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Abstract

:

With the increased power density of gallium nitride (GaN) high electron mobility transistors (HEMTs), effective cooling is required to eliminate the self-heating effect. Incorporating diamond into GaN HEMT is an alternative way to dissipate the heat generated from the active region. In this review, the four main approaches for the integration of diamond and GaN are briefly reviewed, including bonding the GaN wafer and diamond wafer together, depositing diamond as a heat-dissipation layer on the GaN epitaxial layer or HEMTs, and the epitaxial growth of GaN on the diamond substrate. Due to the large lattice mismatch and thermal mismatch, as well as the crystal structure differences between diamond and GaN, all above works face some problems and challenges. Moreover, the review is focused on the state-of-art of polycrystalline or nanocrystalline diamond (NCD) passivation layers on the topside of GaN HEMTs, including the nucleation and growth of the diamond on GaN HEMTs, structure and interface analysis, and thermal characterization, as well as electrical performance of GaN HEMTs after diamond film growth. Upon comparing three different nucleation methods of diamond on GaN, electrostatic seeding is the most commonly used pretreatment method to enhance the nucleation density. NCDs are usually grown at lower temperatures (600–800 °C) on GaN HEMTs, and the methods of “gate after growth” and selective area growth are emphasized. The influence of interface quality on the heat dissipation of capped diamond on GaN is analyzed. We consider that effectively reducing the thermal boundary resistance, improving the regional quality at the interface, and optimizing the stress–strain state are needed to improve the heat-spreading performance and stability of GaN HEMTs. NCD-capped GaN HEMTs exhibit more than a 20% lower operating temperature, and the current density is also improved, which shows good application potential. Furthermore, the existing problems and challenges have also been discussed. The nucleation and growth characteristics of diamond itself and the integration of diamond and GaN HEMT are discussed together, which can more completely explain the thermal diffusion effect of diamond for GaN HEMT and the corresponding technical problems.
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1. Introduction


As a representative third-generation semiconductor material, GaN has excellent properties, such as a large band gap, high breakdown voltage, and high electron saturation drift velocity [1,2,3,4]. The GaN-based devices exhibit high-power density and conversion efficiency. In the applications of 5G communication and radar, GaN HEMTs can provide more than 10 times higher power density than existing Si technology, so they have great application in high-frequency, high-power microwave, millimeter wave devices and circuits [5]. However, due to this high operating power density, the heat effect in the active region of the chip accumulates, and the heat flux of the local hot spot can reach 10 kW·cm2, while the volumetric heat generation under the package exceeds 100 W·cm−3 [6]. The reliability and stability of GaN HEMT devices are seriously challenged with conventional thermal management. As the highest thermal conductivity material in nature, diamond is a good thermal management choice. Early simulations and modeling showed that the passive thermal extraction by directly fabricating it with diamond could dramatically reduce junction temperatures by 25–50%. In recent years, great experimental progress has been made [7,8,9]. Apart from GaN HEMTs, some researchers have also studied the heat-dissipation effect of diamond on LED [10,11], which is beyond the scope of the review.



In this paper, several methods to enhance the heat dissipation of GaN HEMTs by using diamond are briefly introduced. The integration process of capped-diamond on GaN HEMTs is mainly described, including the nucleation and growth of diamond on GaN, the analysis and optimization of interface quality, and the improvement of the thermal and electrical properties of devices after diamond layer deposition. In this method, the nucleation of diamond on GaN, keeping a high-quality interface, high stress–strain, and thermal boundary resistance are the main difficulties and breakthrough directions. This paper describes in detail the potential and technical challenges of this approach and discusses its advantages and disadvantages.




2. Heat Dissipation Technology of GaN HEMTs with Diamond


The well-established technology for AlGaN/GaN heterojunction materials was grown on sapphire, high-resistance silicon and silicon carbide (SiC) substrates [12,13,14]. Up to now, SiC has been the mainstream substrate for high-power applications due to the highest thermal conductivity and least lattice mismatch of these three. The currently fielded and commercially available HEMTs are operating at only 5–6 W/mm, which is far lower than the experimental 42 W/mm [15]. Diamond has more prominent application advantages over other materials and is expected to significantly improve the self-heating effect of the devices and solve the problem of the deterioration of device performance under high-frequency and high-power operating conditions, as listed in Table 1. However, there are still great mismatches between diamond and GaN, mainly including lattice constants, thermal expansion coefficients (TECs), and crystalline structures. Thus, the integration of diamond and GaN also faces great technical challenges.



How to use diamond as heat sinks or substrates for GaN-based power devices has been reported in a variety of technical methods, mainly including bonding diamond to GaN wafers or HEMT devices, the epitaxial growth of GaN on single crystal diamond substrates, and the growth of nanocrystalline or polycrystalline diamond on the topside or backside of GaN or HEMT devices, as shown in Figure 1.



2.1. Bonding Diamond to GaN Wafers or HEMT Devices


The GaN/diamond bonding method based on transfer technology is a flexible process, which can realize the simultaneous preparation of the GaN epitaxial layer and diamond substrate and effectively ensure high thermal conductivity of the diamond substrate [6]. In this method, GaN epitaxial materials or devices are first grown on Si and other substrates, and the upper surface is bonded with a suitable sacrificial carrier to remove the original substrate, and then, the lower surface of the epitaxial material is combined with the diamond heat-dissipation layer at the atomic level. Finally, the sacrificial carrier is removed to obtain GaN epitaxial materials or devices based on diamond substrates. At present, this technical method has been able to adopt a more mature form of low-temperature bonding reported by the BAE Systems and Nanjing Electronic Devices Institute (NEDI) [20,21]. The output power density of GaN devices on diamond substrates obtained by BAE Systems is 3.6 times that of traditional SiC substrates, reaching 11 W/mm [20,22]. However, this method has great requirements for the quality of the bonding interface layer, such as parallelism, deformation, and surface roughness. High-precision machining on the bonding surface of the large-size diamond substrate and GaN epitaxial layer is necessary. In addition, further optimizing the relevant parameters, such as the thermal conductivity, thickness, and bonding process of the bonding layer to reduce the boundary thermal resistance between the heterogeneous layers, should be carried out systematically.




