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Abstract

:

With the development of energy efficiency technologies such as 5G communication and electric vehicles, Si-based GaN microelectronics has entered a stage of rapid industrialization. As a new generation of microwave and millimeter wave devices, High Electron Mobility Transistors (HEMTs) show great advantages in frequency, gain, and noise performance. With the continuous advancement of material growth technology, the epitaxial growth of semiconductor heterojunction can accurately control doping level, material thickness, and alloy composition. Consequently, HEMTs have been greatly improved from material structure to device structure. Device performance has also been significantly improved. In this paper, we briefly describe MOCVD growth technology and research progress of GaN HEMT epitaxial films, examine and compare the “state of the art” of enhanced HEMT devices, analyze the reliability and CMOS compatibility of GaN devices, and look to the future directions of possible development.
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1. Introduction


With the rapid advancement of information and communication technologies continuing to change us and the world we live in, communication equipment and other electronic devices must be developed for high-speed, high-frequency, digital circuits, and microwave circuits with low-noise applications. At present, the development of wide bandgap semiconductor materials, such as gallium nitride (GaN) and silicon carbide (SiC), are relatively mature. Thanks to the high saturated electron drift speed, high breakdown electric field, radiation resistance and other excellent physical properties, GaN and SiC are ideal for microwave electronic devices and are widely used in the field of wireless base stations, satellite TV, and radar [1,2]. SiC has a clear advantage in high voltage (higher than 1200 V) applications, while GaN prevails in power conversion and high-frequency work. In particular, GaN-based HEMTs, which generate a high concentration of two-dimensional electron gas (2DEG) at the heterostructural interface and have on resistance 30% to 50% lower than SiC devices [3,4], are ideal for the next generation of high-frequency, high-power power electronics applications. It can be widely used in all kinds of electronic products, new energy vehicles, industrial applications, 5G communication and other important fields.



After nearly 30 years of development, the performance of GaN-based HEMTs continues to improve. SiC substrate is of high price while GaN-based HEMTs on Si substrate can achieve large-scale industrialization at low cost due to the mature development of Si semiconductor technology, which is easy to back-end process compatibility and has been widely used in consumer electronics and on-board electronics markets. Conventional GaN HEMTs are depletion types in which the device gate still has a high concentration of 2DEG in the channel at zero bias, leaving the device on. The enhanced GaN HEMT is safer and more energy efficient because it exhausts the 2DEG in the channel at zero grid bias, and the device is in the off state. Therefore, GaN-enhanced HEMT devices have important strategic research significance. This paper mainly introduces the growth technology of GaN HEMT epitaxial thin film, summarizes and compares the international mainstream enhanced HEMT device structure and preparation process, analyzes the existing problems and solutions of material epitaxial, device structure and preparation process, and puts forward the future possible development scheme.




2. Growth Technology and Progress of GaN HEMT Epitaxial Films


With the emergence of the wide bandgap semiconductor materials, GaN-based semiconductor materials and their multi-component alloy compounds showed excellent optical, electrical, chemical, physical and other properties, which has become the main focus of research in semiconductor materials and devices [5,6,7] since the end of the 20th century. Due to the limitation of the GaN substrate, group III nitrides are generally grown by heteroepitaxy. There are three substrates commonly used at present, which are sapphire, SiC, and Si. GaN-based heterostructures were prepared on a sapphire substrate for the first time in 1992. AlGaN/GaN heterostructures can induce two-dimensional electron gas with high surface density and high electron mobility without intentional doping, thanks to the spontaneous and strain-induced polarization [8,9], and related power devices have been widely studied. HEMT devices have gradually become the focus of research due to their advantages in high temperature, high power, high frequency, high radiation and other fields.



2.1. GaN HEMT Based on Single Heterojunction


The performance of HMET devices is mainly determined by the electrical properties of 2DEG. Electron concentration and corresponding electron mobility are the two main indices used to measure the electrical properties of 2DEG. With the continuous improvement of the performance of AlGaN/GaN heterojunction, the low-temperature mobility also increases [10,11,12]. Because the lattice mismatch and thermal mismatch between SiC and GaN are smaller than that of sapphire, the GaN HEMTs on SiC have better epitaxial growth quality and performance. However, at the same time, it is found that SiC substrate is expensive and extremely difficult to grow, not conducive to industrialization. Although Si substrate has a large lattice mismatch with GaN, it is the cheapest and easiest to prepare into substrate wafers of different sizes (2–12 inches). In addition, silicon-based GaN devices can be integrated with traditional silicon-based devices on the same wafer to achieve system-level integration. Therefore, the research of GaN HEMTs on Si substrate has received more attention in recent years.



The core of GaN-based HEMT materials consists of semi-insulated GaN (base layer) and AlGaN (barrier layer), and the growth of the GaN base layer is the basis for the growth of the entire GaN-based HEMT material. Therefore, the growth of high-quality GaN materials is a prerequisite for the research and development of GaN-based devices. At present, epitaxy techniques for GaN thin films mainly include metalorganic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), and hydride vapor phase epitaxy (HVPE). Among them, the epitaxial layer grown by metalorganic chemical vapor deposition technology has the advantages of low surface roughness, high purity, and easy mass production.



