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We present a novel approach for growth of surface-directed spinel ZnGa2O4 and β-Ga2O3 nanofins coated with non-polar GaN shell. Our results show that use of a binary compound such as core-shell nanostructures as a starting material is not necessary to promote the Kirkendall effect. Our starting materials include ZnO fins, and gaseous Ga atoms under a nitrogen plasma. The surface-directed ZnO fins provide a spatial confinement to the Kirkendall effect via which the Zn is exchanged with Ga via a vacancy-assisted mechanism. Results show at a higher Ga concentration, the Wurtzite ZnO fin is converted to ZnGa2O4 cubic spinel, while a lower Ga concentration leads to monoclinic Ga2O3 fins. The fin transformation is followed by GaN shell overgrowth on the fin side walls with a non-polar surface. Within the newly formed fins, we observe uniform Kirkendall nanochannels that are laterally formed between its side walls. This method offers the opportunity of growing heterojunctions of a broad range of wide bandgap spinel materials with GaN. Predictability over surface registries of the core/shell fins and their tunable porosity are anticipated to be of significance in a wide range of applications in chemical- and electro-optical based sensing as well as high power electronics. 
	Please do not adjust margins

2 | J. Name., 2012, 00, 1-3	This journal is © The Royal Society of Chemistry 20xx
This journal is © The Royal Society of Chemistry 20xx	J. Name., 2013, 00, 1-3 | 3
Introduction
The desire to grow non-polar GaN nanostructures and other wide bandgap (WBG) materials originate in their applications for brighter UV light sources in UV photonics and advanced optical and chemical sensing including miniaturized optical communication, fluorescence detection as well as trace gas detection.1-3 Growth of GaN compounds on non-polar surfaces is of significance to mitigate the polarization fields in the active region or interfaces where the e-h recombination occurs.4 In this regard ZnO stands out as a suitable growth template due to its many similarities with GaN.5, 6 For instance, they are both wide bandgap semiconductors with Wurtzite structures and have small lattice mismatches of ~1.9% and 0.4 %, respectively, along their c- and a-axes. Their similar thermal expansion also allows near zero thermal strain relative to sapphire.   
The quality of the GaN films on ZnO is shown to be tightly influenced by the used growth technique. This is mainly due to the weak thermal stability of ZnO, and Zn atom out-diffusion into the GaN epilayer. Furthermore, in growth techniques such as conventional chemical vapor deposition that require NH3 or H2, the etching phenomenon has shown to damage the ZnO before the GaN epilayer forms, resulting in poor quality layers and a rough surface.7, 8 In earlier approaches of GaN growth, for instance on c-plane ZnO, formation of ZnGa2O4 and Ga2O3 layers have been observed.9 Growth of a-GaN on a-ZnO also shows similar reactions indicating that the ionized Zn and O diffused from the ZnO underlayer can form intermediate phases at the GaN/ZnO interface.10 H2-free growth and relatively low temperature growth techniques have been employed to improve the crystal quality of GaN on ZnO, e.g., by molecular beam epitaxy (MBE)11 or pulsed laser deposition (PLD). 6, 12 In this work, we use ZnO fins as a template to form Ga-based oxide fins coated with a GaN shell (Fig. 1a). The formation of Ga oxide compound is spatially confined to the original ZnO fin via the Kirkendall effect. 13-15 In the original effect, 12 in a stack of coupled metals, their interface moves at high temperature, due to the different diffusion rates of the metallic atoms. Fig. 1. a) Schematic of the proposed ZnO fin overgrowth with GaN (purple layer). At low concentration of Ga atoms Ga2O3 with monoclinic lattice forms (light orange core). At higher Ga atom concentration ZnGa2O4 with a cubic lattice form (green core). b) Lateral ZnO fins can be grown in predictable locations and directions on GaN. 