2.2. Epitaxial Growth of GaN on the Diamond Substrate


There is a lasting interest in the method of direct epitaxial GaN or HEMTs on the diamond substrate [23,24]. Representative research groups include Swiss EPFL [25], Element 6, and Japanese NTT teams [26,27,28]. A polycrystalline diamond substrate has been tried, which led to serious deterioration of the GaN film, even to amorphous growth, so it is far from the device demand. With the development of single crystal growth, the mainstream application substrate of this method turns to single crystal diamond. The focus is on the use of single crystal diamonds with different orientations, such as (110), (111), and (100), etc. In 2011, Hriama et al. from NTT Corporation, Japan, reported GaN-based HEMTs with a max power output of 220 mA/mm on the (111) diamond substrate. The two-dimensional electron gas mobility (2DEG) and sheet carrier density were 730 cm2/Vs and 1.0 × 1013 cm−2 at room temperature, respectively. The current gain cut-off frequency and the maximum oscillation frequency are 3 GHz and 7 GHz, respectively [27]. Subsequently, in 2012, the same group updated the new result. At 1 GHz, the output power density is 2.13 W/mm, the gain is 28 dB, the power added efficiency is 46%, and the current gain cut-off frequency and the highest oscillation frequency are 5 GHz and 18 GHz, respectively [28]. This is the first report on the RF characteristics of HEMT devices made of AlGaN/GaN heterostructure material grown epitaxially on a diamond substrate. While successfully preparing heteroepitaxial materials and devices on single crystal diamond substrates, the out-power density is near half that of GaN-on-SiC HEMTs. This implies that this approach faces great technical challenges originating from the large differences in lattice constants and thermal expansion coefficients and the structural differences between diamond and GaN. Therefore, nowadays, the core task is to overcome the bottleneck of direct epitaxy GaN materials or devices on the diamond substrate [29,30].




2.3. Diamond Epitaxially Grown on GaN Substrate or HEMTs


The epitaxial growth of diamond on GaN is a relatively mature method. It can also be divided into the direct growth of diamond on the back of GaN epitaxial layers or HEMT devices and the direct deposition of a polycrystalline or nanocrystalline diamond heat dissipation layer on the top of GaN HEMTs. However, it is difficult to grow a single crystal phase even on some cubic structure substrates, since diamond only nucleates on the substrate of some potential carbide-forming materials. Therefore, the diamond deposited on GaN only forms a polycrystalline or nanocrystalline phase. The direct deposition of diamond on a GaN epitaxial layer has the advantage of being as close as possible to the heat-generation position of HEMTs, which is obviously helpful to the heat dissipation [31].



The chemical vapor deposition (CVD) process is the most suited technique for large-area thin films, which involves chemical reaction inside a gas-phase, as well as deposition onto a substrate surface. William G Eversole proposed a CVD growth method in 1961 [32]. Angus et al. [33] became the first group who could synthesize diamond via a CVD process. Based on the sort of energy supply, the activation can be generated by microwave (MW), radio frequency (RF), laser-induced (LI), direct current (DC), hot filament (HF), and chemical activation (CA) [34]. Among the above-mentioned, the diamond prepared via the microwave plasma chemical vapor deposition (MPCVD) method has the advantages of a stable growth process, high purity, large-area film preparation, and high thermal conductivity. Therefore, it is widely used as a heat-dissipation material under ultra-high heat flow density conditions, such as radar components.



Figure 2 is the photo of directly depositing polycrystalline or nanocrystalline diamond at the topside of GaN HEMTs. The capping diamond concept was initially proposed in 1991 [35]. This method being applied to GaN HEMTs started relatively late, and diamond was directly deposited into the channel of the devices, closer to the active region. Many researchers used the simulation method to study the heat dissipation effect of diamond as important reference information.



From the results of Figure 3 and Table 2, capped diamond can effectively suppress the self-heating effect and improve the electrical performance of GaN HEMTs. Compared with those of the conventional GaN-on-Si, gm and fT are increased by 14% and 17%, respectively [36]. Zhang et al. conducted a series of simulations on the cooling effect of capped diamond on GaN HEMTs. For the 12-finger model with a 20 µm gate pitch gate distance and gate power density of 6 W/mm, a 20 µm layer of capped diamond could reduce the junction temperature by 12.1% for GaN-on-diamond HEMTs and by 25.3% for GaN-on-SiC HEMTs [37]. They simulated the heat-spreading effect of the film thickness and diamond anisotropy on the pulsed-operated GaN HEMTs [38]. The results showed that the 2 μm-thick diamond film can effectively reduce the dynamic steady-state peak junction temperature to 14.7% when the device works at a duty cycle of 2.5%, a pulse period of 200 μs, and a peak power density of 19.58 W/mm. Because the peak power density is inversely proportional to the duty cycle, the intensive heating decreases as the duty cycle increases. In addition, the device operating with a smaller pulse period has a narrower pulse ON-state time window, so the heat-accumulation effect becomes weaker. Therefore, the duty cycle and pulse period under this condition will also make the cooling effect of the capped diamond more profound. In addition, the above group also tried to integrate the capped diamond with the manifold microchannel cooling (EMMC) GaN HEMTs [39]. The 5 μm-thick diamond layer can increase the drain current of the device by 10.5%, and the self-heating effect can be neglected for a 100 ns pulse width at a 1 V gate and 20 V drain voltage. The new EMMC device structure complements the capped diamond to reduce the junction thermal-spreading resistance and expand the near-junction cooling scheme. In 2017, Zhou et al. [40] extensively studied the heat-spreading benefit of polycrystalline diamond layers with different thin film thicknesses, in which polycrystalline diamond films exhibited strong layer-thickness dependence. Use of the experimental KDia and thermal boundary resistance values in the device simulation predicted that the peak temperature was reduced by up to 15% when the source-drain opening of the GaN HEMT was overgrown with PCD. The simulation and experiment provided guidance for the heat-spreading limit of this technical method. The integration of diamond and GaN provides positive results from above-simulated modeling. However, the experimental results still show many technical problems needed to be further solved and will be further discussed in detail in Section 6.



Using the method of depositing diamond on the back of the GaN epitaxial layer, Group 4 Laps from the United States is the main research group [23,41,42,43]. They studied the decomposition mechanism of GaN in the high-temperature gas environment and the influence of the diamond deposition process on GaN HEMT devices. They first proposed three important conclusions: (1) GaN can be exposed at higher temperature for a long time without detecting changes in electrical properties, (2) the thermal mismatch between the GaN epitaxial layer and the diamond film does not affect the device [42], and (3) diamond can be deposited on Si-based GaN [44]. The group of Obo and Sugino deposited diamond films on the (0001)-oriented GaN epitaxial layer and realized the growth of directional heteroepitaxial isolated diamond crystals [45]. However, due to the low nucleation density, a continuous diamond film was not formed. This is the first attempt to deposit diamond film on hexagonal GaN. In 2011, D. Francis and Tyhach M of Group 4 Labs completed a 4-inch GaN HEMT on a 100 μm-thick diamond substrate [46], which is the largest diameter for a GaN wafer on a diamond substrate ever reported. At present, the optimal RF performance of AlGaN/GaN HEMTs can obtain a power density of 7.9 W/mm at 10 GHz and a 40 V bias voltage, and the PAE can reach 46% [47].



However, subjecting GaN to the harsh diamond-growth environment, which is the hydrogen-containing high-temperature condition, leads to performance degradation of GaN and related devices. The coping strategy is to deposit a dielectric layer on the backside of GaN epitaxial layer or on the topside of the device and then use chemical vapor deposition (CVD) to grow the diamond film heat-dissipation layer [48,49,50]. Obviously, the introduction of the interlayer will increase the effective thermal boundary resistance (TBReff), limiting the heat dissipation performance of diamond for the GaN-based devices. Secondly, there is a nucleation layer during the diamond growth process, which will lead to enhanced phonon scattering due to the high density of different orientation nanocrystalline diamond grains, grain boundaries, impurities, and defects. Thirdly, because of the easy degradation of GaN during diamond deposition, a lower temperature condition is needed. Therefore, how to ensure the quality of diamond at low temperature is also an important problem. Table 3 shows the advantages and disadvantages of different integration methods.