The biggest challenge in the growth of GaN-based HEMTs is how to epitaxy the well-insulated GaN buffer layer on a suitable substrate. First, the polarization and defects of GaN itself lead to the high electron concentration of intrinsic GaN. Meanwhile, the lattice mismatch (17%) and thermal mismatch (56%) between GaN and Si substrate lead to the cracking and warping of GaN film [13], resulting in many dislocations and defects and the remelting corrosion of Ga atoms and Si substrate [14]. In recent decades, researchers have completed a number of studies to improve the crystal quality of GaN films: for example, the low-temperature buffer layer and superlattice technology [15,16,17]. In 2005, Cordier et al. [18] grew AlGaN/GaN HEMTs epitaxial on Si substrate with AlGaN buffer layer technology, and the two-dimensional electron gas concentration of 5 × 1012 cm−2 and mobility of 1400 cm2/Vs. In 2013, Chen et al. studied the growth of high-resistance GaN structures [19] and found that the active carbon mixing technology using active C3H8 gas as a carbon source could improve the carbon mixing concentration of GaN and the resistivity of high-resistance GaN structures, thus enhancing the voltage resistance performance of Si-based GaN HEMTs. In 2017, the world’s first eight-inch silicon-based gallium nitride mass production line of Zhuhai Innoseco was put into operation, which means that Chinese domestic enterprises have entered the forefront of the world in GaN semiconductor competition. The eight-inch silicon-based gallium nitride epitaxial technology produced by the company has successfully broken through the global difficulties of wafer manufacturing, such as low warpage, low defect and dislocation density, and low leakage current, and has been widely used [20].



With the development of epitaxial GaN technology on Si substrates, the epitaxial crystal quality of GaN HEMT devices is increasing more and more. In 2000, Kaiser et al. [21,22] first proposed AlGaN/GaN heterojunction HEMTs on Si(111) substrate. In 2020, Pandey et al. adopted a stepped GaN buffer layer to adjust AlGaN/GaN structure [6] to improve its structure and 2DEG characteristics. However, tests showed that its composite dislocation density was in the order of 109 cm−2, and its density of 2DEG was in the order of 6.92 × 1012 cm−2, which was still not ideal.



At present, by adjusting and optimizing the AlGaN/GaN superlattice stress control layer, a six-inch GaN HEMT epitaxial film on a silicon substrate has been obtained with good performance in warpage control, crack level, crystal quality, and surface morphology. Its structure is shown in Figure 1 [23]. In 2021, Bose et al. [24] reported the 3C-SiC/Si-based AlGaN/GaN HEMT with a stable temperature. High-quality AlGaN/GaN heterostructures were achieved by MOCVD on a six-inch Czochralac single-crystal Si substrate without cracks. However, it is still a great challenge for AlGaN/GaN structures to reduce the dislocation density of the GaN buffer layer and increase the density of 2DEG. Therefore, further research is needed for AlGaN/GaN heterogeneous structures.




2.2. GaN HEMT Based on Double-Heterostructure


In recent years, GaN-based HEMTs have received extensive attention and research. In particular, AlGaN/GaN HEMTs have achieved rapid development in material quality and device performance, and great progress has been made in microwave characteristics. However, for K-band high-frequency devices, the gate length (LG) of the transistor needs to be less than 0.4 μm. For conventional AlGaN/GaN single-heterostructure HEMT devices, when the gate length decreases, the 2DEG limit in the well becomes worse. At high leakage voltage or gate voltage, electrons are easy to overflow into the buffer layer, resulting in buffer layer leakage, which seriously affects the peak current, resulting in large threshold voltage drift, soft turn-off phenomenon, high threshold current and other problems. At the same time, serious current collapse [25], large leakage current [26,27] and high-temperature thermal stability and other reliability problems have always existed. Double-heterostructure involves inserting a back barrier between the GaN channel layer and buffer layer to prevent electrons from flowing to the buffer layer so that 2DEG can be better confined in a quantum well. The advantages of double-heterostructure can be used to better solve these problems, which are widely used in millimeter waves.



There are two kinds of back barriers commonly seen in GaN base heterostructures before. One is to replace the GaN buffer layer with an AlGaN layer. The other is to insert AlGaN or InGaN layer under the channel layer, and the buffer layer remains unchanged. In 1997, heterostructure devices were first reported. Fan et al. developed AlGaN/GaN/AlGaN/GaN double-heterostructure field-effect transistor, which still has large transconductance at 573 K high temperature. It is proved that the grid has a good ability to regulate the channel current, and it also reflects the importance of the back-barrier structure to improve the 2DEG domain [28]. In 2011, Lee et al. made HEMT devices using the InAlN/GaN/AlGaN double-heterostructure material formed by the AlGaN buffer layer as the back barrier. The short channel effect in the components is significantly suppressed, and the high-frequency energy ratio is effectively improved [29]. In 2013, FaridMedjdoub et al. used MOCVD to grow AlN/GaN/AlGaN double-heterostructure [30], which achieved a breakdown voltage of more than 100 V and a power gain of more than 200 GHz on a Si substrate. In 2018, Chang Gung University in Taiwan reported an enhanced high electron mobility transistor device with a gradient barrier layer [31]. It was found that using a gradient barrier can reduce the off-state leakage current by one order of magnitude, which can effectively improve the uniformity of threshold voltage.