To observe this phenomenon in nanostructures, two metals or semiconductors are typically coupled to form a solid-state interface, such as Co(core)/Se(shell),16 or ZnO-core/Al2O3-shell. 17, 18 One of the novelties of the present approach is that instead of a binary system, we start with a semiconductor nanocrystal with the first diffusing atom (Zn) and introduce the 2nd diffusing atom (Ga) in a gas phase via a plasma assisted MBE process. This modification allows dexterity in introducing the precursors of interest via gas phase for controlled design of new materials. The predictable orientation order of the initial lateral ZnO fins on the surface is advantageous (Fig. 1b) as it allows the formed core shell structures to retain the original fin order making them amenable for device integration. We use plasma-assisted MBE at a temperature of about 650 °C to investigate, for the first time, the growth of non-polar GaN shell on non-polar and semi-polar side facets of ZnO nanofins (fins) as core. We explore two different growth conditions of Ga- and nitrogen-rich on GaN formation. Results show hexagonal ZnO fin conversion to cubic phase ZnGa2O4 or monoclinic b-Ga2O3 followed by GaN shell formation. We discuss these results based on the Kirkendall effect.13, 14 15High resolution transmission electron microscopy (HRTEM) , low- and room-temperature cathodoluminescence (CL) are used to investigate the lattice phase transformation and their optical properties. 

Experimental details
Surface-directed ZnO fins were grown according to modification of an earlier method reported elsewhere.19 For this purpose, a GaN (0001) surface was coated with 3 nm of thermally deposited gold (99.999%). ZnO fin growth was carried out in a horizontal tube furnace at a nominal temperature of 890 °C. The source for thermal evaporation included a ZnO-Graphite mixture of 0.20 g (1:1 mass ratio) that was positioned at the centre of a small quartz tube with a 130 mm length and 19 mm inner diameter. This tube was then centred in a larger quartz tube with 800 mm length and 49 mm inner diameter. Under ≈ 0.5 standard litters per minute (SLPM) flow of compressed N2 gas the tube furnace temperature reached 890 °C (with a ramp rate of ≈111 °C per minute) and a dwell time of 40 minutes. Using this method ZnO fins laterally grow in the m-direction of GaN in the range of 5 mm to 50 mm in length. Fig. 2. TEM cross section a) of an as-growth ZnO fin. Inset shows crystallographisc directions of the fin. b) of the fin after GaN shell overgrowth. The fins are coated with a protective carbon layer to avoid the ion milling damage.

CL spectroscopy was carried out using a MonoCL4‡ System equipped with an array detector for the UV- visible range. All CL measurements were carried out at a working distance of ≈ 11.9 mm and an e-beam acceleration voltage of 10 keV with 6.4 nA of current. TEM lamella were prepared on a dual-beam FIB‡ (focus ion beam) system equipped with a gallium ion source. Carbon and then platinum were deposited using the electron beam.  Initial cuts and thinning of the lamella were made at an accelerating voltage of 30 kV while final polishing was made using an accelerating voltage of either 5 kV or 2 kV.  Scanning transmission electron microscopy data was acquired on a microscope equipped with aberration-corrected probe forming optics.  The microscope was operated at an accelerating voltage of 300 kV.  High-angle annular dark field (HAADF) images were taken using a probe convergence semi-angle of ≈14 mrad and a detector inner collection semi-angle of ≈54 mrad or ≈70 mrad.  A (256 x 256) pixel detector was used to recorded electron diffraction patterns at each position of a two-dimensional raster, commonly referred to as “4D-STEM”.  The dwell time at each position was 3 to 6 msec and the convergence semi-angle was approximately 1.5 mrad.  4D-STEM results were processed using LiberTEM (DOI: 10.5281/zenodo.4923277).            

Results and Discussion 
Surface-directed ZnO fins were grown according to modification of an earlier method reported elsewhere.19 Using this method arrays of ZnO fins laterally grow in the m-direction of GaN in the range of 5 mm to 50 mm in length (Fig. 1b). As seen in the high-resolution cross-section of figure 2a, ZnO fin is confined from sides to two large non-polar or semi-polar facets. Its width range is about 80 nm to 200 nm and its height ranges from 0.5 mm to 2 mm with a preferred direction of [0001]. Growth of GaN shell on ZnO fins was carried out using a Veeco GENXplor‡ MBE system, equipped with a radio-frequency (RF) nitrogen plasma source and a Knudsen cell as the Ga source. 
