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Abstract
Cubic zincblende (zb-)GaN nucleation layers (NLs) grown by MOVPE on 3C-SiC/Si substrates were studied to determine their optimal thickness for subsequent zb-GaN epilayer growth. The layers were characterised by atomic force microscopy, X-ray diffraction and scanning transmission electron microscopy. The as-grown NLs, with nominal thicknesses varying from 3 nm to 44 nm, consist of small grains which are elongated in the [1-10] direction, and cover the underlying SiC surface almost entirely. Thermal annealing of the NLs by heating in a H2/NH3 atmosphere to the elevated epilayer growth temperature reduces the substrate coverage of the films that are less than 22 nm thick, due to both material desorption and the ripening of islands. The compressive biaxial in-plane strain of the NLs reduces with increasing NL thickness to the value of relaxed GaN for a thickness of 44 nm. Both the as-grown and annealed NLs are crystalline and have high zincblende phase purity, but contain defects including misfit dislocations and stacking faults. The zb-GaN epilayers grown on the thinnest NLs show an enhanced fraction of the wurtzite phase, most likely formed by nucleation on the exposed substrate surface at elevated temperature, thus dictating the minimum NL thickness for phase-pure zb-GaN epilayer growth.
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1. Introduction
[bookmark: OLE_LINK24][bookmark: OLE_LINK36]III-nitrides based on the zincblende (zb) crystal structure can offer a potential solution to the ‘green gap’ problem, due to the absence of internal electric fields [1], which affect the commonly used c-plane wurtzite (wz) crystal structure and result in the quantum-confined Stark effect [2]. Moreover, zb-GaN has a smaller bandgap than wz-GaN by ~ 200 meV [3] and hence zb-InGaN quantum wells require lower indium content to achieve green wavelengths compared with equivalent non-polar or semi-polar InGaN quantum wells.

Heteroepitaxial growth of zb-GaN has been achieved by molecular beam epitaxy (MBE) [4,5,14,15,6–13] and metal-organic vapour-phase epitaxy (MOVPE) [16–24] on substrates such GaAs(001) and 3C-SiC/Si(001). In the case of zb-GaN MOVPE growth, a two-step growth method is commonly employed where a thin nucleation layer (NL) grown at a relatively low temperature ensures the wetting of the substrate, a two-dimensional growth mode and a high phase purity of the zb-GaN epilayer grown subsequently at increased temperatures.  Optimised NL growth temperatures between 490 °C and 575 °C and epilayer growth temperatures between 800 and 950 °C have been reported for zb-GaN MOVPE [16–23]. Although the optimisation of a low-temperature NL is of paramount importance for zb-GaN MOVPE growth, only two studies so far have been dedicated to it [21,22]. Wu et al. [21] reported on the effect of NL thickness on the morphology and phase purity of zb-GaN epilayers grown on 3C-SiC/Si(100) substrates. They found that a GaN epilayer grown on a 20 nm-thick NL consists of individual large grains with a high (~ 50%) wurtzite content. In contrast, coalesced GaN layers with higher zb phase purity (> 80 %) were grown on 40 nm- and 60 nm-thick NLs. Xu et al. [22] studied the effect of NL growth conditions (deposition temperature, rate and time) and annealing time (at 820 ºC) on the NL morphology and surface coverage, as well as the quality of subsequent zb-GaN epilayers grown on GaAs(001) by MOVPE.  Although the results of this investigation were underreported, the authors concluded that the wurtzite content of the zb-GaN epilayer increased if the substrate coverage by the (annealed) NL was incomplete.

A two-step growth method has also been used for MBE growth of zb-GaN on GaAs(001) where the low-temperature NL prevented the excessive desorption and nitridation of the GaAs substrate [8].  However, the use of a low-temperature NL is not critical for MBE growth on thermally stable substrates, as Daudin et al. [10] succeeded in growing high quality zb-GaN directly on 3C-SiC/Si(001), provided that the growth rate was low and the temperature less than 700 ºC.

