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Abstract

:

Diamond is known as the ultimate semiconductor material for electric devices with excellent properties such as an ultra-wide bandgap (5.47 eV), high carrier mobility (electron mobility 4000 cm2/V·s, hole mobility 3800 cm2/V·s), high critical breakdown electric field (20 MV/cm), and high thermal conductivity (22 W/cm·K), showing good prospects in high-power applications. The lack of n-type diamonds limits the development of bipolar devices; most of the research focuses on p-type Schottky barrier diodes (SBDs) and unipolar field-effect transistors (FETs) based on terminal technology. In recent years, breakthroughs have been made through the introduction of new structures, dielectric materials, heterogeneous epitaxy, etc. Currently, diamond devices have shown promising applications in high-power applications, with a BV of 10 kV, a BFOM of 874.6 MW/cm2, and a current density of 60 kA/cm2 already realized. This review summarizes the research progress of diamond materials, devices, and specific applications, with a particular focus on the development of SBDs and FETs and their use in high-power applications, aiming to provide researchers with the relevant intuitive parametric comparisons. Finally, the paper provides an outlook on the parameters and development directions of diamond power devices.
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1. Introduction


Power semiconductor devices are core components in electronic power systems used in almost all electronic manufacturing industries. Typical application areas include consumer electronics, mobile communications, electronic equipment, etc. [1]. The type of semiconductor has played a critical role in specific applications like power devices [2]. For example, Si is still the most widely used material in semiconductors and integrated circuits in the field, and more than ninety percent of the devices use silicon as a material. However, as the device size shrinks, the performance of Si gradually fails to meet the requirements of a variety of applications. This is due to its narrow bandgap (1.12 eV), lower breakdown field (~3 × 105 MV/cm) and saturation speed (~107 cm/s), and other defects, for example, the specific on-resistance of silicon-based power devices is proportional to the 2.5 power of the breakdown voltage, which constrains the improvement of the power figure of merit. All these defects limit its application in high-voltage, high-power occasions [3,4,5]. Some high-carrier-mobility semiconductors like indium phosphide (InP) and gallium arsenide (GaAs) have alternatively been used in high-performance microwave and millimeter-wave devices and light-emitting electronic devices [6]. Nevertheless, GaAs and InP still have problems such as high cost, material scarcity, and high toxicity, and their narrow bandgap (1.4 eV) makes them unsuitable in advanced power device applications.



As the need for ever more efficient power electronics grows, semiconductors with wide bandgaps are becoming increasingly important [7,8]. As representatives, silicon carbide (SiC) and gallium nitride (GaN) have been widely investigated and implemented in various power device applications [9,10,11]. The bandgap of SiC is about three times that of Si, making it suitable for fabricating high-frequency, high-voltage, and high-power devices. Specifically, the 4H-SiC with a relatively larger bandgap, lower anisotropies, and higher mobility has been adopted for commercial product manufacturing [12,13]. However, it still has drawbacks like relatively lower mobility than most semiconductor materials, and the poor interface quality of 4H-SiC/SiO2 with its high interface trap density has urged significant process improvements. This is because the natural oxide of SiC is also SiO2, and the C-O-Si bonding at the interface after oxidation induces more interfacial states [14]. GaN is another wide bandgap semiconductor material with high electron mobility and high electron saturation rate, which has a wide range of applications in the field of optoelectronics including light-emitting diodes (LEDs) [15] and laser diodes [16]. However, GaN devices also suffer from fluctuations in performance parameters like on-resistance and output capacitance in high-frequency operations [17]. GaN HEMTs also exhibit degraded robustness when subjected to high voltages, which limits their applications in high-frequency and high-temperature fields [18].