To avoid etching the ZnO fin during the growth, a virtually hydrogen-free environment (1e-9 Torr) under two different growth conditions were investigated. In the first approach, the GaN growth was conducted under a slightly metal-rich condition. To prevent a buildup of excess metallic Ga on the surface, periodic interruptions of the source-metal beam fluxes were applied during the process.20 p-GaN was grown at an effective surface temperature of 650 °C, calibrated using the 7×7–1×1 surface reconstruction of Si(111). The target p-type (Mg) dopant concentration was 5×1017 cm-3. The growth duration was 20 minutes, for a target thickness of 50 nm. A nitrogen flow rate of 0.42 sccm was used at a constant RF plasma forward power of 350 W. The Ga and Mg fluxes in beam equivalent pressure were 2×10-7 and 2×10-9 Torr, respectively. 
[bookmark: _Hlk73562932]Post-growth examination of the fins by scanning electron microscopy (SEM) does not show a visible morphology change relative to the original fins. However, examined fin cross section shows interesting structural variations after the GaN growth as seen in figure 2b. We observe formation of nanoscale voids or nanochannels as illustrated in figure 3 (a-b) that extend laterally across the fin width and along the ZnO a-axis. These lattice losses occur in the entire fin cross-section. The original Wurtzite ZnO lattice (a = 0.323 nm, 0.323 nm, 0.52 nm) is largely replaced by a cubic oxide phase (Fig. 3c-d) that contains Zn, Ga, and O. Electron energy loss spectroscopy (EELS) analysis did not detect N, as it was below the instrument’s detection limit. A possible match is ZnGa2O4 –Zinc Gallate that forms spinel with lattice constant of a = ~0.823 nm. However, the composition was not experimentally quantified and its possible deviations from stoichiometry exist. The notable concentration of the Ga within the fin indicates that the Ga ions have mainly diffused inside the ZnO fin during the GaN overgrowth. High-resolution scanning transmission electron microscopy (HRSTEM) shows that areas at the vicinity of the nanochannels are spinel, which spans throughout the fin. The nanochannel formation begins from both side facets of the fin, followed by their horizontal extension to the inner parts of the fin and eventually their merge. In the lower parts of the fins where it is wider, the merge may not be complete resulting in observation of small regions of the ZnO Wurtzite structure (Fig. 3b-c). HRSTEM examination (Fig. 3c) shows that the interfaces between the Wurtzite ZnO and the spinel ZnGa2O4 are semi-coherent, and misfit dislocations (red marks) can be observed; however, coherency doesn’t necessarily hold, as some grains appear to be randomly oriented (supporting information, figure S1).  
Examination of the cross sections indicate formation of a GaN epilayer with a thickness of about 75 nm in homoepitaxy with the GaN substrate (Fig. S2), while the GaN shell around the fins was found to be thinner in the range of 20 nm to 30 nm. As seen in figure 3a, the GaN shell has a terraced/sawtooth morphology (Fig. S3). This observation shows that the initial flat ZnO fin side facets undergo a surface restructuring during transition to the spinel phase.  Nano beam diffraction from different points of the GaN shell indicates that the crystallographic orientation is ( GaNshell // ( GaNsub and along the fin growth direction  GaNshell //  GaNsub. This relationship nominally stays the same along the entire structure. Fig. 4. a) Fin TEM cross section after GaN shell overgrowth in a Nitrogen-rich condition. b) Fin side facets appear flat. Nanochannels are observed horizontally across the fin width. c) Elemental maps show Ga and O across the fin. Low amount of Zn is detected at the lower part of the fin.  

