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Fabrication of 2-Inch Free-Standing GaN Substrate on Sapphire With a Combined Buffer Layer by HVPE
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Free-standing GaN substrates are urgently needed to fabricate high-power GaN-based devices. In this study, 2-inch free-standing GaN substrates with a thickness of ~250 μm were successfully fabricated on double-polished sapphire substrates, by taking advantage of a combined buffer layer using hydride vapor phase epitaxy (HVPE) and the laser lift-off technique. Such combined buffer layer intentionally introduced a thin AlN layer, using a mix of physical and chemical vapor deposition at a relatively low temperature, a 3-dimensional GaN interlayer grown under excess ambient H2, and a coalescent GaN layer. It was found that the cracks in the epitaxial GaN layer could be effectively suppressed due to the large size and orderly orientation of the AlN nucleus caused by pre-annealing treatment. With the addition of a 3D GaN interlayer, the crystal quality of the GaN epitaxial films was further improved. The 250-μm thick GaN film showed an improved crystalline quality. The full width at half-maximums for GaN (002) and GaN (102), respectively dropped from 245 and 412 to 123 and 151 arcsec, relative to those without the 3D GaN interlayer. The underlying mechanisms for the improvement of crystal quality were assessed. This method may provide a practical route for fabricating free-standing GaN substrates at low cost with HVPE.
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INTRODUCTION

GaN-based devices have experienced important development for applications in light-emitting diodes, radio frequency devices, and electronics (Sandvik et al., 2001; Chai et al., 2018; Li et al., 2018). However, these devices are generally constructed on foreign substrates, such as SiC, Si, and patterned sapphire substrates (PSSs). For short-wavelength laser diodes and for high-power and high-frequency devices, native GaN substrates have many advantages, such as their low level of current leakage and long lifetimes due to the high quality of the active epitaxial layer, accompanied by low dislocation densities and a lower level of lattice distortion, derived from homo-epitaxy (Liu et al., 2017; Sumiya et al., 2017; Han et al., 2018).

Generally speaking, hydride vapor-phase epitaxy (HVPE) is the most commonly used technique to obtain free-standing GaN substrates, due to the high growth rate it produces and its low cost (Fujito et al., 2009). Normally, the procedure for fabricating free-standing GaN substrates includes the following steps. First, a GaN template with a low temperature GaN buffer layer (LT-GaN), grown with metal organic chemical vapor deposition (MOCVD) is used for the re-growth of GaN film in HVPE. Following that, a GaN film, with a thickness of several 100 μm, is then separated from its foreign substrate using self-separation (Lee et al., 2009) or the laser lift-off (LLO) technique (Paskova et al., 2006). However, the residual strain and lattice distortion caused by hetero-epitaxy could not be completely suppressed using the LT-GaN buffer layer method. It has recently been reported that the crystal quality of GaN film and related devices were improved when the LT-GaN buffer layer was replaced with a thin AlN buffer layer on both PSS and plain sapphire substrate, due to the improvement of the crystal quality of the GaN nucleation layer (Chen et al., 2015, 2016). The AlN buffer layer can also be used in a cost-effective way because it can be deposited either through a sputter or with physical vapor deposition (PVD), using cheaper appliances than MOCVD.

In this study, GaN thick film was directly grown on a double-polished sapphire substrate with a LT-AlN buffer layer using HVPE. The GaN thick films grown on a pre-annealed LT-AlN layer and a 3-dimensional (3D) GaN interlayer grown under the excess ambient H2, the variation in the morphology and crystal quality of LT-AlN and GaN films were studied with differential-interference contrast microscopy (DICM), atomic-force microscopy (AFM), and X-ray diffraction (XRD). The behaviors of GaN nucleation were also investigated, and they further testify to the effects of pre-annealing the LT-AlN layer. Two-inch free-standing GaN substrate with a high crystal quality was obtained with LLO.



MATERIALS AND METHODS

A thin AlN buffer layer (labeled LT-AlN) with a thickness of 30 nm was deposited on the surface of commercial double-polished sapphire substrates at a temperature below 200°C using a mix of physical and chemical vapor deposition system (Liu et al., 2018). The LT-AlN can be clearly observed in the SEM image in Figure 1A. All of the sapphire substrates that were covered with LT-AlN in the experiment had previously been cleaned and dried using a routine process (Liu et al., 2016).


