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Abstract

:

Ultrawide bandgap (UWBG) semiconductor materials, with bandgaps far wider than the 3.4 eV of GaN, have attracted great attention recently. As a typical representative, wurtzite aluminum nitride (AlN) material has many advantages including high electron mobility, high breakdown voltage, high piezoelectric coefficient, high thermal conductivity, high hardness, high corrosion resistance, high chemical and thermal stability, high bulk acoustic wave velocity, prominent second-order optical nonlinearity, as well as excellent UV transparency. Therefore, it has wide application prospects in next-generation power electronic devices, energy-harvesting devices, acoustic devices, optical frequency comb, light-emitting diodes, photodetectors, and laser diodes. Due to the lack of low-cost, large-size, and high-ultraviolet-transparency native AlN substrate, however, heteroepitaxial AlN film grown on sapphire substrate is usually adopted to fabricate various devices. To realize high-performance AlN-based devices, we must first know how to obtain high-crystalline-quality and controllable AlN/sapphire templates. This review systematically summarizes the recent advances in fabricating wurtzite AlN film on (0001)-plane sapphire substrate. First, we discuss the control principles of AlN polarity, which greatly affects the surface morphology and crystalline quality of AlN, as well as the electronic and optoelectronic properties of AlN-based devices. Then, we introduce how to control threading dislocations and strain. The physical thoughts of some inspirational growth techniques are discussed in detail, and the threading dislocation density (TDD) values of AlN/sapphire grown by various growth techniques are compiled. We also introduce how to achieve high thermal conductivities in AlN films, which are comparable with those in bulk AlN. Finally, we summarize the future challenge of AlN films acting as templates and semiconductors. Due to the fast development of growth techniques and equipment, as well as the superior material properties, AlN will have wider industrial applications in the future.
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1. Introduction


As a representative ultrawide bandgap (UWBG) semiconductor material, wurtzite aluminum nitride (AlN) material has many excellent properties such as high electron mobility (1100 cm2/Vs), high breakdown voltage (11.7 MV/cm), high piezoelectric coefficient, high thermal conductivity (320 W/m·K), high hardness (nine on the Mohs scale), high corrosion resistance, high chemical and thermal stability, as well as high bulk acoustic wave velocity (11,270 m/s) [1,2,3]. Therefore, it is quite suitable to fabricate next-generation power electronic devices, energy harvesting devices, and acoustic devices that can operate in the harsh environment [4,5,6]. The device frequency can be further increased to a quite high level by alloying with scandium nitride (ScN), because AlScN material has a larger electromechanical coupling and piezoelectric coefficient [7]. Due to the prominent second-order optical nonlinearity, AlN is also an attractive nonlinear optical material for optical frequency comb (OFC) application that enables on-chip wavelength conversion [8]. The wideband transparency of AlN allows it to work in ultraviolet and visible regions, unlike the Si platform that only works at long wavelengths [9]. Besides, AlN has a small thermal and lattice mismatch with the high-Al-composition AlGaN materials, as well as excellent transparency in the ultraviolet region. Thus, it is suitable to fabricate AlGaN-based deep-ultraviolet (DUV) light-emitting diodes (LEDs), photo-detectors (PDs) and laser diodes (LDs) [10,11,12]. In the dual role of the Minamata Convention on Mercury and COVID-19 [13,14], the market capacity of AlGaN-based DUV LEDs has reached 160 million USD in 2020, although the wall-plug efficiency (WPE) of industrial-grade DUV LEDs is still below 10% [10]. Undoubtedly, AlN material will have broad application prospects in the future.



AlN crystal has three possible structures: hexagonal wurtzite structure, cubic zinc blende structure, and rock salt structure [15]. Among them, metastable-phase cubic zinc blende structure and rock salt structure only exist in some special growth conditions. In most cases, the hexagonal wurtzite structure is needed because its excellent chemical stability is helpful to obtain highly reliable devices. However, the high chemical stability makes it quite challenging to grow high-crystalline-quality bulk AlN crystals. Growing bulk crystals from the melt, which is performed for most other III–V semiconductors, is no longer applicable to AlN because ultrahigh temperature and pressure are needed. Nowadays, bulk AlN crystals are nearly exclusively obtained by using the physical vapor transport (PVT) method (sublimation and recondensation), which has achieved low TDDs of 102–105 cm−2 [2]. Nevertheless, it still cannot solve the typical problems such as small size (<60 mm), high impurity concentration (1018–1019 cm−3), poor ultraviolet transparency (α265–280 nm = 14–21 cm−1), and high cost (>9000 USD/2 inch) [16]. Only a few companies can supply bulk AlN in the world, and the production capacity is very low due to the very long growth time and very low yield. As an alternative, depositing thin AlN films on foreign substrates such as sapphire, silicon (Si), and silicon carbide (SiC) has become the prevailing method to obtain AlN crystals [17,18,19]. These pseudo-substrates are also called AlN templates. Among them, the most commonly used foreign substrate is sapphire, which is commercially available in various sizes (2–8 inches) and surface orientations (c, m, r, and a planes). Importantly, the crystalline quality of AlN/sapphire template is relatively good, and the cost of AlN/sapphire template has been reduced to 250 USD/2 inch. The deposition methods include metal organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), hydride vapor phase deposition (HVPE), physical vapor deposition (PVD), pulsed laser deposition (PLD), and atomic layer deposition (ALD).



In this article, we focus on reviewing the research advances in fabricating wurtzite AlN films on sapphire substrates. We will introduce the control principles of polarity, dislocations, strain, and thermal conductivity. Finally, we will summarize the future challenge of AlN films from the aspect of template and semiconductor.




2. Polarity Control of AlN/Sapphire Template


The polarity control is very important for AlN-based devices, because polarity greatly affects the electronic and optoelectronic properties by changing the pyroelectric and piezoelectric fields [20]. The polarities of AlN include Al-polarity (+c-polarity) and N-polarity (−c-polarity). Except for some special applications such as lateral polarity structure (LPS) and N-polar high electron mobility transistors (HEMTs) [21,22], N-polar AlN is not desired because of its poor crystalline quality, surface morphology, and chemical stability. Ronny Kirste et al. demonstrated the surface of N-polar AlN was dominated by a typical columnar morphology, with an average width of ~500 nm and a height difference of ~100 nm [23], as shown in Figure 1. The rough surface morphology originated from the presence of Al-polar inversion domains (IDs), which had a faster growth rate along the [0001] direction. Other studies have also confirmed that N-polar AlN usually coexists with Al-polar AlN IDs, meaning that AlN film grown on sapphire substrate generally exists in two forms: Al-polar AlN and mixed-polar AlN. To realize large-area pure N-polar AlN, C-face SiC substrate may be the better choice [24]. The mixed-polar AlN can be confirmed by the KOH solution etching because N-polar AlN has an obvious faster etching rate compared with Al-polar AlN. Figure 2 displays some etched surfaces of AlN epilayers grown in different conditions [25]. The etched parts are N-polar AlN, and the residual parts are Al-polar AlN.



Compared with other nitride semiconductors, the polarity control of AlN film grown on sapphire substrate is much more difficult. It is attributed to the formation of unevenly distributed aluminum-oxynitride (AlxOyNz) phases near the AlN/sapphire interface, which is responsible for the appearance of mixed-polar AlN. AlxOyNz phases can exist with various stoichiometric ratios, depending on the competition result of Al, O, and N atoms [26]. Since the 1970s, various AlxOyNz phases have been established, including 20H (Al10O3N8), 27R (Al9O3N7), 16H (Al8O3N6), 21R (Al7O3N5), 12H (Al6O3N4), and many other phases [27]. These O atoms may come from sapphire substrate, precursors and chambers, so they are hard to completely eliminate. To suppress the undesired N-polar AlN/mixed-polar AlN, we need to find out the key factors affecting polarity control in the presence of O atoms.



H. D. Sun et al. found that proper TMAl pretreatment promoted the formation of Al-polar AlN, because carbon (C) impurities dissociated from TMAl precursor could attract surrounding O impurities and suppress the formation of AlxOyNz phases [28]. Cross-sectional energy-loss spectroscopy spectrum (EELS) demonstrated that the distributions of C and O atoms above the AlN/sapphire interface are highly consistent. J. M. Wang et al. found that 7 s NH3 preflow (nitridation) could also maintain Al-polar AlN, and the c-axis orientation was very good [29]. However, a longer-time NH3 preflow resulted in the formation of mixed-polar AlN. Obviously, the pretreatment process before the deposition of AlN film is very important. Additionally, it was found that high initial growth temperature facilitates the formation of N-polar AlN. Reina Miyagawa et al. revealed that a certain chemical reaction occurred during the high-temperature growth process, causing the exchange of O atoms in sapphire substrate and N atoms in AlN epilayer in some areas [30]. As a result, Al-polar and N-polar AlN simultaneously appeared and coexisted in the subsequent growth process, because the large N-polar AlN grains at high growth temperature were hard to bury.