The origin of the fin etch and ZnO transformation were investigated in a series of control experiments, in which the contribution of the high temperature on the GaN growth process as well as the impact of high temperature nitrogen plasma were separately investigated. Neither growth parameters compromised the structural integrity of the ZnO fins (Fig. S4). The control experiments point at the Ga ions as the potential source of this phase transformation. As such in the second approach, the GaN shell growth condition was performed in a N-rich condition. This included a comparable substrate temperature, a Ga flux of 8×10-8 Torr and nitrogen flow rate of 1 sccm to allow a V/III flux ratio of ~7. The GaN was grown for 45 min.21 
Interestingly, the extent of surface restructuring on the fin side facets is notably less, as seen in the representative fin cross sections of figure 4a-b, although the growth time is about twice as long. Moreover, the lattice voids are more uniform as compared to the slightly Ga-rich condition. In this figure, nanochannels are more visible in the upper part of the fin and extend across the fin width. The width distribution of the nanochannels appears to be narrow and about 8 nm (Fig. 4b). 
EDS and EELS (not shown) elemental analysis (Fig. 4c) shows there is residual Zn towards the lower and thicker part of the fin near the p-GaN substrate. Correlating these results with HRSTEM, shows that fins do not have their original Wurtzite structure. The diffraction analysis indicates the upper fin is b–Ga2O3. This structure in the lower parts of the fin exists as (Ga, Zn)3O4, as depicted in HRSTEM of figure 5a and its cubic lattice shows registry to the GaN substrate (Fig. 5b). Normal to the GaN substrate, the examined interfaces show () (Zn, Ga)3O4 // ( GaN and along the fin growth direction [112] (Zn, Ga)3O4 //  GaN. This epitaxial relationship continues approximately 10 nm to 20 nm above the interface as shown in figure 5a. Fig. 3. a) Fin TEM cross section after GaN shell overgrowth in a slightly Ga-rich condition. White arrows indicate lattice voids. A residual ZnO segment is left behind at the base of the fin. Other layers are labeled in the figure. a) Another fin cross section shows the residual ZnO fin exists at its base. The rest of the fin is made of (Zn, Ga)3O4 . c) HRSTEM of the interfaces of residual Wurtzite ZnO, the new spinel phase and the orginal p-GaN substrate. Dislocations are marked. The sample is tilted 30 ° to the adjacent <1000> GaN zone axis orientating the spinel at a <112> type zone axis confirming the spinel phase assignment and orientation relationship between the GaN and (Zn, Ga)3O4 phases. d) HRSTEM of (Zn, Ga)3O4 spinel lattice. Zone access is <110>. An atomic model is overlaid to aid readers interpret the image. Red = Oxygen, Green = Gallium, Blue = Nitrogen, Grey = Zinc.


In this figure, moving upward and away from the interface, grain boundaries appear and can be observed close to the fin sides as well (Fig. 5c-d). As we move toward the Zn-free part of the fin the Ga2O3 monoclinic phase prevails. From HRSTEM analysis, it is not possible to infer the nucleation sites of the new phase. However, since access to the Ga atoms is necessary for this reaction, nucleation is expected to start from the fin large exterior side planes. The higher chemical potential of Ga atoms on the fin surface and fast out-diffusion of Zn results in a flow of Zn -vacancies (VZn) toward the fin core. Diffusion of Ga is described as movement of substitutional Ga at the zinc sub-lattice (GaZn) via VZn.  This requires the formation of a VZn as a next-nearest neighbor. 22 The VZn then exchanges with GaZn and rotates around the GaZn. Formation of this complex is shown to be energetically favorable (1.25 eV), while during its migration in the ZnO lattice (migration energy of 2.3 eV), the GaZn can also dissociate leaving behind a VZn. Repeat of these processes results in the Ga diffusion into the ZnO fin. The accumulation of the released VZn would then result in formation of voids and nanochannels.Fig. 5. HRSTEM image of cross section of a representative fin with the p-GaN substrate. a) The (Ga, Zn)3O4 cubic lattice and its coherency with the substrate. From top it reaches a different grain latiice(white arrow). b) higher resolution image shows the interface of the (Ga, Zn)3O4 cubic lattice with the Wurtzite GaN. Insets show corresponding FFT patterns and their lattice orientations relative to each other. c) Occurance of a grain boundary close to the fin side facet. c) Magnified area shown in the white box in part (b). e) Voids and nanochannels formed close to the GaN interface. White arrow show the channel alignment relative to the <> of the cubic lattice.