[image: Figure 1]
FIGURE 1. (A) SEM image of a cross-section of a double-polished sapphire covered with LT-AlN. (B–D) Schematic diagrams of the processes designed for GaN growth.


First, to investigate the effects of the annealing process of LT-AlN on the growth of the GaN film on top of it, comparative studies were performed under normal growth conditions (NGCs) using HVPE, as shown in Figure 1B. Samples that did not undergo pre-annealing treatment were called sample A. Sample B samples were annealed under mixed gases N2/NH3 gases at 3/1 and 1070°C for 8 min prior to the GaN epitaxial growth. Then, samples A and B were loaded into our home-made HVPE reactor for thick GaN film growth. During the NGC processing, the carrier gas was a mixture of N2 and H2 (N2/H2 = 1/1). The growth pressure and the V/III ratio of source gases was set to 550 torr and 800/20, respectively. Under these conditions, a thick GaN layer, with thicknesses ranging from 20 to 250 μm, was grown on the LT-AlN at 1070°C.

A modified structure with a 3D GaN interlayer was then proposed, as shown in Figure 1C. In this structure, samples (labeled sample C) were first annealed under the same conditions as sample B, and then extra H2 gas at a flow rate of 10 slm was added into the growth zone during HVPE growth. Here, the V/III ratio of source gases was set to 100/1 for the 3D GaN interlayer growth for about 1000 s. For sample D, shown in Figure 1D, the V/III ratio of source gases was changed to 60/1 to initiate the coalescence growth of the GaN layer for another 1000 s (Zhao et al., 2007) after the series of processes for sample C were completed. Then, a normal GaN layer was then programmed for growth for 1–3 h.

The surface and cross-sectional morphologies of the samples were characterized with DICM, AFM, and scanning electron microscope (SEM). The DICM was implemented with a Leica DM 2700 RL, and the AFM tapping mode was performed in Bruker Dimension ICON. The SEM images were obtained using a field-emission scanning electron microscope (Zeiss, SIGMA 300), and energy dispersive spectroscopy (EDS) testing was conducted with a Bruker Quantax 400 system. High-resolution XRD was measured using a Bruker D8 Discovery system.



RESULTS AND DISCUSSION


Effects of Pre-annealing of LT-AlN on the Crystalline Quality of GaN Film

Figure 2 shows the AFM images and the XRD measurements for LT-AlN with and without annealing treatment. As shown in Figures 2A,B, after annealing treatment, the surface roughness of the AlN film increased from 0.27 to 1.20 nm, and the nucleus of AlN exhibited an obvious hexagon columnar structure, indicating a highly oriented and increased crystal quality for the AlN nucleus. In addition, the size of the nucleus of AlN was larger than it was before annealing treatment.


[image: Figure 2]
FIGURE 2. AFM images of LT-AlN without (A) and with (B) annealing treatment. (C) ω-2θ scan patterns of the (002) plane peak of LT-AlN with and without annealing treatment. (D) Magnification of (C).


The results of the ω-2θ scan patterns for the (002) peak of LT-AlN with high-resolution XRD characterization also confirmed the improvement of the crystal quality of the AlN nucleus after the annealing process, as shown in Figures 2C,D. After the annealing treatment, the intensity of the (002) peak of LT-AlN film showed an obvious increase, which indicates an improvement for the AlN crystal quality, mainly due to obvious grain coarsening and orientation following annealing, as shown in Figure 2B (Okuno et al., 2013).

The GaN film was grown on LT-AlN substrates under NGCs with HVPE. Figure 3 shows photographic and optical microscopic images for samples A and B. When the LT-AlN was not annealed before the GaN growth, in sample A, the GaN layer with a thickness of 20 μm demonstrated a gray color, as shown in Figure 3A, and mesh-like sub-surface cracks appeared in the DCIM in Figure 3B. Furthermore, as shown in Figure 3C, the GaN film and its substrate cracked into pieces when the thickness reached ~100 μm. However, as shown in Figures 3D,F, for sample B with LT-AlN pre-annealed at 1070°C, the GaN film with the same thickness as sample A brightens and becomes transparent. In the more detailed image shown in Figure 3E, most of the GaN film showed smooth, stepwise formation with no cracks. This confirms that the majority of cracks in the GaN film were effectively suppressed by pre-annealing of LT-AlN at high temperatures, although local micro-cracks continued to exist, as shown in the insert to Figure 3E. Thus, pre-annealing LT-AlN is a main factor for the improvement in the quality of the crystal for the GaN film, which is in accordance with previous reports (Liu et al., 2009; Yoshizawa et al., 2018).