In some special cases, the transition from pure N-polar or mixed-polar AlN to pure Al-polar AlN may occur. Stefan Mohn et al. demonstrated that pure N-polar AlN could be entirely converted into Al-polar AlN within 3 nm, with the help of a flat rhombohedral AlxOyNz layer [31]. Scanning transmission electron microscope (STEM) and high-resolution transmission electron microscopy (HRTEM) images revealed that the conversion had been completed during the nitridation process before growth, as shown in Figure 3. However, excessive annealing may destroy the AlxOyNz structure, leading to incomplete coverage of the AlxOyNz layer, especially when the annealing temperature is very high. In this situation, the undesirable mixed-polar AlN is formed due to the incomplete conversion of N-polar AlN to Al-polar AlN. Mitsuru Funato et al. reported that N-polar AlN domains in mixed-polar AlN could be buried by their surrounding Al-polar AlN, as shown in Figure 4. This phenomenon occurred when the nitridation of sapphire substrate initiated at a low temperature of 100 °C [32]. The elimination of N-polar AlN domains benefited from the small size of inversion domains and the faster growth rate of Al-polar AlN [25]. Based on the above analysis, we can see that the realization of pure Al-polar AlN has three approaches: suppressing the local formation of AlxOyNz phases in the initial stage, converting N-polar to Al-polar AlN by the complete coverage of ultrathin AlxOyNz layer, and burying N-polar AlN by the lateral overgrowth of Al-polar AlN.




3. Dislocation and Strain Control of AlN/Sapphire Template


The TDD value is one of the most important indexes for AlN/sapphire template, because it has an obvious impact on the device performance. For example, the internal quantum efficiency (IQE) of the defect-sensitive DUV LEDs is inversely proportional to the TDD value. If we want to obtain an IQE value approaching 100%, the TDD value usually needs to be reduced to 1 × 107 cm−2 [33]. Besides, the TDD value directly affects the reverse leakage and breakdown voltage of photodetectors and electronic device. It has been demonstrated that AlGaN-based avalanche photodiode (APD) achieves an extremely high breakdown field of 9 MV/cm and a quite low dark current of 0.1 pA@-340 V, when a bulk AlN substrate with an extremely low TDD of 103 cm−2 is adopted [34]. Strain management is also important for AlN/sapphire template. The strain in AlN/sapphire template is usually induced by lattice and thermal mismatch, and the mismatch stress in AlN film can even reach the order of GPa. During the growth process, the strain may cause wafer bowing, surface roughening, cracking, and peeling off. Wafer bowing will further affect the thickness and composition uniformity of the upper AlGaN materials, and surface roughening will hinder the formation of steep interface. Additionally, the residual strain in epilayer also brings difficulty in device fabrication and reliability control. Therefore, it is very important to control dislocation and strain in AlN/sapphire template. Over the past 30 years, many growth techniques have been developed to solve this problem.



In the beginning, due to the lack of high-temperature (HT) growth equipment, pulsed atomic layer epitaxy (PALE) growth technique, and its derivatives such as migration-enhanced epitaxy (MEE), modified MEE, and migration-enhanced metal organic chemical vapor deposition (MEMOCVD) were widely adopted to enhance the migration ability of Al adatoms [35,36,37]. The pulsed growth technique can be simply divided into two types: (i) NH3 pulsed growth technique; (ii) double-precursor pulsed growth technique. The NH3 pulsed growth technique can reach extremely low V/III ratio and the best surface diffusion of Al adatoms by always keeping the TMAl precursor on. This technique made it possible to grow AlN at relatively low growth temperature (<1100 °C) using the conventional MOCVD and MBE equipment, but the surface of the as-grown AlN often exhibited macro-steps [38,39]. The double-precursor pulsed growth technique means that pulsed TMAl and NH3 are completely or partially separately supplied to adjust the surface diffusion of Al adatoms and suppress the gas phase reaction between the precursors. Usually, the so-called MEE, modified MEE, and MEMOCVD belong to the double-precursor pulsed growth technique. R. G. Banal et al. reported that a 600 nm-thick AlN grown by modified MEE technique achieved low FWHM values of 45 and 250 arcsec for (0002) and (10−12) plane, respectively [36]. Max Shatalov et al. used 10 μm-thick AlN/sapphire template grown by MEMOCVD technique to realize an DUV LED with an external quantum efficiency of 10.4% at 20 mA CW current, which reached a record high value at that time [40]. However, the process window of the pulsed growth technique is very narrow, and the experimental results strongly depend on the growth equipment. Therefore, they are very hard to repeat by other groups. In addition, the pulsed growth technique suffers from relatively low growth rates, further limiting its industrial application. Recently, with the rapid development of HT growth equipment, many new growth techniques have been proposed to obtain high-crystalline-quality and weak-residual-strain AlN film. Importantly, they demonstrate better growth repeatability, and thus have important reference value.



3.1. Two-Step Growth (TSG)


Two-step growth (TSG) technique was first proposed in 1986 to grow high-quality GaN epilayer on sapphire substrate. The main processes of TSG technique include low-temperature (LT) nucleation and high-temperature (HT) growth. Besides, there also exists an important in situ annealing process between them. The LT nucleation process aims to form high-density small three-dimensional (3D) islands by promoting vertical growth over lateral growth. During the in situ annealing process, the decomposition of GaN will happen at energetically unstable or highly faulted regions, and then GaN will be redeposited on other places to form large isolated 3D islands [41]. After that, the HT growth process can utilize lateral growth from these inclined side facets to promote dislocation bending and annihilation, significantly improving the crystalline quality of GaN epilayer grown on sapphire substrate. The quasi-two-dimensional (quasi-2D) growth after the coalescence of 3D islands facilitates the achievement of smooth surface. Combined with the subsequent breakthrough in p-type GaN, GaN-based blue LEDs developed rapidly to the commercial application level, triggering the revolution of general illumination. In 2014, the Nobel Prize for Physics was awarded to Akasaki, Amano, and Nakamura for such great progress. Today, many other growth techniques for III-nitrides are actually the evolution of this technique.



As for AlN material, however, the TSG technique is not so effective. First, the chemical stability of AlN is better, so the decomposition of AlN need to be performed in higher annealing temperature. Second, the chamber pressure is usually very low during AlN growth to restrain gas phase pre-reactions, so the decomposition of AlN is further suppressed during the in situ annealing process. Third, due to a higher diffusion barrier, the Al adatoms after decomposition can hardly migrate to areas with potential energy minima. Therefore, large isolated 3D islands cannot be formed by decomposition and redeposition of AlN, as shown in Figure 5 [41]. In the subsequent HT growth process, the lateral growth of AlN is inadequate, so dislocations can hardly bend and interact with each other. Generally, the threading dislocation density (TDD) values are in the level of 109–1010 cm−2. Despite this, the TSG technique is still used because of its simple and low-cost process.



Recently, our group has found that adopting large-offcut-angle sapphire substrate can significantly improve the crystalline quality of the AlN epilayer grown by the TSG technique [42]. The physical reason is macro-steps tend to appear on the large-offcut-angle sapphire substrate, and dislocations are easy to lock and drag by the edges of macro-steps, resulting in the inclination and interaction with other dislocations. Therefore, we can control and regulate dislocation behaviors by adjusting the densities and geometric features of macro-steps, as shown in Figure 6. It is found that high-density zigzag macro-steps are significantly effective for decreasing TDD, because they can induce dislocation inclination towards multiple directions. The inclination angles can be increased to 30–78°, so the lateral interaction range of dislocations demonstrate a sixfold increase. As a result, the full-width at half maximum (FWHM) values of X-ray (0002) and (10−12) -plane rocking curves (RCs) for the 1 μm-thick AlN were reduced down to 115 and 364 arcsec, corresponding to a TDD value of 1.4 × 109 cm−2. It demonstrates an 80% decrease compared with its counterpart grown on 0.2°-off sapphire substrate. However, the stress control is still a problem for thick film due to the lack of stress-releasing channels.




3.2. Multiple-Step Growth (MSG)


To strengthen dislocation interactions during 3D–2D transition process, which are insufficient for TSG technique, a multiple-step growth (MSG) technique was proposed to modify the growth modes of AlN epilayer. Hirayama et al. demonstrated that a 4.8 μm-thick high-quality AlN epilayer could be obtained by adopting a five-step NH3 pulse-continuous flow alternating technique, as shown in Figure 7 [43]. The FWHM values of X-ray (0002) and (10−12) -plane RCs were 200 and 370 arcsec, respectively. Meanwhile, the AlN surface is crack-free and smooth. The core idea is repeatedly alternating pulsed flow and continuous low to repeat 3D–2D growth and introduce multiple “rough-to-smooth” processes. Actually, a rough surface can also be realized by low growth temperature, high V/III mole ratio, and large TMAl flow. Conversely, a smooth surface can be obtained.