Figure 5e shows a horizontal nanochannel and its direction (white arrow) within the cubic phase region at the base of the fin and close to the GaN interface. In this figure, the darker regions with circular or oval profiles are voids that are most likely nanochannels propagating along the fin growth direction. It is possible that these nanochannels are interconnected forming a massive network of channels within a fin. Nanochannel assisted phase transformation agrees with the observation of multiple grains indicating nucleation and simultaneous growth of multiple cubic lattices throughout the fin.
 HRSTEM analysis (Fig. 6a) shows that a 3 nm thick GaN shell forms uniformly on the Ga2O3 fin side walls. The GaN shell exterior plane is non-polar a-plane, (10), and its out of plane growth direction is <>, which interestingly matches with the axial growth direction of the fin. At the same time, the GaN epilayer formed on the GaN substrate adjacent to the fin grows to a thickness of about 40 nm (Fig.S2). From the diffraction pattern obtained from the GaN substrate (Fig.6b) compared to that of the shell on the fin sidewall (Fig.6c) one can see a few degrees of rotation observed in the GaN shell. It is noted that this rotation does not exist in the original ZnO fin on GaN. This slight rotation is due to the structural bending in the fin during the sample preparation. By integrating over an annulus indicated in the diffraction pattern of figure 6b, the filtered image better shows the overgrown GaN shell and GaN (Fig.6d). By integrating over the angular range indicated by the disc in the 0002 diffraction spot of pattern of figure 6c, certain parts of the core/shell fin appear in the image of figure 6e. 
Integrating the 0002 diffraction spot illustrates regions that similarly have a Bragg reflection with the same polar and azimuthal value. This includes crystals with the same phase and the same orientation. As seen along the fin sidewalls there is intensity and also the substrate is bright showing the GaN with the same approximate orientation. The brightness in the fin core is some of the spinel phase that happens to have a Bragg reflection at the same polar and azimuthal angle of GaN. Near the fin top the intensity drops off, due to the ion beam damage which amorphized the sample. Also, near the bottom, the intensity again drops off, indicating a thinner shell or obstruction of analysis by an unknown factor.  Fig. 6 a) HRSTEM image of the side wall of the fin shown in figure 3a. It reveals an approx. 3 nm thick GaN shell on the cubic Ga2O3. Crystallographic directions show their corresponding out of plane orientation. Inset shows FFT pattern of the GaN shell lattice. b) A 2D diffraction pattern acquired from a 2D raster over the GaN substrate, and, c) over the GaN shell. d) This image is generated by integrating over an annulus indicated in the diffraction pattern (b). e) This image is generated from integrating over the angular range indicated by the disc in the diffraction pattern (c).  

Cathodoluminescence (CL) analysis of the ZnGa2O4 core-GaN shell formed using the slightly Ga-rich condition shows interesting optical characteristics. At room temperature (RT), a line scan of the electron beam (e-beam) across a fin (Fig. 7a and inset) results in the CL emission of individually excited spots as the electron beam (10 keV) rasters across the fin in areas A, B and C. The CL linescan emission of the core-shell fin over the UV-visible range is shown in figure 7b. A distinct bright doublet pattern in the 300 nm to 400 nm range appears that spatially agrees with the 3 nm thick GaN shell, further confirming its presence at the two sides of the fin. 