With the advancement of science and technology, higher requirements are put forward for performance, which requires further reduction of the grid length of components. The advantages of double-heterostructure in the application of high power and high frequency are becoming more and more obvious. Double-heterostructure can use the optimized process and structure of single-heterostructure, but because of the addition of an extra barrier, the strain of heterostructure materials will change. The region limit of 2DEG is greatly improved, which also puts forward more strict requirements on the interface roughness. At the same time, due to the large mismatch problem of GaN HEMTs on Si substrates, the epitaxy and process complexity of GaN-based double-heterostructure materials are more challenging. Therefore, it is of great significance to study the characteristics of GaN-based double-heterostructure materials and their devices.





3. Enhanced GaN HEMT Devices


SiC-based GaN HEMTs have been successfully used in the UHF ~ W band. However, SiC substrate materials are costly and difficult to further monolithic integration with Si or GaAs material systems into complex multifunctional ICs. To further reduce the cost of GaN HEMTs, Si-backed GaN HEMTs have been developed. In the last two years, Si-based GaN HEMTs have been moving toward engineering direction, with continuous innovation in new device structure, CMOS process compatibility and reliability, and will be competitive with SiC-based RF GaN HEMTs in low-cost and mass-production applications in the future.



In many applications of power semiconductor devices, enhanced transistors with positive threshold voltage will bring great convenience in applications. When the grid driver circuit of the power device fails, the conduction channel of the enhanced power device will be shut off below the grid region, which will not cause an irreparable impact on the system. For depletion devices, when the gate drive fails, a conducting channel below the gate of the device is always present, which may cause unwanted current paths to occur and result in irreparable damage to the system. In the field of microwave/RF power amplification devices, enhanced power semiconductor devices enable a single power supply, further reducing the area of the chip and system. At present, the enhanced technologies for GaN-on-Si power devices are as follows: concave-gate, fluorinated gate, p-GaN intercalation layer, common-source common-gate cascade (cascode) and barrier thinning technique. In this paper, we review the technical principles of enhanced GaN HEMTs and their advantages and disadvantages. We also examine the latest research progress of enhanced GaN HEMTs and the latest GaN device solutions in the industry. We then discuss the development direction of enhanced GaN HEMTs in the future.



3.1. Concave-Grid Structure


The concave gate structure achieves enhanced HEMT devices by partially or completely etching the barrier layer at the AlGaN/GaN heterojunction, reducing the polarization effect of the heterojunction and decreasing the distance between the gate metal and the channel. Combined with the electric field generated by Schottky contact, the 2DEG induced under the grid is exhausted together so that the channel is clipped when the grid voltage is 0 V. Figure 2 shows the structure diagram of the concave gate structure to realize the enhanced Gan-based device [3]. The advantage of this structure is that the grid drive circuit is relatively simple, and the grid voltage tolerance of the device can be adjusted by adjusting the thickness of the grid dielectric layer, which not only improves the grid control ability of the device but also greatly improves the frequency and transconductance of the enhanced device.



In 2003, Okita et al. [32] successfully prepared enhanced AlGaN/GaN MIS-HEMT devices using a concave gate structure. However, concave gate etching is easy to introduce etching damage and interface states, which seriously affects the performance reliability of such devices and limits their commercial development. To solve this problem, researchers at home and abroad have put forward a number of solutions. In 2010, Burnham S D et al. proposed a low-damage “digital etching technology”, which has high etching accuracy, good etching morphology at the interface formed by the grid, and the prepared transverse enhanced GaN HEMTs with a breakdown voltage of up to 1100 V [33]. The technology of concave gate etching combined with a secondary epitaxial AlGaN barrier layer was proposed by Fukui University in Japan. A new semiconductor-insulator interface is formed through secondary epitaxy, which greatly reduces the influence of dry etching on the density and mobility of 2DEG. The threshold voltage of devices using this scheme is as high as 2.3 V, and the saturation current is as high as 425 mA/mm, which has great potential [34]. Im et al. studied the corrosion technology scheme of tetramethylammonium hydroxide and obtained the device threshold voltage up to 3.5 V [35]. To date, relevant research has been ongoing.



Generally, an insulating dielectric layer will be grown between the gate metal and the AlGaN barrier layer for concave gate structure devices to suppress the gate leakage current generated during the device’s working process and further improve the gate threshold voltage of the device. However, the charge and defect of dielectric layer/semiconductor interface will lead to the poor stability of the device threshold voltage. Therefore, in the pursuit of high-performance GaN HEMTs, the interface state of the gate slot and the quality of the dielectric layer are important indicators.




