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Abstract

:

Gallium nitride continues to be a material of intense interest for the ongoing advancement of electronic and optoelectronic devices. While the bulk of today’s markets for low-performance devices is still met with silicon and blue/UV LEDs derived from metal–organic chemical vapor deposition gallium nitride grown on foreign substrates such as sapphire and silicon carbide, the best performance values consistently come from devices built on bulk-grown gallium nitride from native seeds. The most prominent and promising of the bulk growth methods is the ammonothermal method of high-pressure solution growth. The state-of-the-art from the last five years in ammonothermal gallium nitride technology is herein reviewed within the general categories of growth technology, characterization and defects as well as device performance.
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1. Introduction


From the first measurements of gallium nitride (GaN) material properties over 50 years ago, the potential for advancements in device performance in optoelectronic and electronic devices has driven a massive global effort for the development and commercialization of gallium nitride wafers [1]. Early work focused on the opportunity for ultraviolet (UV) and blue-light-emitting diodes (LEDs) and led to the proliferation of GaN grown by metal–organic chemical vapor deposition (MOCVD) on epi-ready foreign substrates such as silicon, sapphire and later silicon carbide [2]. The epitaxy of InGaN and AlGaN on sapphire created LEDs that worked astonishingly well, given that their dislocation densities (108–1012/cm2) far exceeded what was considered to be workable for a semiconductor device. The commercial markets for white LED lighting supported the growth of an industry that gained access to economies of scale and continuous improvement through incremental engineering advances.



In the meantime, the bulk growth community has proven that the material and device properties available from high-quality material open the door to new markets including high-power laser diodes, vertical high-power transistors (both needing conductive substrates) and lateral power devices (needing semi-insulating or SI-GaN). Three methods vie for the bulk market: hydride vapor phase epitaxy (HVPE), sodium flux and ammonothermal growth. HVPE has something of a toehold in the higher-power GaN laser market, but several ammonothermal groups are working to break out. Improvements in HVPE have decreased defect densities to <106 dislocations/cm2 and improved crystal curvatures to the >5 meter-range with linear growth rates around 100–200 μm/h [3,4]. While cost is an open question and sales volumes are nearly impossible to ascertain, it seems that a modest market exists today for 2-inch GaN wafers and that 4-inch to 6-inch wafers of high quality would be met with enthusiasm in the semiconductor market.



While maintaining something of its original blue aura, GaN is far from the only material in contention in these markets. The SiC market has grown exponentially in the last decade, while diamond, gallium oxide and potentially cubic boron nitride could all claim space in different applications, though primarily power electronics. Two widely cited figures of merit (FOM) for material quality in this domain are the Baliga FOM (BFOM) and the Johnson FOM (JFOM), which combine parameters including band gap (Eg), breakdown voltage (VBD), carrier mobility (μe), dielectric constant ( ϵ ) and saturation velocity (vsat) [5,6]. Specifically,
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It is worth noting that the second equality in Equation (1) is the formulation used for vertical p-n junction diodes. In Figure 1, the BFOM parameter is mapped against the current commercialization state for various materials. The two properties that make GaN stand out the most relative to the competition are (1) a high electric breakdown field and (2) the ability to tune the bandgap through the near-seamless integration with epitaxial InGaN (toward the visible) and AlGaN (further into the UV). Within the nascent ammonothermal GaN (Am-GaN) market, the strongest players commercially contending in ~2-inch wafers include NL-3 (from the Institute for High Pressure Physics or IHPP, also comprising what was formerly AMMONO), SixPoint, Kyocera (formerly Soraa) and Mitsubishi Chemical Corp.



The primary challenge in creating GaN crystals derives from the tendency of GaN to want to decompose. Since the triple-bonded N2 molecule is tremendously stable, it becomes thermodynamically favorable to decompose the nitride into the metal and nitrogen gas at relatively low temperatures under moderate pressures. GaN is no exception and unfortunately decomposes at a temperature below its melting temperature at ambient pressures. The ability to compensate with high nitrogen overpressure is only feasible to a point. As a result, GaN has to be formed through either vapor deposition or solution growth methods in oxygen-free atmospheres. HVPE has reached a performance plateau with limitations on crystal thickness due to edge stress and facet-driven area reduction. In solution growth, while at least one group continues to pursue a solution growth in a sodium flux [9], a significant research effort has gone into high-pressure ammonothermal solution growth, which will be the focus of this review [10,11].



A large commercial industry exists growing quartz via analogous hydrothermal methods, but nitride materials need ammonia to be the solvent. Crystal growth takes place by establishing a solubility gradient within a volume, where the source material is placed in the high solubility zone and the seed crystals are placed in the low solubility zone, as seen in Figure 2. Natural convection drives the flow of dissolved constituents and crystal growth rates depend on absolute solubilities, solubility gradients, mass transport and kinetic factors at the seed surface. In order to boost the lack of solubility for GaN in pure NH3, mineralizing agents are added to form intermediary species with gallium, thereby increasing solubility. These mineralizers can either induce basic pH values (alkali and alkaline earth metals) [12] or acidic pH values (halides) [13] within the ammonia solution. In practice, the basic ammonothermal GaN (Am-GaN-B) processes typically run at 2000–6000 atmospheres and 400–650 deg. C as compared with acidic (Am-GaN-A) processes at 1000–1500 atmospheres, 350–600 deg. C. Relatively few materials can withstand these combinations of temperatures, pressures and chemistry, so autoclave design is an important piece of the technology. For a more detailed introduction to ammonothermal GaN techniques, see [14].



The primary technical hurdles between Am-GaN and widespread commercialization remain (1) scaling to a larger wafer size, (2) improving wafer throughput and (3) yield, all while maintaining or improving the bulk crystal quality. There are good review articles summarizing the state-of-the-art in ammonothermal growth up through early 2018 [16,17,18], so this review will focus on advances in the last five years, looking at the following areas: (1) growth methods and technology, (2) characterization methods and GaN material properties focusing on defects and (3) device performance results based on latest substrates.




2. Growth Methods and Technology


2.1. Progress in Growth Methods


The central delineator in growth technology is generally taken to be the mineralizer used. Groups from Poland (NL-3 at the IHPP) [17], Germany (University of Erlangen, University of Stuttgart) [19], China (Chinese Academy of Science) [20] and the USA (SixPoint [21], UCSB/Lehigh [22]) generally take the basic approach. Kyocera/Soraa (USA) [23] and the groups from Japan (Nagoya, MCC, Tohoku) [24,25] have opted for the acidic approach. Sodium is the most commonly cited mineralizer in the literature, although references can be found for other alkali options. Table 1 summarizes the most recently reported parameters from a number of different groups.



A recent paper from SixPoint outlines the performance from their “Near-Equilibrium Ammonothermal” or NEAT process [21]. The process reportedly involves growing at “near-equilibrium” conditions with a somewhat reduced growth rate compared to other sources. The lower growth rate and low crystal growth driving force are proposed to allow for long and stable growth runs of many crystals in parallel. From pilot production, many 2″ wafers and one 4″ wafer are presented, appearing to range from 1 to 3 mm thick, as seen in Figure 3.



It is not mentioned whether the 4″ crystal is the result of incremental lateral expansion over long periods of time or whether it is the result of growing on a 4-inch diameter single crystal seed. Oxygen is reported to have been reduced to the low 1018 cm−3 range and optical clarity looks good while X-ray-based dislocation analysis on two areas suggests a mid-105/cm2 dislocation density.



