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INTRODUCTION

Recently, the Gallium Nitride (GaN) and Zinc Oxide (ZnO) materials systems have attracted considerable attention because of their use in a broad range of emerging applications including lightemitting diodes [1][2] and solar cells [3][4]. GaN and ZnO are similar in that they have direct wide bandgaps, wurtzite crystal structure, high thermal stability and comparable thermal expansion coefficients. GaN has the advantage, however, of a mature know-how for p-type doping, while ZnO has proven to be more crystallographically compliant to non-native substrates than GaN. With a view to exploiting both of these strong points, ZnO layers have been proposed as buffer layers for the regrowth of GaN-based p-n devices on amorphous and mismatched substrates [START_REF] Rogers | Proc. SPIE[END_REF][START_REF] Rogers | [END_REF][7][8][9].

Alloying with In is important for engineering a reduced bandgap in GaN and thus facilitating quantum wells and devices which can function over the whole visible range. Previously, epitaxial growth of InGaN on ZnO has been reported on sapphire (Al 2 O 3 ) substrates [10][11]. However, Al 2 O 3 substrates are insulating, limited in size and relatively expensive. Silicon (Si) substrates, on the other hand, are cheaper, available in larger formats, have higher thermal/electrical conductivities and offer the potential for integration with mature Si-based electronics [12][13]. In this paper, we investigate the growth of InGaN/GaN on ZnO-buffered Si (111) substrates using metalorganic vapour phase epitaxy (MOVPE), which is the dominant growth technology for InGaN-based materials and devices. One serious obstacle to the epitaxy of InGaN on ZnO is the stability of ZnO in the MOVPE process. In particular, exposure to ammonia (NH 3 ) precursor and H 2 carrier gas at growth temperatures over about 650°C results in the decomposition of the ZnO [14][15]. This can lead to the formation of interfacial layers/compounds, poor epitaxy and the unintentional incorporation of liberated Zn and O into the InGaN epilayer, which is detrimental for the optical and electrical properties.

EXPERIMENT

ZnO thin film templates were grown on 2-inch diameter Si (111) substrates using Pulsed Laser Deposition (PLD) with a Coherent KrF excimer laser (248nm) [START_REF] Rogers | Proc. SPIE[END_REF]. PLD was chosen because the high adatom mobility in this growth technique allows the ZnO to crystallise readily on amorphous substrates, such as the native SiO 2 passivation layer on the surface of the Si substrate. 40 nm thick GaN and InGaN layers (of various thicknesses) were then grown on the ZnO films using a low pressure, T-shaped, MOVPE reactor [16] with Trimethylgallium (TMG) as the Ga source and Trimethylindium (TMIn) as the In source. A combination of NH 3 and Dimethylhydrazine (DMHY) was used as a source of atomic nitrogen. DMHY was added because of its' low decomposition temperature, which enhances the concentration of atomic nitrogen in the gas phase compared to NH 3 alone, allowing GaN growth at lower temperatures. Nitrogen was employed as a carrier gas [17] during the whole growth process, in order to avoid etching of the ZnO surface and ensure In incorporation [18]. The impact of In content was studied by adjusting the TMIn flow at constant TMGa flow. The surface roughness and growth rate of InGaN layers were monitored during the growth using insitu reflectometry. Images of fracture cross-sectional samples were obtained using a Hitachi S-4800 field-emission scanning electron microscope (SEM). For transmission electron microscopy (TEM) investigation, cross-sectional samples were prepared using the in-situ liftout technique in a Dualbeam FIB (FEI Nova Nanolab 200). High resolution (HR-TEM) imaging was performed using an FEI Tecnai F20 equipped with a field emission gun source operated at 200 keV. The crystalline quality and indium composition of the InGaN layers were characterized by high resolution x-ray diffraction (HR-XRD), using Cu K α radiation in Panalytical MRD-Pro system equipped with a hybrid monochromator. Concentration profiles of In, Ga, N and Zn along the growth direction were obtained by MCs+ Secondary Ion Mass Spectroscopy (SIMS) in a Cameca IMS4F system. The primary (incident) ions were 133Cs+ with an impact energy of 5.5 keV. Positively charged secondary ions were detected. The optical properties of the InGaN/GaN/ZnO were studied using a home-made cathodoluminescence (CL) system in an SEM [19]. The image shows continuous lattice fringes across the InGaN/GaN/ZnO interfaces, with no evidence of a misfit layer, or any interfacial compounds. The FFT confirms that both the lattice plane alignment and lattice spacing are similar in the InGaN/GaN and ZnO layers. Thus the TEM studies suggest that there has been epitaxial growth. Figure 4 shows the XRD 2θ-ω scans as a function of TMIn/III ratio during growth. 