Recent years have witnessed the rapid development of the next-generation ultra-wide bandgap (4.9~6.4 eV) semiconductor materials, mainly including gallium oxide (Ga2O3) [19,20], diamond [21,22], and aluminum nitride (AlN) [23]. Among them, AlN has excellent dielectric properties and chemical stability. In particular, its coefficient of thermal expansion is similar to that of silicon and matches the characteristics of the semiconductor package making it a very promising substrate material. However, since the highest thermal conductivity can only be 260 W/(m·K), as semiconductor packages require more and more heat dissipation, the AlN material has a certain development bottleneck. Therefore, at present, the main research has been carried out on Ga2O3 and diamond.



Ga2O3 has a bandgap of 4.9 eV with its ultraviolet absorption edge situated between 260 nm and 280 nm, which makes Ga2O3 a rare and ideal material for solar blind UV detection [24]. However, the drawback of this material is that the thermal conductivity is very low, about 1/8 of GaN and 1/5 of Si, which limits the device’s performance and reduces the device’s lifetime. In addition, there is a lack of p-type β-Ga2O3 in nature and it is not easy to achieve p-type doping. It is presumed to be related to the presence of oxygen vacancies, which capture free electrons, making it difficult to form natural p-type Ga2O3 [25].



Therefore, another material, diamond, which has a larger bandgap, higher thermal conductivity, and makes up for the lack of p-type devices, has gained significant interest. This review introduces the exceptional physical properties of diamond semiconductors and gives a comprehensive review of the research progress and applications of diamond-based power devices up to the year 2024. Section 2 summarizes the properties and potential of diamond materials, as well as the technical approaches utilized in diamond-based semiconductor devices, such as diamond growth, doping means, etching, and terminal processing. Section 3 and Section 4 review the applications of diamond in various electronic devices and device characterizations, such as diodes, field-effect transistors, and bipolar transistors. Section 5 discusses the circuit-level application of diamond-based devices, followed by a summary and prospects in Section 6.




2. Diamond Materials and Processes for Power Applications


2.1. Diamond Properties


A certain amount of natural diamond exists in nature and is of great value. Synthetic diamonds are used in industry. The application of diamond in semiconductor materials can be traced back to the 1950s. In 1958, M. D. Bell et al. [26] reported the use of natural p-type diamond in the fabrication of power diodes, due to the challenging synthesis and effective doping of diamond. Until a breakthrough in the 21st century (which will be discussed in the following chapters), the research progress of both materials and devices is relatively slow, limiting its adoption compared to the rapid advancements in silicon technology.



A comparison of the physical parameters of diamond with other semiconductor materials is given in Figure 1. The advantages and disadvantages of Si, 4H-SiC, and GaN have already been mentioned in Section 1. For GaAs, which is a high electron mobility material suitable for microwave devices and high-speed digital circuits, however, its bandgap and critical electric field are only slightly higher than those of Si, at 1.42 eV and 0.4 MV/cm, respectively. And its thermal conductivity is at 0.45 W/cm·k. These defects limit their use in high-temperature and high-pressure areas [27].



Notably, diamond exhibits superior properties in almost every aspect. Due to the large band gap (5.47 eV), the high theoretical maximum breakdown field strength (20 MV/cm), and high electron and hole mobility, diamond is a promising candidate for applications in high-performance and high-power electronics. In addition, compared with other semiconducting materials, diamond material has a saturation drift rate of 1.5 × 107 cm/s for electrons and 1.05 × 107 cm/s for holes without breakdown [28]. The thermal conductivity of a single-crystal diamond can reach 22 W/cm·K, and the thermal conductivity of a polycrystalline diamond can also achieve 20 W/cm·K [29,30], making it attractive in applications with specific requirements of thermal dissipation.