The MSG technique is easy to be repeated by other groups. On the above basis, many other groups also developed their own techniques and apply them to fabricate high-performance devices. For example, X. Zhang et al. developed a low-temperature and high-temperature (LT-HT) alternating technique to obtain high-quality crack-free AlN epilayer [44]. AFM images in Figure 8 display that the surface morphology of AlN epilayer experiences three “rough-to-smooth” processes and finally becomes atomically smooth. The FWHM values of X-ray (0002) and (10−12) -plane RCs for the 2.9 μm-thick AlN epilayer were 311 and 548 arcsec, respectively. Importantly, they also found that the first 3D–2D cycle play a major role in reducing TDD and the subsequent 3D–2D cycles mainly account for the relaxation of tensile stress. Y. R. Chen et al. demonstrated that a three-cycle MSG technique could be used to fabricate high-performance solar-blind ultraviolet (SUV) PDs due to the improved crystalline quality, surface morphology, and residual stress. The back-illuminated SUV PD exhibited a low dark current density of 5.56 × 10−7 A/mm2 at −10 V and a high responsivity of 0.15 A/W at 271 nm [45]. J. C. Yan et al. adopted a three-cycle MSG technique to realize a 50% reduction in TDD in AlN epilayer. As a result, the light output power (LOP) of the 285 nm DUV LED based on MSG technique exceeds 3 mW at 20 mA driving current [46].



Our group found that high-quality AlN could be obtained by only using one LT interlayer. The physical thought was first using LT interlayer to maximize the 3D growth process, and then using high temperature and large TMAl flow to realize surface flattening. To achieve this goal, we chose sputtered AlN buffer rather than the conventional MOCVD AlN buffer, as shown in Figure 9 [47,48]. The high lateral coverage speed and large depth/width ratio between adjacent 3D islands even induce the formation of nano-voids, and the density and geometric features of nano-voids can be tuned by modifying the growth modes [17,49,50,51]. When the density of nano-voids reaches 1.7 × 1010 cm−2, they could provide sufficient free surfaces for dislocation termination, which was clearly observed in the cross-sectional STEM images (Figure 10) [17]. Moreover, the excellent c-axis orientation of nano-voids means new dislocations near the coalescence boundaries were effectively suppressed. Thus, a 5.6 μm-thick four-step AlN layer with a TDD value of 4.7 × 107 cm−2 was obtained. Meanwhile, the high-density nano-voids significantly released the tensile stress from 0.50 to 0.18 GPa during the growth process [52]. It is attributed that the high-density nano-voids can effectively destroy the interaction between sapphire substrate and AlN epilayer by reducing the contact area. This advantage allowed us to obtain 11.0 μm-thick crack-free AlN epilayer, wherein the TDD value was further decreased to 1.9 × 107 cm−2.




3.3. Epitaxial Lateral Overgrowth (ELOG)


As mentioned above, the physical thought behind the MSG technique is to produce proper 3D side facets during growth for dislocation bending and interaction. We can also produce numerous broader side faces by patterning sapphire substrate or template, in which situation dislocations are more easily bent by the image face from the persistent side faces. The growth technique on patterned sapphire substrate (PSS) or patterned template is usually called epitaxial lateral overgrowth (ELOG), which is essential to realize entire surface coalescence. This method has been widely used in the MOCVD growth of GaN, including using SiO2/SiNx patterned mask and commercially available PSS. Unlike GaN, however, SiO2/SiNx patterned mask is not suitable for AlN growth. The large adhesive coefficient of Al adatom on SiO2/SiNx surface makes AlN demonstrate random growth rather than selective growth. Therefore, only patterned sapphire substrate, patterned AlN/sapphire template, or patterned AlGaN template can be adopted.



In 2006, M. Imura et al. demonstrated the ELOG of AlN on patterned AlN/sapphire templates with 2 μm-deep and 3 μm-wide trenches [53,54]. To realize entire surface coalescence within a thinner layer, the extension direction of the trenches should be along [11-20]sapphire direction rather than [10-10]sapphire direction [55]. Plan-view TEM showed that the TDD of ELOG-AlN could be reduced down to an extremely low value of 3.4 × 107 cm−2. However, the TDD in the coalescence boundaries above the trenches was much higher than that in other regions, so the dislocation distribution was inhomogeneous. It is a common feature of ELOG on trench-patterned substrate/template, which has also been found in other material systems. Moreover, due to the poor migration ability of Al adatoms, the 3 μm-wide spacing between the adjacent patterns requires a large thickness of 10 μm to realize flat surface morphology and low TDD. H. Long et al. reported that pyramidal PSS (diameter = 1 μm, period = 2 μm) could induce a dual coalescence of AlN. Accordingly, air-voids were generated twice, promoting dislocation termination and stress relaxation twice [56]. Although the coalescence process of microscale ELOG can be tuned by controlling growth temperature, V/III ratio and substrate miscut, the typical coalescence thickness of AlN on patterned sapphire/template is still >5 μm. In some cases, the coalescence thickness even reaches 10 μm [56,57,58]. Thus, long growth time and high cost are needed.



To address this issue, nanoscale ELOG was proposed, which benefits from the development of micro/nano processing technology. In 2013, P. Dong et al. reported 4 μm-thick ELOG-AlN grown on nano-patterned sapphire substrates (NPSS) using SiO2 nanosphere lithography [59]. The concave triangle cones had a diameter of 500 nm and a depth of 230 nm. The pattern period was 900 nm, which was determined by the diameter of the SiO2 nanospheres. Profiting from the greatly reduced pattern size, the coalescence thickness decreased to 3 μm, significantly thinner than those grown on conventional microscale patterned substrates. The RC FWHMs for (0002) and (10−12) reflections were 86.4 and 320.4 arc sec, respectively. This work opened up a new path for the ELOG of AlN. Then, ELOG of AlN on patterned AlN nanorods (diameter = 323 nm) prepared by SiO2 nanosphere lithography was also demonstrated, as shown in Figure 11 [60]. A TDD <3.5 × 108 cm−2 and a coalescence thickness <1.5 μm were achieved. Another group proved that AlN nanorods prepared by SiO2 nanosphere lithography could enhance the light output power (LOP) of AlGaN-based DUV LEDs by improving the internal quantum efficiency (IQE) and light extraction efficiency (LEE) [61]. It is noted that the ELOG of AlN on the above small-size AlN nanorods can be performed at a relatively low temperature of 1050–1100 °C, which is about 200 °C lower than the former reports about ELOG-AlN. Therefore, even the ordinary MOCVD is capable of conducting the ELOG of AlN on small-size nanorods.



Despite these advantages, the SiO2 nanospheres easily form clusters, so the uniformity within wafer is poor. This problem can be solved by fabricating large-scale uniform hole-type NPSS by using nano-imprint technology. In 2016, L. Zhang et al. first applied this technology to the ELOG of AlN, as shown in Figure 12a [62]. The diameter of the concave cones was 650 nm, and the pattern period was 1 μm. Complete coalescence was achieved at less than 3 μm. Figure 12b displays that there are three competitive processes affecting the TDD of ELOG AlN on hole-type NPSS. Process A represents the vertical propagation process of dislocations generated on the unetched mesas, which undoubtedly contributes to the TDD of the top AlN layer. In process B, the image force makes the TDs near the side walls of AlN domains bend towards the free surfaces. These TDs will not reach the top AlN surface. Process C represents the process of new TDs generation around the coalescence boundaries, which largely depends on the misorientation angles between the adjacent AlN domains. The competitive results of these three processes are determined by the growth conditions and pattern configurations. For example, if we increase the diameter of the hole patterns, the area of the unetched mesas will decrease. Fewer dislocations will be generated in the initial growth stage, and most of these dislocations will go through process B rather than process A. Nevertheless, the increased misorientation angles between the adjacent AlN domains will result in the occurrence of process C with a high probability. Their follow-up research also proved that hole-type NPSS demonstrated lower TDD and surface roughness compared with pillar-type NPSS, despite that their pattern sizes were comparable, as shown in Figure 13 [63]. It is attributed to the big difference in the area ratio of coalescence zones. A smaller ratio of coalescence zones (hole-type NPSS) is more conductive to obtaining low-TDD and smooth AlN. By further optimizing the period size of hole-typ NPSS, the TDD can be reduced to 2.9 × 108 cm−2 [64].



Benefiting from low TDDs, UV LEDs fabricated on ELOG-AlN templates exhibit high light output power and high EQE, becoming one of the main technical routes. K. Nagamatsu et al. reported that the output power exhibited by a 355 nm UV LED fabricated on ELOG AlN template was 27 times higher than those on planar AlN templates [65]. H. Hirayama et al. reported maximum LOP of 2.7 mW under CW operation in a 273 nm DUV LED grown on conventional ELOG-AlN template [66]. LOP of 3.03 mW and EQE of 3.45% at 20 mA were achieved in a 282 nm DUV LED grown on NPSS by P. Dong et al. [59]. N. Susilo et al. reported LOP of 1.1 mW under CW operation at 20 mA in a 265 nm DUV LED on high-quality AlN templates fabricated by combining ELOG and high temperature annealing [67]. Although the ELOG technique has demonstrated great advantages in reducing TDD and improving device performance, it still needs to solve the problem of unevenly distributed stress, relatively high fabrication cost and poor repeatability. The unevenly distributed stress is attributed to the generation of tensile stress around the coalescence boundaries. The high cost results from the complicated fabricating processes of AlN, including lithography, etching, cleaning, growth, and even regrowth. Moreover, the thickness of AlN is usually >5 μm even for the ELOG-AlN grown on NPSS. The poor repeatability originates from the multiple fabricating processes those hard to be managed and the sensitiveness of AlN growth. These problems are expected to be solved when the NPSS is industrialized on a large scale.