3.2. Fluorinated Grid Structure


The enhanced HEMTs based on the fluorinated grid structure are realized by using a fluoride ion implantation technique that injects a dose of fluoride ions into the barrier layer of the grid. The fluorine ions entering the AlGaN barrier layer will form a negatively charged fixed charge, resulting in a higher barrier height of the barrier layer, thus increasing the conduction band energy level at the heterojunction interface. When the bottom of the conduction band level exceeds the Fermi level, the 2DEG in the channel under the grid is exhausted, and the threshold voltage is shifted forward. Figure 3 shows the structure of an enhanced GaN HEMT with a fluorinated gate structure [3]. Enhanced GaN HEMTs based on fluorine injection technology provide high forward threshold gate voltages, good suppression of gate leakage current, and improved gate swing. However, the disadvantage is that a large number of empty and interfacial states will be formed by ion implantation, which reduces the stability of threshold voltage [36].



Researchers have engaged in a substantial amount of effort to solve the gate damage caused by fluoride ion implantation. In 2015, Zhang et al. used LPCVD-SiN as the grid dielectric layer and energy absorption layer to reduce grid damage, with a threshold voltage of 3.3 V and saturation current of 200 mA/mm [37]. In 2018, Ling et al. [38] prepared an enhanced GaN HEMT device by depositing the TiN side wall and TiN layer in contact with the source electrode and using a two-step fluoride treatment technology. The two-step fluoride treatment technology increases the height of the back-barrier, reduces the gate leakage current, and effectively reduces the source resistance. When the TiN layer thickness is 1 μm, the maximum leakage current reaches 845 mA/mm, and the peak transconductance (412 mS/mm) is 21.2% higher than that of the conventional device (340 mS/mm). In 2020, Zheng et al. [39] studied the physical mechanism of HEMT threshold voltage degradation of fluoride ion structure and found that due to the existence of the reverse gate stress, the higher the density of electrons injected under the gate, the more intense the collision ionization with fluoride ions, and the more serious the threshold voltage degradation. However, after a certain period of annealing, the electrons in the channel will tunnel into the neutral trap generated by the gate stress in the barrier layer and be captured, which inhibits the degradation of the threshold voltage. This study provides a reference for further realization of high-performance GaN devices by fluoride treatment.




3.3. p-GaN Grid Technology


The p-GaN grid technology is the most representative method for the implementation of enhanced GaN HEMTs. This technology was first proposed by Uemoto et al. in 2007 [40], with advantages such as simple process, good compatibility, and strong scalability. At present, it is the only technical solution that has realized large-scale production. An enhanced HEMT based on p-GaN gate technology is constructed by depositing a p-GaN cap layer above the AlGaN barrier layer and sputtering a metal gate layer on top. The doping concentration and thickness of p-GaN are closely related to the on-resistance and threshold voltage of the device. Figure 4a shows the structure of an enhanced GaN HEMT using p-GaN gate technology [3].



The energy band changes at the heterojunction before and after the p-GaN cap layer are shown in Figure 4b [41]. When the p-GaN cap layer is introduced, the conduction band level at the AlGaN/GaN heterojunction interface will cross the Fermi level at zero bias so that the 2DEG at the heterojunction interface will be exhausted, resulting in the effective channel clamping under the gate. When a forward bias is applied, the HEMT device is turned on as the 2DEG under the grid recovers. The enhanced device achieved by this technology has stable threshold voltage, low on-resistance, and strong reliability. However, due to the epitaxial layer crystal quality and p GaN etching damage and other problems, the breakdown voltage is generally low, which seriously restricts its development in new energy vehicles, photovoltaic, and other high voltage fields.



In terms of device structure design, the vertical or quasi-vertical structure can effectively improve the breakdown voltage of GaN devices. The breakdown voltage of GaN power-switching devices with vertical structures has been reported to be as high as 1200 V [42]. However, the vertical structure is difficult to realize the single-chip preparation of capacitors, resistors, diodes, and enhanced/depleted GaN devices, which is not conducive to the development of GaN single-chip integration technology. In contrast, the horizontal structure based on AlGaN/GaN heterojunction is easier to realize monolithic integration, which can further promote the development of intelligent, lightweight and miniaturized power systems. In addition, GaN devices with p-GaN gate structures still have many problems, such as gate leakage, poor reliability, small grid voltage swing and so on [43]. Therefore, how to increase the breakdown voltage and improve the grid operating stability of the device is very important for the development of high-performance, high-voltage GaN HEMTs.