For the diamond material, each carbon atom within the diamond cell is connected to the other four atoms by covalent bonds. The C-C bonds are bonded heterogeneously by sp3 to form an orthotetrahedron, which belongs to face-centered cubic crystals, and its structure is shown in Figure 2 [31]. The lattice constant is 3.667 Å, and the C-C bond length is 1.54 Å with a bond angle of 109°28′. Due to the compact and symmetrical arrangement of carbon atoms in a diamond, the covalent bonds are exceptionally strong. This strong bonding, combined with the absence of free electrons, enables remarkable physical and chemical stability for diamonds. Therefore, diamond is a very good insulator, with a bandgap width of up to 5.47 eV. Diamond has a small atomic weight, low defect density, and high average free path of phonons. Phonons can propagate over long distances without colliding with other phonons and lattice defects, thus possessing high thermal conductivity. Similarly, carrier scattering with phonons and defects are reduced, which makes diamond also have very high carrier mobility.



Diamond has three primary crystallographic orientations: (100), (110), and (111). These orientations significantly impact material and process properties like surface roughness, dopant incorporation, surface structure, cutting difficulty, and material price [32]. Among them, (100) and (001) are the equivalent crystallographic orientations of diamonds, both of which have the same structural properties. Nowadays, diamond epitaxial growth primarily utilizes the (100) crystallographic orientation due to its ease of growth and reduced processing difficulty [33]. The advantages of (110) and (111) homoepitaxial diamonds are that they offer a high degree of structural sym metry and can achieve high doping with a high density of atoms in the vertical direction.



Diamond materials have expanded the application areas of power devices. The Baliga figure of merit (BFOM), which is widely used to judge the performance of power devices, is defined as follows [12]:


  B F O M =     B V   2       R   o n      



(1)




where BV is the breakdown voltage and Ron is the specific on-resistance. The BFOM can demonstrate the device’s off-state performance and conduction power loss at low-frequency operation. The more significant the value, the higher the reverse voltage the device can withstand in its off-state, and the higher the conductivity per unit area during turn-on [34]. Since both breakdown voltage and conductivity are related to the doping concentration depletion region width, and both depend on the critical breakdown electric field Ec, the BFOM values of various materials can be characterized as equations related to Ec. The magnitude of Ec for each material is dependent on the bandgap, which reveals that the ideal BFOM values of various materials are constant. For a given material, the breakdown voltage and specific on-resistance under ideal conditions are in one-to-one correspondence, and the contours of the BFOM are shown in Figure 3, with the values closer to the lower right region representing higher BFOM [34].



The high BFOM underscores the exceptional potential of diamond power semiconductors for high-voltage and high-power applications. This potential has aroused recognition in many countries that diamond power devices can be critical components for next-generation electronics in both civilian and military applications. The U.S. Department of Defense Advanced Research Projects Agency launched the “near-junction thermal transport” project in 2011, which was dedicated to using high thermal conductivity diamond substrate development with the higher output power and smaller area of GaN microwave chips [35]. The United States AKHAN [36] has developed a diameter of 300 mm polycrystalline diamond substrate in the diamond substrate. Japan’s Adamant Namiki Precision Gemstone Corporation and the Saga University research team also announced the mass production of a 55 mm diameter single-crystal diamond substrate. At the same time, the University of Augsburg, Germany, reported a diameter of 92 mm heterogeneous epitaxial single-crystal diamond substrate [37]. The microwave power device developed by Waseda University in Japan has achieved a microwave output power density of 3.8 W/mm at 1 GHz [38]. The power device reported by Saga University in Japan has achieved a Baliga superiority of 875 MW/cm2 and a BV of more than 2500 V [39]. In addition to the synthesis technology, doping technology, and mass materials production, great interests have been triggered focusing on research and exploration in high-end manufacturing and cutting-edge high-tech fields. For example, Prof. Zhang’s team at Shanghai Jiaotong University has established a chemical gas phase surface reaction condition and growth model on the diamond generation process to theoretically explain the diamond’s surface growth morphology rate under chemical gas phase conditions [40,41]. Xi’an University of Electronic Science and Technology (XUEST) reported hydrogen-terminated diamond devices using a barium fluoride (BaF2) dielectric material, which achieved high electron mobility [42].