It is clear from the discussion above that there is need for a detailed investigation on low-temperature NLs for zb-GaN MOVPE growth. Thus, in this study, we determine an optimal GaN NL thickness for subsequent zb-GaN epilayer growth on 3C-SiC/Si(001) substrates with a 4° or 2° miscut, by considering the substrate coverage of as-grown and thermally annealed NLs, strain in the NL and epilayer’s phase purity. For this, both as-grown and annealed NLs and subsequent thicker epilayers were characterised by atomic force microscopy (AFM), X-ray diffraction (XRD), Nomarski optical microscopy and cross-sectional high-resolution scanning transmission electron microscopy (HR-STEM).  
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]
2. Materials and Methods
The GaN NLs were grown by MOVPE in a 6 × 2’’ Thomas Swan close-coupled showerhead reactor on ~ 2 × 2 cm2 pieces of 150 mm diameter 3C-SiC/Si substrates provided by Anvil Semiconductors Ltd. The substrates consisted of ~ 3 µm thick layer of CMP-polished 3C-SiC grown on a 1000 m thick Si(001) wafer with either a 4° or 2° miscut towards the [110] in-plane direction. 3C-SiC/Si substrates have the advantage of a small lattice mismatch with zb-GaN of 3.4% at room temperature [25] and being available in large diameters of up to 150 mm at present. Trimethylgallium (TMG) and ammonia (NH3) were used as Ga and N sources, and hydrogen was used as the carrier gas. The quoted growth temperatures were determined using emission-corrected optical pyrometry, while growth rates were measured using in-situ three wavelength reflectance transients with the relevant optical constants provided by LayTec.

[bookmark: OLE_LINK30][bookmark: OLE_LINK31]The GaN NLs were grown at ~ 600 ºC on co-loaded 4° and 2º miscut substrates with nominal GaN layer thicknesses of 3 nm, 6 nm, 11 nm, 22 nm and 44 nm, as calculated from the growth time at a constant rate of 0.3 nm s-1, which was determined separately from a thicker NL test structure. The annealed NLs were prepared by ramping the as-grown NLs to the epilayer growth temperature of 885 °C and immediate cooling, all taking place in an atmosphere of NH3 and H2. To determine the optimal NL thickness, a set of 500 nm-thick epilayer samples was grown on NLs with different thicknesses on the 4° miscut substrate. The growth conditions of the epilayers included a substrate temperature of 885 °C, an input gas flow V/III-ratio of 150 and a growth rate of 0.5 nm s-1. We have previously shown that such growth conditions led to zb-GaN layers with high phase purity [26]. 

The surface morphologies were measured using a Bruker Dimension Icon atomic force microscope (AFM) in PeakForce mode for the NLs, and in tapping mode for the thicker epilayers. ScanAsyst-Air-HR and RTESP-300 probes from Bruker Nano Inc. with nominal tip radii of 2 nm and 8 nm were used for PeakForce and tapping modes, respectively. The fast scan direction for all the samples imaged was along the [110] miscut direction. The topographic data obtained from the AFM were analysed using the free software package WSxM [27]. The image height (H) is the height range from black to white in the AFM images, while the root mean square (rms) surface roughness (R) is defined as , where n is the number of pixels in the AFM scan and zi is the height at a pixel. Both H and rms R are stated below each AFM scan.

[bookmark: OLE_LINK3][bookmark: OLE_LINK10][bookmark: OLE_LINK8][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Two-dimensional fast Fourier transforms (2D-FFT) of the AFM scans were used to quantify the typical sizes of the surface features along [110] and [1-10], which correspond to directions parallel and perpendicular to the miscut direction of the substrates. A 2D-FFT filter was applied to each of the 500 × 500 nm2 AFM scans, and the intensity profile was extracted from the centre of the 2D-FFT pattern in the [110] and [1-10] directions. The intensity profile typically followed a Gaussian distribution curve, from which the full width at half maximum (FWHM) was obtained. The reciprocal of ½-FWHM gives a measure of the average feature size along [110] and [1-10], defined as f [110] and f [1-10] respectively. This procedure was repeated for four different areas on the surface of each sample, and the four measurements were averaged. The standard error of the mean from the four measurements was used to define the accuracy of our measurements. The substrate coverage of the NLs was calculated from 500 × 500 nm2 AFM scans using the software package Gwyddion [28], where the grains were selected using the ‘mark grains by threshold’ function and setting a height threshold which is typically ~ 25% of H.

[bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK80]X-ray diffraction (XRD) measurements were performed on two diffractometers with Cu-Kα sources (= 1.54056 Å). Reciprocal space maps were measured with a PANalytical Empyrean diffractometer equipped with a two-bounce hybrid monochromator, 1/4° primary beam slit, and a PIXcel solid-state area detector; while -2 measurements were performed on a Philips X’pert diffactometer consisting of a 4-crystal Bartels monochromator, an adjustable crossed slits collimator, and a gas-proportional detector. The relative amounts of material deposited for NLs of the various thicknesses were deduced from the integrated intensities of the 002 zb-GaN and SiC reflections measured by ω2θ-scans [25]. As for strain analysis, the 2 Bragg-angle of the 002 zb-GaN reflection for each (001)-oriented GaN NL was determined by a Pseudo-Voigt fit and was used to calculate the out-of-plane lattice constant. Using the lattice constant a = 4.50597(38) Å for nominally unstrained zincblende GaN [25], the out-of-plane strain εz was determined and the biaxial in-plane strains εx were obtained using the relation εz = -2 × (C12/C11) × εx [25], where C11 = 293 GPa and C12 = 159 GPa are the elastic constants of zb-GaN [3]. An alternative approach to determine the in-plane strain, which involves measuring the in-plane lattice parameter (directly) from the off-axis reflections, turned out to be too inaccurate, due to the weak peak intensities of the thin GaN NL samples. The phase purity of the epilayers was determined from the integrated intensities of the 113 zb-GaN and 1-103 wz-GaN reflections extracted from reciprocal space maps, using the method described previously [26].

Cross-sectional TEM samples were prepared using mechanical polishing, dimple grinding, and precision ion polishing with Ar+ ions. High-resolution scanning transmission electron microscopy (HR-STEM) was performed on the samples using a FEI Titan3 operated at 300 kV to characterise the crystallinity and phase of the NLs. Nomarski optical microscopy revealed the surface structure of the epilayer set of samples.

3. Results
3.1. As-grown NLs
The crystallinity of the as-grown NLs are revealed by XRD ω2θ-scans of the 002 zb-GaN and SiC reflections. A typical intensity profile of such a scan is shown in Figure 1, which was obtained from the 6 nm thick as-grown NL grown on the 4° miscut substrate. The scans show that the NLs are crystalline with zincblende GaN (001) orientation. Reciprocal space maps of the nearby 10-11 wz-GaN reflection (not shown) reveal no significant intensity above the noise level, which suggests that the wurtzite phase is absent or only present in concentrations below the detection limit.

[image: ]
[bookmark: _Ref530845087]Figure 1 Intensity profile of the XRD ω2θ-scan of the 002 zb-GaN and SiC reflections for the 6 nm as-grown NL grown on 4° miscut substrate.

The variation in surface morphology of the zb-GaN NLs with layer thickness for the as-grown set of samples is shown in the 500 × 500 nm2 AFM height scans in Figure 2. The surface morphology of all the NLs is characterised by coalesced islands elongated along the [1-10] direction. As the NL thickness increases from 3 nm to 44 nm, the AFM scans show that these surface features become slightly larger in both [110] and [1-10] directions, while the substrate coverage remains nearly complete.

[image: Figures/figure1.png]
[bookmark: _Ref530843758][bookmark: OLE_LINK46][bookmark: OLE_LINK47]Figure 2 AFM height scans of the set of as-grown GaN NLs with different thicknesses revealing the surface morphology. The height (H) and rms roughness (R) are stated below each AFM scan.