In recent years, it has been found that the doping concentration of the p-GaN layer needs to exceed 1018 cm−3 to effectively deplete the grid region. In addition, it is reported that it is easier to obtain higher threshold voltage and lower gate-drain current by using the Schottky junction. Postuma et al. reported that the threshold voltage of a device gate electrode made of TiN could reach 2.1 V [44]. Lukens et al. reported a “first gate” self-aligning process using Mo as both the etched mask layer and the gate metal and found that the barrier degradation of the device did not occur after high-temperature annealing [45]. In view of the generally low breakdown voltage of p-GaN grid HEMTs, domestic and foreign researchers have continuously optimized and innovated the process or structure in recent years [46,47,48]. At present, the breakdown voltage is mainly improved by designing various field plate structures. In 2020, Hu et al. [49] proposed the dual-field plate combination structure technology of source field plate and grid field plate, which achieved uniform distribution of electric field and a breakdown voltage of up to 600 V. At the same time, NH3 plasma treatment significantly reduced the dynamic on-resistance of the device, with a threshold voltage of 3.7 V and a saturation current of 132 mA/mm. In order to achieve a good performance compromise between breakdown voltage and on-resistance of the device, Wei et al. [50] manufactured a transverse-coupled p-GaN gate HEMT device in 2021, which uses hydrogen plasma to treat p-GaN. The device structure is shown in Figure 5. When the width and spacing of the p-GaN strips are small enough, the coupling effect in the depletion region enables a good compromise between the breakdown voltage and the on-resistance of the device. When the spacing between the p-GaN and drain is 10 μm, the device performance is optimal, the on-resistance is as low as 11.54 Ω·mm, and the breakdown voltage can reach 880 V.



Surface passivation technology is very important for GaN HEMTs to solve leakage and reliability problems. On the one hand, using high-quality SiNx, Al2O3 and other media for surface passivation [51] can reduce the transition leakage generated by surface defects and improve the breakdown voltage of the device. On the other hand, because the AlGaN barrier layer is very thin, a high-quality medium can effectively passivate the surface of GaN devices, reduce the current collapse effect caused by surface and interface states, and improve the operating stability of the devices [52].




3.4. Common Source and Common Gate Cascade (Cascode) Structure


Cascode cascade architecture is an important technical route for enhanced GaN HEMTs. As a transition technology from Si-based power devices to pure GaN-based power devices, it adopts a common source and common gate connection with Si-based MOSFETs and depletion-type GaN HEMTs, and its equivalent circuit structure is shown in Figure 6. The drain D of the Si-based transistor is connected to the source S of the GaN HEMT, and the gate G of the GaN HEMT is connected to the source S of the Si-based transistor. At the same time, the gate threshold voltage of the Si-based MOSFET is used as the threshold voltage of the entire device, which controls the on-off and on-off of the entire cascode device.



The advantages and disadvantages of the enhanced device realized by cascode cascade technology are obvious. The advantage is that it bypasses the technical difficulties of enhanced HEMTs, provides a high threshold voltage and stability, matches well with existing Si circuits, and provides a simple drive circuit. Cascode technology is, therefore, ideal for large-scale applications. In 2012, Transphorm in the United States introduced the commercially enhanced cascode GaN transistor, followed by Fujitsu in Japan, Anson in the United States, and other semiconductor giants led by Transphorm in the United States have introduced enhanced GaN transistors using cascode cascade technology. Cascode cascade technology is one of the GaN enhancements that have been successfully commercialized. The disadvantage is that Si-based transistors have low electron mobility and poor high-frequency response. At the same time, the cascode cascade has capacitor mismatch problems and is far less capable of high-temperature resistance and miniaturization than non-cascaded enhanced GaN HEMTs, limiting its future application.



In order to improve the effect of Si material on the overall performance of devices, many attempts have been made. The Hong Kong University of Science and Technology has studied the cascade structure based on the combination of SiC transistor and GaN-based HEMT, which significantly increases the breakdown voltage of the device up to 1200 V and has lower switching loss, which has great development space [53]. To reduce the parasitic effect of cascade technology, Zhang et al. [54] proposed transfer printing and self-aligned etching technology in 2020. The enhanced cascode FET device integrated into a single piece effectively solves the parasitic effect and has good threshold voltage uniformity (2.0–2.2 V). At the same time, the grid voltage swing reaches ±18 V, and the grid leakage current is lower than 10−5 mA/mm.



In summary, it can be found that the related performance of each enhanced device has been continuously improved, and some disadvantages have been effectively solved. However, in practical applications, in addition to considering good performance and reliability of devices, they should also be well suited to circuit topology, layout interconnection and package design. Therefore, in future studies, further optimization of the device structure, improvement of process design level, improvement of device reliability and continuous promotion of product design of various enhanced devices are important directions.




3.5. Barrier Thinning Technique


The thinning barrier technique first evolved from the concave grid structure, and its structure is shown in Figure 7. By reducing the thickness of the AlGaN barrier layer, the polarization charge density of the barrier layer is reduced. When it is reduced to a certain value, the channel will not generate 2DEG induction. From the perspective of energy band structure, with the thinning of the barrier, the conduction band at AlGaN/GaN heterojunction rises. When it rises above the Fermi level, the existing two-dimensional potential well disappears, thus depleting 2DEG and achieving the preparation of enhanced devices. The thin barrier AlGaN/GaN heterojunction has lower polarization charge density and 2D electron gas density than conventional AlGaN/GaN heterojunction, so the thin barrier AlGaN/GaN heterojunction is suitable for enhanced HEMT devices. With the thinning barrier technique, the AlGaN barrier layer with a thickness of less than 5 nm is naturally grown on the GaN layer instead of etching the AlGaN barrier layer [55,56,57], which further simplifies the process. Because the concave gate etching damage is avoided, there is no high-density interface state trap under the gate of GaN-enhanced devices prepared by using ultra-thin barrier technology. The threshold voltage is stable, and the preparation consistency is good. However, the decrease of 2DEG density can also cause adverse problems such as higher on-resistance and lower breakdown voltage of HEMTs. To make the thin barrier AlGaN/GaN heterojunction with enhanced work and good on-resistance and breakdown voltage, researchers at home and abroad have carried out research on the material structure, technology, and enhanced devices.