2.2. Diamond Substrate and Growth


Driven by the limitations of natural diamond reserves for the demanding requirements of the semiconductor industry, synthetic diamond production has become the primary source. There are two main methods for synthesizing diamonds: the high-temperature and high-pressure method (HPHT) [43] and microwave plasma chemical vapor deposition (MPCVD) [44].



The HPHT method replicates the extreme pressure and temperature conditions (typically 5.5–8.0 GPA and 1000–1400 °C) found deep within the Earth’s mantle, essentially recreating the natural environment where diamonds form. The key to the preparation of diamonds by the HPHT method is to simulate the growth environment of natural diamonds, and the focus and difficulty of the current research are how to simulate the natural diamond growth environment as much as possible. Today’s research and development are directed towards exploring different systems of growth environments, with the main environmental systems being C-N, C-O, C-H, C-H2O, C–silicate, and so on. Researchers have found that the transformation of graphite to diamond is favored in water-enriched environments [45,46]. However, the size of single-crystal diamonds obtained by the HPHT method is generally smaller than 10 mm, which limits the application of diamonds in many areas [47]. The more dominant method today is microwave plasma chemical vapor deposition (MPCVD).



MPCVD is developed based on the CVD (chemical vapor deposition) technique, which is a versatile method for creating thin films by introducing gaseous precursors that undergo chemical reactions and physical changes on a substrate’s surface. MPCVD leverages this concept but utilizes microwave plasma to control the deposition process. This allows for precise control over factors like temperature, pressure, and the choice of precursor gas, ultimately leading to the formation of a diamond film on the substrate. In 1968, the Soviet scientists Derjaguin et al. [48] first used CVD to deposit diamond films on non-diamond substrates, but the speed was slow (only 250 μm/h). In 1983, the Japanese scientists M. Kamo et al. [44] successfully achieved the epitaxial growth of diamond films for the first time using the MPCVD method. Since then, MPCVD has become the mainstream method for preparing diamond films, and its equipment structure is shown in Figure 4 [49]. A mixture of methane and hydrogen is passed into the chamber. The plasma generated by the microwave power provides the activation energy for the decomposition of methane, and the carbon atoms obtained from the decomposition are deposited on the substrate surface. The etching rate of hydrogen on graphite is much higher than that of diamond, and the graphite is selectively etched away during the reaction process, ultimately leaving behind the diamond.



The factors that influence the MPCVD growth of diamonds are growth mode, air pressure, substrate temperature, etc. [50]. Different deposition air pressures will significantly change the plasma morphology and the content of active groups in the chamber, thus affecting the deposition rate area [51]. The substrate temperature has an impact on the morphology, quality, and growth rate of the deposited film, and the typical substrate temperature is generally between 800 and 1200 °C. It has been found that it is not easy to form high-quality diamond below 750 °C, and the growth rate is quite low with lots of defects. On the other hand, if the temperature is higher than 1200 °C, there is a tendency of graphitizing the diamond [52].



At present, the urgent problem of MPCVD growth diamond is how to further expand the size and improve the growth rate. Nad et al. [53] expanded the lateral growth area by using a closed substrate bracket, and the area was expanded to 1.7–2 times the seed crystal at the end of growth. Researchers also expanded the wafer size by assembling individual diamonds; Yamada et al. [54] at AIST in Japan successfully assembled 24 individual 10 mm × 10 mm single-crystal diamonds, grown via MPCVD, into a 2-inch wafer. In terms of growth rate, some studies have achieved high growth rates of 165 μm/h, 135 μm/h, and 70 μm/h by introducing N2, N2O, and CO2 into the growth process, respectively [55,56,57]. However, high growth rates in the gas-assisted case tend to bring more defects, which is a challenge for the current development.



Beyond the previously mentioned homogeneous epitaxial growth, another approach tackles the challenge of undersized diamond crystals. Heterogeneous epitaxy offers a solution for achieving large-scale wafer growth, potentially reducing overall production costs [58]. Currently, the German Schreck team uses sapphire as a substrate and iridium (Ir) as a transition film to create a single-crystal diamond substrate, as shown in Figure 5 [59].