Recent papers from the IHPP at the Polish Academy of Sciences (former AMMONO, now NL3) also point to promising progress from basic Am-GaN [26,27,28,29]. They report results using basic mineralizers for their process, but do not specify which one they prefer. One of the hallmarks of their method is a two-stage growth process, as seen in Figure 4. In the first stage, a narrower rectangular seed is grown in a primarily lateral (although somewhat vertical or [000-1]) direction. The material generated from this lateral growth is presented to be consistently better in structural quality than the seed crystal, as seen in Figure 5, with dislocation densities as low as 102 cm−2. It is well established that the lateral growth and vertical growth have drastically different levels of impurity uptake, causing internal stress when together [17]. The second step of growing the crystal thickness is accomplished using metal seed holders that inhibit growth in non-preferred directions. In all cases, the (0001) or bottom-facing direction of the seed crystal is masked. In the second stage runs, the edges are also masked to inhibit growth on non-polar and semipolar planes.



One of the most recent papers compares crystals grown with flat edges to those grown with circular cross-sections [27]. The use of a circular edge mask constrains the crystal to maintain a circular cross-section. Meanwhile, the circular shape is credited with cutting down on edge stresses and resulting in crack nucleation points. As a result, the process yield increased significantly while the growth speed could be simultaneously increased by a factor from 2 to 60 μm/day. Additionally, the authors also report on growth from multiple seeds tiled together. A small gap exists between the two seeds that are well-aligned, but it is not perfect. The gap is overgrown and the crystals merged by lateral growth, which is followed up by vertical growth across the entire two-seed cross-section.



Apart from these headline results, steady progress has been reported in understanding the influence of mineralizers in the ammonothermal process. In a study comparing different sodium sources, crystals were grown using sodium amide, sodium azide and sodium metal [30]. The form factors of the source materials are reported to play a significant role, with the amide and azide powders being significantly more oxygen-contaminated than bulk sodium metal. In the resulting crystals, the amide-assisted GaN surface is covered in small hillocks while the azide-assisted surface has long creviced trenches. The crystals from sodium metal runs, by contrast, had nearly featureless surfaces.



A further study examined rubidium and cesium as mineralizers [31]. They each tend to form heavy liquids that are fully miscible with liquid ammonia at room temperature. Through a combination of Raman and nuclear magnetic resonance (NMR) spectroscopy, they are able to identify specific molecular constituents present in the liquids and determine which molecules are most responsible for gallium transport under different ammonia concentrations.



Groups coming out of Japan (Tohoku University, Nagoya, Mitsubishi Chemical Corporation) have opted for the acidic mineralizers, most typically NH4F. Notably, while early papers from Soraa (now Kyocera) tout their ability to grow using basic or acidic environments, their published results as of 2017 use acidic mineralizers. While the pressure requirements for these acidic environments are generally lower than in the Am-GaN-B world, the halides are somewhat more chemically aggressive toward the metals in the autoclaves. Apparently expensive platinum-based liners have been used, but in a 2020 paper, Tomida et al. describe the use of a silver liner in a 60 mm inner diameter autoclave to both provide some protection to the autoclave and improve the impurity concentrations in the grown crystals [25]. Earlier papers described a Super-critical Acidic Ammonothermal (SCAAT) process, but the authors report a lower pressure regime here (100–120 MPa) and dub the process Low-Pressure Acidic Ammonothermal (LPAAT). The reported crystal growth rates are remarkably high compared with the basic techniques, up to 170 microns per side per day. Meanwhile, other quality metrics seem to be mostly on-par, except for possibly elevated dislocations. In a follow-up, further improvements are described including nearly bow- and mosaic-free 60 × 60 mm2 crystals with dislocation density as low as 104 cm−2 [24].



Most of the groups contributing to the ammonothermal literature have been working on the technology for more than a decade, but some new papers have come from a group at the Chinese Academy of Science using basic ammonothermal chemistry. One focus has been surface morphology influences on crystal growth, including both semi-polar and non-polar faces [20,32,33]. Their most recent paper looks at the evolution of V-pits during growth [34]. Gaps initially present from HVPE growth defects become filled in via lateral and oblique growth planes as growth proceeds. The trend of lower dislocations in the laterally grown material mentioned earlier is confirmed, with a factor of 10 improvement in dislocation density.




2.2. In Situ Measurements of Ammonothermal Growth


Some of the most interesting science in the Am-GaN space comes from the application of novel in situ measurements to the high-pressure growth environment. The autoclave itself is not a welcoming environment for measurement techniques due to thick walls, temperatures in the >500 deg. C range and the risk of ammonia leakage from the vessel. Nevertheless, multiple methods have been proposed and reduced to practice to penetrate the autoclave wall: internal temperature measurement, ultrasonic probing, X-ray transmission measurements through sapphire windows and X-ray-computed tomography through the entire autoclave set up.



In a 2018 paper, Griffiths et al. place a sheathed thermocouple inside the autoclave bore to become as close as possible to the thermodynamics of the process [35]. Detailed analysis was applied to the temperature fields and compared with growth/etch-back measurements to identify a critical fluid density difference needed for the given baffle design to drive source material transport. Furthermore, the activation energy for growth on the c-plane and m-plane was estimated to be 140 kJ/mol and 190 kJ/mol, respectively.



The fluid dynamics and etch/growth behavior were also the primary target of a study that placed a specially designed active autoclave in an X-ray beam [36]. The experiment did not involve a full-fledged two-zone crystal growth autoclave, but rather an “optical cell” with a sapphire window especially designed for placement in the beam line. The optical cell cavity and heating was designed for long-term steady state conditions with uniform temperature distribution and minimal convection in order to maximize the chances of obtaining meaningful images given a relatively long image acquisition time (several minutes). Both basic and acidic environments were tested under crystal-dissolving conditions. Due to the relatively high atomic number of gallium, it was possible to see not only the change in the outlines of the crystal, but also the dispersion of gallium-containing species into the nearby ammonia solution. Based on X-ray absorption measurements over time, both the concentration of Ga-carrying species in the solvent and the diffusivity of those species were estimated, with values of 0.28 mmol/mL and 1.76 × 10−6 cm2/s, respectively. Based on the analysis, the role of convection (absent in these experiments) was confirmed as critical to the gallium transport in the ammonothermal method.



In a separate but related experiment, Schimmel et al. worked to take the X-ray techniques to the next level by using a computed tomography (CT) approach [37]. In a comprehensive study, many experimental parameters (autoclave alloy, wall thickness, X-ray wavelength, image time, liner material) were optimized to provide the best possible contrast of the GaN elements within the autoclave. By taking a series of slices at different rotational angles around the autoclave, detailed images of the interior were produced using 300–600 kV X-rays, as seen in Figure 6.



It is further projected that applying X-ray CT to acidic growth autoclaves with minimized wall thickness could allow for the visualization of gallium-containing fluid flow.



To complement these efforts at experimentally peering inside the autoclave, numerical modeling of thermally driven convective flow patterns continues to suggest new insights. Researchers from Nagoya, Tohoku and Erlangen collaborated for a 2021 review of the field [38]. Since then, at least two noteworthy papers were published. In the first, Han et al. report on a crucible design that is indicated to improve convective flow and gallium uptake in computational fluid dynamics (CFD) simulations [39]. Adding a hole to the center of the basket containing the GaN feedstock, they predict improved nutrient dissolution and transport of gallium-containing species to the growth zone. With the assumption that mass transport is the rate-limiting factor in the crystal growth, they conclude that enhanced crystal growth rates should result.



In the second paper, Schimmel et al. report on numerical simulations of the transition period between seed etch-back and growth, examining behavior as a function of position within the autoclave [40]. The transition phase from etch-back to growth has been identified elsewhere as a potential culprit in defects incorporated into Am-GaN crystals. The system must transit from a gradient in one direction to a stronger gradient in the opposite direction, causing transitory thermal and convection states in the supercritical ammonia. The ends of the autoclave generally see the largest changes in absolute temperature, while the center regions likely see the greatest fluctuations in convective fields. Larger crystals will see a greater variation in behavior from one end to the other. Heat is being driven from the outside of the autoclave, so large gradients can arise between centrally positioned seeds and the autoclave wall. Overall, for a 90-min programmed transition, it is predicted to take 2–3 h for the internal states to truly stabilize in the growth temperature distribution. In the meantime, seed temperatures can vary from 20 to 70 K relative to the surrounding fluid, leading to parasitic growth conditions in some vertical zones of the autoclave.