In 2019, Han et al. [58] prepared an ultra-thin barrier-enhanced MIS-HEMT device by using SiN as the passivation layer, AlOX as the dielectric gate layer and a ferroelectric charge trap gate stack. Compared with the traditional hollow gate-enhanced GaN HEMT device, the device not only guarantees higher threshold voltage and maximum leakage current but also has better threshold voltage stability, with a threshold voltage of 3.19 V and a maximum leakage current of 716 mA/mm. An enhanced GaN HEMT device with an AlGaN barrier layer of only 4 nm was reported by the Institute of Microelectronics, where a layer of Si3N4 film was grown above the channel layer in the non-gate region, restoring 2DEG concentration. The exposed AlGaN barrier layer above the gate region is treated by in-situ RPP technology of plasma-enhanced atomic layer deposition (PEALD), and then a layer of Si3N4 gate dielectric layer is grown. The final prepared device has good threshold voltage stability and a maximum output current [59]. Therefore, it can be found that the recovery effect of the SiNX passivation layer on 2DEG concentration in the non-gate area solves the problem of large on-off resistance of AlGaN/GaN HEMTs with a thin barrier, and the thin barrier technology has great research potential to realize enhanced AlGaN/GaN HEMTs.



In conclusion, we found that the initial HEMT devices, which used Schottky grids directly, had high grid leakage and small grid voltage swings, which made the grid easily break down and ultimately lose reliability. In addition, a large number of donor-like defects exist on the AlGaN surface due to suspension keys and other factors, leading to the current collapse effect of AlGaN/GaN HEMTs in RF applications. Growing a dielectric layer on top of the AlGaN barrier or GaN channel layer to form a metal-insulator-semiconductor (MIS) structure is a powerful solution and has been extensively studied.




3.6. GaN MIS-HEMT Devices


MIS-HEMT device architecture is one in which an insulating layer is inserted between a metal gate and a semiconductor layer. As shown in Figure 8, compared with metal-semiconductor contact, the MIS-HEMT insulator layer as a passivation layer can passivate defects and suspension keys on the material surface, reduce leakage on the device surface, reduce current collapse effect, and thus increase the breakdown voltage of the device. As the grid dielectric layer, it can effectively reduce grid leakage, improve the grid voltage swing, and enhance the reliability and stability of the grid.



In MIS structure, the selection of a grid dielectric layer is very important. On the one hand, the larger the dielectric constant, the larger the transconductance of MIS-HEMT devices. On the other hand, the larger the bandgap width of the medium, the smaller the gate leakage of the device [61]. Therefore, GaN MIS-HEMT devices usually use the gate media with a higher dielectric constant, wider bandgap, and higher MIS interface quality. The high-K gate dielectric with a dielectric constant K greater than 3.9 is the mainstream dielectric material for MIS-HEMT devices, which has the advantages of a high protective output current, large transconductance movement, small gate leakage and inhibition of the short channel effect. At present, the mainstream materials of gate media are SiNX, Al2O3, HfO2, etc. [62,63]. In addition, considering the cost, mass production and subsequent process compatibility, most GaN MIS-HEMT devices in the market are based on GaN-on-Si materials.



During the fabrication of GaN MIS-HEMTs based on Si, the growth quality and process compatibility of dielectric films are the key elements that determine the device’s characteristics. Different types of the dielectric layer and dielectric layer growth quality directly determine the positive compressive strength of the grid and then affect the final output current density of the device. The growth mode of dielectric films can be divided into two types: ex-situ growth and in-situ growth. In-situ growth avoids the problems of in-situ oxidation and surface pollution, and the quality of the dielectric film and interface is better, so it has become a hot topic in the research of dielectric growth. However, the type of medium grown by the in-situ growth method is limited, generally silicon nitride (SiNx) medium. The SiNx medium grown in situ by MOCVD is generally thin (less than 10 nm) due to stress release and other problems. With the increase in thickness, the quality of the SiNx medium will deteriorate and even crack. Therefore, in-situ growth of the high-quality SiNx dielectric layer and the related performance characterization have been both the focus and difficulty of this research. In 2014, P. Meons et al. prepared AlGaN/GaN depletion MIS-HEMT devices with a breakdown voltage of 650 V by in-situ growth of SiNx as a gate medium [64]. In 2021, Nanjing University studied the preparation of depletion-type AlGaN/GaN MIS-HEMT devices on Si substrate, using MOCVD to grow SiNx dielectric layer (about 47 nm) in situ [65]. The saturation output current of the device is 603 mA/mm, and the off-state breakdown voltage reaches 1348 V. It will be a future trend to put Si-based GaN MIS HEMTs with high -K gate media into the market for industrialization.