3.4. High Temperature Annealing (HTA)


Although the traditional in situ epitaxial growth techniques including MSG and ELOG can achieve a relatively low TDD <5 × 107 cm−2, AlN layers with a thickness >5 μm are needed to enhance dislocation termination and annihilation. To realize TDD within a thinner AlN layer, ex situ high temperature annealing (HTA) was proposed. Actually, the annealing of AlN has been adopted and studied since 2005 [68], while efficient annealing temperatures were not reported until 2016 [69]. In that year, H. Miyake et al. reported the annealing result of a 300 nm-thick MOCVD-grown AlN buffer layer. The HTA was performed at 1650–1700 °C under N2-CO mixture for 1 h. After the regrowth of 2 μm-thick MOCVD-AlN on the 300 nm-thick annealed AlN epilayer, the FWHMs of (0002) and (10−12) plane X-ray rocking curves were reduced to 16 and 154 arcsec, respectively. The HTA technique thus started to show application prospect in improving crystalline quality. However, this annealing process needs the toxic CO with high partial pressure to suppress the decomposition of AlN at ultrahigh annealing temperature. To simplify annealing process, reduce experimental risk, and suppress the surface decomposition at high temperature, the concept of face-to-face annealing (FFA) with pure N2 atmosphere was proposed [70]. As shown in Figure 14, one AlN/sapphire wafer is placed on the other one, with two AlN surfaces in close contact with each other. One of the paired AlN/sapphire wafers can also be replaced by a bare sapphire substrate. If batch HTA processing is required, paired wafers can be continually stacked as long as the temperature uniformity is guaranteed. All these advantages have caused FFA with pure N2 atmosphere to become the mainstream HTA process. Research from many different groups is based on this framework.



Generally, there are two main ways to prepare AlN/sapphire template for HTA. The first way is using radio-frequency (RF) magnetron sputtering, which enables the fabrication of large-scale and low-cost AlN layer with excellent c-axis orientation [17,47]. Chia-Yen Huang et al. demonstrated that a TDD lower than 5.0 × 108 cm−2 could be achieved by regrowing a 2.5 μm-thick MOCVD AlN layer on a 300 nm-thick annealed sputtered AlN buffer layer [71]. By optimizing the sputtering conditions, a lower TDD of 2.07 × 108 cm−2 was achieved in a 480 nm-thick sputtered AlN template after HTA and regrowth [72]. The mechanism of dislocation reduction is that the recrystallization of AlN at ultrahigh annealing temperature promotes the reduction of domain boundaries. When the annealing temperature is higher than 1700 °C, the domain boundaries may completely disappear as a result of gradual coalescence. After the coalescence of domain boundaries, lots of nano-voids form at the residual spaces between the original domain boundaries, and they distribute randomly in the AlN film. J. Ben et al. found that these nano-voids could block dislocations from spreading upwards [73]. It provides a new channel for dislocation termination, which is similar to the nano-void-induced dislocation blocking effect observed in our MSG-AlN sample [17,52]. The difference is the formation of nano-voids in MSG-AlN originates from the high lateral coverage speed and large depth/width ratio between adjacent 3D islands, while the formation of the nano-voids in HTA-AlN is ascribed to the coalescence of domain or the reaction between paired dislocations. Therefore, the nano-voids in MSG-AlN are slender in shape, but the nano-voids in HTA-AlN are hexagonal and dynamically changing due to the continuous dislocation absorption. Given that the conventional one-step and constant-temperature HTA process have some physical limitations, it is hard to achieve a TDD <108 cm−2. To further reduce the TDD, the AlN buffer used for HTA needs to be thickened. Thus, a double sputtering and annealing process (Figure 15) was developed to fabricate 1.2 μm-thick AlN template, which can avoid tensile stress accumulation and decrease the probability of cracking [74]. Inspired by the thermal cycle annealing (TCA) method for reducing the TDDs in GaAs, Ge, and PbSe grown on Si, Ding Wang et al. performed TCA on 800 nm-thick sputtered AlN buffer. The FWHMs for (0002) and (10−12) diffraction were decreased to 12 and 82 arcsec, corresponding to a TDD of ~8 × 107 cm−2 [75]. Due to the improved crystalline quality, N. Susilo reported that the 268 nm LEDs grown on 350 nm-thick sputtered and annealed AlN/sapphire templates showed a similar light output performance with those grown on ELOG AlN templates [76].



The second way to prepare an AlN/sapphire template for HTA is adopting MOCVD. The advantage of this way lies in that the regulation of AlN by MOCVD has higher freedom degree. M. X. Wang et al. reported HTA of a 540 nm-thick AlN films grown by MOCVD under N2 ambient. XRD FWHM values of 59 and 284 arcsec were achieved for (0002) and (10−12) diffractions, respectively [77]. They also found that AlN films grown on nitridation treated sapphire substrates exhibited lower TDDs after HTA process, compared with those grown on alumination-treated substrates [78]. It is verified that nitridation process before growth leads to the formation of higher-density AlN columns of smaller size, which can be easily rearranged during the HTA process. Obviously, although HTA can cause lattice rearrangement, the actual results largely depend on the AlN column distribution before HTA. To promote dislocation climbing and interaction within a thin layer, J. M. Wang et al. intentionally introduced supersaturated Ga vacancies (VGa) by inducing Ga desorption during the HTA process of Ga-doped AlN layer, as shown in Figure 16 [79]. The TDD was reduced to 1.58 × 108 cm−2, a reduction of one order of magnitude compared with conventional HTA methods. As result, a 280 nm AlGaN-based DUV LED fabricated on the HTA AlN templates obtained a light output power of 39.1 mW at 200 mA.



In addition to the improvement of crystalline quality, there is another common phenomenon. Inversion domains were found within tens of nanometers above the AlN/sapphire interface after HTA, in which polarity changes from N-polar to Al-polar along c-axis direction [80], as shown in Figure 17. DFT calculations indicate that polarity inversion is attributed to the formation of Al-vacancies, Al-Al bonds and Al-O bonds in the inversion region during HTA process. O impurity plays a very important role in this process. Inspired by this, Z. Liu et al. demonstrated the polarity of HTA AlN can be tuned by introducing trace oxygen in the initial sputtering process [81]. Pure N-polar AlN films were achieved by sputtering in pure N2 ambient and HTA afterwards, while the polarity would transmit to pure Al-polar when the supply time of trace oxygen exceeded 150 s. The FWHM values for (0002)/(10−12) directions reached 41.3/132.5 arcsec for N-polar and 38.2/158.7 arcsec for Al-polar. It provides a very useful method to obtain high-crystalline-quality N-polar AlN, which is very difficult for the in situ epitaxial growth techniques.



Although great progress has been achieved using the HTA technique, there are some existing problems that need to be solved such as strong residual stress, severe C impurity contamination and high-concentration point defects. The stress state of AlN epilayer achieved by HTA technique is quite different from that of the conventional AlN epilayer. As we know, AlN grown on sapphire substrate usually presents tensile stress, which originates from grain boundaries during the coalescence process. After the HTA process, the grain boundaries disappear due to the lattice rearrangement, meaning that the tensile stress is accordingly eliminated. The mismatch stress is completely released by generating periodic misfit dislocations lying in the AlN/sapphire interface, as shown in Figure 18. Therefore, the AlN epilayer is nearly stress-free at an annealing temperature such as 1700 °C. However, when the AlN/sapphire template is cooled down from the annealing temperature to room temperature/MOCVD growth temperature, the large thermal mismatch between AlN and sapphire results in strong residual compressive stress [82]. The compressive stress is as large as 1.3–1.5 GPa, which can be calculated based on the Raman spectra and thermal expansion coefficient [82,83]. The excess compressive stress may cause the deterioration of surface morphology, unwanted wafer bowing, and severe composition pulling effects, which should be controlled in a proper range [84,85,86,87,88]. Additionally, impurities from the graphite susceptor and chamber are easily incorporated into the AlN epilayer at the annealing temperature. At the same time, the high temperature also facilitates the formation of point defects. Therefore, regrowth is usually needed to reduce the concentrations of impurities and point defects. Despite this, the effect of impurities and point defects on the light absorption still exists, which may have an influence on the performance of optical and optoelectronic devices [89].




3.5. Quasi-Van der Waals Epitaxy (QvdWE)


Van der Waals epitaxy (vdWE) refers to epitaxial growth on layered or two-dimensional (2D) materials, wherein there is only weak Van der Waals interaction between epilayers and layered/2D materials. This character facilitates the exfoliation of epilayer from layered/2D material-coated substrate, thus providing great promise for the flexible and wearable electronic devices [90,91,92]. Due to the lack of dangling bonds on the top surfaces of h-BN and graphene, however, direct growth of AlN on perfect h-boron nitride (BN)/graphene results in porous surface and poor crystalline quality. To realize better surface morphology and crystalline quality, we need to destroy the perfect characteristics of h-BN/graphene and introduce a small amount of extra force in addition to Van der Waals interaction. Therefore, strictly speaking, epitaxial growth of AlN on h-BN/graphene should be defined as quasi-vdWE (QvdWE).