The method of depositing capped diamond on GaN HEMTs is the focus of this review. All works listed in this review were undertaken to solve the problems, including the degradation of III-nitride layers in the harsh CVD environment, thermal stress caused by the mismatch of the thermal expansion coefficient of the materials, and reducing the thermal boundary resistance of GaN/interlayer/diamond [52]. Any change in the stress–strain state in AlGaN/GaN heterostructures, especially in the AlGaN barrier layer, will have a great influence on 2DEG characteristics [53]. Researchers try to find a way to achieve the balance between the properties of GaN HEMTs and the deposition conditions of diamond. Thus, the subsequent section focuses on the nucleation and growth characteristics of diamond, the analysis of the GaN/diamond interface, and the thermal and electrical properties of GaN HEMTs.





3. Nucleation of Diamond


GaN is very stable in an air environment and begins to decompose when it is heated to 1300 °C. However, it becomes very unstable in a high-temperature hydrogen plasma environment and is prone to decomposition and deterioration, which will lead to a large number of new defects and seriously affect the electrical properties of AlGaN/GaN [52,54]. From the study of Akinori Koukitu et al., H2 promotes the decomposition of GaN in the high-temperature environment. H and N atoms combine to form NH3, and the increased temperature will also lead to Ga and H atoms combining and even cause the formation of Ga droplets [55]. The addition of N2 can make the balance of the GaN decomposition reaction shift to the left, inhibit the decomposition of GaN, and enhance the stability of GaN. In addition, forming a dense diamond nucleation layer on the surface of GaN in a short time can play an effective role in protecting GaN.



Nucleation is a key process for the growth of diamond films. Spontaneously nucleation on heterogeneous substrates is difficult. This is mainly because the high surface energy of diamond. Rapid nucleation (a few minutes commonly) is a necessary condition for the deposition of high-quality diamond films. The characteristics of the substrate, such as surface defects, surface energy, surface diffusion and bulk diffusion of atoms, and chemical reactivity [56,57], affect the diamond nucleation process. Especially, a GaN substrate, which has a large lattice mismatch and thermal expansion mismatch with diamond, puts forward some difficult requirements for diamond nucleation. The temperature of the substrate also affects the diamond nucleation process. Considering the quality and rate of diamond nucleation and the thermal stability of GaN HEMT, researchers regard ~600 °C as a more suitable nucleation temperature. A. Kromka et al. introduced the thermodynamic and kinetic conditions of diamond nucleation in detail in his work [58]. To achieve high-quality nucleation efficiency, adopting some technical methods of assisted nucleation is necessary. Substrate pretreatment becomes a commonly used method, mainly including ultrasonic treatment with a diamond powder suspension, applying bias voltage to enhance nucleation and electrostatic seeding on the substrate surface by diamond nanoparticles. The above methods are for technical approaches to the growth of diamond on GaN layers.



3.1. Nucleation through Ultrasonic Particle Treatment


Ultrasonic pretreatment in a diamond powder suspension is performed to form scratches on the substrate surface or attach diamond particles to the substrate as nucleation sites [59]. The liquid used for the suspension is mainly ethanol, acetone, and pure water, etc. [60]. This method is relatively simple to operate, because there is no excessive requirement for the substrate’s geometry, and no special deposition equipment is required. In the experiment by Mohapatra et al. [61], to enhance the density of diamond nucleation sites, the substrate was ultrasonically treated in a 2 μm-sized diamond powder suspension for 10 min, with subsequent cleaning with acetone and deionized water in an ultrasonic bath. Continuous diamond films with a high nucleation density were obtained. However, the core purpose of the ultrasonic pretreatment method is to damage the substrate surface and create residual diamond particles to increase the nucleation density, which makes the substrate damaged or roughened [56]. Therefore, it is limited to use in the subsequent experimental study of diamond film growth on GaN. Especially, for the technical method of directly depositing diamond on the top of GaN HEMTs, this pretreatment process is likely to cause damage to the AlGaN barrier layer and affect the further use of the devices. This method is not very suitable for this growth technique approach.




3.2. Bias Enhanced Nucleation


The use of a biased voltage in a CVD chamber to promote diamond nucleation is called Bias Enhanced Nucleation (BEN), which was first proposed by Yugo et al. [62]. Lifshitz et al. detailed described the bias-enhanced nucleation process and proposed the corresponding mechanism [63]. As mentioned above, Oba and Sugino have used bias enhanced nucleation prior to diamond deposition onto GaN materials in a microwave plasma chemical vapor deposition chamber [64]. However, they could not grow a continuous film due to the low nucleation density. In 2011, Alomari et al. reported a 0.5 μm-thick NCD film process on In0.17Al0.83N/GaN HEMTs via hot filament chemical vapor deposition at 750–800 °C [65]. After NCD deposition, the fT and fmax of the device were 4.2 and 5 GHz, respectively. Moreover, the DC characteristics were basically similar to those before deposition. However, the RF-tested device showed high gate leakage, probably due to the effect of the high-temperature and hydrogen-rich deposition environment on the gate dielectric and gate metal. In 2014, the NCD layer was increased to a 2.8 μm thickness [66].



BEN can greatly improve the nucleation site density before diamond growth, providing a prerequisite for the high-quality nanocrystalline diamond. The typical nucleation density achieved by BEN is in the order of 1010 cm−2. However, the BEN method also has some disadvantages, such as being only applicable to conductive substrates [56].




3.3. Electrostatic Seeding


At present, electrostatic seeding is the most widely used pretreatment method for enhancing the nucleation of polycrystalline diamond films [67]. The main process is to establish a heterogeneous charge difference between the substrate and the diamond powders and use electrostatic adsorption to realize the diamond powder seeding [68,69]. Specifically, by cleaning the substrate or directly coating a suitable polymer layer on the substrate surface, the nanodiamond powders with opposite potential are self-assembled on the substrate to form a uniform single-particle diamond powder layer. Figure 4 shows a schematic diagram of perfectly spherical seeds densely packed in hexagons and the theoretical maximum seeding density with different seed diameters. The preparation of a stable and uniform diamond colloidal suspension is one of the important prerequisites. Diamond is insoluble in water or any other solvent, which helps the corresponding diamond colloidal suspension form. The colloidal suspension stability is determined by the suspended particles’ potential, and it is generally believed that an absolute value of the ζ-potential more than 30 mV will create a good condition for forming a stable colloidal suspension [52]. It should be noted that the amount of nanodiamond particles added to the solvent is also the critical factor. Too few nanodiamond particles may not meet the high-density diamond particle seeding requirement. Too many nanodiamond particles will lead to a great increase in the collision probability between particles. This process will make the van der Waals forces between particles possible to overcome the repulsive potential caused by the surface charge and finally lead to agglomeration. In addition, the diamond particle size will also have a certain impact on the colloid stability [70]. Obtaining a uniform monodisperse colloidal suspension is an essential part; the colloid is conducive to improving the seeding quality and increase seeding density [69,71,72]. Smaller particles currently used for seeding treatment are produced via the detonation of unused or decommissioned explosives, and these diamond particles are called detonation nanodiamond (DND). In the process of producing nanodiamond via detonation, a large amount of sp2-phase carbon is formed, and it is precisely because this part of non-diamond carbon promotes the formation of large diamond particle agglomerates. The existence of agglomerates makes it difficult to obtain monodisperse diamond colloids. The methods of preparing monodisperse single nanodiamond particulates are mainly high-power ultrasonic treatment, stirred-media-milling method, and dispersant assisted dispersion. An in-depth discussion about preparing monodisperse nanodiamond colloids is beyond the scope of this review.