When the e-beam excites region A, i.e., the grown GaN epilayer on the p-GaN substrate, the RT CL emission is at 3.314 eV (375 nm) as shown in figure 7c (olive curve). As the e-beam excitation reaches the fin shell (region B) and core (region C), similar emission wavelengths are observed. The enhanced GaN emission confined at the shells is approximately 6 times brighter than the emission intensity of region A (the GaN epilayer on the GaN substrate) indicating escape of the generated e-h pairs from core and their recombination in the GaN shell. Moreover, a weak CL peak appears at about 2.874 eV (432 nm) in the fin core, as well as the GaN epilayer, which is likely indicating formation of Mg acceptor states. The fact that the fin core CL emission is different from the original Wurtzite ZnO emission at 3.339 eV (372 nm), 19, 23 further supports the absence of the ZnO in agreement with the TEM analysis. The ZnGa2O4 CL shows a fairly narrow FWHM of approx. 44 nm, which indicates the high quality of the formed cubic lattice. Typically, for the ZnGa2O4 crystals prepared via the commonly used solid-state heating reaction of ZnO and Ga2O3 mixtures, a broad emission in the range of 350 nm to 600 nm with a peak at 437 nm is observed.24 This emission has been ascribed to Ga-O transition, which is also shown to blue shift to about 360 nm (close to our observation) as G-O bonding distance decreases and ionicity of the crystal increases.25Fig. 8. CL analysis of Ga2O3 core-GaN shell. a) CL line scan image of at RT. b) The corresponding SEM view of the fin and line of analysis. c) Comparison of CL emission of the two types of fin core/shells along with the original ZnO fin. Ga2O3 core (green), its GaN shell (black), ZnGa2O4 core (grey) and original ZnO fin (red).

By reducing the fin temperature to 6 K, the CL emission wavelength at 3.314 eV seen in all the three regions above (A, B and C) redshifts but to different extents. The GaN shell emission slightly redshifts to 3.207 eV (387 nm), i.e., ≈ 0.11 eV, while the fin core (ZnGa2O4) shows the highest redshift of ~ 0.19 eV. These variations in the CL emission can be better viewed in the CL linescan of figure 7e collected at 6 K. As seen, a third bright spot appears between the doublet emission indicating partial e-h recombination in the ZnGa2O4 fin. This phenomenon can be explained by a decrease in the mobility of the excited charge carriers in the fin and their slower escape rate to the GaN shell. 
[image: ]In the case of the core/shell fin formed using the 2nd approach (Nitrogen-rich), which its core is Ga2O3 rich, the CL linescan at RT shows a doublet corresponding to the 3 nm GaN shell as seen in figure 8(a-b). Interestingly, the linewidth of the bright spots (along y axis) is broader relative to that of the ZnGa2O4 /GaN fins (Fig.7b). This broadening could be related to the polycrystalline structure of the Ga2O3 core and its small domain sizes observed by HRSTEM. Furthermore, as shown in figure 8c the UV emission in the Ga2O3 core (green curve) starts at about 3.9 eV, which is blueshifted relative to the onset of ZnGa2O4 (grey curve) and ZnO (red curve), indicating its larger bandgap. In the CL of GaN shell (black curve), the UV transitions are more intense with a peak at ≈ 3.265 eV, also indicating the escape of the generated e-h pairs from core to the shell region. These fin shape heterostructures of GaN on Ga2O3 could have interesting properties in high electron mobility transistors and high-power electronics.26 Previously, it has been shown that the valance band of the wider bandgap b-Ga2O3 falls lower than that of the GaN, 27 which qualitatively agrees with the charge carrier recombination in the GaN shell.Fig. 7. a) Representative SEM image shows the plan view of a Core/Shell fin and the direction of the e-beam line scan over the fin for a CL measurement. Inset defines regions A, B and C. b) CL line scan image of ZnGa2O4 core-GaN shell at RT. The CL spectra of regions A, B and C at c) RT and d) 6 K. e) CL line scan image of ZnGa2O4 core-GaN shell at 6 K. 