Generally, the transferred graphene sheet on sapphire substrate is not continuous and perfect. There are also rich dangling bonds at the graphene domain boundaries, and the graphene wrinkles can also increase the reactivity between graphene and the AlN epilayer. These imperfections can act as nucleation sites for AlN, although the nucleation sites are still sparse. It has been reported that the nucleation density of AlN on sapphire substrate is 41 μm−1, while that on graphene/sapphire hybrid substrate is only 23 μm−1, as shown in Figure 19 [93]. The lower nucleation density reduces the density of threading dislocations, which mainly formed at the coalescence boundaries of AlN islands. In the aspect of migration barrier, there is also a big difference. Figure 20 shows that the migration barrier of Al adatoms on the bare sapphire substrate is as high as 1.02 eV, while those between different sites (H, B, and T) of graphene are less than 0.1 eV [94]. It means that Al adatoms are very hard to migrate on bare sapphire surface even at a high growth temperature of 1200 °C, but they can migrate on the graphene surface nearly without obstacles. The better migration ability of Al adatoms on graphene surface enables the faster coalescence of AlN surface. In addition to the above advantages, the h-BN/graphene buffer can even screen the interaction between AlN and sapphire substrate, which significantly decreases the mismatch stress in the AlN epilayer.



In some cases, more nucleation sites of AlN on graphene are needed. To realize this goal, we can intentionally introduce more imperfections. It has been reported that periodical graphene wrinkle arrays can be transferred onto sapphire substrate. The wrinkle density is as high as 10 μm−2, which effectively increases the nucleation sites of AlN. The increased nucleation sites and excellent lateral migration ability lead to a faster lateral coalescence rate, as shown in Figure 21a. As a result, the coalescence ratio of AlN significantly increases from 2.8% (flat graphene region) to 99.8% (graphene wrinkle region) after 6 min growth. In addition to introducing imperfections, N2/O2 plasma treatment is also adopted to realize N/O doping in h-BN/graphene, forming C-N/C-O/N-B-O bonding configurations that serve as nucleation sites for AlN epilayer [95,96]. At the nucleation sites, there is covalent bonding between AlN epilayer and impurity atoms, as shown in Figure 21b,c. These approaches enable the free control of nucleation site density.



The QvdWE technique can also be combined with other growth techniques. It has been demonstrated that graphene facilitates the lateral coalescence of AlN grown on nano-patterned sapphire substrate (NPSS), which is always a tricky issue for ELOG technique. The fast lateral coalescence benefits from the excellent lateral migration ability of Al adatoms on graphene. For example, AlN grown on a 700 nm-wide and 400 nm-deep sapphire-inverted cone needs a thickness of 2.4 μm to realize the entire coalescence. By inserting a graphene buffer, however, the coalescence thickness is decreased to <1 μm, significantly reducing material and time cost. In addition, QvdWE technique is found to be good for the HTA [98]. By employing N2 plasma pretreatment on graphene/sapphire hybrid substrate, high-density and small-size AlN nucleation islands can be obtained. During the recrystallization process of HTA, those small-diameter AlN columns are easily rearranged, reducing the tilt and twist between different AlN columns, as shown in Figure 22. Therefore, the screw, edge, and mixed type threading dislocations are all decreased. Importantly, the graphene sheet can destroy the coherence between sapphire substrate and AlN epilayer, which usually results in strong biaxial compressive stress during the cooling down process of HTA. Thus, the AlN epilayer is nearly stress-free.





4. The TDD Compilation of AlN Films Grown by Different Techniques


Figure 23 summarizes the reported TDD values (2005–2021) of AlN films grown by different techniques. The laboratory level of TDD can be decreased to <5 × 107 cm−2 by using ELOG, HTA, and MSG growth techniques, and the industrialization level of TDD is decreased to 108–109 cm−2.



It is noted that there has been no unified standard for the evaluation of TDD. X-ray rocking curve (XRC) scan is the most common method to evaluate TDD. However, X-ray has a large penetration depth in AlN material, meaning that the measurement result containing the information of the whole AlN epilayer rather than that of the top AlN epilayer [110]. Thus, the TDD of the top AlN epilayer extracted from XRC scan is usually overestimated, especially when the TDD is low. Cross-sectional TEM and plan-view TEM results can give the TDD of the top AlN layer, as shown in Figure 24. Nevertheless, they have certain degrees of randomness, since the measurement area is usually <50 μm2 [17,53,74]. Plan-view cathodoluminescence (CL) spectroscopy, which is frequently used to count the TDD of GaN epilayer, is no longer applicable to AlN because of the poor conductivity of AlN and the weak responsivity of the detector at ~200 nm. The TDD evaluated by etch pit density is also inaccurate when the AlN surface is under etched or over etched [111]. Additionally, even if the measurement method is the same, different equipment may obtain different results. Therefore, strictly speaking, the TDD results from different groups or evaluated by different methods should not be directly compared. Here, we list some representative TDD values to see the general development trend.




5. Thermal Conductivity Control of AlN


As a substrate/template, AlN has superior thermal conductivity in theory (320 W/m·K), which is favored by next-generation optoelectronic and electronic devices such as high-power UV LEDs, LDs, PDs, and HEMTs. In most cases, however, the measured thermal conductivities of AlN are far less than the calculated intrinsic thermal conductivity. Point defects, stacking faults, misfit and threading dislocations, grain boundaries, impurities, and their complexes are responsible for this. As we know, thermal conductivity in non-metallic solids is affected by the intrinsic and extrinsic phonon scattering rates. The intrinsic normal and Umklapp scattering processes depend on the crystal system, while the extrinsic scattering is related to defects, impurities, and their complexes. Due to the ultralow TDD values and the absence of grain boundaries, bulk AlN wafers generally have higher thermal conductivities. However, R. Rounds et al. found that the bulk thermal conductivity of PVT single-crystal AlN showed significant variation from 268 to 339 W/m·K at 325 K, depending on the impurity and point defect concentrations, as shown in Figure 25 [112]. At low temperature, the difference was even magnified to one order of magnitude because phonon scattering by point defects dominated at this time. This means point defects play a very important role in determining the thermal conductivity of AlN.



As for AlN films grown on sapphire substrates, achieving high thermal conductivity is more difficult because of the poor crystalline quality. Until 2020, Z. Cheng et al. reported high cross-plane thermal conductivity observed in AlN/sapphire template [113]. They improved the crystalline quality of AlN/sapphire by introducing air-voids near the AlN/sapphire interface, which allowed for the growth of high-quality and crack-free AlN films with a thickness >15 μm. The physical thought is similar to that which we mentioned in the MSG growth technique section [114,115]. Meanwhile, the high growth temperature and high-purity precursors effectively suppressed the incorporation of impurities such as O and C. As a result, the TDD values were estimated to be ~(1–3) × 108 cm−2 by counting etching pit densities. Although the TDD values of the thick AlN/sapphire templates were several orders of magnitude higher than those of the commercial PVT bulk AlN, the TDD level of (1–3) × 108 cm−2 were thought to have a weak influence on the thermal conductivity, especially for cross-plane thermal conductivity. Secondary-ion mass spectrometry (SIMS) results showed that the impurity concentrations in the thick AlN/sapphire templates were 1–2 orders of magnitude lower than those in the commercial PVT bulk AlN. By fitting temperature-dependent thermal conductivity data, the vacancy concentrations in the thick AlN/sapphire templates were considered negligible, while those in the commercial PVT bulk AlN reached 1019–1020 cm−3. Therefore, the low impurity and vacancy concentrations in the thick AlN/sapphire templates led to a high thermal conductivity of 321 W/m·K at 300 K, which is consistent with the density functional theory (DFT) calculation results of perfect bulk AlN. In comparison, those of the commercial PVT bulk AlN were only 216 and 278 W/m·K at 300 K.



In 2021, they also reported AlN/sapphire templates with high in-plane thermal conductivity of (260 ± 40) W/m·K at 300 K, despite the fact that the thickness of the AlN films was only 3–6 μm [116]. By comparing the in-plane (k‖) and cross-plane (k⊥) thermal conductivities at different temperatures, they found that there was anisotropy in the thermal conductivity of AlN/sapphire templates below 160 K, as shown in Figure 26a. They proposed a simplified physical model, assuming that there was a single crystal/nucleation layer interface. Figure 26b shows that in-plane phonon travels nearly freely given that the vertical threading dislocations are relatively rare, while the cross-plane phonon suffers from severe interface scattering. At high temperature, the phonon–phonon scattering was more prominent compared with phonon–interface scattering, so the in-plane (k‖) and cross-plane (k⊥) thermal conductivities were nearly the same. At low temperature, the phonon–phonon scattering effect was weakened and the phonon–interface scattering dominated, resulting in the severe thermal conductivity anisotropy.