4. The Reliability of GaN HEMT Devices


The reliability problem of power devices must be solved from product to application. At present, many studies on the reliability of GaN-enhanced power devices have been reported, such as high-temperature reverse bias, high-temperature gate bias stress, short circuit safety working area, etc. [66,67,68]. Gan-based HEMTs are popular because of their huge advantages in millimeter wave and radio frequency fields. For example, GaN processes for 5G FR2 must achieve gate length ≤0.15 μm to provide effective performance [69]. At the same time, they must be economically viable in low-cost communications applications. In this sense, while silicon carbide (SiC) substrates offer the most advanced monolithic microwave integrated circuit (MMIC) design performance, a new generation of GaN-on-Si RF devices is being developed that can reduce substrate costs and utilize existing silicon-based RF and digital processing technologies [70,71,72]. Because the Si substrate’s heat dissipation performance is worse than SiC, the long-term reliability of GaN-on-Si HEMTs in practical applications needs to be fully investigated.



The material properties and the manufacturing process of the device will inevitably introduce various defects and eventually form an electronic trap. These electronic traps can damage the performance and stability of the device while also causing the device to have complex electrical characteristics, such as delayed response, self-heating effect, current collapse, etc. The trap center of the device is generally distributed in the device surface, barrier layer, and buffer layer. Different device manufacturing and growth methods lead to different trap mechanisms.



Current collapse refers to the phenomenon that the output current swing decreases sharply under the drive of high frequency and large signal, resulting in the decrease of output power density and additional power efficiency. The main reason is that the hot electrons in the channel are captured by the deep-level trap in the buffer layer under the action of a strong field, which leads to a sharp decrease in the current in the channel. This pass is recoverable, and when the strong field is removed, or the appropriate light is added, the current can also be gradually restored. This effect is very important for the test and characterization of the device. The delay response includes gate delay and leakage delay. The gate delay is mainly caused by the surface state of the device, and the leakage delay is mainly caused by the deep-level trap in the buffer layer. When the device is applied at high voltage and high current, the heat generated at the channel will make the lattice temperature rise significantly and then cause the effect of device characteristic degradation, which is called the self-heating effect. The existence of trap charge and the low heat dissipation rate of Si substrate further aggravate the self-heating effect. Due to the presence of self-heating and trap charges, the DC and RF characteristics of the device are reduced, resulting in serious degradation of the device’s output power, transconductance, cut-off frequency, and reliability. Therefore, accurate testing of trap effects on GaN HEMTs is necessary to achieve both design objectives and reliability predictions [73]. The physical mechanism of the trap effect is complex. Different trap centers are distributed in different positions of the device, and the constant number between the capture and firing time of each trap energy level may be different, which brings great challenges to the test and characterization of devices.



Pulse IV(PIV) test is a common way to characterize trap effects. By designing pulse width, these trap effects can be characterized separately. However, the test results are strongly dependent on the setting of the time constant and pulse test time associated with the trap. However, fast charge capture times (down to the ns-range) combined with slow charge release (in the ms-range and above) cause each point on the PIV to belong to a different trapping state [74], preventing the acquisition of reliable datasets for GaN device modeling. Although specific multi-pulse techniques for trap-state conditioning [75,76] based on tailored pulsed setups [77] have been proposed, PIV measurements can only provide a steady-state snapshot of the device, not accounting for the time evolution of the state (i.e., the trap capture/release time constants). Current transient spectroscopy allows for the extraction of time constants and activation energies of thermally-assisted de-trapping mechanisms. However, it can only provide local behavior descriptions of steady-state conditions and cannot provide global behavior evaluation of large signal trap dynamics. Alberto et al. proposed a novel characterization technique for charge capture in the time domain [78]. The proposed method summarizes several well-known trap characterization techniques and can be used to describe charge capture kinetics and release mechanisms. Characteristic data such as static IV, pulse IV and capture time constant are seamlessly extracted. Thus, it allows the separation of capture and thermal phenomena and provides a complete basis for compact modeling based on measurements. The method is suitable for millimeter wave applications of different GaN HEMTs.




5. Fabrication of GaN on Si HEMT Devices Compatible with CMOS Process


With the continuous improvement of GaN epitaxial growth technology on Si substrate, the integration of GaN device and Si CMOS process has become the focus of the industry. If the CMOS process line can be used to manufacture GaN, a series of problems that hinder the industrialization of GaN can be solved. At the same time, it is expected to realize the monolithic integration of GaN-based power devices and Si-based logic devices, which will greatly expand the application field and commercial advantages of GaN devices.



At present, in order to realize the compatibility between GaN power devices and Si CMOS process lines, the compatibility of substrate materials should be solved first, and the pollution of CMOS process lines should be avoided during GaN device manufacturing. The epitaxial growth of GaN material on Si substrate mainly uses Si [111] wafers as substrate material, while CMOS processing is carried out on Si [001] substrate. The inconsistency of substrate orientation hinders the monolithic integration of GaN and Si devices. At present, there is substantial research progress being made on material integration technology around the world. In 2017, IBM Research Center in the United States cooperated with MIT to report the material integration of GaN and Si [001] on a large-size (eight-inch) wafer. The specific technical steps are shown in Figure 9 [79]. This technology lays a material foundation for the monolithic integration of GaN devices and Si devices, which is an important step toward the industrialization of CMOS-compatible GaN devices.