[image: Figure 3]
FIGURE 3. Photographic and optical microscopic images of GaN films grown above LT-AlN with no annealing treatment (A–C) (sample A) and with annealing pre-treatment (D–F) (sample B) [the thicknesses of GaN for (A,D,C,F) are 20 and 100 μm, respectively]. (B,E) Microscopic images of the dot white rectangle of (A,D), respectively, where the insert of (E) shows the local micro-crack in (D).


It has been reported that the crystal properties of the GaN layer were mainly determined by the properties of the underlying AlN buffer layer through an influence on the nucleation of GaN (Yoshizawa et al., 2018). To study the underlying growth mechanism, the evolution of the surface morphology of GaN nucleation advanced with time was observed (Figure 4). First, AFM images of the GaN nucleation layer grown by HVPE for 10 and 20 s on top of LT-AlN without annealing are exhibited in Figures 4A,B, respectively. Moreover, Figures 4C–E shows a time series of AFM images of the GaN nucleation layer grown by HVPE for 10, 20, and 40 s on LT-AlN with annealing pre-treatment, respectively. From these images, it is clear that the behavior of the GaN nucleation on the pre-annealed LT-AlN was significantly different from that appearing under no annealing treatment. For the no-annealing sample, the GaN nucleation layer began to merge at 10 s, and many deep pits formed as a result, as shown in Figure 4A. These pits became larger with time, as shown in Figure 4B. These large pits then became the source of cracks and further expanded as the GaN film grew, as shown in Figures 3A–C. However, for the annealed sample, nucleation formed 3D GaN islands at 10 s, as shown in Figure 4C, and then these islands enlarged in a clear stepwise formation as shown in Figure 4D. Finally, the nucleation layer for GaN coalesced with smaller pits until 40 s, as shown in Figure 4E. This delayed coalescence behavior for the GaN nucleation layer blocked the propagation of dislocation and of cracks, which led to an improvement in the crystal quality of the GaN film grown on the annealed LT-AlN film (Shang et al., 2015).


[image: Figure 4]
FIGURE 4. AFM images of GaN nucleation layer of sample A (A,B) and sample B (C–E). Nucleation layer growth times were set to 10 s for (A,C), 20 s for (B,D), and 40 s for (E).




Growth of Crack-Free 2-Inch GaN Thick Wafers With High Crystal Quality Using CBL

According to the above analyses, the crystal properties of GaN film grown under NGCs were greatly improved by the use of pre-annealed LT-AlN. However, as shown in Figure 3E, sub-surface micro cracks also appeared that would detract from the ability to obtain a thick GaN film and a free-standing GaN substrate. It has been reported that the lateral overgrowth of GaN could be passivated under rich ambient H2 gas and change the GaN nucleus into 3D islands for the use of both MOCVD (Tadatomo et al., 1999) and the HVPE technique (André et al., 2012; Lekhal et al., 2016). This results in high single-crystal quality for GaN film, due to dislocation bending and termination on the inclined planes (Hiramatsu et al., 2000; Imade et al., 2011). Optical microscopic images for sample C are shown in Figures 5A–C. Here, a 3D GaN interlayer grown under an excess large flow of H2 gas was introduced on top of the annealed LT-AlN, and the growth process was immediately terminated when the GaN 3D interlayer growth was accomplished. In relation to the picture focused on the surface of the GaN 3D interlayer, as shown in Figure 5A, multiple surface pits larger than 10 μm were obtained by adding an additional high flow rate for the H2 gas. Moreover, as shown in Figure 5B, the image showing near interface between the GaN 3D interlayer and the LT-AlN-covered sapphire substrate demonstrates that a large number of islands formed among the pits. The depth of the deepest pits was ~4.8 μm, as shown in the cross-section in Figure 5C.


[image: Figure 5]
FIGURE 5. Optical images of the GaN 3D interlayer grown on LT-AlN with annealing pre-treatment focused on the surface (A) and near the interface between the GaN epitaxial layer and the LT-AlN-covered sapphire substrate (B). (C) Microscopic mage of the cross-section of (A). (D) Photographic image of sample D. Microscope images of the dotted white rectangle in (D) when focused on surface morphology (E) and near the interface between GaN epitaxial layer and the LT-AlN-covered sapphire substrate (F).