[bookmark: OLE_LINK40][bookmark: OLE_LINK41]The feature sizes in the [110] and [1-10] directions (f[110] and f[1-10]) of the as-grown NLs on the 4° miscut substrate were quantified using the 2D-FFT method, and the results are shown by the filled circles and squares in Figure 3. The range of feature sizes in the [110] direction varied from 25 nm to 40 nm, while in the [1-10] direction the features are larger at between 35 nm and 70 nm. With increasing NL thickness, both f[110] and f[1-10] of the as-grown NLs increase slightly. The lateral diffusion rate is expected to be limited at the low temperature of NL growth. Therefore with increasing deposition, the material attaches to the sides of the nucleated islands to result in an increase in average feature size in [110] and [1-10] directions. Subsequently, as the islands impinge on each other, they coalesce to result in even larger f[110] and f[1-10]. Therefore, the AFM data shows that the NLs are deposited as islands which grow in size laterally and coalesce with increasing material deposition, suggesting a three-dimensional Volmer-Weber type growth mode [29] in agreement with earlier MBE growth studies on GaAs(001) [9] and 3C-SiC/Si(001) [10]. 

[bookmark: OLE_LINK18][bookmark: OLE_LINK23][bookmark: OLE_LINK16][bookmark: OLE_LINK19][bookmark: OLE_LINK37]The effect of the substrate miscut on the NL morphology was studied by comparing the feature size along the two in-plane directions for the NLs grown on 4° and 2° miscut substrates. These are denoted by the filled and open circles respectively in Figure 3. The data shows that the differences in feature sizes between the two miscuts are small and within the error bars of the measurements, indicating that miscut does not have an influence on size and shape of the islands. 
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[bookmark: _Ref530843957]Figure 3 Feature sizes of the as-grown NLs grown on 4° (filled) and 2° (open) miscut substrates in the [110] (circle) and [1-10] (square) directions, as calculated by the 2D-FFT method.

The characteristic morphology of surface features elongated in the [110] direction of the GaN NLs was also found in thicker zb-GaN epilayers grown on similar NLs [26]. The shape of such features was explained to be the result of anisotropic diffusion on the low-symmetry top monolayer of (001) GaN lattice, with the [110] and [1-10] directions going across and along the potential valleys of the GaN surface, respectively. A similar mechanism likely controls the morphology of the nucleation layers. We note that for the epilayer samples, f[110] range from 0.6 µm to 1.3 µm, and f [1-10] from 1.0 to 4.8 µm, which are significantly larger than the feature sizes of the NL samples. These differences in the scale are probably caused by the lower NL growth temperature, leading to shorter diffusion lengths.

3.2. Annealed NLs
The effect of an anneal treatment at the epilayer growth temperature of 885 °C on the as-grown set of NLs is revealed by the 500 × 500 nm2 AFM height scans in Figure 4. Similar to the as-grown NLs, the surface morphology of the annealed NLs consists of features elongated in the [1-10] direction. As the NL thickness increases from 3 nm to 44 nm, the surface coverage of the substrate increases as the features become larger in both [110] and [1-10] directions and impinge on each other. It is evident that there is a reduction in surface coverage for the 3 nm, 6 nm and 11 nm NLs compared with the as-grown NLs in Figure 2. 

[image: Figures/figure5.png]
[bookmark: _Ref530898122][bookmark: OLE_LINK44][bookmark: OLE_LINK45]Figure 4 AFM height scans of the set of annealed GaN NLs with different thicknesses revealing the surface morphology. The height (H) and roughness (R) are stated below each AFM scan.

[bookmark: OLE_LINK28][bookmark: OLE_LINK32][bookmark: OLE_LINK39][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK9][bookmark: OLE_LINK13][bookmark: OLE_LINK42][bookmark: OLE_LINK43]The feature sizes in the [110] and [1-10] directions of the annealed set of NLs grown on the 4° and 2° miscut substrate were quantified using the 2D-FFT method, as shown in Figure 5 (a). From the AFM scans, the surfaces of the 6 nm and 11 nm thick annealed NLs have a number of pits. This has resulted in the feature size obtained by the 2D-FFT method to be reflective of the size of the pits, rather than of the surface features. Hence the data points for 6 nm and 11 nm thick annealed NLs (within the dashed rectangle) should not be compared directly with the other data points in Figure 5 (a). The feature size in the [110] direction, f[110], increases slightly with increasing NL thickness, while in the [1-10] direction, f[1-10] does not differ significantly with NL thickness. Similar to the as-grown NLs, the data indicates that miscut does not have an influence on feature size. The aspect ratio (f[1-10]/ f[110]) of the features for the as-grown and annealed NLs grown on the 4° and 2° miscut substrates is plotted in Figure 5 (b). The data points for 6 nm and 11 nm thick NLs have been taken out since f[1-10] and f[110] obtained from the 2D-FFT method do not reflect the actual feature sizes. There is a significant increase in the aspect ratio by a factor of 1.2 to 2 upon annealing, due to a larger increase in the feature size along [1-10] than [110], suggesting that the diffusion constants are anisotropic and higher along the [1-10] direction than the [110] direction. 