In 2007, Ozawa et al. obtained the first DND (4–5 nm sized particles) monodisperse colloidal suspension via a wet milling process using zirconia beads to help disperse diamond powders [73]. Due to the smaller gap between particles, the smaller diamond particles can effectively achieve a high seed density. Stehlik et al. used 2 nm DND as diamond seeds to obtain a seed density of up to 2.88 × 1013 cm−2 [74]. As mentioned above, the reason why a high seeding density can be formed on the substrate surface is that there is a certain potential difference between the substrate surface and the DND colloid. Changing the condition, such as the pH value and surface potential, can control this part of the potential difference. Figure 5 shows the ζ potential of a hydrogenated and oxidized diamond colloid solution measured over a wide range of pH values. Mandal et al. studied the potential changes in the Ga-face and N-face GaN with pH in detail [75]. Between pH 5.5 and 9, both showed a negative ζ potential, while the potential of N-face GaN showed a more negative ζ potential, which was mainly due to the larger concentration of adsorbed oxygen on the surface. Some researchers have also tried to change the surface potential ζ by covering a polymer layer on the substrate [76,77,78,79]. This polymer will undergo corrosion decomposition during the CVD heating process, leaving nanocrystalline diamond seeds on the substrate surface. Currently, the polymers commonly used are poly-diallyldimethylammonium chloride polymer (PDDAC), polystyrene sulfonic acid (PSS), and polyvinyl alcohol (PVA) etc., and the process adsorbed on the surface of the substrate particles or polymer mass is determined by the Sauerbrey equation. At present, this technology has been able to achieve selective seeding on the substrate and allow ND deposition matching complex 3D structures [58,68,76,78,80].



In addition, nucleation is also affected by process parameters. Too high pressure in the reaction chamber will lead to a decrease in the nucleation rate. An excessive substrate temperature and carbon concentration will make the quality of diamond films decrease. Otherwise, it will affect the uniformity of nucleation. Moreover, the material of the substrate will also have a significant impact on the nucleation process. This section aims to focus on the effect of pretreatment methods on nucleation, and the dependence on the temperature is slightly mentioned. Temperature is generally a key parameter of the nucleation by increasing the surface diffusion of atomic species. Many examples of enhanced nucleation with temperature were found with different deposition methods, and an optimum temperature has been found to exist at ~860 °C where the nucleation density reaches a maximum. Reactive species or molecules are physically (<900 °C) and chemically (>900 °C) adsorbed on the substrate surface. This leads to an abrupt change in the diffusion length at ~900 °C. When the temperature is close to 860 °C, the adhesion probability of the active species on the substrate surface increases [81]. The effect of substrate temperature on diamond nucleation can be obtained from this literature in detail [82,83,84].





4. Growth of Polycrystalline or Nanocrystalline Diamond


The diamond deposition reaction mainly includes the following three main processes [85,86]:


CdH + H* → Cd* + H2



(1)






Cd* + H* → CdH



(2)






Cd* + CH3 = Cd-CH3



(3)







The first two equations represent the activation process of surface reaction sites for carbon deposition. Equation (3) indicates that the process of diamond deposition is the result of the interaction between the growth and etching of diamond. The percentage of surface open reaction sites is a key parameter to determine the growth rate, which is usually expressed by the fraction of reaction rates (k1/k2) [87]. The reaction rates of those equations can be described by A*exp(−Ea/RT), where the activation energy for k1 is 7.3 and is 0 kcal/mol for k2 [88,89,90]. In this process, under the action of microwaves, hydrogen is decomposed into H plasma, which can bombard the surface of the sample. Then, the chemical bonds on the substrate material surface can be opened, so as to provide dangling bonds for the free radicals of the carbon source to bind to the surface and help diamond growth. During this process, hydrogen plasma will also cause an etching effect on the substrate and improve the growth quality of diamond by etching the growth defects of the surface and amorphous carbon, graphite, and other phases [85]. According to a large number of experimental studies, setting different growth conditions can significantly affect the surface morphology, quality, and growth rate of polycrystalline diamond. These growth parameters mainly include the microwave power, pressure, temperature, gas system and proportion, and plasma conditions, etc. Higher power and gas pressure can effectively suppress the secondary nucleation of diamond, and a faster growth rate contributes to the formation of micron-crystalline diamond. On the contrary, if the secondary nucleation rate of diamond is enhanced by controlling the parameters, including a high substrate temperature, high methane concentration, and the addition of inert gas, the formation of nanocrystalline diamond will be promoted [87,91]. Moreover, in the atmosphere of Ar, nanocrystalline diamond and ultra-nanocrystalline diamond (UNCD) can be obtained by Ar ion bombardment. However, the existence of a large amount of Ar ions will lead to low diamond phase purity, that is, the ratio of sp3/sp2 is lower, which should be considered in the application for thermal diffusion [92,93].



In Figure 6, Seelmann-Eggebert et al. firstly explored the preparation of a diamond passivation layer on the GaN field effect transistor (FET) surface, optimized the growth of the protective layer, nucleation, and deposition process, and completed the deposition of 0.7 μm- and 2 μm-thickness diamond (sub-μm particle size) at 440 °C and 480 °C [94]. Although the diamond quality is poor and the heat dissipation effect is not good due to low-temperature growth conditions, it provides some guiding tips for the application of diamond to GaN devices for heat dissipation.