6. Future Challenges


The above review focuses on the recent advances in AlN as templates. In the near future, AlN may act as a real semiconductor if efficient n-type and p-type doping with good reproducibility are achieved. For n-type doping, silicon (Si) is a commonly used donor in III-nitrides. However, unlike Si impurity in GaN and Ga-rich AlGaN, it is no longer a shallow donor in Al-rich AlGaN and AlN. The activation energies of Si donors range from 78 to 345 meV [117]. Moreover, the carrier concentration decreases with the increase in Si doping concentration in the high doping regime, i.e., the compensation knee. It is considered to be related to DX transition, cation vacancies, SiN, and VAl-SiN complexes, preventing the achievement of high carrier concentration [117]. In addition, since the efficient p-type doping still remains an obstacle in Al-rich AlGaN nowadays, p-type doping of AlN is definitely more challenging. It suffers from larger acceptor activation energy (~500–780 meV) [118,119,120], lower solid solubility of dopants [121], high-level compensation by defects and impurities [122].



Recently, there has been some new progress on the n-type and p-type doping of AlN. M. H. Breckenridge et al. achieved a high n-type conductivity (>1 Ω−1 cm−1) and carrier concentration (5 × 1018 cm−3) at room temperature. They realized Si doping of homoepitaxial AlN by combining ion implantation and non-equilibrium annealing process at relatively low temperature (1200 °C). A defect Quasi Fermi Level (dQFL) control method was adopted to suppress self-compensation [123]. H. Ahmad et al. reported a record-high bulk hole concentration of 3.1 × 1018 cm−3 in a beryllium-doped AlN/sapphire via metal modulated epitaxy (MME) in an MBE system [124]. Despite this progress, more research work about n-type and p-type doping of AlN is needed to make it a really useful semiconductor.



In the short term, AlN films grown on sapphire substrates still have obvious advantages over bulk AlN such as large size, low cost, and excellent UV transparency. In the future, however, the size, cost, and transparency problems of bulk AlN are expected to be gradually alleviated. To maintain their advantages in industrial application, AlN films grown on sapphire substrate must further improve its crystalline quality and reduce its cost. Therefore, characteristics including low TDD, controllable doping, low impurity concentration, low point defect concentration, weak residual stress, thin layer, and a simple fabricating process need to be simultaneously satisfied. At present, all the AlN/sapphire growth techniques still have various problems. It is hard to determine which technique will be the mainstream in the future. We believe the ultimate growth technology should be integrated the advantages of various existing technologies.




7. Conclusions


Wurtzite AlN has many excellent properties including high electron mobility, high breakdown voltage, high piezoelectric coefficient, high thermal conductivity, high hardness, high corrosion resistance, high chemical and thermal stability, high bulk acoustic wave velocity, prominent second-order optical nonlinearity, as well as excellent UV transparency. Therefore, they are suitable for fabricating high-performance electronic, optoelectronic, optical, and acoustic devices. This article reviews the recent advances in fabricating wurtzite AlN film on (0001)-plane sapphire substrate. Benefiting from the fast development of growth technique and equipment, the crystalline quality of AlN has been significantly improved. The laboratory level of TDD can be decreased to <5 × 107 cm−2 by using ELOG, HTA, and MSG growth techniques. However, this is not enough to meet the demands of large-scale industrial applications. In the future, AlN/sapphire template must further improve its crystalline quality and reduce its cost to maintain its advantages over bulk AlN.
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Figure 1. Morphology difference between N-polar and Al-polar AlN on the same wafer. Reprinted from [23], with the permission of AIP Publishing. 
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Figure 2. (a–i) Plan-view scanning electron microscope (SEM) images of KOH-etched AlN/sapphire templates, which were grown on different conditions (Temperatures = 1250, 1300, and 1350 °C; TMAl flows = 0, 170, and 340 sccm). Reprinted with permission from [25]. Copyright {2015} American Chemical Society. 
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Figure 3. Cross-sectional HRTEM image of AlN/sapphire template. The polarity of AlN epilayer evolved from N-polar to Al-polar within 3 nm above the AlN/sapphire interface. Reprinted from [31] under the terms of the Creative Commons Attribution 3.0 License. 
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Figure 4. Schematic diagrams of the lateral burying process of N-polar AlN by Al-polar AlN: (a) the initial nucleation stage; (b) 3D growth stage; (c) coalescence and 2D growth stage; (d) cross-sectional TEM image of the lateral burying process of N-polar AlN by Al-polar AlN. Lots of voids formed above the N-polar AlN after the entire burying of N-polar AlN; (e) cross-sectional TEM dark field (DF) images taken at the same position using two-beam conditions. Lots of columnar structures with a width of tens of nanometers can be observed, indicating the co-existence of Al-polar AlN and N-polar AlN. Reprinted from [32], with the permission of AIP Publishing. 
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Figure 5. Cross-sectional TEM images of (a) GaN nucleation layer (NL); (b) AlN NL; (c) annealed GaN NL; (d) annealed AlN NL. For GaN NL, GaN 3D facet islands can be clearly observed before and after annealing. For AlN NL, however, no obvious AlN 3D islands can be observed. Reprinted from [41], with the permission of AIP Publishing. 
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Figure 6. (a–c) Bird’s-eye-view and (d–f) plan-view schematic diagram of dislocation evolution for TSG-AlN with monoatomic step, straight macro-step, and zigzag macro-step morphologies. Reprinted with permission from [42]. Copyright {2021} American Chemical Society. 
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Figure 7. Schematic diagram of morphology and dislocation evolution for MSG-AlN. Reprinted from [43]. Copyright (2014) The Japan Society of Applied Physics. 
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Figure 8. Plan-view AFM images (3 × 3 μm2) of MSG-AlN at different growth stages from (1–7). (1), (3), (5) and (7) correspond to the high temperature growth stages (1220 °C) and (2), (4) and (6) correspond to the low temperature growth stages (1080 °C). The surface morphology experienced multiple “rough-to-smooth” processes, and finally an atomically smooth surface was obtained. Reprinted from [44] with copyright permission. 






Figure 8. Plan-view AFM images (3 × 3 μm2) of MSG-AlN at different growth stages from (1–7). (1), (3), (5) and (7) correspond to the high temperature growth stages (1220 °C) and (2), (4) and (6) correspond to the low temperature growth stages (1080 °C). The surface morphology experienced multiple “rough-to-smooth” processes, and finally an atomically smooth surface was obtained. Reprinted from [44] with copyright permission.



[image: Crystals 12 00038 g008]







[image: Crystals 12 00038 g009 550] 





Figure 9. Reflectance (405 nm) transients for MSG-AlN grown on (a) MOCVD AlN buffer and (b) sputtered AlN buffer. Final optical microscope images for MSG-AlN grown on (c) MOCVD AlN buffer and (d) sputtered AlN buffer. Reprinted with permission from [17]. Copyright {2018} American Chemical Society. 
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Figure 10. Cross-sectional bright-field (BF) STEM images of MSG-AlN grown on (a–c) MOCVD AlN buffer and (d–f) sputtered AlN buffer. The air voids provide sufficient free surfaces for dislocation termination. However, for the MSG-AlN grown on the MOCVD AlN buffer, lots of new dislocations are also generated on the coalescence boundaries, which is hardly observed in the MSG-AlN grown on the sputtered AlN buffer. Reprinted with permission from [17]. Copyright {2018} American Chemical Society. 
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Figure 11. (a) Cross-sectional schematic diagram of the fabrication process for AlN nanorods; (b) cross-sectional SEM image of the ELOG-AlN on nanorods and the corresponding schematic diagram; (c) cross-sectional SEM image of the entire AlN/sapphire template. Reprinted from [60] with copyright permission. 






Figure 11. (a) Cross-sectional schematic diagram of the fabrication process for AlN nanorods; (b) cross-sectional SEM image of the ELOG-AlN on nanorods and the corresponding schematic diagram; (c) cross-sectional SEM image of the entire AlN/sapphire template. Reprinted from [60] with copyright permission.