2.3. Diamond Etching


The main principle of diamond etching is to use gases with high chemical activity to react with diamond to produce volatile products, such as CO or CO2 [60]. In addition, the iron group metals [61], Fe, Co, and Ni, and their oxides can activate carbon atoms or provide them with reactive oxygen, thus promoting the oxidation of carbon. It is mentioned in the paper that transition metals have high catalytic activity and can promote the chemical reaction of C atoms. In addition, Raman spectroscopy shows that diamond can be transformed from a stable crystalline structure to a graphite structure that is easier to etch, and in some cases, transition metals can also form co-crystals with diamond, which can transform the metal into a liquid state by lowering the melting point of the metal and increasing the contact area.



There are many diamond etching methods, such as using reactive ion etching (RIE) [62,63], laser beam irradiation [64], inductively coupled plasma (ICP) [65,66], and so on. The diamond etching masks are generally SiO2 [67], Al [68,69], and Si3N4 [70,71].



The critical parameters of the diamond etching process include the surface roughness after etching and the etching rate. A. Holland et al. [72] showed that the etching rate of pure O2 is medium, and the introduction of Ar has better homogeneity and reproducibility than O2. Y. Ando et al. [73] found that the roughness of the diamond surface after etching decreases with the increase in the CF4/O2 ratio, and corrosion resistance is the best when Al2O3 is used as the mask. The reason that gases can improve diamond etching is that reactive gases like CF4 can participate in the reaction to generate inactive compounds that act as a protective layer to reduce the occurrence of physical sputtering, thus reducing the consumption of oxygen atoms and allowing for an increase in the etching rate. The introduction of inert gases like Ar improves the gas pressure, which in turn improves the etching roughness and anisotropy and facilitates the realization of a smoother etching surface. The etch rate of gases is affected by a variety of factors, and Figure 6 visualizes the relationship between the most important gas sources and ICP power and etch rate [60].



Nowadays, diamond etching is mainly used for pseudo-vertical diode structures [74,75]. The reason for using etching is that many diamond substrates are of an undoped type and cannot directly produce back electrodes. Therefore, it is necessary to expose the epitaxial layers with different doping concentrations on the surface through etching. In addition, diamond is also used in trench diodes [76] and trench field-effect transistor structures [77], which helps to alleviate the electric field distribution. These examples will be mentioned later in the text.




2.4. Diamond Doping


Intrinsic diamond is an insulator with a bandgap of about 5.47 eV with no free electrons in the crystal [78]. How to achieve effective doping of diamond and thus control the material’s conductivity is a difficult task. Currently, the elements that can be used for doping are B, N, P, S, etc.



The B element can be introduced in the diamond valence band at 0.37 eV above the principal energy level, commonly used in diamond p-type doping. A high crystal quality natural diamond containing a small amount of B impurities has a high activation energy, but the mobility at room temperature can reach 2200 cm2/V·s. As the concentration of B doping increases and the temperature increases, the activation energy decreases slightly, making it easier for valence band electrons to be excited into the conduction band, lowering the electrical resistivity. Still, the hole mobility in this process will be significantly degraded [79,80]. The relationship between the activation energy (EA) and doping concentration of a B-doped diamond is given by A. Deneuville et al. [81]. They found that when the B concentration exceeds 3 × 1020 cm−3, the activation energy becomes 0, and the superconducting property of the diamond is realized. Figure 7a,b give the relationship between Hall mobility and doping concentration at 300 K and 500 K, respectively [82]. When the doping concentration is higher than 1019, the mobility is as low as 100 cm2/V·s, and this defect limits the application of B-doped diamond in microwave devices.