[bookmark: _Ref530905356][image: ]
[bookmark: _Ref534359930][bookmark: OLE_LINK33][bookmark: OLE_LINK38]Figure 5 (a) Feature sizes of the annealed NLs grown on 4° (filled) and 2° (open) miscut substrates in the [110] (circle) and [1-10] (square) directions. The data points within the dashed rectangle are from samples where the 2D-FFT feature size measured reflects the sizes of the pits, and hence should not be compared directly with the other data points. (b) Variation of the aspect ratio of surface features with NL thickness for as-grown (blue) and annealed (red) NLs grown on 4° (filled) and 2° (open) miscut substrates.

Figure 6 shows the AFM scans of two annealed NLs that are (a) 3 nm and (b) 22 nm thick, and both grown on a 2° miscut substrate with the presence of antiphase domains, where neighbouring domains have surface features that are aligned along two perpendicular <110> directions. The anisotropic surface features are observed in both types of domains, and the elongation of the features is assumed to be along the potential valleys of each type of domain. This, together with the AFM scans in Figure 2 and Figure 4, demonstrate that the anisotropy of surface morphology starts at the nucleation stage. As with the surface morphology of the thicker epilayers we have previously studied [26], we suggest that this relates to anisotropic diffusion lengths related to the crystallography of (001) zb-GaN, and in the case of these nucleation layers, possibly similar anisotropy in diffusion of Ga and N adatoms over the (001) 3C-SiC surface which templates the GaN growth.
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[bookmark: _Ref530844985]Figure 6 AFM height scans of annealed zb-GaN NL that are (a) 3 nm and (b) 22 nm thick, and grown on a 2° miscut substrate with antiphase domains. The height (h) is shown below each AFM scan.

[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70]The coverage of the substrate by the NLs was determined quantitatively from 500 × 500 nm2 AFM scans for both the as-grown and annealed series of NLs grown on the 4° miscut substrate, as presented in Figure 7 (a). For the as-grown NLs, the SiC substrate is > 94 % covered by GaN even for a nominal thickness of 3 nm, and becomes fully covered (> 99 %) for thicknesses > 6 nm. Despite the reduced coverage at low thickness after the anneal treatment, the substrate coverage increases as the NL thickness is increased from 3 to 22 nm, at which point the substrate again becomes almost completely covered (> 99%).

[bookmark: _GoBack][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK57]The surface coverage observations by AFM are in agreement with XRD results from ω2θ-scans of the 002 reflections. In Figure 7 (b), the integrated intensity of zb-GaN reflection relative to the 3C-SiC substrate reflection is plotted against NL thickness for both the as-grown and annealed set of NLs. The 3C-SiC substrate reflections are used to normalise the small experimental variations between the measurements of different samples. As the integrated intensity is proportional to the material volume of a thin sample [25], the ratio of the integrated intensities of the GaN/SiC reflections increases linearly with NL thickness, since there is an increasing volume of GaN deposited. It should be noted that if the data in Figure 7 (b) for the as-grown nucleation layer were extrapolated back to a nominal nucleation layer thickness of zero, this would not correspond to a zero intensity ratio. This implies that there are some small errors in the absolute values presented here, but they should not affect the comparison between the as-grown and annealed samples, which is the key aspect of this analysis. The annealed NLs show a decrease in intensity compared with the as-grown NLs of similar nominal thickness, revealing that material loss occurs during high temperature annealing. This material loss is relatively small and approximately the same for the thicker NL samples, suggesting that the degree of desorption is not as significant for thicker NLs. However, the material loss is large for the thinnest NL of 3 nm thickness, with a relative loss of 73% according to XRD, which fits well with the observation by AFM showing a relative reduction in the surface coverage of the same order (see Figure 7 (a)). Annealing of thinner NLs might result in more material desorption than thicker NLs because the former have less substrate coverage and the islands are not fully coalesced before annealing, hence the NL islands provide a larger surface area and sites for material desorption to take place.