Although much of autoclave design remains secretive within different groups, several insights are available in the literature. It has already been mentioned that silver linings have proven useful in the LPAAT method [25]. Cobalt alloys are also mentioned as an alternative to nickel–chromium superalloys while ceramic–steel composites are mentioned in regard to the growth of other nitride materials, while Malkowski et al. worked with molybdenum as an autoclave material despite its lower yield strength and toughness values in the 500–900 deg. C range [18,41,42].





3. Characterization Methods and GaN Material Properties


The fate of every good crystal is to be judged or even defined by its defects. GaN is no different. From the earliest days, dislocations have been a primary focus for device performance. While determining local dislocation densities is relatively straightforward using defect etching and optical microscopy, a quantitative method for mapping large areas of wafers has only been approximated using techniques such as cathodoluminescence and X-ray topography. In addition to estimating densities, the typing of dislocations is equally important.



3.1. Structural Defects


Table 2 provides an overview of dislocation characterization methods discussed here. It is worth noting that transmission electron microscopy is not listed here since it is virtually useless for dislocation densities lower than 106 cm−2 and covers areas at tiny fractions of a square millimeter.



In a paper developing confocal 3D Raman scattering, Holmi et al. are able to probe edge and mixed-type threading dislocations volumetrically [43]. Using diffraction-limited all-optical scanning, the authors probe dislocations as they move down through at least 20 microns of the sample depth and could determine the Burgers vector direction based on the orientation of compressive and tensile contrast for well-separated individual dislocations. There was no indication for ability to detect pure screw-type dislocations, and the areas of study were still rather small with 50-micron by 50-micron raster areas, but the depth contrast appears to be unique among the methods.



A study of synchrotron-based X-ray topography (XRT) from a large group of collaborators imaged 25 and 50-mm diameter wafers from HVPE and Am-GaN-B [44]. Their images were compared against a series of ray-tracing simulations for screw-type, edge-type and six varieties of mixed-type threading dislocations. In a survey of five areas on a wafer, they found an average of 96.3% of dislocations to be mixed-type while 3% were pure edge-type and the remaining 0.8% were screw dislocations in a wafer with a low overall concentration of defects (5 × 103/cm2). A second recent paper explores strain mapping using X-ray rocking curve topography in a synchrotron beam [45]. While the efforts here demonstrate the comprehensive characterization power of the synchrotron XRT method, the method itself is very challenging to introduce in any type of regular quality control feedback for crystal growers.



Dislocations are well-known to be the result of stress relaxation in the crystal lattice under plastic deformation conditions. While they partially relieve stress, they also retain distinctive stress fields that interact in increasingly complicated ways as the spatial density increases. Grabianska et al. have studied residual stress and dislocation densities using a combination of cross-polarized optical microscopy (Nomarski contrast) and defect etching to characterize an effect they term Stress-Induced Polarization Effect or SIPE [26]. This defect shows up clearly in the Nomarski microscope in areas of vertical growth, but only at the crystal position in the autoclave directly under the baffle, as seen in Figure 7.



In neither crystal did the laterally grown material exhibit any SIPE. Further cross-sectional analysis and UV illumination pointed to growth from areas of the surface roughened by uneven etch-back. In the regions grown above these rough patches, the dislocation density was found to be an order of magnitude higher than that in the seed crystal. Unstable convection during etch-back and the transition from etch-back to growth in the near-baffle region is implicated as the root cause of the process instabilities. In this case, the polarized image contrast roughly correlates with dislocation density, but would not be useful for detecting dislocation distributions that are not associated with the rough growth features.



A more direct method for evaluating structural defects is possible with XRT taking advantage of the Borrmann Effect [46]. Using a transmission geometry, this method relies on the anomalous transmission of X-rays that would normally be absorbed due to distortions about the perfect crystal reflection range, provided that the defects are sparse enough not to overlap. As with many XRT techniques, a relatively large area can be sampled in a single image capture, but the image will be dense with highly resolved local information that is available under magnification. Individual threading dislocations are visible as “rosettes” of light and dark contrast. A wide range of other defects are discernible as well, including honeycomb defects (hexagonal dislocation structures, dislocation bundles, growth bands, dislocation walls, subsurface damage, seed tiling boundaries). It is not unreasonable to think that an advanced image analysis tool could be applied to these images and provide quantitative feedback for every crystal in a production run. The issue of defects from seed tiling are also explored at some length. The practice of seed tiling appears to be somewhat common in the pursuit of larger wafers. Typically, seeds are placed adjacent to one another with a best-effort applied to alignment, then allowed to grow together based on lateral growth from an inclined facet. As pointed out in the paper, seeds can be misaligned in three independent angles: in-plane pole rotation, roll-rotation (with an axis parallel to the seam line) and pitch rotation (out of plane but with an axis perpendicular to the seam). Depending on the degree of misorientation, defects can range from periodic arrays of dislocations to small-angle grain boundaries (SAGBs) to full-fledged grain boundaries. In Figure 8, an optical microscope cross-section of a crystal grown from two tiles is reproduced from the Appendix of Kirste et al. [46].



Seed tiling and its defects have been studied heavily in other materials, notably silicon ingots grown for solar. In these applications, crystals would need to grow much thicker than typical GaN growth (from 200–500 mm), and dislocation bundles would frequently devolve during growth into huge dislocation cascades with mosaic structure SAGBs. Many techniques were investigated to minimize this behavior that may be useful to the GaN community. In some cases, specific misorientations (such as a Σ5 or Σ13 grain boundary) were found to grow stably with a lower chance of decomposition than a boundary with slight but unintentional misalignment. In other cases, wafer segments were placed on-end between two seed crystals to form two parallel grain boundaries that would both grow in a predictable vertical direction and also functionally contain structural defects to the thin zone between the two tiles, protecting the remainder of the crystal [47,48,49,50,51,52].



Not all dislocations derive from crystal growth. The wafer-cutting process induces significant amounts (up to 10s of microns) of sub-surface damage in the form of dislocations. Removal of this process damage is critical to device performance. In a 2019 paper, Hashimoto et al. use glancing-angle X-ray rocking curves to assess the extent of sub-surface damage through grinding, lapping, polishing and chemical–mechanical polishing (CMP) processes [53]. In the end, the sub-surface damage is completely removed and the rocking curve full-width at half maximum (FWHM) matches that of an as-grown crystal.




3.2. Doping


The presence of oxygen in GaN crystals provides effective n-type doping from substitutional incorporation on nitrogen sites. Typically, uncontrolled oxygen sources cause doping levels to be higher than those desired by device makers, especially since the presence of high levels of oxygen typically affects optical clarity and coloration. Methods to control oxygen sources are therefore sought after, including noble metal liners as previously mentioned [15,24].



In a 2019 proceeding, Hashimoto et al. report on successful oxygen reduction in SixPoint GaN, decreasing from initial levels of 2 × 1019 atoms/cm3 to 7 × 1018 atoms/cm3 with a corresponding improvement in 450 nm optical absorption coefficient to 5.6 cm−1, following a linear relationship on a log-log graph [54]. No insight is provided as to what process improvements were used to cause this improvement.



A 2018 paper from Tomida et al., on the other hand, provides details on efforts to reduce oxygen during crystal growth through the use of an oxygen gettering material [55]. They chose several metals known to have a high oxygen affinity (Ca > Al > Ti > Si) and added them to their acidic Am-GaN process. While reporting a marked decrease in growth rates for all options in m-plane orientation, Ti and Si also showed no appreciable oxygen gettering. Ca was expected to be effective based on its oxygen affinity, but it was found to react aggressively with the NH4F to form CaF2. Aluminum was found to be effective as an oxygen getter, producing crystals with higher clarity, better UV fluorescence and photoluminescence without any reported negative impacts. The magnitude of oxygen reduction was not measured specifically, but is presumed to be causal to the other benefits.