As is shown in Figure 7a,b, Alomari et al. successfully grew a 4.5 μm-thick nanocrystalline diamond layer on InAlN/GaN in a temperature range of 750 °C to 800 °C [95]. However, there are problems of poor current efficiency and ohmic contact degradation [65], which is because the device itself is not resistant to a high-temperature and hydrogen-rich environment. In 2011, Govindaraju et al. deposited an NCD layer on AlGaN/GaN HEMT via a low-temperature growth process (<350 °C) and found that this process will not cause damage to the metallization of the device [8]. However, under these low temperatures, the quality of the diamond film is relatively poor. Moreover, they considered that the metallization damage is a complex phenomenon, involving the solid-state reaction between the metal and the substrate. In addition, Goyal et al. directly deposited high-quality nanocrystalline diamond films on GaN substrates at low temperatures of 450–500 °C [96]. The grain size of crystalline diamond is in the range of 100–200 nm. The above study complements the experiment of depositing diamond on a GaN substrate at this temperature range and obtains better diamond quality and surface morphology. In 2012, M. J. Tadjer et al. proposed AlGaN/GaN HEMTs with high-quality nanocrystalline diamond heat-spreading layers (0.5 and 2 μm-thick) using a “diamond-before-gate” approach [97]. The nanocrystalline diamond film provided a high thermal conductivity path only 50 nm away from the gate, and the heat spreading effect was increased by 20%.



In 2019, Malakoutian et al. analyzed the method and path of growing polycrystalline diamond on N-GaN using Si3N4 as passivation layer in detail and summarized a relatively complete growth window of polycrystalline diamond on such substrates, in Figure 8, which provided a general guideline for related work [98]. Subsequently, the group used the existing growth parameters to successfully prepare a thin and dense nanocrystalline diamond layer with abrupt interface on a bare and Si3N4-coated N-polar GaN substrate and kept the growth rate at 0.18–0.25 μm/h with a uniform particle (140–180 nm) and thickness (180–250 nm). The next step will be expected to be further grown on large-sized wafers.



Selective area deposition has also been the focus of researchers. Compared with the overgrowth method, the selective area deposition process can avoid the deposition of diamond on the electrodes, eliminate the effect of electrode degradation, and omit the step of ICP etching to open the electrode position. Zou et al. deposited diamond films on patterned GaN substrates with a thin silicon nitride protective layer [99], which effectively prevented plasma-induced GaN decomposition and etching, eliminated film cracks and delamination, and obtained high-quality diamond films. In 2010, Babchenko et al. reported the approach of a photo-resistive polymer to pattern the diamond-seeding layer [100]. By combining reactive ion etching (i.e., dry process) and wet photo lithographical processing using two polymer layers, better processing technology for patterned diamond growth was achieved. Tibor Izak et al. used selective area in a three-layer sandwich structure (polymer/seeding layer/polymer) for diamond nucleation and growth on AlGaN/GaN heterostructures [80] to eliminate surface and metal contact damage (Ni, NiO, Ir, and IrO2) and suppress the spontaneous nucleation of diamond. Selective area growth is considered a possible and viable method that still needs improvements to avoid the uncertainty caused by the etching process after diamond deposition. Figure 7c shows a top-view SEM image of NCD grown on a GaN substrate via selective area deposition.




5. Structure and Interface of Diamond on GaN HEMT


A dielectric layer is usually used to protect the GaN and to evenly deposit diamond seeds. Moreover, increasing nitrogen partial pressure and the pre-deposition of a protective layer on the surface of GaN can be also used to raise the GaN stability [101]. However, inherent to the growth of GaN HEMTs, a dielectric layer is placed between the GaN and diamond, which can contribute significantly to the overall thermal resistance of the structure [6]. The requirement for the protective layer is to have plasma insulation, which can effectively prevent the penetration of hydrogen [102], and have good binding properties for both GaN and diamond. The commonly used dielectric layers include SiN, AlN, and SiO2, etc., and the high-quality SiN layer is easily obtained and can form a strong binding transition layer with C atoms. Therefore, SiN film is also considered the primary candidate of dielectric layers. Nowadays, reducing thermal boundary resistance is the important task for the dielectric layer.



First of all, the main measurement methods of thermal boundary resistance are the three-dimensional (3D) Raman thermography mapping method, transient thermoreflectance (TTR), and time-domain thermoreflectance (TDTR). Moreover, the value of thermal boundary resistance can be calculated using the phonon mismatch and diffusion mismatch model (DMM) [103]. At present, the effective thermal boundary resistance (TBReff) is considered to be a thermal parameter that can effectively measure the heat transfer among GaN/interlayer/diamond, which mainly includes the thermal resistance generated by the interface layer, the inherent thermal resistance of the material boundary, and the thermal resistance increased by the crystal defects near the interface, etc. [104].



Cho et al. studied the phonon transient mechanism at the GaN/SiN/diamond interface in detail [105]. They pointed out that the defects of the materials and the phonon scattering caused by the interface determine the thermal resistance at the heterogeneous interface. At the same time, the defects and phonon scattering are closely related to the type and thickness of the dielectric layers and the quality of the diamond-nucleation layer. Therefore, a good abrupt interface layer is a necessary condition for achieving low thermal resistance.



Optimizing the type and thickness of the dielectric layers can effectively reduce the thermal boundary resistance and enhance the thermal-diffusion effect of GaN HEMT devices. Yates et al. used diamond samples with different interface layers (SiN, AlN, and no interfacial layer) to prepare three kinds of GaN-on-diamond samples [50]. According to time-domain thermal-reflectance (TDTR) analysis, the sample with SiN as the interfacial layer has the lowest thermal boundary resistance (<10 m2 K GW−1) with a 5 nm thickness. In contrast, the remaining samples with AlN and no interfacial layer yielded higher TBR values (>20 m2 K GW−1). The corresponding results are shown in Figure 9a–e.



Theoretically, the AlN thermal conductivity is higher than that of the SiN interlayer. Thus, at the same thickness of dielectric layers, the TBR with a diamond/AlN/GaN structure should be lower than that with a SiN interlayer structure. However, during the diamond deposition process, using AlN as the interfacial layer or no interfacial layer of the sample, which will be attributed to the rough interface, this deteriorating interface will enhance the phonon-scattering effect and will not be conducive to heat spreading. This was also verified by Jia et al. and Zhou et al. [50,104,106,108]. The TBR obtained with 100 nm-thick AlN and SiN dielectric layers is 56.4 and 38.5 m2·K/GW, respectively. Thus, SiN is still the better choice. This is because it can better reduce the etching of GaN during the growth process and can result in relatively smooth and orderly elemental transition throughout the interlayer, thereby reducing disorder and enhancing phonon transport across the interface. It is worth noting that the quality of AlN has an important influence on the value of interface thermal resistance. Depositing a high-quality AlN layer is a necessary condition to reduce the interface thermal resistance and give free rein to the high thermal conductivity of AlN itself. The main results of different interlayers are summarized in Table 4.



Use of the periodic patterned SiN layer structure can effectively increase the diamond-nucleation density, reduce the thermal boundary resistance among GaN/SiN/diamond, and improve the heat-dissipation capability of GaN-on-diamond by Jia et al. [114]. This is because the periodic structure increases the contact area of the interface and phonon transmission efficiency, while increasing the nucleation density further reduces the adverse effect on interface heat transfer. Moreover, in the experiment of depositing 1.5 μm-thick polycrystalline diamond on an AlGaN/GaN heterojunction with a 20 nm SiN interlayer, Wu et al. analyzed the interface via transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS) [107]. The results showed that the thickness of the SiN layer was reduced by ~1.7 nm after diamond growth (Figure 9f), and it was converted into a thin SiC layer at the diamond/SiN interface, which is formed by the possible substitution of N atoms by C atoms. The SiC transition layer can adjust the heat transfer of the diamond/SiN interface, which is conducive to thermal spreading. Therefore, the formation of an Si-C covalent bond might provide a new way to further reduce the thermal resistance of the diamond/GaN interface. This is similarly illustrated in other papers [113,115].