The approach to achieve B-doping is by using MPCVD, where a boron source is introduced for doping during the growth of the film. This allows for high-quality doping of single-crystal diamond by suppressing the concentration of the residual gas in the MPCVD growth reaction chamber, which in turn reduces the probability of mixing impurities in the diamond. Different properties of diamond films can be obtained by regulating the gas source components. Barjon et al. [83] investigated the diamond films obtained by growth with different ratios (0.5–50 ppm) of B/C gas source, and the highest doping concentration achieved by increasing B/C in the (111) crystal direction is 9 × 1021 cm−3 [84]. In addition to the gas ratio, the plasma power density and cavity pressure modulation affect the growth rate and doping efficiency.



Diamonds can also be doped by annealing after ion implantation to repair the damage and activate the impurities, and the highest doping concentration can reach the order of 1021 cm−3 [85]. However, the annealing temperature required for diamond ion implantation is as high as 1700 °C [86]. This method is more challenging to achieve than MPCVD, which only requires a temperature of less than 1000 °C. From this perspective, MPCVD is more favorable to realize the p-type doping of diamond.



On the other hand, unfortunately, the n-type doping of diamond is difficult to achieve. Ion implantation introduces considerable lattice damage. Additionally, substituting nitrogen atoms for carbon atoms creates localized distortions in the lattice and vacancies nearby. These factors combine to elevate the activation energy, ultimately hindering conductivity [87]. P atom-doped diamonds also encounter the problems of high activation energy (~0.57 eV), low doping concentration (~1019 cm−3), and low activation efficiency [88,89].



It is challenging to achieve n-type doping of diamond with a single element, so researchers have proposed co-doping of multiple elements (B-O, B-S) to improve the doping process. It has been found that the introduction of B promotes the doping efficiency of O and S in diamond, although the mechanism has not yet been fully explored. Alkali metals such as lithium and sodium have been used in diamond doping as well. For example, interstitial Li atoms are used to displace C or fill in the gaps, thus exhibiting deep energy donor properties [90,91]. Su et al. [92] introduced a sulfur-mixed diamond film with electron mobility reaching 597 cm2/V·s at room temperature and a carrier concentration of 1.4 × 1013 cm−3. However, the film quality obtained by this method is low, and the principal components are unclear, so more studies are needed to explore the mechanisms.




2.5. Terminal Technology


Terminal technology, a technique for improving surface physical properties by modifying the diamond surface, has been proposed to enhance channel charge control. This is generally performed by plasma treatment with gases such as hydrogen, oxygen, and fluorine.



A highly conductive layer with negative electron affinity energy (NEA) exists on the surface of the H-treated diamond, which is conductive by holes [93]. This is the basis for developing H-terminated diamond field-effect transistors. There are two main explanations for the conductive mechanism of H-terminated diamonds. One is the transfer doping model, where the diamond on the surface of the hydrogen terminals adsorbs some molecules. These molecules exhibit differences in chemical potentials that can cause the electrons to spontaneously transfer to the surface layer, forming a two-dimensional hole gas (2DHG) [94]. The other model is based on spontaneous polarization. Owing to the electronegativity of the C atom (2.5) being higher than the H atom (2.1), the electron cloud between the C-H dipoles is closer to the C atom. Consequently, an electric field is formed inside the C-H dipole, directed from the H atom towards the C atom. Externally, the C atom acts as the negative charge center, and the H atom as the positive one. This results in the attraction of negatively charged adsorbates by the H atoms on the diamond surface, while the holes inside the diamond accumulate on the C atom side, ensuring an electrically neutral state. The thin layer of high-concentration holes on one side of the diamond is known as 2DHG [95].



The means of realizing the hydrogenation treatment on the diamond surface generally uses MPCVD equipment, which allows the diamond to receive hydrogen etching in the reaction chamber to form hydrogen terminals [96,97].



Oxygen termination is usually achieved using ultraviolet ozone (UV/O3) treatment [56], hot acid immersion, and plasma treatment [98] (such as RIE, etc.). In contrast to the NEA of the hydrogen terminal, the oxygen terminal has a positive electron affinity energy (PEA), which makes the diamond surface state more stable and unfavorable for use as a conductive channel in devices. They are commonly used for isolation between devices.