Apart from oxygen, other impurities can be intentionally added to manipulate electronic doping levels. Manganese and magnesium are both known p-type dopants in that area often used to compensate oxygen in the growth of semi-insulating crystals. A 2020 study examines material incorporating these two dopants using positron annihilation [56]. Positrons are a useful tool for detecting vacancies on cation sites. When irradiating a material with positrons, the lifetime of the positron will be slightly but measurably longer when it becomes trapped in a negatively charged vacancy. The length of time of prolonged positron life can be correlated to properties of the vacancy. While both Mn and Mg dopants are capable of acting as effective counter-dopants for semi-insulating substrates, their behaviors with regard to gallium vacancies are markedly different. Manganese doping seems to encourage vacancy incorporation, to the extent wherein 1–5 × 1016 cm−2 fluences of irradiation do not further increase positron lifetimes (indicating that the samples are vacancy saturated as-grown). Doping with Mg, on the other hand, causes very low increases in positron lifetime compared to “defect-free” reference material, while irradiation clearly introduces significant amounts of new vacancies.



Zinc doping has been speculated as a p-type option, and its action as a p-type dopant is confirmed for the first time by Zajac et al. [57]. Zinc is shown to be not very effective as a dopant, and a poor choice relative to Mg or Mn. At Zn concentrations as high as 1020 atoms/cm3, the hole concentration does not exceed 4 × 1015 cm−3. A carrier mobility of 3 cm2/V/s is measured in the sample, and the position in the band gap is determined to be relatively deep at 260 meV above the valence edge. Despite this, Zn is shown to occupy substitutional sites and induce a degree of p-type compensation.




3.3. Point Defects and Impurities


In addition to the doping elements already discussed, a number of other impurities are relevant to the performance of GaN devices. Secondary Ion Mass Spectroscopy (SIMS) is the primary method for evaluating impurity profiles. The impurities of greatest concern form deep level carrier traps in the band gap, typically electron-rich transition metals. Carbon, silicon and mineralizers are also of interest. Suikhonen et al. provide a good summary of reported results up to 2017 [16]. There have not been many papers focused on this recently, but in 2019 Amilusik et al. report on impurities measured in Am-GaN-B material used as seeds for HVPE [58]. Impurity ranges are shown in Table 3.



In earlier work, the use of a silver liner inside a Ni-Cr alloy autoclave was shown to reduce [Al] by a factor of 2, while [Si], [Fe] and [Mo] were all reduced below the SIMS detection limit [15].



Complexes between gallium vacancies (VGa) and hydrogen can be electrically active as well. Vacancies are generally difficult to detect, but there are at least two methods that can shed light on these point defects. Reschikov et al. use photoluminescence (PL) to assess defect complexes [59]. One of the main questions with VGa is how interstitial hydrogen (Hi) and substitutional oxygen (ON) interact with them to form complexes of the form VGa-nH and VGa-mON where n and m vary from 1–4. With annealing at temperatures from 300–1400 deg. C and with pressures both at atmospheric pressure and under high pressure, the authors correlate specific defect complexes with atomistic simulations to PL defect bands. A YL2 peak arises in lower oxygen Am-GaN at 600–800 deg. C and then drops sharply above 1050 deg. C. It matches simulated behavior for a VGa-3Hi complex. No peak is observed in high oxygen material. OL3 and RL4 peaks are present in both types of samples, but a broad rise and fall centered around 950 deg. C in low oxygen material transforms into sharp peaks at ~1120 deg. C in the high oxygen sample. The RL and OL peaks are not typical of material assessed in prior analysis. The RL4 peak matches reasonably well to simulations of a VGa-3ON complex and its thermal behavior makes sense. The origin of the OL peak is unknown but is speculated to be a VGa-O-H complex.



These complexes have also been investigated using Fourier Transform Infrared Spectroscopy (FTIR). In a 2017 paper, the group from Soraa reported the first direct evidence for VGa-H-O complexes using FTIR, with Hall measurements showing their compensatory electronic nature [60]. Their results suggest that VGa-O-H and VGa-O-2H comprise the bulk of the defects in Am-GaN with mid-level oxygen concentrations and correlates to the 423 nm luminescence and optical absorption behavior. These observations complement earlier work focused more directly on VGa-nH complexes [61,62].



Apart from FTIR and PL, device-based electrical methods can be a powerful method for investigating electronic substrate quality. In a 2018 paper, results on Ni Schottky diodes with indium ohmic contacts have been reported [63]. In I-V and C-V measurements during temperature sweeps from 77 K to 500 K, the defects in the band gap were characterized using Photoinduced Current Transient Spectroscopy (PICTS), a variant on Deep-Level Transient Spectroscopy (DLTS). The m-plane-oriented Am-GaN material was found to be semi-insulating p-type with the Fermi level pinned at around 0.9 V above the valence band edge. Weak deep-level hole traps were detected with band gap positions of 0.7, 0.9 and 1.2 eV above the valence band. The defect concentrations are measured to be 5.4×, 190× and 5.4 × 1013 cm−3, respectively, with the Ev + 1.2 eV defect having the largest capture cross-section at 4 × 10−12 cm−2. In an additional finding, no significant electron traps were detected at all, indicating that this material may be suitable for non-polar lateral devices such as AlGaN/GaN high electron mobility transistors (HEMTs).





4. Device Performance Results


All of this work ultimately culminates in the use of the best Am-GaN samples in devices. Device results prior to 2018 are nicely summarized in [17]. The last five years have seen some impressive progress in the main metrics of device quality, including breakdown voltage, ideality and on resistance.



Working with GaN on Am-GaN P-I-N diodes, Chen et al. report favorable results [64]. Working with a vertical mesa diode, an on-state resistance of 0.31 mΩ/cm2 is measured, while the device breakdown voltage measures up to 3.04 kV. The diode ideality was measured at around 2.2. Putting these together, a Baliga FOM value of 29.7 GW/cm2 is obtained. In the same year, authors from SixPoint reported on P-I-N devices made on their material [65]. Using substrates grown in a batch of a material from a lightly filled reactor, they produced diodes with an ideality of 2.08, a breakdown voltage of 1430 V and a Baliga FOM greater than 9.2 GW/cm2.



In a study using vertical P/N mesa diodes, Taube et al. reported on high current injection and high breakdown voltages [66]. In a device with five layers of epi-GaN, six guard rings and polyimide passivation, bright electroluminescence was seen under forward bias. The spectra revealed strong near-band-edge emission and only weak, broad bands related to defects, consistent with high structural quality material. The maximum current densities were in the range of 9–10 kA/cm2. On/off current ratios exceeded 1013. Ideality factors ranged from 2.3 for diodes with 360 nm etch depth to 1.5 for the 550 nm etch depth device. Specific ON resistance also varied with etch depth, from around 0.4 mΩ/cm2 for the 360 nm etch depths to as low as 0.007 mΩ/cm2 for the 550 nm etch depth devices, which is the lowest value reported to date for high breakdown voltage vertical GaN p-n diodes. The exceedingly good performance is attributed to a high efficiency of photon recycling in this low-defect material. The breakdown voltage does not follow the same trend as the previous parameters, reaching its peak at 1940 V for the middle etch depth case (450 nm), with lower values on either side. Overall, the high current injection measurements result in a BFOM that was the highest reported as of the end of 2022 for this type of device.