In addition, Downey et al. [116] explored the effect of different thicknesses (5–50 nm) of SiN interlayers on the large-signal output power density and channel temperature reduction and found that the SiN layer with a thickness of 50 nm had the highest output power density and power-added efficiency (PAE) at 4 and 10 GHz. They considered that a reduced trapping effect at the NCD/SiN interface or in the NCD layer itself improved the DC-RF dispersion with a 50 nm-thickness SiN interlayer. From the experimental results and thermal modeling, the extracted channel temperature (TCH) shows no obvious dependence on SiN interlayer thickness. The relevant results are shown in Figure 10.



Furthermore, the defects in the interfacial layer and at the interface between different layers can also result in an increase in thermal boundary resistance. This is precisely because of the high-quality interface between diamond and SiN that does not show any voids or defects. Therefore, the thermal boundary resistance has been significantly reduced. Of course, this is closely related to the quality of the deposited SiN itself. Most of the research in this part is only focused on qualitative analysis. Regarding the method of the diamond passivation layer on GaN HEMT, there is not much discussion on the relationship between defect density and phonon scattering at the specific interface, which is mainly due to the difficulty of nano-scale interface characterization and analysis. Similarly, Cho et al. used the related model to try to analyze the phonon conduction in GaN-diamond composite substrates and obtained a boundary thermal resistance as low as 17 m2 K GW−1 when the point defect density was near 3 × 1018 cm−3 [105]. Meanwhile, optimizing the quality of the diamond-nucleation layer can also provide a positive effect on reducing the thermal boundary resistance. As mentioned above, DND particles can effectively increase the number of diamond nucleation sites. Although DND particles have higher seeding densities, it may not be the best choice for thermal management applications, which is also because of the high TBR value between diamond and substrate. Specifically, a so-called diamond nucleation region exists in the initial diamond seeds, which contains a high concentration of defects and grain boundaries. Thus, this layer increases phonon scattering and consequently reduces thermal conductivity [52]. DND particles with an amorphous shell will lead to an increase in sp2 bonds close to the interface [117]. Secondly, the high seed density means that they are not allowed to grow significantly before coalescing with each other, and this results in a further increase in the number of defects and grain boundaries.



On the other hand, the grain/grain boundaries ratio may be effectively improved by seeding diamond powders with larger particle sizes. In 2020, Bai et al. evaluated the thermal conductivity of deposited diamond films via a 4 and 20 nm diamond particle-seeding process on Si substrates [118]. The seeding densities are 7 × 109 cm−2 with 20 nm seeds and 3 × 1011 cm−2 with 4 nm seeds, respectively. Although the larger-size diamond seeds lead to smaller seeding densities on the substrate surface, they would produce larger-sized grains (indicating larger contact area) near the interface region and have higher thermal conductivity. Smith et al. [109] used the mixed seeds of microdiamond and nanodiamond for pretreatment and deposited CVD diamond on GaN and AlN thin films on Si substrates. They proposed a two-step seeding method using microcrystalline diamond and then continuous seeding with nano-diamond particles, as is shown in Figure 11. The thermal properties were measured via transient thermal reflection (TTR), and an extremely low TBR value of 1.47 m2·K/GW was obtained at the diamond/AlN interface, 30 times smaller than that of films using nanodiamond seeding alone.



Due to the large lattice constant and thermal expansion coefficient difference between GaN and diamond, thermal stress concentration will occur during the deposition of diamond films [119,120], which will lead to the easy shedding of the diamond film and the deterioration of the overall performance of the device. It is very important to perform stress analysis and stress reduction. The thermal stress will accumulate at the GaN/diamond interface via a CTE mismatch. Mismatch will change the stress–strain state in the AlGaN/GaN heterostructures and further have a significant impact on the 2DEG characteristics. The residual stress is related to the thickness of GaN, the deposition temperature of diamond, and the kind of interlayer, as well as other factors [108,121]. Based on the Raman shift of the diamond peak position, Ižák et al. used a temperature-dependent Raman method to measure the thermally induced stress with different temperatures (50–400 °C) and diamond thicknesses (0.78 and 2.8 μm) [122]. As the temperature increases from 50 °C to 400 °C, the stress value decreases from 0.27 GPa to 0.18 GPa. Moreover, with a thickness of diamond layers from 0.78 μm and 2.8 μm, the stress decreases from 0.32 GPa to 0.1 GPa.



Various simulation methods have been used to study the thermal stress and strain generated during diamond deposition on a GaN substrate [121,123,124,125]. Cuenca et al. calculated the expected thermal stress in the circular membranes by establishing a finite element model and investigated the related effects of varying the geometric shape, materials, and temperature. It was found that the membrane deformation during the heating process defines the structure after cooling to room temperature [125]. Therefore, reducing the deformation will significantly improve the overall thermal stress generation. Wang et al. reported the electrical performance of the GaN-based devices based on the internal stress of the diamond capping layer, as shown in Figure 12. Their results show that there is highly localized heat dissipation, high thermal stress, and high inverse piezoelectric stress at the drain side of the gate edge, which leads to obvious mechanical degradation of the devices. Specifically, the stress in the passivation layer will affect the total stress at the gate edge. The compressive stress in the passivation layer will decrease the mechanical degradation of the device, but will cause greater electrical performance damage. When tensile stress occurs, the effect will be the opposite. In addition, the quality of the diamond film itself will have a certain impact on stress generation. The discontinuity of the films will lead to the generation of additional shear stress. Zhang et al. [124] studied the changes in the static and dynamic thermo-mechanical response in AlGaN/GaN HEMTs. Using diamond as the heat spreader, the decrease in peak temperature and the increase in thermal stress need to be weighed. It was found that the peak temperature can be effectively reduced by 45–60 K. Regarding 300 K as a reference, the maximum temperature can occur with a decrease of 30–40%. In addition, a reasonable increase in the diamond layers’ thickness can improve the thermal reliability. The 10 μm diamond layer can reduce the maximum temperature by about 40%. However, mainly due to the large Young ‘s modulus of diamond material and the large thermal expansion coefficient difference between diamond and contact materials, it is worth noting that the max thermal stress value of GaN HEMT will increase by 4–5 times after adding the diamond heat spreader. In 2021, in order to release the points and thermal mismatch caused by localized stress, Jia et al. proposed a double-sided diamond deposition technology to prepare a low-stress GaN-on-diamond structure [126]. The stress problem caused by thermal mismatch at the interface has been better solved. They obtained a tensile stress as low as ~0.5 GPa of the GaN-on-diamond structure, and the crystal quality of GaN did not deteriorate significantly after the wafer transfer process.