[image: Crystals 12 00038 g011]







[image: Crystals 12 00038 g012 550] 





Figure 12. (a) Cross-sectional schematic diagram of the NPSS fabrication process flow by nano-imprint lithography; (b) dislocation behaviors in ELOG-AlN epilayer. Reprinted from [62] under a Creative Commons Attribution 4.0 International License. 
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Figure 13. Plan-view SEM images of (a) hole-type and (b) pillar-type NPSS. Plan-view AFM images of ELOG-AlN grown on (c) hole-type and (d) pillar-type NPSS. Cross-sectional STEM images of ELOG-AlN grown on (e) hole-type and (f) pillar-type NPSS. Plan-view schematic diagram of dislocation distribution near the coalescence boundaries for ELOG-AlN grown on (g) hole-type and (h) pillar-type NPSS. Reprinted from [63] with copyright permission. 
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Figure 14. The evolution of HTA framework: the annealing atmosphere changes from the initial N2 + CO mixture to the present pure N2, and the placement way changes from one wafer to multiple face-to-face wafers. 
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Figure 15. (a) Schematic diagrams of the double sputtering and annealing process. (b–e) Plan-view AFM images of AlN/sapphire template at different stages. Reprinted from [74]. Copyright (2020) The Japan Society of Applied Physics. 
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Figure 16. Schematic desorption mechanism of Ga atoms and dislocation evolution mechanism under the assistance of VGa. Reprinted from [79], with the permission of AIP Publishing. 
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Figure 17. Cross-sectional TEM microscopy image along [11,12,13,14,15,16,17,18,19,20,21,22] direction of AlN films after HTA process, showing the polarity inversion region. Reprinted from [80]. Copyright (2019) The Japan Society of Applied Physics. 
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Figure 18. Cross-sectional schematic diagrams of AlN/sapphire template (a) before and (b) after HTA. After annealing, the grain boundaries disappear, and periodic misfit dislocations are generated on the AlN/sapphire interface. Reprinted from [82], with the permission of AIP Publishing. 
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Figure 19. (a) SEM image of AlN nucleation on bare sapphire and graphene-buffered sapphire; (b) Schematic diagram of AlN nucleation on bare sapphire and graphene-buffered sapphire. Enlarged SEM images of AlN nucleation on (c) bare sapphire and (d) graphene-buffered sapphire; (e) comparison of the density and size of AlN nucleus on bare sapphire and graphene-buffered sapphire; (f) SEM morphology of AlN grown on bare sapphire and graphene-buffered sapphire. Reprinted with permission from [93]. Copyright {2018} American Chemical Society. 
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Figure 20. (a) The migration barrier of Al adatom on bare (0001) sapphire surface from the high-Al position to vacancy-Al position. (b) The migration barrier of Al adatom on graphene-buffered sapphire between three different positions. Reprinted from [94], with the permission of AIP Publishing. 
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Figure 21. (a) SEM image of AlN grown on graphene wrinkle arrays. Due to the increased nucleation sites caused by graphene wrinkles, AlN grown on the wrinkles (red region) demonstrates faster lateral coalescence. Reprinted from [97] with copyright permission. (b) Schematic diagrams of atom connective structure of graphene after N2 plasma treatment. The purple, blue, and gray solid balls represent Al, N, and C atoms, respectively. Reprinted from [96] with copyright permission. (c) Schematic diagrams of atom connective structure of h-BN after O2 plasma treatment. The pink, blue, and red solid balls represent B, N, and O atoms, respectively. Reprinted from [95] with copyright permission. 
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Figure 22. Mosaic models of AlN grown on bare sapphire substrate and graphene-buffered sapphire substrate: (a,b) AlN nucleation stage; (c,d) AlN growth stage; (e,f) after HTA. Due to the increased nucleation sites caused by N2 plasma pretreatment, AlN grown on graphene-buffered sapphire demonstrates higher nucleation density with smaller size. During the recrystallization process of HTA, those small-diameter AlN columns on graphene-buffered sapphire are easily rearranged, reducing the tilt and twist between different AlN columns. Reprinted from [98], with the permission of AIP Publishing. 
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Figure 23. Selected AlN/sapphire TDD by year of publication [17,36,40,42,43,46,53,56,58,59,60,62,69,73,74,76,79,81,94,98,99,100,101,102,103,104,105,106,107,108,109]. The ultralow TDD value of 3.4 × 107 cm−2 has been achieved by ELOG growth technique in 2006. Since 2018, MSG and HTA growth techniques have also achieved ultralow TDD values below 5 × 107 cm−2. 






Figure 23. Selected AlN/sapphire TDD by year of publication [17,36,40,42,43,46,53,56,58,59,60,62,69,73,74,76,79,81,94,98,99,100,101,102,103,104,105,106,107,108,109]. The ultralow TDD value of 3.4 × 107 cm−2 has been achieved by ELOG growth technique in 2006. Since 2018, MSG and HTA growth techniques have also achieved ultralow TDD values below 5 × 107 cm−2.



[image: Crystals 12 00038 g023]







[image: Crystals 12 00038 g024 550] 





Figure 24. (a) Plan-view TEM image of ELOG-AlN grown by Meijo University. Reprinted from J. Cryst. Growth, 298, Masataka Imura et al., “Epitaxial lateral overgrowth of AlN on trench-patterned AlN layers”, 257–260, Copyright (2007), with permission from Elsevier. (b,c) Cross-sectional TEM images of HTA-AlN grown by Mie University. Reprinted from [74]. Copyright (2020) The Japan Society of Applied Physics. (d) Plan-view TEM image of 5.6 μm-thick MSG-AlN grown by Guangdong Academy of Sciences (GDAS). Reprinted with permission from [17]. Copyright {2018} American Chemical Society. (e,f) Plan-view TEM images of 11 μm-thick MSG-AlN grown by GDAS. 
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Figure 25. Temperature-dependent (30–325 K) thermal conductivities of (a) PVT and (b) HVPE bulk AlN with different impurity concentrations. Reprinted from [112], with the permission of AIP Publishing. 
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Figure 26. (a) Temperature-dependent (100–400 K) in-plane (k‖) and cross-plane (k⊥) thermal conductivities of a 3 μm-thick AlN thin film grown on sapphire substrate; (b) schematic diagrams of the heat transport mechanism along the in-plane and cross-plane directions. Below the single crystal/nucleation layer interface, there exist lots of impurities and defects that can scatter cross-plane phonons. Reprinted with permission from [116]. Copyright {2018} American Chemical Society. 






Figure 26. (a) Temperature-dependent (100–400 K) in-plane (k‖) and cross-plane (k⊥) thermal conductivities of a 3 μm-thick AlN thin film grown on sapphire substrate; (b) schematic diagrams of the heat transport mechanism along the in-plane and cross-plane directions. Below the single crystal/nucleation layer interface, there exist lots of impurities and defects that can scatter cross-plane phonons. Reprinted with permission from [116]. Copyright {2018} American Chemical Society.



[image: Crystals 12 00038 g026]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
NH, pulsed-fiow growth

@Migration-enhanced epitaxy AN
Al-rich condiion = stable Al (+c) polarity
™A
NHy AN L
[CErTrY ” ’ HU
i s
Sapphire Sapphie
. 3 Reductionof surface 4. Repoat 2and3
nucleation AlNlayer Iateralenhancement  roughness with
O puised fow) growth mode high-speed growth
(N pulsed fow) {contmaous flow)
Reduction of threading Crack-free thick AN buffer
dislocation density (TDD) with atomically flat surface






media/file4.png
170 sccm

1250 °C

1300 °C

1350 °C






media/file52.png
Q
S

2000 , " — . :

v

£ 1500 Kl <

-3 e

>

=

T 1000 f 1

-

©

= 4

(o]

[&]

T 500 } i -

: H

= kLl . "
0 2 1 a " 2 a2 a2 a2 a bl o aaaaaalaaaaaaaalasassans
80 100 200 300 400 500

Temperature (K)

b)

In-plane phonon transport

Si, C and O impurities Dislocations

Cross-plane phonon transport

Single crystal/nucleation layer interface





media/file39.jpg
040
) pre— ®) J
10| _ o8] B
= B 1 v
% 0| W
u B Joor4e o0ssev
fos H
. 2 oo
i e
02| " H
0.0 L
@0 05 10 15 20 25 30 38 o 05 1o s 20 25 30 as

Reaction Coordinates (Angstrom)

Reaction Coordinates (Angtrom)





media/file18.png
Reflectance (a. u.)

0.20

0.15

0.10

0.05

0.00
0.20

0.15

0.10

0.05

0.00

—— HTAIN-1 = LTAIN —

1170 nm

HT AIN-2

(b)

\ 2600 nm

A 1 A 1 A 1 A
0 2000 4000 6000
Time (s)

L A A
8000 10000





media/file21.jpg
ICP etching

AN nanorods






media/file44.png
Without Gr

With Gr

AIN nucleation

AIN film






media/file26.png
-~

b
§






media/file7.jpg
(@) Inital nucleation

Abpolar N-polar

JVVVIR-INPYYaV AN
Sapprie
(5)30 growtn

sapphire
T00]up /{11200

(¢) Coalescence and 20 growth

©  g=[0002) g=[0002]






media/file28.png
Sapphire

AIN

AIN

Sapphire

AIN |:>
Sapphire

Sapphire

AIN

AIN

Sapphire

N, + CO mixture N, atmosphere





media/file10.png
GaN Islands

Sapphire

10 nm

R R S
X ’r"k 'l 7
+ Yoou

Sd et

- g g Ty 8
S

Loaps
'Y ed

M g

-






media/file49.jpg





media/file11.jpg





media/file6.png
AINY1 1%20)™
- >

T AT AT ARRERE L.
AT AT AT AT R Y.
AT AR AR R R R EEEE.
T AT AT AT AR R T ALY
T AT AT AT R E R AT Y.
T AT AT AT E AT AT A Y.
T AT AT AFERAETET AT ALY
T AT AT AR R AT Y.