[image: ]
[bookmark: _Ref530848009]Figure 7 (a) Substrate coverage from AFM measurements and (b) ratio of integrated intensities of the 002 GaN and 3C-SiC reflections from XRD ω2θ-scans as function of the nominal NL thickness for the as-grown and annealed sets of NLs grown on the 4° miscut substrate.

[bookmark: OLE_LINK76][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK50][bookmark: OLE_LINK51]To investigate the strain states of the NLs, the intensity profiles of the XRD ω2θ-scans of the 002 reflections for the annealed set of NLs grown on the 4° miscut substrate are compared in Figure 8 (a). The X-ray peaks of the thinnest GaN NLs are at lower Bragg angles than the Bragg angle of nominally unstrained zincblende GaN, which is indicated by the dotted line at 2θ = 39.9845(35)°. This shows that the GaN nucleation layers are stretched in the growth direction and hence compressed parallel to the interface with SiC. With increasing NL thickness, the integrated intensity of zb-GaN reflection increases and the zb-GaN reflection steadily shifts towards higher Bragg angles, until it reaches the position of relaxed zb-GaN for a NL thickness of 44 nm. The bi-axial in-plane strain in Figure 8 (b) calculated from the peak positions of zb-GaN in the ω2θ-scans show that for both as-grown and annealed samples, the compressive in-plane strain reduces in magnitude with increasing thickness, from ~ -2 × 10-2 for the 3 nm thick NL to close to zero for the 44 nm thick NL. The thin NLs are compressively strained to the substrate as zb-GaN has a larger lattice constant than 3C-SiC, and zb-GaN tries to match the lattice constant of SiC through elastic deformation. As the NL thickness increases, there is more plastic relaxation to result in a decrease in magnitude of the compressive in-plane strains. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK52][bookmark: OLE_LINK53]It can also be seen from Figure 8 (b) that the annealed NLs (filled circles) have a slightly smaller compressive in-plane strain than the as-grown NLs of similar thickness (open circles), even when the error bars are considered. This suggests that the anneal treatment results in relaxation of the material that is likely related to both the ripening of islands and material desorption, which is seen in the AFM data in Figure 2 and Figure 4, where the islands increase in size while the substrate coverage decreases after the anneal treatment. For 3 nm and 6 nm thick NLs, the annealed samples have significantly smaller compressive in-plane strains than the as-grown NL samples. Due to a low substrate coverage, the islands in the 3 nm and 6 nm annealed NLs may be less constrained parallel to the interface, thus possibly leading to more relaxation and lower in-plane strains.

[image: ]
[bookmark: _Ref523998171]Figure 8 (a)  XRD ω2θ-scans of the 002 zb-GaN and SiC reflections for the annealed NLs grown on the 4° miscut substrate. The dotted line marks the position of relaxed zb-GaN. (b) The dashed line provides a guide-to-the-eye showing the change in bi-axial in-plane strain with increasing NL thickness of the as-grown and annealed sets of NLs grown on the 4° miscut substrate. 

3.3. HR-STEM characterisation of NLs
HR-STEM images of both the as-grown and annealed NLs show that the layers are of the zincblende phase at the GaN/SiC interface and across the layer. This is in contrast to the growth of wz-GaN on sapphire, where the phase and crystallinity of the as-deposited nucleation layer can change significantly on annealing [30]. An example of a HR-STEM image with zone axis = [-110] of the 22 nm thick annealed NL is shown in Figure 9. This reveals the ABCABC stacking of the {111}-type atomic planes of the zincblende crystal structure (magnified in the inset), and that the atomic stacking is continuous from the SiC substrate to the zb-GaN NL, i.e. without an amorphous layer at the GaN/SiC interface. The blue boxes highlight the stacking faults in the [-110] zone, while the blue circle shows a stacking fault in the [110] zone, which exits at the front and/or back surface of the TEM foil. An extra half-plane from the 3C-SiC layer that terminates in the GaN layer close to the interface with SiC is marked by the red arrow. We attribute the extra half-plane to a misfit dislocation that helps accommodate the lattice mismatch between GaN and SiC. This is consistent with the suggestion that the thicker layers are (at least partially) plastically relaxed, as discussed in the context of the XRD data in Figure 8 (b).