Like the principle of hydrogen and oxygen terminals, elements such as N, F, and Si can also modify the diamond surface depending on the electron affinity energy. The standard terminations and their electron affinity energies are given in Table 1 [93]. F and N have a PEA and are therefore similar to O terminals for performing device isolation, and Si terminals have an NEA, which can also induce a 2DHG. N and F terminals are carried out by treating the diamond surface using a plasma containing the gas of the corresponding element. Silicon terminals are implemented in various ways. For example, molecular beam deposition (MBD) can allow Si atoms to be deposited on the diamond surface and annealed under vacuum conditions [99,100]. Si thin films can be deposited by magnetron sputtering and then annealed under vacuum to form Si terminals [101]. The principle of terminal-induced formation of 2DHG and related studies will be discussed in more detail in the following chapters.





3. Diamond-Based Diodes


While diamond growth and doping technologies have matured in recent years, their application in diamond diodes presents unique challenges. N-type doping, crucial for forming a traditional p-n junction, remains more difficult to achieve in diamond compared to p-type doping. Consequently, the current diodes are mostly p-type Schottky diodes obtained using the gold half-contact theory, and a limited number of bipolar diodes which require successful n-type doping. This subsection reviews the development of diamond diodes from metal-diamond contacts, device structures, and so forth.



3.1. Schottky and Ohmic Contact


Taking p-type semiconductors as an example, when the metal is in contact with the semiconductor, due to the difference in Fermi energy levels, holes will be transferred between the metal and the semiconductor. If the metal Fermi energy level is higher than the semiconductor Fermi energy level, the holes in the semiconductor species will flow to the metal, resulting in the accumulation of electrons on the surface of the semiconductor. When equilibrium is reached, a built-in electric field is formed, pointing from the surface of the semiconductor. The energy band bends downwards, and the Fermi energy levels on both sides overlap, at which point the holes in the semiconductor are blocked by the surface potential barrier and can no longer diffuse into the metal. The space charge region on the surface is known as the barrier layer [31]. The barrier height can be regulated by applying a voltage to the metal electrode: by applying a positive voltage, the electric field direction is the same as the built-in electric field, which raises the barrier and further restricts the flow of holes; by applying a negative voltage to the metal electrode, the barrier decreases and breaks the equilibrium, triggering a positive current from the semiconductor to the metal, a property known as the rectification property. The equilibrium and bias process is shown in Figure 8 [102].



For an ideal gold half contact, the barrier height on the semiconductor side is:


  q   V   D   = − q   V   s   =   W   m   −   W   S    



(2)







The height of the potential barrier on the metal side is:


  q   φ   n s   =   W   m   − χ  



(3)




where Wm is the metal work function, χ is the electron affinity energy, indicating the minimum energy required for electrons at the bottom of the semiconductor conduction band to escape from the body, and Ws is the semiconductor work function, which is the disparity between the vacuum energy level and the Fermi energy level.



The Ohmic contact is the opposite of the Schottky contact. When the metal Fermi energy level is lower than the semiconductor Fermi energy level, the equilibrium formation of the semiconductor surface has a hole build-up, known as the anti-resistive layer, which is a high-conductivity region. The effect on contact resistance is very low, and there is no rectification characteristic.



Schottky diodes can be fabricated using these two contact characteristics. A Schottky diode is a type of semiconductor device that uses a metal contact to achieve similar functionality as a p-n junction diode. Unlike p-n junctions, Schottky diodes only rely on one type of charge carrier (unipolar). They achieve their forward and reverse switching characteristics through a Schottky contact on one end and an Ohmic contact on the other. A good Schottky junction is the key to achieving a high-quality Schottky diode. To obtain Schottky contact interfaces with high barriers and good adhesion and thermal stability, a variety of device and process optimizations have been performed and reported.



