBIC studies. The assumed difference between the Mg concentrations for the Ga- and N-polar structures was in accordance with the previously reported discrepancy between both polarities [53].



In fact, there is only a small difference in doping between the models, which are represented by the black and blue curves in Figure 12. However, as shown in Figure 12, this difference is sufficient to induce a change from a weak p-type to a weak n-type semiconductor. It is possible that some N-polar NWs are slightly p-type, some are slightly n-type, and some are insulating. We have observed that some of them are electrically conductive, such as those shown in Figure 9a and Figure 10, and some are insulating. The slightly n-type NWs have their electric fields screened at the top, which is shown as the flattening of the blue dashed curve in Figure 12. This means that this part of the NW can emit CL, which is in agreement with the observation that some N-polar NWs emitted bright luminescence from their tops. It is also worth noting that the potential on the top of the Ga-face NWs is lower than the potential of the N-face NWs, which is in agreement with the KPFM measurements.




5. Summary and Conclusions


A comprehensive dataset revealing the optical and electrical properties of individual nanoLED structures embedded in GaN/AlGaN NWs emitting EL at approximately 3.3 eV has been collected. The results were obtained by complementary SEM, TEM, CL, and EBIC spectroscopy and imaging; AFM and Kelvin probe force microscopy experiments; and I–V characteristics measurements for individual NWs using a nano-probe. Further information was acquired by studying the properties of NW ensembles using electroluminescence and time-resolved photoluminescence.



We identified two types of nanowires that differ in terms of the shape of their upper parts. KOH etching and KPFM studies show that they have different polarities. We believe that unintentional fluctuations in the conditions during the growth of the Mg-doped AlGaN part of the structure caused a reversal of the growth polarity of some NWs from the N- to Ga-face.



The interpretation of the experimental data was supported by the results of numerical simulations of the electronic band structure of individual NWs, which allowed the physical mechanisms responsible for the activation or deactivation of the p–n junctions, depending on the polarity of the last p-type part in the nanoLED structures, to be discussed.



The experimental techniques with a spatial nano-resolution allowed for the study of the correlating luminescence and electrical properties of NWs, with the growth polarity switching in the p-type AlGaN part of the NW. The CL spectra showed that the N-face NWs had emissions at the highest energy of 3.83 eV, while the Ga-face NWs energy of emissions was mainly at 3.78 eV. The lower emission energy of the Ga-polarity NWs indicated that there was a lower Al content in these NWs. This, in turn, suggested a higher Ga desorption for N-face NWs than for Ga-face NWs. The monochromatic CL maps provided clear evidence of the QW emission at about 3.5 eV at helium temperature, which is the main recombination path producing electroluminescence in nanoLEDs. We observed that only Ga-polar NWs emitted bright luminescence from QWs. This is a clear indication that switching polarity was crucial for LED efficiency. According to our calculations of the band structure of the NWs, the change in polarity induced an electric field profile that attracted carriers to the region of QWs, which is the necessary condition for bright light emission. The EBIC mapping proved that p–n junctions were not active in N-polarity NWs, while Ga-polar NWs generated a strong current when excited in the junction area. The observed depletion region was mostly on the p-type side of the junction due to the relatively weak activation of Mg acceptors. The time-resolved photoluminescence showed that the lifetime of the QW-related emission was about 1–2 ns, which proved good quality QWs. The electroluminescence experiments showed that an ensemble of the investigated nanoLED NWs was acceptable as a source of UV radiation, with an energy of about 3.3 eV.