[image: ]
[bookmark: _Ref524005589]Figure 9 HR-STEM image (zone axis = [-110]) of 22 nm thick annealed NL showing that the NL is fully crystalline with defects present. The ABCABC zincblende stacking is highlighted in the inset which is a magnified image of the area marked by the white box. The blue boxes and circles highlight the stacking faults in the [-110] zone and [110] zone respectively, while the red arrow indicates a misfit dislocation.

3.4. Effect of NL thickness on epilayer growth
[bookmark: OLE_LINK2][bookmark: OLE_LINK4]Finally, we explore the properties of zb-GaN epilayers grown on the NLs with different thicknesses. Nomarski optical micrographs of the zb-GaN epilayers grown on the various NLs in Figure 10 (a) show that all the epilayers have a surface morphology with elongated features along the [1-10] direction, but the surface of the epilayer grown on the 3 nm thick NL has pits. Moreover, the phase purity analysis from XRD in Figure 10 (b) reveals that the epilayer grown on the 3 nm NL has the highest wurtzite content compared with thicker NLs. Referring to the AFM scans of the annealed set of NLs in Figure 4 and the substrate coverages determined from AFM and XRD data in Figure 7, the 3 nm annealed NL has the lowest substrate coverage of 26% of all the samples in the series. Therefore, we can conclude that an epilayer grown on NLs with a low substrate coverage of below at least 26% results in a pitted surface and a reduced zincblende phase purity. These results are consistent with the work by Xu et al. [22] which concluded that the wurtzite content of the zb-GaN epilayer increased if the substrate coverage of the annealed NL was incomplete. The authors did not specify the NL thickness so a more detailed comparison with our work cannot be made. In contrast, Wu et al. [21] reported the growth of an uncoalesced GaN film with a 50% wurtzite content on a 20 nm-thick NL, whereas for the growth method applied here, a NL as thin as 6 nm provides sufficient substrate coverage for zb-GaN epilayer growth with a high phase purity.
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[bookmark: _Ref524365242]Figure 10 (a) Normarski images of the GaN epilayers grown on NLs with different thicknesses. (b) The sum of the relative integrated intensity of zincblende phase and defective material peaks in the zb-GaN epilayers grown on NLs with different thicknesses, as determined by XRD.

4. Conclusions
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK20][bookmark: OLE_LINK27][bookmark: OLE_LINK29]Both as-grown and annealed zb-GaN NLs with nominal thicknesses of 3 nm to 44 nm deposited on 3C-SiC/Si substrates by MOVPE are crystalline, have high zincblende phase purity, and contain defects including stacking faults and misfit dislocations. The miscut angle of the substrate (4° versus 2°) does not have an effect on the surface morphology of the NLs. The annealing treatment of the NLs to the higher epilayer growth temperature reduces the substrate coverage, especially for the thinnest layers, due to material desorption and the ripening of islands. For full coverage (> 99 %) of the substrate, the nominal thickness of the annealed NLs should be at least 22 nm. The substrate coverage of the NL is an important consideration as an incomplete coverage of the 3 nm thick annealed NL resulted in the subsequent epilayer having a pitted surface and a reduced zincblende phase purity. The minimum nominal NL thickness for the growth of zb-GaN films with high phase purity is 6 nm. The compressive bi-axial in-plane strain in the NLs reduces with increasing NL thickness (likely to arise from more plastic relaxation by misfit dislocations and partial dislocations bounding stacking faults), and after the anneal treatment due to relaxation from island ripening and material desorption. In light of such results, we recommend an optimal nominal NL thickness of 22 nm. Lastly, the study confirms that the anisotropy of surface morphology previously observed in zb-GaN epilayers starts at the nucleation stage and is controlled by the crystallography of the top monolayer of the (001) GaN lattice. 
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