A very recent study reports further improvements in device performance [67]. In a vertical device on a bulk GaN substrate, the authors report the use of an optimized guard ring structure aimed at maximizing breakdown voltage. With the addition of a very low doping (~1015 cm−3) drift layer and excellent ohmic contacts, a breakdown voltage of 4900 V is reported. With this record high voltage and a specific on-resistance of 0.9 mΩ/cm2, the Baliga FOM reaches 27 GW/cm2.




5. Conclusions


The technology associated with ammonothermal GaN crystal growth is undeniably challenging. With pressures and temperatures that test the limits of even the strongest materials and chemical environments that are highly corrosive to most materials, finding a process window that can simultaneously deliver reasonable growth rates and high-quality crystals is a daunting task that has been taken head on by several groups around the world. The fans of acidic mineralizers have a well-established advantage in growth rate, but the quality from processes with basic mineralizers are reported to be more consistent. In growth techniques, a process constraining growth to a cylindrical shape seems to be a stand-out in decreasing stress and improving yield, while the use of a silver liner in the Am-GaN-A process has cut the autoclave cost while producing excellent quality. Efforts to observe in situ the convection and crystal growth within the autoclave have made advances through the application of X-rays, both through sapphire windows and using computed tomography.



The study of GaN defects has progressed as well. While growth process improvements continue to steadily lower dislocation rates, the very lowest values now extend to the 102 cm−2 range. Bow process-induced crystal stress and stress-induced polarization effect also have seen improvements, underpinned by improvements in the understanding of their generation mechanisms. The Borrmann effect XRT was shown to be a particularly good tool for imaging defects. Zinc was measured for the first time to induce p-type doping in GaN, while Mn doping was shown to be correlated with significant vacancy incorporation. Oxygen concentrations are reported to be lower from several sources, and aluminum was demonstrated to act as an effective oxygen gettering agent in the ammonothermal process.



These advances have culminated in setting new standards for quality in vertical devices, with breakdown voltages reported from 1940 to 4900 V and BFOM values demonstrated in the 27–30 GW/cm2 range with lowest-defect material leading the way.



In the meantime, there is constant pressure to obtain a product to market before advances in the incumbent technologies or the emergence of another wide band gap substrate squeeze out the business case for Am-GaN wafers. The shining example of the successful hydrothermal quartz industry continues to motivate ammonothermal growers, and industrial players do seem to be delivering on the long-promised ability to grow many crystals in parallel. Perhaps the greatest development challenge continues to be the very long growth times associated with this technology, fundamentally limiting the pace at which technical advancements can be made. The ability to peer into the process in situ is invaluable, potentially reducing the turn time on experimental results by an order of magnitude. In the next five years, the race to 75 and 100 mm diameter wafers is on, and there is good reason to believe that the teams that can get there will not be too late to find a market that they can grow into.







Author Contributions


Conceptualization, N.S. and S.P. Literature review, N.S. and S.P. Writing—Original Draft Preparation, N.S. Writing—Review and Editing, S.P. Project Administration, S.P. Funding Acquisition, S.P. All authors have read and agreed to the published version of the manuscript.




Funding


Work on this paper was funded out of Lehigh New Faculty Startup Funds.




Data Availability Statement


All data presented here is compiled from sources as cited.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Maruska, H.P.; Tietjen, J.J. The Preparation and Properties of Vapor-Deposited Single-Crystal GaN. Appl. Phys. Lett. 1969, 15, 327. [Google Scholar] [CrossRef]

	



Nakamura, S.; Fasol, G. The Blue Laser Diode—GaN-Based Light Emitters and Lasers; Springer: Berlin, Germany, 1997; ISBN 987-3-662-03464-4S. [Google Scholar]

	



Yoshida, T.; Oshima, Y.; Watanabe, K.; Tsuchiya, T.; Mishima, T. Ultrahigh-speed growth of GaN by hydride vapor phase epitaxy. Phys. Status Solidi 2011, 8, 2110–2112. [Google Scholar] [CrossRef]

	



Kucharski, R.; Sochacki, T.; Lucznik, B.; Amilusik, M.; Grabianska, K.; Iwinska, M.; Bockowski, M. Ammonothermal and HVPE Bulk Growth of GaN. In Wide Bandgap Semiconductors for Power Electronics: Materials, Devices, Applications; Wellmann, P., Ohtani, N., Rupp, R., Eds.; Wiley-VCH GmbH: Weinheim, Germany, 2021; Chapter 18. [Google Scholar] [CrossRef]

	



Baliga, B.J. Gallium nitride devices for power electronic applications. Semicond. Sci. Technol. 2013, 28, 074011. [Google Scholar] [CrossRef]

	



Marino, F.A.; Faralli, N.; Ferry, D.K.; Goodnick, S.M.; Saraniti, M. Figures of merit in high-frequency and high-power GaN HEMTs. J. Phys. Conf. Ser. 2009, 193, 012040. [Google Scholar] [CrossRef]

	



Hickman, A.L.; Chaudhuri, R.; Bader, S.J.; Nomoto, K.; Li, L.; Hwang, J.C.; Xing, H.G.; Jena, D. Next generation electronics on the ultrawide-bandgap aluminum nitride platform. Semicond. Sci. Technol. 2021, 36, 044001. [Google Scholar] [CrossRef]

	



Tsao, J.Y.; Chowdhury, S.; Hollis, M.A.; Jena, D.; Johnson, N.M.; Jones, K.A.; Kaplar, R.J.; Rajan, S.; Van de Walle, C.G.; Bellotti, E.; et al. Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges. Adv. Electron. Mat. 2018, 4, 1600501. [Google Scholar] [CrossRef]

	



Mori, Y.; Imade, M.; Maruyama, M.; Yoshimura, M.; Yamane, H.; Kawamura, F.; Kawamura, T. Bulk Crystal Growth: Basic Techniques, and Growth Mechanisms and Dynamics. In Handbook of Crystal Growth, 2nd ed.; Rudolph, P., Ed.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 505–533. [Google Scholar]

	



Dwiliński, R.T.; Wysmolek, A.; Baranowski, J.M.; Kamińska, M.; Doradziński, R.M. GaN Synthesis by Ammonothermal Method. Acta Phys. Pol. 1995, 88, 833–836. [Google Scholar] [CrossRef]

	



Ehrentraut, D.; Bockowski, M. High-Pressure, High-Temperature Solution Growth and Ammonothermal Synthesis of Gallium Nitride Crystals; Rudolph, P., Ed.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 577–619. [Google Scholar] [CrossRef]

	



Zhang, S.; Alt, N.S.; Schlücker, E.; Niewa, R. Novel alkali metal amidogallates as intermediates in ammonothermal GaN crystal growth. J. Cryst. Growth 2014, 403, 22–28. [Google Scholar] [CrossRef]

	



Zhang, S.; Hintze, F.; Schnick, W.; Niewa, R. Intermediates in Ammonothermal GaN Crystal Growth under Ammonoacidic Conditions. Eur. J. Inorg. Chem. 2013, 2013, 5387–5399. [Google Scholar] [CrossRef]

	



Meissner, E.; Niewa, R. (Eds.) Ammonothermal Synthesis and Crystal Growth of Nitrides; Springer Series in Materials Science; Springer International Publishing: Cham, Switzerland, 2021. [Google Scholar]

	



Pimputkar, S.; Kawabata, S.; Speck, J.S.; Nakamura, S. Improved growth rates and purity of basic ammonothermal GaN. J. Cryst. Growth 2014, 403, 7–17. [Google Scholar] [CrossRef]

	



Suihkonen, S.; Pimputkar, S.; Sintonen, S.; Tuomisto, F. Defects in Single Crystalline Ammonothermal Gallium Nitride. Adv. Electron. Mater. 2017, 3, 1600496. [Google Scholar] [CrossRef]

	