A 2-inch GaN wafer with a thickness of 250 μm (sample D) was obtained by adding a coalescence GaN layer and a normal GaN layer above the sample C. In the photographic image presented in Figure 5D, it can be seen that sample D is extremely bright and transparent, and the morphology and crystal quality of the GaN film are greatly improved by the perfect stepwise formation seen in Figure 5E. From the XRD rocking curve, measured with a slit width of 0.5 mm, the FWHMs of (002) and (102) for the XRD in sample D decreased from 245 and 412 to 123 and 151 arcsec, respectively, compared to sample B, grown under NGCs. Focusing on the interface between the GaN epitaxial layer and the LT-AlN covered sapphire substrate, shown in Figure 5F, many dense GaN 3D islands can be seen. It can be speculated that the shape of GaN islands could be kept unchanged for longer, and the coalescence could be delayed by adding a mass flow of H2 gas. In addition, the formation of GaN 3D islands could enhance the crystal quality and relax the stress. On the basis of these analyses, therefore, it can be concluded that combing the pre-annealing of the LT-AlN and adding the extra high flow rate of H2 gas could effectively improve the properties of the epitaxial GaN film due to the increased size and crystalline quality of the AlN nucleus by annealing, along with the 3D GaN interlayer formed by adjusting the lateral growth by H2 gas.



Fabrication of a 2-Inch Free-Standing GaN Wafer Using LLO

The sapphire substrate of sample D, shown in Figure 5D, was removed with LLO, and a 2-inch free-standing GaN wafer was obtained. As seen in Figure 6A, it was found that the black parts existing on the N-face of the free-standing GaN substrate could not be dissolved in hot hydrochloric acid (HCl), as shown in the insert to Figure 6A. Figure 6B shows the SEM image for the local area of 2-inch free-standing GaN substrate after immersion in hot HCl at 50°C for 30 min, and EDS mapping analyses for the elements N, Ga, Al, and O are shown in Figures 6C–F, respectively. A much denser pattern of blue dots denoted as N elements are shown in Figure 6C, and red dots denoted as Ga elements are shown in Figure 6D confirm that the left part of the picture in Figure 6B is GaN film. Moreover, the much brighter and denser violet dots, representing Al, as shown in Figure 6E, and yellow dots, representing O, shown in Figure 6F illustrate that the bugle on the right part of the picture in Figure 6B is really a residual part of an oxidized AlN layer. Thus, it is speculated that part of the LT-AlN layer below the pits might be melted due to giant local heat instantaneously released from the decomposition of the GaN with the laser, which might primarily attack the pits formed within the 3D GaN layer, and the black parts existing on the N-face of a GaN free-standing substrate as the residual parts of the LT-AlN layer, which did not melt during the LLO process. This partly melted LT-AlN layer may act as a protecting buffer layer, blocking the shock-wave during LLO process (Safadi et al., 2005; Su et al., 2013).


[image: Figure 6]
FIGURE 6. (A) Photographic image of 2-inch free-standing GaN wafer in Figure 5D after the sapphire substrate is removed with LLO. (B) SEM image for local area of insert of (A) after immersion in hot concentrated HCl at 50°C for 30 min. (C–F) EDS mapping analyses for the elements N, Ga, Al, and O in (B), respectively.





CONCLUSION

In summary, 2-inch crack-free free-standing GaN substrates with high crystal quality were obtained using the CBL and LLO techniques. Large AlN nuclei with an orderly orientation were obtained by annealing at high temperature, which led to the improvement of the crystal quality of GaN nuclei grown on it. Moreover, the addition of an excessive large flow of H2 gas during HVPE growth further increased the size of the GaN nucleus and delayed the coalescent growth as well. Therefore, the combination of LT-AlN and a 3D GaN interlayer plays a critical role in improving the properties of GaN film grown on top of it. In the meantime, LT-AlN buffer layer may have protected GaN film from rupture by partial melting during LLO processing, and thus a crack-free 2-inch free-standing GaN substrate was obtained. This suggests that the CBL method might be useful for the fabrication of free-standing GaN substrates and GaN-based devices.
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