We use the Kirkendall effect13 to explain the formation of ZnGa2O4 and Ga2O3 phases from ZnO under the two growth conditions described above. This effect was originally discovered and theorized the atomic interdiffusion at the interface of two metal through a vacancy exchange mechanism. In this process, the net flow of matter in a certain direction is balanced by an opposite flow of vacancies. These vacancies can then condense into pores. This phenomenon has been used for formation of hollow nanocrystals16 in spherical and tubular shape,17, 28 or formation of highly luminescent quantum dots via Ga exchange for Zn Cation.29 One aspect that is different about the reported heterostructure here is that the out diffused Zn atoms escape the 100 nm to 200 nm thick fins and do not participate in the formed GaN shell. Moreover, the fin core does not completely etch to a complete void. Typically, in previously reported Kirkendall effects in nanosystems, such as Co(core)/Se(shell),16 or ZnO-core/Al2O3-shell, 17, 18 the out-diffused atoms migrate from the core to the shell and a void is formed at the core.  
In the current study, in the Ga-rich condition, an excess buildup of Ga droplet on fins is unlikely, as the growth was kept just slightly metal rich and the duration was relatively short (20 min). Moreover, as stated earlier, an additional precaution was the inclusion of brief interruptions of the Ga flux to desorb any excess Ga as the growth progressed. The terraced/sawtooth morphology of GaN shell formed on fins in figure 3(a-b) suggests a scenario in which at the early stage of the growth, nanoscale GaN islands form on the ZnO fins. Nanoscale openings between these islands would then allow gradual in-diffusion of Ga ions to the fin via the diffusion of a GaZnVZn– complex and out-diffusion of Zn at high temperatures.22, 29. Both experimental and density functional theory results show that this complex is energetically more stable than the individual GaZn and VZn– species further validating the proposed Ga diffusion and drift of vacancies to the fin core. Over time, a super-concentration of vacancies result in the emergence of voids30 and horizontal nanochannels. These nanochannels continue to serve as pathways for Zn and Ga diffusion. Sufficient Ga atom accumulation in the Wurtzite ZnO is thought to cause stabilization and formation of the cubic phase. Previously, Ga ion implantation in Wurtzite GaN nanowires has been shown to trigger phase transformation to a cubic lattice due to reducing the surface energy or fluctuations in the short-range order.31 Interestingly, Zn is not detected in the GaN shell (due to the Zn out diffusion), which could indicate that the GaN shell formation starts once the fin is nearly depleted from Zn. In the second approach, the nitrogen-rich regime prevents a buildup of excess Ga and hence Ga droplet formation. The smoother GaN shell (Fig. 6a) could be an evidence of the absence of Ga droplets. However, we note that during 45 min growth, the thickness of the GaN epilayer on p-GaN reaches ≈ 40 nm, while the GaN shell thickness is ≈3 nm. The roughly 10 times slower shell growth rate could be explained by formation of nanogaps within the initial GaN lattice that allow diffusion of the Ga adatoms to the ZnO lattice and its transformation to the cubic oxide phase. This scenario can also explain the more uniform nanochannels across the fin. A distinction of this approach is impact of the minuscule gaseous Ga resource on a 100 nm to 200 nm thick fin that allows near depletion of the fin from Zn and its lattice restructuring. Further optimization of this method could be used for tunning the composition and porosity of the fins between the two ZnGa2O4 and Ga2O3 regimes.
Conclusions
A new approach was presented for growth of wide bandgap Ga-based oxide nanofins from ZnO fins based on the Kirkendall effect and their overgrowth with GaN. Results show the Zn atoms diffuse out of fins at high temperature leaving behind lattice vacancies that would allow the Ga atoms to diffuse into the fin. In this reaction the ZnO hexagonal lattice can convert to a spinel cubic structure or monoclinic Ga2O3, depending on the concentration of influx of Ga atoms. In contrast to previous methods based on the Kirkendall effect, our results show that the use of a binary system such as core-shell nanostructures as a starting material is not necessary to promote the Kirkendall effect. This technique simplifies the formation of wide bandgap Ga-based oxide compounds. The results are encouraging, given that the transformed fins maintain the original shape of the ZnO fins and their orientation order on the surface. This feature combined with the possibility of formation of wide bandgap materials and nanochannels can facilitate their enhanced sensitivity toward chemical vapours in light-emitting applications of non-polar GaN, as well as advanced chemical gas sensing and high-power and high-frequency electronics.
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