In the manufacturing process of conventional GaN devices, the pollution to the CMOS process line is mainly caused by two aspects. On the one hand, the Ga element in dry etching will pollute the CMOS process line. Generally, GaCl3 compounds can be formed by using Cl-based gas to react with Ga at high temperatures [80]. Meanwhile, by increasing the ambient temperature, Ga compounds generated by the etching reaction can be volatilized at an accelerated rate, thus reducing the concentration of Ga. Another important aspect is the heavy metal element in the preparation of the ohmic contact electrode. Au is widely used in the fabrication of conventional GaN devices to prepare ohmic contact electrodes. Therefore, the preparation of ohmic contact without heavy metal elements, especially Au, is a technical problem that must be solved, which has been the focus of the GaN academic and industrial circles.



At present, a variety of GaN ohmic contact technologies compatible with the CMOS process has been proposed in the world. In 2012, the European Microelectronics Center IMEC published a gold-free ohmic contact on AlGaN/GaN epitaxial wafer on an eight-inch Si substrate by annealing at 550 °C [81]. In 2013, the research team of the Institute of Semiconductors, Chinese Academy of Sciences, prepared a GaN Schottky diode by gold-free process [81], but there is still a significant gap with the international level. In 2016, IMEC released a highly reliable Schottky diode manufactured on an eight-inch GaN heterojunction compatible with a CMOS process [82]. However, compared to traditional metal-ohm electrode processes, these contact resistance values of gold-free are higher, increasing the device power loss. The performance of GaN devices is limited. In addition, alloy processes at temperatures up to 800 °C and higher limit the application of many common CMOS processes (such as gate self-alignment process) in GaN devices, which damage the performance and reliability of the devices [83,84]. Therefore, gold-free ohmic contact at low temperatures is a technology that needs to be conquered. In 2019, Peralagu et al. [85] reported the integration of Al (Ga, In) N MOSFET, MIS-HEMT, and HEMT on a 200 mm Si platform based on the gold-free Si CMOS compatible process at a low temperature. Finally, low RF loss, low buffer dispersion, good leakage resistance and ohmic characteristics are achieved. The industrialization process of GaN devices compatible with CMOS is accelerated.




6. Conclusions


This paper describes a series of recent advances in the research of GaN HEMTs, including material epitaxy, key manufacturing techniques for enhanced devices and reliability issues. MOCVD is one of the important technologies for the preparation of GaN HEMT epitaxial films. It has the characteristics of large size, low cost, and good film uniformity. However, due to the lattice mismatch and thermal mismatch between GaN and silicon substrate, which lead to a series of problems, such as shortened lifetime, reduced performance, and reduced reliability, improving the quality of GaN epitaxial thin films, especially AlGaN/GaN heterostructures, is still a hot spot in the future research. HEMT devices with concave gate structure, p-GaN insertion layer structure and cascode structure are the most promising technologies, but there are still development barriers, and the interpretation of many physical characteristics is not mature, which restricts further development of the device research and needs to be further improved. Reliability is a significant barrier to the commercialization of GaN HEMT devices, while material growth and device preparation will inevitably lead to various defects. At the same time, the self-heat generated by device operation will lead to further deterioration of device performance and reliability. This paper introduces different methods of defect test characterization. A novel characterization technique for charge capture in the time domain has been proposed, which will further promote the commercialization of GaN HEMT devices. Finally, we present manufacturing techniques for GaN on Si devices compatible with CMOS processes. With the improvement of dry etching and gold-free ohmic contact technology at a low temperature, the development and application of GaN power devices will be further accelerated.
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Figure 1. Schematic diagram of a six-inch Si-based GaN HEMT epitaxial film [23]. 
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Figure 2. HEMT structure based on Concave-grid technology [3]. 
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Figure 3. HEMT structure based on fluorinated-grid technology [3]. 
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Figure 4. (a) HEMT structure based on P-GaN grid technology [3]; (b) Energy band changes before and after the introduction of p-GaN cap layer [33]. 
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Figure 5. A transversely coupled HEMT device based on a p-GaN gate [50]. 
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Figure 6. HEMT structure based on cascode technology [3]. 
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Figure 7. HEMT structure based on barrier thinning technology [3]. 
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Figure 8. (a) MIS HEMT; (b) HEMTs with Schottky exposure [60]. 
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Figure 9. Hybrid-oriented SOI substrate with top Si (100) and bottom Si (111) preparation for MOCVD growth: (a) CVD-SiO2 growth, (b) Dry etching to expose Si (111) plane, (c) Si3N4 growth via CVD as an isolation and diffusion barrier, (d) Si3N4 removal via dry etch to expose Si (111) plane, (e) AlGaN/GaN HEMT growth, (f) CVD-SiO2 removal via chemical-mechanical planarization [79]. 
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