AT AT AN AN AN EE AT

T AT AT AT R R R R A

Wa-1000% % %






media/file36.png
(a) Before annealing (b) After annealing

AIN AIN

Nucleation layer » New interface

e, M, . Misfit dislocationy

Tensile stress Compressive stress





media/file15.jpg





nav.xhtml


  crystals-12-00038


  
    		
      crystals-12-00038
    


  




  





media/file2.png





media/file23.jpg
T WESO, W Swhre (AN

I Nanoimprint siamp (51 Intermediate polymer stamy






media/file24.png
(a) e - (b)

Nano-imprint. O, plasma

E=>_l=$

HF Wet etching
e |
TU7-220 [ SiO, [ Sapphire AIN

B Nano-imprintstamp = Intermediate polymer stamp






media/file29.jpg
m Sapphire Al-Polar AIN I N-Polar AIN

an






media/file1.jpg
Py

NPoIar’ ; Al-Polar






media/file12.png
abpa dayg Jaddn

1

abpa dajg Jamon

abpe dayg saddn |

abipa dejg Jamo]






media/file9.jpg
GaN Indands

T






media/file42.png
b Top view
( )o Al

®N

eC

Side view

.»....A...H

8.593 eV






media/file47.jpg





media/file38.png
<200 nm

Graphene

\
Sapphire

-
b A
2 % hal ™ aw

s W
e e R






media/file17.jpg
Reflectance (a. u.)

oz

010

000
o020

o1

010

005

000

-

(b)

F— HTAN - TAN —

00 4000 6000 8000 10000 12000
Time (s)





media/file30.png
(a) Sapphire Al-Polar AIN B N-Polar AIN

(A0

AT

First Sputtering First Annealing Second Sputtering Second Annealing






media/file51.jpg





media/file35.jpg
(2) Before annealing (b) After annealing

AIN AIN

Hocisaion ayie wNewinterface

Misfit dislocationy,

Tensile stress WM Compressive stress.






media/file48.png
e Al ). '§ g N Y| T . ’ 5 — \
e - ‘ S\ e =" el A AT Py s ’ . Ry L i
— = e AN T SO AN 4 - M
- R » b ba - ° - " . -
o
« Y
»>
*

Tg = 0002

O . TDD=1.9x 10" cm=2 |

' V ¢330 el atds S s

ﬂ,a'---—{: O






media/file27.jpg
Sapphire

AIN

AIN

Sapphire

AIN ::
Sapphire

Sapphire

AIN

AIN

Sapphire

N, + CO mixture N, atmosphere





media/file3.jpg
1123055

401000+






media/file22.png
mlh

AIN overgrowth

AIN overgrowth

ICP etching

AIN nanorods

AIN growth AIN nanorods

A'(CH;); and
NH5 , 1100°C






media/file19.jpg





media/file40.png
Relative Energy (e¢V)

1.2

1.0
0.8
0.6

0.4

0.2

0.0

L (Q)

vacancy-.-\l high-Al

vacancy-Al

0.0

05 10 15 20 25 3.0

Reaction Coordinates (Angstrom)

3.5

nergy (eV)

D
V)

Relative F

0.00

 (b) x
B

I x 0.013eV
[ 0.074eV, 0.088eV

B

H

- T
00 05 10 15 20 25 30 35

Reaction Coordinates (Angstrom)





media/file33.jpg
Al-polar AIN

Inversion
domain boundary

N-polar AIN






media/file32.png
Incorporation of Desorption of Ga Diffusion of TDs climb promoted
Ga atoms into AIN atoms at surface cation vacancies by vacancies






media/file14.png
NH; pulsed-flow growth

@ Migration-enhanced epitaxy

AIN
@ Al-rich condition = stable Al (+c) polarity
TMAIL |
NH AIN
; =
| 55135l 55 [3s]5s |
AIN
Sapphire Sapphire Sapphire Sapphire
1. Growth of 2. Burying growth with 3. Reduction of surface 4. Repeat 2and 3
nucleation AIN layer lateral enhancement roughness with
(NH;3 pulsed flow) growth mode high-speed growth
(NH3 pulsed flow) (continuous flow)

Reduction of threading
dislocation density (TDD)

Crack-free thick AIN buffer
with atomically flat surface






media/file41.jpg
@ AN Grsapphire 'h' - (':’ ‘
‘L
s

L‘i‘, -
R % S 4





media/file37.jpg





media/file46.png
1010
> 5 *
¢ .4 ® o
10° - ﬁ
0 ] LS e 5
o 4 A Y >
' <
15 ¢ =
A
Q A
T 10°-
o
a v
*
10’ . : : .
2005 2010 2015 2020

Year

EdPDAGCEXDPOIOTVAIDIPOR

ELOG (Meijo Univ., 2006)
Modified MEE (Kyoto Univ., 2008
MEELOG (SETi, 2008)
MEMOCYVD (SETi, 2012)
ELOG (FBH, 2013)

TSG (CIOMP, CAS, 2013)
ELOG (I0S, CAS, 2013)
ELOG (UCC, 2014)

MSG (RIKEN, 2014)

TSG (Georgia Tech., 2015)
MSG (HUST, 2015)

MSG (10S, CAS, 2015)
ELOG (FBH, 2016)

MSG (NCHU, 2016)

HTA (Mie Univ., 2016)
ELOG (PKU, 2016)

®
) ®
o
¢
<
o
u
v
<
v
\ 4
>
o
¢
m
*

MSG (SINANO, CAS, 2017)
HTA+ELOG (TU Berlin, 2018)
MSG (GDAS, 2018)
QvdwE+ELOG (IOS, CAS, 2019)
HTA (FBH, 2019)

ELOG (AMEC, 2019)

ELOG (HUST, 2019)

HTA (Mie Univ., 2020)
HTA+ELOG (FBH, 2020)
ELOG (Wuhan Univ., 2020)
QvdwE+HTA (I0S, CAS, 2020)
HTA (CIOMP, CAS, 2020)

TSG (GDAS, 2021)

HTA (10S, CAS, 2021)

HTA (PKU, 2021)

MSG (GDAS, 2021)





media/file45.jpg
10

10

TOD (em)

10

10

iy
o
. e
et
s
<
o ¥ - .
o v
*
s ww  ws | wm

Yoar

EL0G et un, 206
tod WEE Kyoo U 00)
eeLo e, 200
wewocwo e, 212

06 gow o1

750 (0w, cas, 13

406 008,25, 213

106 ucc, 1)

sa ke, 216

TS0 (Gorgl e, 2018

s pust, 20

s 008,CAs 218)

06 0w 1)

S5 o, 1)

A (e U, 2006

e e

<rientreevirronm

*HOCVOIAINCAGGES

55 smav, s, 207
WIASEL0G (U B, 2010
55 (Gos, 208
Quamer£L0G (08,45, 218
o, 010

£10G auec, o)

106 pusr, 210

T e U, 2520
WTA+EL00 (Fon, 200

£100 (Wb U, 2520
v 108,CAS 02
WA cour, s, 220

156 (GoAs 021

WA 008, S, 201)
ey, 20

50 (Go8s, 21





media/file16.png





media/file20.png
§
E
3
A

W AN






media/file50.png
V)
S—

10000 ¢

1000

Thermal Conductivity (W/m K)

Trrr

-

1 ' N -
= PVTAINA:
--eo-- PVT AIN B ]
i A PVTAINC]
ff » Ceramic
,--—i‘i ------ ----Ref. 15
433 it\git .~t\\ ----Ref. 16
\‘k\' ‘é; i
= S~ »
n "~ Y
| | L] “'~' \\
e s
- \
~. B
e ‘0..\“
=" TT==s - *
” \\ \
a” - \
"’ \
> > » ]
> > e pppp» > >
2 M M M 2 PR | 2

N
o T

100 l 460
Temperature (K)

g

10000 ¢

1000

Thermal Conductivity (W/m K)

4}
o
N
o Ll LA

v HVPEAINA
¢ HVPE AN B
<4 HVPEAINC]
——HPVE B Fit |
—— HVPE C Fit
- - ---Ref. 15
~. ----Ref. 16

N

— = - -

- —
- - -
- -

‘100 ‘ | 460
Temperature (K)





media/file5.jpg
-
»
-
-
-
-
»
-
»
-
-
-
-
-
-

\TATARARNEA R AR AN
\ T AT ATATEREE T AT Y .
\ T ATAT AR RE T AR Y.
\EARARARHELR AT Y

.,,.
5
o
=
5
>





media/file31.jpg
Incorporation of  Desorption of Ga Diffusionof  TDs climb promoted
Gaatoms into AN atoms at surface cation vacancies by vacancies






media/file25.jpg





media/file0.png





media/file8.png
(a) Initial nucleation (d)

Al-polar N-polar
_ OsoanSoranN\EnA
sapphire
(b) 3D growth
[0001 ]
/1 10001 Jsapp ¥
L 100ihm . Lt SRR
. r ~ sapphire
[1100]a // [1120]4p,

(c) Coalescence and 2D growth

() g =[0002] g = [0002]

threading dislocations






media/file43.jpg
Without Gr

With Gr

[0)

AIN nucleation

(© . ©
—






media/file34.png
Al-polar AIN

- ~ -~ . - ~ - -

Inversion
domain boundary