The collected data and results of numerical simulations indicate that the intentional polarity inversion between the n- and p-type parts of NWs is a potential path towards the development of efficient nanoLED NW structures. We believe that a more effective p-type doping of AlGaN, supporting an active p–n junction, would prevail over the disadvantage of the possible creation of structural defects in the polarity inversion region.
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Figure 1. Scanning electron microscopy (SEM) image and scheme of the light emitting diode (LED) nanowire structure, which consists of: a GaN:Si n-type part on the bottom, an active region, which starts with AlGaN segments with an increasing Al content (3%, 6%, 9% and 12%), followed by 3 GaN quantum wells (QWs), which are sandwiched between the Al0.15Ga0.85N barriers and the p-type Al0.2Ga0.8N:Mg top. 
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Figure 2. Cross-section SEM and Z-contrast scanning transmission mode (STEM) (inset) images (a) and plane-view SEM images (b) of the LED NWs. Two types of NWs can be easy distinguished: those with flat sides and hexagonal tops with sharp edges, and those which are “oval-like”, with less regular, rough tops and rounded edges. Due to the temperature gradient across the substrate, the ratio of these two types varied. Two types coexist in area A, while in area B, NWs with rounded tops are mainly present. 
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Figure 3. SEM images in the plane-view of the same NW array, before (a) and after (b) KOH treatment. Before KOH treatment, two kinds of NWs—those with flat hexagonal tops and those with rounded edges—were visible. After etching, the hexagonal ones disappeared, while the oval-top NWs remained untouched. 
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Figure 4. Luminescence spectra at room temperature: PL at different points in the sample (upper panel) and EL at different voltages (bottom panel). It can be observed that the GaN-related G1 peak is much stronger in area A. However, in area B, it was possible to obtain EL, which was dominated by the G1 peak. 
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Figure 5. Time-resolved photoluminescence spectra in area A (a) and B (b) at T = 300 K (upper panels) and T = 4 K (bottom panels). The GaN emission can be seen in the 3.3–3.5 eV range, and that of AlGaN can be observed in the 3.6–3.8 eV range. The lifetimes at a low temperature are visibly longer. It can be noticed that the AlGaN emission decays faster than the GaN emission. In area A, GaN PL has a longer lifetime. 
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Figure 6. Cathodoluminescence spectrum of the NW array (central panel) and corresponding monochromatic CL maps superimposed with SEM images (sides), collected in the cross-sectional mode. Two bands—A1: 3.83 eV; and A4: 3.63 eV—are related to AlGaN luminescence. In the corresponding CL maps (right side), the emission is visible in the upper (p-type) part of the NWs. The third emission line, G1 centered at 3.47 eV, is related to the luminescence of the QWs, which proves the corresponding CL map (left side). The fourth one, G3 at 3.3 eV, most probably comes from the recombination of donor–acceptor pairs. 
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Figure 7. CL line-scans collected along the individual NWs: upper panel—scan along the oval-like NW; bottom panel—scan along the hexagonal one. The bright emission from the active region is observed in the Ga-face NWs. The N-face NWs had a strong emission related to the A4 peak at 3.65 eV, which was emitted in the upper part of the NW. The arrows on the SEM images indicate the direction of the scans. 
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Figure 8. Series of cathodoluminescence spectra collected in the spot-mode using AV = 5 kV, where only the top (p-type) part of the structure is excited. Differences between NWs with flat hexagonal tops (black curves) and irregular ones (red curves) are clearly visible. The inset shows the geometry of the measurements. 
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Figure 9. (a) Macroscopic I–V curves of the A and B areas of the wafer. Lines fitted to the curves show serial resistance deduced from the slope and turn-on voltage deduced from the crossing with the zero axis. (b) SEM image (grey) with the superimposed EBIC signal (red) of the LED NWs. The strong EBIC signal reveals the position of the active p–n junction. The inset shows the geometry of the contacts. 
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Figure 10. Series of I–V curves (central panel) of individual nanowires (NWs) (black curves: hexagonal top NWs; red curves: irregular NWs) and corresponding SEM images, showing the geometry of the measurements (sides). The sharp hexagons (black curves) exhibit nonlinear, symmetrical I–V curves with a low turn-on voltage, while the NWs with rounded edges (red curves) exhibit nonlinear and nonsymmetrical diode-like I–V curves. 
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Figure 11. (a) Atomic Force Microscopy (AFM) topography (color scale from 0−500 nm), (b) the Kelvin probe force microscopy (KPFM) contrast map (color scale from 0−0.2 V), and (c) line-scan profiles of the height (in black) and potential on the surface (in red) through four NWs. 
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Figure 12. Conduction and valence band profiles for three different nanowire structures, as a function of the location in the wire. The growth direction goes from left to right. The dotted black line denotes the profile for a lightly doped N-polar structure, with a 2 × 1015 atoms/cm3 Mg concentration. The dashed blue line denotes the profile for the case in which oxygen compensated p-type doping, resulting in n-type doping. The red profile corresponds to the structure in which polarity inversion took place right at the beginning of the p-type layers. The dotted arrow indicates the position where polarity inversion took place for the wire presented in red. From that moment, the structure was Ga-polar, with a 5 × 1016 atoms/cm3 Mg concentration. The vertical axis shows the electron energy E = −eΦ, where Φ is the potential. 
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