Zając, M.; Kucharski, R.; Grabianska, K.; Gwardys-Bak, A.; Puchalski, A.; Wasik, D.; Litwin-Staszewska, E.; Piotrzkowski, R.; Domagala, J.Z.; Bockowski, M. Basic ammonothermal growth of Gallium Nitride—State of the art, challenges, perspectives. Prog. Cryst. Growth Charact. Mater. 2018, 64, 63–74. [Google Scholar] [CrossRef]

	



Häusler, J.; Schnick, W. Ammonothermal Synthesis of Nitrides: Recent Developments and Future Perspectives. Chem. Eur. J. 2018, 24, 11864–11879. [Google Scholar] [CrossRef]

	



Hertrampf, J.; Alt, N.S.A.; Schlücker, E.; Niewa, R. Three Solid Modifications of Ba[Ga(NH2)4]2: A Soluble Intermediate in Ammonothermal GaN Crystal Growth. Eur. J. Inorg. Chem. 2017, 2017, 902–909. [Google Scholar] [CrossRef]

	



Xu, L.; Li, T.; Ren, G.; Su, X.; Gao, X.; Zheng, S.; Wang, H.; Xu, K. Study of lateral growth regions in ammonothermal c-plane GaN. J. Cryst. Growth 2020, 556, 125987. [Google Scholar] [CrossRef]

	



Hashimoto, T.; Letts, E.R.; Key, D. Progress in Near-Equilibrium Ammonothermal (NEAT) Growth of GaN Substrates for GaN-on-GaN Semiconductor Devices. Crystals 2022, 12, 1085. [Google Scholar] [CrossRef]

	



Pimputkar, S.; Speck, J.S.; Nakamura, S. Basic ammonothermal GaN growth in molybdenum capsules. J. Cryst. Growth 2016, 456, 15–20. [Google Scholar] [CrossRef]

	



Jiang, W.; Ehrentraut, D.; Cook, J.; Kamber, D.S.; Pakalapati, R.T.; D’Evelyn, M.P. Transparent, conductive bulk GaN by high temperature ammonothermal growth. Phys. Status Solidi 2015, 252, 1069–1074. [Google Scholar] [CrossRef]

	



Kurimoto, K.; Bao, Q.; Mikawa, Y.; Shima, K.; Ishiguro, T.; Chichibu, S.F. Low-pressure acidic ammonothermal growth of 2-inch-diameter nearly bowing-free bulk GaN crystals. Appl. Phys. Express 2022, 15, 055504. [Google Scholar] [CrossRef]

	



Tomida, D.; Bao, Q.; Saito, M.; Osanai, R.; Shima, K.; Kojima, K.; Ishiguro, T.; Chichibu, S.F. Ammonothermal growth of 2 inch long GaN single crystals using an acidic NH 4 F mineralizer in a Ag-lined autoclave. Appl. Phys. Express 2020, 13, 055505. [Google Scholar] [CrossRef]

	



Grabianska, K.; Kucharski, R.; Sochacki, T.; Weyher, J.L.; Iwinska, M.; Grzegory, I.; Bockowski, M. On Stress-Induced Polarization Effect in Ammonothermally Grown GaN Crystals. Crystals 2022, 12, 554. [Google Scholar] [CrossRef]

	



Grabianska, K.; Kucharski, R.; Puchalski, A.; Sochacki, T.; Bockowski, M. Recent progress in basic ammonothermal GaN crystal growth. J. Cryst. Growth 2020, 547, 125804. [Google Scholar] [CrossRef]

	



Grabianska, K.; Jaroszynski, P.; Sidor, A.; Bockowski, M.; Iwinska, M. GaN Single Crystalline Substrates by Ammonothermal and HVPE Methods for Electronic Devices. Electronics 2020, 9, 1342. [Google Scholar] [CrossRef]

	



Kucharski, R.; Sochacki, T.; Lucznik, B.; Bockowski, M. Growth of bulk GaN crystals. J. Appl. Phys. 2020, 128, 050902. [Google Scholar] [CrossRef]

	



Shim, J.B.; Kim, G.H.; Lee, Y.K. Basic ammonothermal growth of bulk GaN single crystal using sodium mineralizers. J. Cryst. Growth 2017, 478, 85–88. [Google Scholar] [CrossRef]

	



Hertrampf, J.; Schlücker, E.; Gudat, D.; Niewa, R. Dissolved Intermediates in Ammonothermal Crystal Growth: Stepwise Condensation of [Ga(NH2)4]-toward GaN. Cryst. Growth Des. 2017, 17, 4855–4863. [Google Scholar] [CrossRef]

	



Li, T.; Guoqiang Ren Yao, J.; Su, X.; Zheng, S.; Gao, X.; Xu, L.; Xu, K. Study of stress in ammonothermal non-polar and semi-polar GaN crystal grown on HVPE GaN seeds. J. Cryst. Growth 2019, 532, 125423. [Google Scholar] [CrossRef]

	



Li, T.; Ren, G.; Su, X.; Yao, J.; Yan, Z.; Gao, X.; Xu, K. Growth behavior of ammonothermal GaN crystals grown on non-polar and semi-polar HVPE GaN seeds. Crystengcomm 2019, 21, 4874–4879. [Google Scholar] [CrossRef]

	



Li, T.; Ren, G.; Su, X.; Xie, K.; Xia, Z.; Gao, X.; Wang, J.; Xu, K. Evolution of V-pits in the ammonothermal growth of GaN on HVPE-GaN seeds. Crystengcomm 2022, 24, 8525–8530. [Google Scholar] [CrossRef]

	



Griffiths, S.; Pimputkar, S.; Kearns, J.; Malkowski, T.F.; Doherty, M.F.; Speck, J.S.; Nakamura, S. Growth Kinetics of Basic Ammonothermal Gallium Nitride Crystals. J. Cryst. Growth 2018, 501, 74–80. [Google Scholar] [CrossRef]

	



Schimmel, S.; Duchstein, P.; Steigerwald, T.G.; Kimmel, A.-C.L.; Schlücker, E.; Zahn, D.; Niewa, R.; Wellmann, P. In situ X-ray monitoring of transport and chemistry of Ga-containing intermediates under ammonothermal growth conditions of GaN. J. Cryst. Growth 2018, 498, 214–223. [Google Scholar] [CrossRef]

	



Schimmel, S.; Salamon, M.; Tomida, D.; Neumeier, S.; Ishiguro, T.; Honda, Y.; Chichibu, S.F.; Amano, H. High-Energy Computed Tomography as a Prospective Tool for In Situ Monitoring of Mass Transfer Processes inside High-Pressure Reactors—A Case Study on Ammonothermal Bulk Crystal Growth of Nitrides including GaN. Materials 2022, 15, 6165. [Google Scholar] [CrossRef] [PubMed]

	



Schimmel, S.; Tomida, D.; Ishiguro, T.; Honda, Y.; Chichibu, S.; Amano, H. Numerical Simulation of Ammonothermal Crystal Growth of GaN—Current State, Challenges, and Prospects. Crystals 2021, 11, 356. [Google Scholar] [CrossRef]

	



Han, P.; Gao, B.; Song, B.; Yu, Y.; Tang, X. Improving the GaN Growth Rate by Optimizing the Nutrient Basket Geometry in an Ammonothermal System Based on Numerical Simulation. ACS Omega 2022, 7, 9359–9368. [Google Scholar] [CrossRef] [PubMed]

	



Schimmel, S.; Tomida, D.; Ishiguro, T.; Honda, Y.; Chichibu, S.F.; Amano, H. Temperature Field, Flow Field, and Temporal Fluctuations Thereof in Ammonothermal Growth of Bulk GaN—Transition from Dissolution Stage to Growth Stage Conditions. Materials 2023, 16, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Malkowski, T.F.; Pimputkar, S.; Speck, J.S.; DenBaars, S.P.; Nakamura, S. Acidic ammonothermal growth of gallium nitride in a liner-free molybdenum alloy autoclave. J. Cryst. Growth 2016, 456, 21–26. [Google Scholar] [CrossRef]