6. Improvement of Device Performance


As above mentioned in Section 2, the performance of the devices may be damaged in the process of growing a diamond layer. How to solve this problem and listing the research progress of device performance improvements are the focus of this section.



Alomari and Dipalo et al. directly grew a nano-diamond film on InAlN/GaN HEMTs and analyzed the electrical properties of the device after diamond growth [65,95,98]. The results showed that InAlN/GaN HEMTs had good compatibility with nano-diamond films, and the current gain cut-off frequency and the maximum oscillation frequency of the device were 4.2 GHz and 5 GHz, respectively. Apart from GaN material, the conventional gate and source and drain electrodes cannot withstand high temperature and hydrogen-rich aggressive conditions. Therefore, some researchers tried to change the kind of electrodes and gate dielectrics. From the research of Gabriel et al. [127], the influence of the diamond-deposition process on Schottky electrode degradation and HEMT electrical characteristics was analyzed. Their group did not use a more conventional Ni/Au metal but compared the stability of the Ir gate electrode and the metal oxide gate electrode layer (IrO2). From their results, IrO2 is an ideal material for preparing stable and high Schottky barrier height (SBH) gate contacts. In 2018, Babchenko’s group [49] complemented the experiment of diamond-coated HEMT devices operating at 500 °C and innovatively proposed the use of high-temperature stable Ir/Al-based gate contacts to prove that AlGaN/GaN-based c-HEMTs coated with diamond/SiNx are functional in the range of room temperature to 500 °C. The U.S. Naval Research Laboratory [128] placed the Boron-doped p+ nanocrystalline diamond (B-NCD) heat-spreading layer in direct contact with the source of self-heating, at the drain side of the gate, replacing the common Ni/Au gate as the gate electrode. Using high-thermal conductivity NCD material, the device channel’s temperature was reduced by 20%. Specially, ID max increased from ≈290 mA/mm to ≈430 mA/mm, the on-resistance decreased from 29.4 to 12.1 Ω·mm, and the leakage gate current decreased by nearly one order of magnitude at a gate voltage of −10 V [129]. In 2014, Meyer and co-workers first introduced an improvement in the large-signal RF output power of GaN HEMTs via NCD top-side coating and focused on the influence of an NCD-capped layer on DC, pulsed, small-signal, and large-signal RF electrical properties [130]. At 4 GHz, the output power density is 5.8 W/mm, the gain is 10.1 dB, and the power added efficiency is 32.6%. Compared with the Schottky gate structure, the 40 nm SiNx MIS gate structure reported by Yaita et al. [131] can remain stable under the condition of high-temperature diamond film deposition. The thermal conductivity of the diamond film reached 200 W m−1 K−1, and the thermal resistance decreased from 12.7 mm K W−1 to 7.4 mm K W−1, as is shown in Figure 13. The Id and gm of the diamond-coated HEMTs increased from 0.9 to 1.1 A/mm and from 102 to 148 mS/mm.



With the development of the technical method, some good experimental results were obtained. The researchers of the Naval Research Laboratory successfully demonstrated a “gate after diamond” approach, which enabled scalable, large-area diamond integration and improved the thermal budget of the process by depositing NCD without degrading the Schottky metal gate [128,132,133,134]. The channel temperature of the NCD-capped device was reduced by 20% up to 10 W/mm of DC power under equivalent power dissipation. This method significantly improved the on-resistance and breakdown voltage, and reduced gate leakage, solving the problem of reduced the on-resistance and breakdown behaviors of the original NCD-capped HEMTs. In the subsequent research, the group optimized the process step again for this mid-process integration scheme [132,133,135]. The NCD layer is allowed to be deposited directly on the GaN surface, which improves the performance of the 2DEG compared to that with the HEMTs passivated with a SiN interlayer. The 2DEG density and mobility are 1.02 × 1013 cm−2 and 1280 cm2/(V·S), which are higher than the original 8.92 × 1012 cm−2 and 1220 cm2/(V·S), respectively. As is shown in Figure 14, ID max and gm peak also increased from 380 to 445 mA/mm and from 114 to 127 mS/mm, while the on-resistance of the device decreased from 14.6 to 11.9 Ω·mm. At the same time, Fujitsu Limited has recently made a breakthrough and has successfully reduced the temperature of GaN HEMT operation by more than 40%. Using the high thermal conductivity of diamond, the temperature can be reduced by 100 °C or more [136]. The improvement in GaN HEMT performance is summarized in Table 5.




7. Conclusions and Outlook


In this study, the approaches of using diamond for effective cooling to eliminate the self-heating effect are systematically summarized. Especially, the method of directly depositing polycrystalline or nanocrystalline diamond at the topside of GaN-based HEMTs, including the nucleation and growth of diamond, structure and interface analysis, and thermal and electronic characterization of GaN HEMTs, is discussed in detail. A nucleation prerequisite for diamond growth on a non-diamond substrate is needed. At present, electrostatic seeding by diamond nanoparticles is the most commonly used seeding method. This method is suitable for most substrates, and the nucleation densities are in excess of 1013 cm−2 using 2 nm DND seeds. Moreover, this is faced with a tough dilemma between growth temperature and device stability in the process of diamond deposition. At present, two-step growth is commonly used: a low-temperature nucleation and high-temperature growth process. The growth temperature of capped diamond on GaN HEMTs is kept at 600–800 °C. At the same time, optimizing the quality and thickness of the interlayer and the nucleation region of diamond are the key points to reduce thermal boundary resistance and stress of the GaN/interlayer/diamond. The extremely low TBR values of 1.47 and 3.1 ± 0.7 m2 K/GW were obtained at the diamond/AlN and diamond/SiN interfaces, respectively.



Apart from the problems of diamond, GaN, and interlayer preparation, in order to avoid damage to the device electrode caused by high temperature deposition, the “gate after growth” method is proposed by the US Naval Laboratory. The leading results are reported that the 2DEG density and mobility are 1.02 × 1013 cm−2 and 1280 cm2/(V·S), which are higher than the original 8.92 × 1012 cm−2 and 1220 cm2/(V·S), respectively. ID max and gm peak also increased from 380 to 445 mA/mm and from 114 to 127 mS/mm, while the on-resistance of the device decreased from 14.6 to 11.9 Ω·mm. Moreover, Fujitsu laboratory has successfully reduced the temperature of GaN HEMT operation by more than 40%.