RESULTS & DISCUSSION

InGaN ZnO

XRD study revealed the InGaN/GaN/ZnO layers to have single-phase wurtzite structure with strong c-axis orientation. The scans in Figure 4 present two distinct peaks, which were indexed as the (0002) peaks of the ZnO and the InGaN. An increase of the TMIn/III ratio led to a shift of the InGaN peak to lower angle and thus a higher out-of-plane "c" lattice parameter. The scans in Figure 4 also exhibited a small shoulder on the right of the ZnO peak, which was not visible in the XRD scans for the ZnO films prior to InGaN/GaN growth. This shoulder might be from the GaN layer. The concentration of In in the InGaN layer with higher In content (peak on left) was calculated from the (0002) InGaN peak position via Vegard's law to be about 21.5%. The (0002) ZnO peaks for all samples grown on Si were observed to be shifted to a higher 2θ angle than expected for bulk ZnO, which suggests that they were under tensile strain in the a-plane. This has been reported elsewhere for ZnO grown on Si substrates [20]. After InGaN/GaN growth, the ZnO peaks shifted slightly higher in 2θ (Figure 4). Thus the ZnO films absorbed some stress (tensile in this case) from the InGaN/GaN layers (as was observed in previous experiments on the MOVPE growth of GaN on ZnO/c-Al 2 O 3 [START_REF] Rogers | [END_REF]). Figure 5 shows the SIMS concentration profiles for Ga, In, N and Zn along the growth direction (in a sample with a thicker ZnO layer than that shown in Figure 1). The profile for Zn indicates some diffusion of Zn into the InGaN/GaN near the GaN/ZnO interface [8][9]. The simulation suggested that an incident electron beam, with an energy of 5kV, stimulated a response from most of the InGaN/GaN layer depth. The spectrum itself shows two peaks located at about 445 nm (2.79 eV) and 565 nm (2.20 eV). The first of these peaks was indexed as InGaN with an In concentration of about 17.5 + 5 % [21], which is coherent with the value calculated from the XRD scan. The second (565 nm) peak has been observed in InGaN grown on bulk ZnO in the past and has been attributed to emission from Zn-related impurity centers in the InGaN [22]. This is coherent with the slight diffusion of Zn into the InGaN/GaN near the interface with ZnO, which was observed by SIMS. Finally, the InGaN/GaN was lifted-off the substrate by immersion in dilute HNO 3 . After several minutes, the ZnO dissolved completely and the InGaN/GaN separated from the substrate.

CONCLUSIONS

InGaN/GaN films were grown on ZnO-buffered Si (111) substrates by MOVPE. The dissociation of ZnO observed during conventional MOVPE growth of InGaN/GaN was combated through the use of a low pressure/temperature MOVPE approach with N 2 as a carrier gas and DMHY added to the NH 3 in order to facilitate atomic nitrogen production at lower temperatures. XRD, SEM, TEM, SIMS and CL characterisations showed smooth, highly c-axis oriented InGaN/GaN films having a well-defined interface with the ZnO underlayer, continuous lattice fringes across the interfaces and no evidence of any back-etching of ZnO. XRD and CL suggest that between 17.5 and 21.5% of In was integrated in the GaN, without any phase separation. Slight Zn diffusion into the InGaN/GaN was observed near the interface with ZnO. Thus it was demonstrated that use of a PLD-grown ZnO buffer layer allows highly c-axis oriented wurtzite InGaN/GaN to be grown on Si substrates without removal of the amorphous SiO 2 layer. Such an approach may open the way to the integration of InGaN based devices with Si-based electronics. The feasibility of chemical lift-off of the InGaN/GaN from the substrate was also demonstrated via dissolution of the ZnO in dilute HNO 3 . Such a wet-etching approach would allow wafer bonding of the InGaN/GaN onto alternative substrates, with advantages such as superior transparency, and/or electrical/thermal conductivity.

Figure 1

 1 Figure 1 shows an SEM image of a fracture cross-section of an InGaN/GaN/ZnO/Si sample with approximately 21.5% In. The sample shows continuous InGaN/GaN and ZnO layers. A well-defined interface between ZnO and GaN can be clearly observed but the InGaN/GaN interface is not obvious. The thicknesses of the InGaN/GaN and ZnO are about 180nm and 140nm, respectively.

Figure 1 .

 1 Figure 1. SEM fracture cross-section image of the InGaN/GaN/ZnO/Si heterostructure.

Figure 2

 2 Figure2shows a HR-TEM image of the ZnO/Si interface. In this image, the regular lattice fringes in the Si substrate are interrupted at the interface with the ZnO due to the presence of the amorphous SiO 2 overlayer (~3nm thick). The subsequent ZnO layer shows established lattice fringes after only 2 nm of growth, confirming the capacity of PLD-grown ZnO to crystallise on amorphous substrates.

Figure 2 .

 2 Figure 2. A HR-TEM image of the interface between the PLD-grown ZnO layer and the Si substrate.

Figure 3

 3 Figure3shows a HR-TEM image of the interfaces between the InGaN, GaN and ZnO layers plus the result of a Fast Fourier Transform (FFT) analysis.

Figure 3 .

 3 Figure 3. A HR-TEM image of the InGaN/GaN/ZnO interfaces plus a FFT analysis of the image (the arrows, in the former, suggest the position of GaN/ZnO interface).

Figure 4 .

 4 Figure 4. XRD 2θ-ω scans of the (0002) peak for ZnO/Si and the InGaN/GaN/ZnO/Si with varying In contents. The dashed line shows the peak position (34.43°) for a ZnO powder reference sample.

Figure 5 .

 5 Figure 5. SIMS elemental concentration depth profiles for the Zn, Ga, N and In signals for the InGaN/GaN/ZnO-buffered Si (log. scale). It should be noted that the tails in the concentration profiles for In, Ga, and N, which extend into the ZnO, are probably artifacts due to residual particles of InGaN in the probe crater.

Figure 6

 6 Figure6shows a normalized, room temperature (RT), CL spectrum plus a Monte Carlo simulation of the respective primary and back-scattered electron diffusion.

Figure 6 .

 6 Figure 6. Normalized, RT, CL spectrum under 5kV accelerating voltage, plus a Monte Carlo simulation of the primary (red) and back-scattered (blue) electron diffusion.
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