	



Malkowski, T.F.; Speck, J.S.; DenBaars, S.P.; Nakamura, S. An exploratory study of acidic ammonothermal growth in a TZM autoclave at high temperatures. J. Cryst. Growth 2018, 499, 85–89. [Google Scholar] [CrossRef]

	



Holmi, J.T.; Bairamov, B.H.; Suihkonen, S.; Lipsanen, H. Identifying threading dislocation types in ammonothermally grown bulk α-GaN by confocal Raman 3-D imaging of volumetric stress distribution. J. Cryst. Growth 2018, 499, 47–54. [Google Scholar] [CrossRef]

	



Liu, Y.; Raghothamachar, B.; Peng, H.; Ailihumaer, T.; Dudley, M.; Collazo, R.; Tweedie, J.; Sitar, Z.; Shahedipour-Sandvik, F.S.; Jones, K.A.; et al. Synchrotron X-ray topography characterization of high quality ammonothermal-grown gallium nitride substrates. J. Cryst. Growth 2020, 551, 125903. [Google Scholar] [CrossRef]

	



Liu, Y.; Chen, Z.; Hu, S.; Peng, H.; Cheng, Q.; Rahothamachar, B.; Dudley, M. Strain mapping of GaN substrates and epitaxial layers used for power electronic devices by synchrotron X-ray rocking curve topography. J. Cryst. Growth 2022, 583, 126559. [Google Scholar] [CrossRef]

	



Kirste, L.; Grabianska, K.; Kucharski, R.; Sochacki, T.; Lucznik, B.; Bockowski, M. Structural Analysis of Low Defect Ammonothermally Grown GaN Wafers by Borrmann Effect X-ray Topography. Materials 2021, 14, 5472. [Google Scholar] [CrossRef] [PubMed]

	



Stoddard, N. Methods and Apparatus for Manufacturing Monocrystalline Cast Silicon and Monocrystalline Cast Silicon Bodies for Photovoltaics. U.S. Patent 8628614B2, 14 January 2014. [Google Scholar]

	



Stoddard, N. Seed Layers and Process of Manufacturing Seed Layers. U.S. Patent 8882077B2, 11 November 2014. [Google Scholar]

	



Kutsukake, K.; Usami, N.; Ohno, Y.; Tokumoto, Y.; Yonenaga, I. Mono-Like Silicon Growth Using Functional Grain Boundaries to Limit Area of Multicrystalline Grains. IEEE J. Photovolt. 2014, 4, 84–87. [Google Scholar] [CrossRef]

	



Trempa, M.; Reimann, C.; Friedrich, J.; Muller, G.; Krause, A.; Sylla, L.; Richter, T. Influence of grain boundaries intentionally induced between seed plates on the defect generation in quasi-mono-crystalline silicon ingots. Cryst. Res. Technol. 2014, 50, 124–132. [Google Scholar] [CrossRef]

	



Zhang, F.; Yu, X.; Liu, C.; Yuan, S.; Zhu, X.; Zhang, Z.; Huang, L.; Lei, Q.; Hu, D.; Yang, D. Designing functional Σ13 grain boundaries at seed junctions for high-quality cast quasi-single crystalline silicon. Sol. Energy Mater. Sol. Cells 2019, 200, 109985. [Google Scholar] [CrossRef]

	



Schubert, M.; Schindler, F.; Benick, J.; Riepe, S.; Krenckel, P.; Richter, A.; Muller, R.; Hammann, B.; Nold, S. The potential of cast silicon. Sol. Energy Mater. Sol. Cells 2021, 219, 110789. [Google Scholar] [CrossRef]

	



Hashimoto, T.; Letts, E.R.; Key, D.; Jordan, B. Two inch GaN substrates fabricated by the near equilibrium ammonothermal (NEAT) method. Jpn J. Appl. Phys. 2019, 58, SC1005. [Google Scholar] [CrossRef]

	



Hashimoto, T.; Letts, E.R.; Key, D.; Jordan, B.; Shang, E. GaN Substrate development through the near equilibrium ammonothermal (NEAT) method and its application to higher performance GaN-based devices. In Proceedings of the SPIE Quantum Sensing and Nano Electronics and Photonics XVI, San Francisco, CA, USA, 3–7 February 2019; p. 10926. [Google Scholar]

	



Tomida, D.; Bao, Q.; Saito, M.; Kurimoto, K.; Sato, F.; Ishiguro, T.; Chichibu, S.F. Effects of extra metals added in an autoclave during acidic ammonothermal growth of m-plane GaN single crystals using an NH4F mineralizer. Appl. Phys. Express 2018, 11, 091002. [Google Scholar] [CrossRef]

	



Heikkinen, T.; Pavlov, J.; Ceponis, T.; Gaubas, E.; Zajac, M.; Tuomisto, F. Effect of Mn and Mg dopants on vacancy defect formation in ammonothermal GaN. J. Cryst. Growth 2020, 547, 125803. [Google Scholar] [CrossRef]

	



Zajac, M.; Konczewicz, L.; Litwin-Staszewska, E.; Iwinska, M.; Kucharski, R.; Juillaguet, S.; Contreras, S. P-type conductivity in GaN:Zn monocrystals grown by ammonothermal method. J. Appl. Phys. 2021, 129, 135702. [Google Scholar] [CrossRef]

	



Amilusik, M.; Sohacki, T.; Fijalkowski, M.; Lucznik, B.; Iwinska, M.; Sidor, A.; Teisseyre, H.; Domagala, J.; Grzegory, I.; Bockowski, M. Homoepitaxial growth by halide vapor phase epitaxy of semi-polar GaN on ammonothermal seeds. Jpn J. Appl. Phys. 2019, 58, SC1030. [Google Scholar] [CrossRef]

	



Reschikov, M.A.; Demchenko, D.O.; Ye, D.; Andrieiev, O.; Vorobiov, M.; Grabianska, K.; Zajac, M.; Nita, P.; Iwinska, M.; Bockowski, M.; et al. The effect of annealing on photoluminescence from defects in ammonothermal GaN. J. Appl. Phys. 2022, 131, 035704. [Google Scholar] [CrossRef]

	



Jiang, W.; Nolan, M.; Ehrentraut, D.; D’Evelyn, M.P. Electrical and optical properties of gallium vacancy complexes in ammonothermal GaN. Appl. Phys. Express 2017, 10, 075506. [Google Scholar] [CrossRef]

	



Suihkonen, S.; Pimputkar, S.; Speck, J.S.; Nakamura, S. Infrared absorption of hydrogen-related defects in ammonothermal GaN. Appl. Phys. Lett. 2016, 108, 202105. [Google Scholar] [CrossRef]

	



Tuomisto, F.; Kuittinen, T.; Zając, M.; Doradziński, R.M.; Wasik, D. Vacancy–hydrogen complexes in ammonothermal GaN. J. Cryst. Growth 2014, 403, 114–118. [Google Scholar] [CrossRef]

	



Polyakov, A.Y.; Smirnov, N.B.; Shchemerov, I.V.; Gogova, D.; Tarelkin, S.A.; Lee, I.; Pearton, S.J. Electrical Properties of Bulk, Non-Polar, Semi-Insulating M-GaN Grown by the Ammonothermal Method. ECS J. Solid State Sci. Technol. 2018, 7, P260. [Google Scholar] [CrossRef]

	



Chen, S.-W.H.; Wang, H.; Hu, C.; Chen, Y.; Wang, H. Vertical GaN-on-GaN PIN diodes fabricated on free-standing GaN wafer using an ammonothermal method. J. Alloy Compd. 2019, 804, 435–440. [Google Scholar] [CrossRef]

	