Although some progress has been made, the main experimental results were obtained by the US Naval Laboratory and Fujitsu Limited. Through all above results, NCD-capped devices have a 20% lower channel temperature at an equivalent power dissipation, and this integration method has great advantages for industry.
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Figure 1. Fabrication of the GaN and diamond for the HEMT devices. (a,b): Diamond grown on the backside and the topside of HEMTs. (c): Diamond bonding to the GaN wafers or HEMTs. (d): GaN or HEMTs with epitaxial growth on the diamond substrate. 
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Figure 2. Capping diamond concept. AlGaN/GaN HEMT before (a) and after (b) growing the diamond. 
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Figure 3. Simulated lattice temperature profile in AlGaN/GaN HEMT at VDS = 30 V and VGS = 0 V. (a) GaN-on-Si. (b) GaN-on-SiC. (c) GaN-on-Si with diamond heat spreader. Gate edge represents the two gate fingers [36]. 
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Figure 4. (a) Arrangement model of spherical seeds in hexagonal close packed structure. (b) Maximum possible seed density based on corresponding model [56]. 
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Figure 5. (a) The electrostatic grafting of negatively charged diamond nanoparticles on a cationic polymer-coated substrate. (b) Zeta-potential of a hydrogenated (H2) and oxygenated (air) diamond colloid measured over a wide range of pH values [69]. 
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Figure 6. REM image of a two-finger GaN-FET with a 0.7 μm diamond film (deposition temperature 440 °C) [94]. 
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Figure 7. Cross-section (a) and surface (b) morphology of GaN HEMT coated with a 4.5 μm-thick diamond layer [95]. Surface (c) morphology of NCD grown on a GaN substrate via selective area deposition [80]. 
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Figure 8. Characteristics of the diamond layer with different growth parameters. (a) Phase purity versus grain size of the diamond layer. (b) Residual stress as a function of film thickness [98]. 
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Figure 9. Cross-section TEM images [106], (d,e) effective thermal boundary resistance of GaN/barrier layer/diamond interface, and (f) EDS results of diamond/SiN/GaN interface [107]. (a) SiN, (b) AlN, and (c) no-barrier layer. 
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Figure 10. Thermal and electrical performance of NCD-coated HEMTs with different MBE SiN interlayer thicknesses. (a) Large-signal output power density. (b) Power-added efficiency measured for 4 GHz and 10 GHz at peak PAE. (c) Normalized cold-pulsed drain current transient measurements. (d) Calculated average channel temperature at 20 W/mm of dissipated power. The control HEMT has no NCD coating and a 125 nm PECVD SiN passivation layer [116]. 
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Figure 11. Mixed-size diamond-seeding process. (a) Seeding with ND particles alone, (b) seeding with MD particles alone, and (c) two-step seeding with different size particles [109]. 
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Figure 12. Simulation results of diamond capping layers on AlGaN/GaN HEMTs [123]. (a) 2-D distribution of stress in the A-(100 nm-thick SiN passivation layer) and B-(10 nm-thick SiN layer and 500 nm-thick NCD cap) HEMT. (b) Average 2-DEG density (left axis) and additional stress (right axis) in the channel under the gate for B-HEMT with varied thickness of the diamond layer. Comparison of experimental and simulation results for IDS as a function of (c) VDS and (d) VGS. 
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Figure 13. (a) SEM image of diamond films grown on GaN HEMTs. (b) Transfer curve and transconductance versus gate voltage. (c) Channel temperature calculated from the Raman peak shift [131]. 
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Figure 14. DC ID-VG curves (a) and transfer curves (c) with and without the NCD cap via the “gate after growth” method. Gate leakage (b) and dynamic on-resistance (d) characteristics via the “gate after growth” method [132]. 
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Table 1. Properties of relevant materials [6,16,17,18,19].






Table 1. Properties of relevant materials [6,16,17,18,19].





	Substrate
	Si
	Sapphire
	GaN
	SiC
	Diamond





	Lattice constant

(Å)
	5.420
	4.758
	3.189
	3.09 (a)
	3.567



	Coefficient of thermal expansion

(×10−6 K−1)
	2.6
	4.5–5.8
	5.6 (a0)

3.17 (c0)
	3.08
	~1.0



	Thermal conductivity

(W·m−1·K−1)
	150
	27
	130
	380–450
	2000
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Table 2. Simulated electrical behavior of different AlGaN/GaN HEMTs [36].
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	Different AlGaN/GaN HEMT
	Max. Channel Current (mA/mm)
	Channel Temperature (K) at VDS = 30 V and VGS = 0 V
	Max. Transconductance (mS/mm)
	Cut-Off Frequency (GHz) at VDS = 30 V and VGS = −2 V





	GaN-on-Si
	650
	432
	155
	21.14



	GaN-on-SiC
	730
	409
	129
	—



	GaN-on-Si with diamond heat spreader
	740
	398
	150
	25.36
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Table 3. Comparison of different Integration methods.
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	Integration Method
	Achievement
	Problem
	Ref.





	Bonding

Technique
	High output power density: 22.3 W/mm

Lower thermal resistance: 60%
	Large Bonding interface thermal resistance
	[20,51]



	GaN Growth

On Diamond
	Low thermal resistance: 1.5 K·mm/W

High source-drain saturation current:

800 mA/mm
	Large lattice mismatch

Large thermal expansion mismatch
	[28]



	Diamond Growth

On GaN
	Higher power density: 7.9 W/mm

Power-added-efficiency: 46%
	Poor stability of GaN during diamond growth

Poor high temperature tolerance of temporary substrate
	[46,47]



	Diamond Passivated Layer
	Lower peak temperature: 20%

Lower thermal resistance: ~3.75 times
	Low thermal conductivity of nanodiamond

Large transverse thermal resistance
	[36,37]
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Table 4. Summary on the TBReff at the interface of diamond on GaN.
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Interlayer

	
TBR (m2·K/GW)

	
Measurement

	
Ref.




	
Material

	
Thickness (nm)






	
AlN

	
130

	
1.47 ± 0.35

	
TTR

	
[109]




	
AlN

	
100

	
56.4 ± 5.5

	
TDTR

	
[104]




	
SiN

	
100

	
38.5 ± 2.4

	
TDTR

	
[104]




	
Si3N4

	
50

	
45–91

	
TTR

	
[40]




	
SiN

	
46

	
52.8 + 5.1/−3.2

	
TTR

	
[108]




	
SiNx

	
30

	
29

	
TDTR

	
[110]




	
SiNx

	
28

	
12

	
TTR

	
[111]




	
SiN

	
20

	
39.35

	
TDTR

	
[107]




	
SiNx

	
~5

	
<10

	
TDTR

	
[50]




	
SiNx

	
~5

	
6.5

	
TTR

	
[40]




	
Si3N4

	
<1

	
3.1 ± 0.7

	
TTR

	
[112]




	
SiC

	
~5

	
30 ± 5.5

	
TTR

	
[113]




	
No

	
0

	
<6

	
TTR

	
[109]
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Table 5. Summary of the typical improvement in device performance.






Table 5. Summary of the typical improvement in device performance.












	Diamond Layer Thickness
	Decreasing Peak Temperature
	ON-Resistance
	Maximum Current/Output Power
	Ref.





	400 nm
	
	
	5.8 W/mm *
	[130]



	500 nm
	20%
	10.1 Ω·mm
	445 mA/mm
	[132]



	1 μm
	15%
	
	
	[40]



	2.5 μm
	>100 K
	
	1.1 A/mm
	[131]



	
	>40%
	
	
	[136]







* Output Power.
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