Key, D.; Letts, E.; Tsou, C.; Ji, M.; Bakhtiary-Noodeh, M.; Detchprohm, T.; Shen, S.; Dupuis, R.; Hashimoto, T. Structural and Electrical Characterization of 2″ Ammonothermal Free-Standing GaN Wafers. Progress toward Pilot Production. Materials 2019, 12, 1925. [Google Scholar] [CrossRef]

	



Taube, A.; Kaminski, M.; Tarenko, J.; Sadowski, O.; Ekielski, M.; Szerling, A.; Prystawko, P.; Bockowski, M.; Grzegory, I. High Breakdown Voltage and High Current Injection Vertical GaN-on-GaN p-n Diodes with Extremely Low On-Resistance Fabricated on Ammonothermally Grown Bulk GaN Substrates. IEEE Trans. Electron Devices 2022, 69, 6255–6259. [Google Scholar] [CrossRef]

	



Talesara, V.; Zhang, Y.; Vangipuram, V.G.T.; Zhao, H.; Lu, W. Vertical GaN-on-GaN pn power diodes with Baliga figure of merit of 27 GW/cm2. Appl. Phys. Lett. 2023, 122, 123501. [Google Scholar] [CrossRef]








[image: Crystals 13 01004 g001 550] 





Figure 1. Comparison of relevant semiconductor substrates for electronic and optoelectronic applications. (a) Production wafer nominal dimension vs. area of wafers produced in 2022 (est.). Dot shape corresponds to primary growth method, with circles for melt growth, diamonds for vapor deposition, triangles for solution growth. InN and cBN are insufficiently developed to specify a method. (b) Semiconductor band gap vs. reverse-bias diode breakdown field. Optical bands are delineated with horizontal dotted lines. Generally, materials with the weakest production metrics in (a) have the highest performance potential in (b). Sapphire is a notable outlier, but it is not generally suitable for electronic devices. Data sources from [7,8] and industry reports. 
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Figure 2. (a) Key parts of an ammonothermal growth system. Two thermal zones are formed (red and blue regions) with a temperature gradient of 30–100 deg. C. In the case of basic mineralizers and fluorine, the feedstock is dissolved at a lower temperature and crystal growth takes place at a higher temperature, as shown in (b). In other acidic mineralizers, the temperature gradient is inverted, but the hot zone is still kept in the lower position. In (c), supercritical ammonia fills the cavity and gravity-driven thermal buoyancy effects provide the main convective transport of growth species from the source reservoir to the crystal seed. Reproduced from [15,16]. 
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Figure 3. Crystals grown from a single batch at SixPoint ranging from 40 to 100 cm in lateral dimension. Reproduced from [21]. 
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Figure 4. Schematic of 2-stage ammonothermal growth process with labeled facet directions, from [29]. 
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Figure 5. A GaN crystal with laterally grown wings (left and right) showing no stress-induced polarization under Nomarski microscopy (a). Dislocation etching of wing regions (b) and central region (c) indicate nearly two orders of magnitude of improvement in dislocation density. From [27]. 
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Figure 6. CT images of gallium nitride and Inconel support structures inside of an autoclave. (a) through (c) are Inconel 718 autoclaves while (d) is Haynes alloy. X-ray energies are (a) 300 kV, (b) 550 kV, (c), 600 kV, (d) 590 kV. (e) is a photograph of the internal parts present in the autoclaves. From [37]. 






Figure 6. CT images of gallium nitride and Inconel support structures inside of an autoclave. (a) through (c) are Inconel 718 autoclaves while (d) is Haynes alloy. X-ray energies are (a) 300 kV, (b) 550 kV, (c), 600 kV, (d) 590 kV. (e) is a photograph of the internal parts present in the autoclaves. From [37].



[image: Crystals 13 01004 g006]







[image: Crystals 13 01004 g007 550] 





Figure 7. Optical images of two GaN crystals grown from rectangular seeds imaged under cross-polarized illumination. The crystal on the left (a) was grown directly under the baffle in the center of the autoclave. The dotted line demarcates the original seed geometry. The crystal on the right (b) was grown at a position near the bottom of the autoclave. From [26]. 
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Figure 8. Optical microscope image of a GaN crystal grown from two seeds tiled together (A, B). After consolidation of the grown crystal, dislocation bundles propagate upwards. From the Appendix of [46]. 
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Table 1. Typical growth parameters for GaN growth reported in the last five years from different technical approaches described in this section.
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Units

	
IIHP/NL3

	
SixPoint

	
Tohoku/MCC

	
Soraa/Kyocera

	
Competition






	
Method

	
Am-GaN-B

	
NEAT

	
SCAAT/LPAAT

	
SCoRA

	
HVPE




	
Chemistry

	

	
Basic

	
Basic

	
Acidic

	
Acidic

	
GaCl3-NH3




	
Wafer Size

	
cm

	
50–60

	
50–100

	
50–60

	
50 (2015)

	
50–150




	
Growth Rate

	
mm/day

	
24–60

	
30

	
170–205

	
700

	
2400




	
Temp. Range

	
deg. C

	
400–750

	
450–600

	
550–625

	
650–800

	
900–1100




	
Press. Range

	
MPa

	
100–600

	
100–300

	
100–200

	
100–600

	
Low




	
Oxygen

	
atoms/cm3

	
1018–2 × 1019

	
2–8 × 1018

	
-

	
1018

	
1017–1019




	
DD

	
defects/cm2

	
103–5 × 104

	
105

	
1–5 × 104

	
105

	
5 × 106–108




	
Curvature

	
m

	
>20

	
20

	
1460

	
>20

	
1–5




	
Rocking Width

	
arcsec

	
<30

	
20–50

	
20–30

	
<30

	
30–80




	
Boule Thickness

	
mm

	
3–4

	
1–3

	
2–3

	
>2

	
3–4




	
Crystals/run

	
#

	
36

	
50

	
-

	
-

	
1
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Table 2. Metrics of importance in choosing an effective method for characterizing structural defects.
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	Dislocation Method
	Units
	Confocal Raman
	Synchrotron XRT
	Defect Etching
	CL
	PL
	Bevel Etching
	Borrmann XRT
	HR-XRD





	Sample Area
	mm2
	0.0025
	2500
	0.25
	2500
	2500
	0.25
	2500
	4



	Dislocation Typing?
	
	Yes
	Yes
	No
	No
	No
	Yes
	Yes
	No



	Destructive?
	
	No
	No
	Yes
	No
	No
	Yes
	No
	No



	In-line Potential?
	
	No
	No
	No
	Maybe
	Yes
	No
	Yes
	Yes



	Range Capability
	Disl/cm2
	<106
	102–106
	102–5 × 106
	-
	-
	-
	<105
	>104



	Measurement Depth
	
	Surface
	Full Depth
	Surface
	Surface
	Full Depth
	Full Depth
	Full Depth
	Full Depth



	3D Depth Contrast
	mm
	2–25
	N/A
	N/A
	N/A
	N/A
	5–400
	N/A
	N/A
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Table 3. Elements detected by SIMS in Am-GaN-B samples (from [16,58]).
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	Element
	Typical Range (atoms/cm3)
	Amilusik Range (atoms/cm3)
	Change





	H
	1 × 1019 to 6 × 1020
	4 × 1018 to 5 × 1019
	Improvement



	C
	High 1016 to Low 1017
	8 × 1016 to 1.5 × 1018
	Similar to worse



	Si
	Low 1018
	1 × 1017 to 2 × 1018
	Similar



	Na
	1 × 1016 to 1 × 1019
	1 × 1016 to 7 × 1017
	Similar to better



	Mg
	High 1016 to Low 1017
	5 × 1015 to 8 × 1017 (dopant)
	Similar



	Mn
	3 × 1016 to 2 × 1018
	6 × 1015 to 1 × 1018 (dopant)
	Similar



	Fe
	~1016 to Low 1017
	3 × 1015 to 2 × 1016
	Improvement



	Zn
	Not reported
	8 × 1016 to 2.5 × 1018
	N/A
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