Koné et al. [103] compared the thermal stability of four metals, W, Al, Ni, and Cr, at the contact interface with diamond. The results show that the contact resistance of W is larger and that of Ni is smaller, as shown in Figure 9a. However, the ideal factor of W and Ni contact is more stable and near 1, and the ideal factor of Cr and Al is >1, as shown in Figure 9b. The ideal factor of W and Ni contact is more stable, and the contact properties of Cr and Al change more significantly with temperature, as shown in Figure 9c. This is because the tunneling process and the generation–complexation process can occur through the Schottky contact [104], and the combination of these parasitic phenomena with the interfacial trap density leads to a deterioration of the Schottky contact properties. It is further noted that Cr electrodes have the best adhesion to diamond.



Another metal, Zr, has superior properties, and diodes with Zr as the Schottky electrode maintain an ideal factor of 1.16 after annealing at 700 K [105]. The stable Schottky contact of Zr with the oxygen-terminated diamond is due to the formation of a very thin and homogeneous oxide interlayer at the interface. A Zr/Pt/Au triple metal layer is usually utilized as the electrode to improve the device’s performance and stability. Traoré et al. [106] introduced a diamond Schottky diode using Zr/Pt/Au, which achieved a breakdown field of 7.7 MV/cm and a power eutectic value of 244 MW/cm2. In addition, the device was thermally stable, with rectification characteristics remaining at 773 K. Oxygen-terminated and fluorine-terminated diamond surfaces have positive electron affinity potentials, which can be used to improve the Schottky contact, and have been used in the preparation of vertical Schottky diodes. Schottky contact barriers of 2 eV and 2.39 eV have been obtained, respectively [107]. Further combination and regulation of the two types of terminals have been studied to obtain a Schottky diode with improved performance (Figure 10), which has a turn-on voltage of 1.6 V, a breakdown field of 3.3 MV/cm, and Ron of 50.2 mΩ·cm2 [108].



There are two main approaches for creating Ohmic contacts in diamond [102]: one is to realize diamond contacting with the heavily doped substrate. This utilizes the tunneling effect to make the tunneling current dominant with reduced contact resistance and form an Ohmic contact. This has to be weighed against the issue of decreasing mobility brought about by the rise in the dopant concentration. The other method uses the reaction between metal and diamond at the interface to form a carbide to lower the contact barrier [109].



Many research teams have conducted a detailed study of the second method. For example, Hoff et al. [110] found that the Ti/Pt/Au contact presents rectification characteristics when annealed below 800 °C, while Ohmic contact characteristics were observed by using higher annealing temperatures above 800 °C. Kono et al. [111] calculated the barrier height between metal Ti and p-type diamond which is about −0.63 eV. This can form a good Ohmic contact, and it was also confirmed by X-ray photoelectron spectroscopy (XPS). Their XPS analyses indicate that the formation of an Ohmic contact between Ti and diamond is due to the reaction between the two at the interface, forming titanium carbide. To prevent the metal Ti from contaminating the surface, the Ti layer is often covered with a layer of Au to provide protection. However, high-temperature annealing causes mutual diffusion between Ti and Au, which increases the contact resistance and impairs the Ohmic contact. Therefore, the Ohmic contact metal widely used for diamond nowadays is a Ti/Pt/Au three-layer structure [108,112,113,114], and the Pt layer acts as a barrier layer, effectively preventing the mutual diffusion of both Ti and Au during the annealing process. In addition to Ti contact, D. Zhao et al. [115] found that metal W on p-type diamond can form an Ohmic contact after high-temperature annealing above 400 °C. F. Li et al. [116] investigated the characteristics of the contact between Au and different terminated diamonds, and the barrier height of the contact with the H-terminated diamond was −0.19 eV, which showed an Ohmic property. The Ohmic contact of Au with diamond [117] is widely used in the contact between the electrodes of the H-terminated diamond FETs, which will be discussed in the next chapter. Typical barrier heights formed by some common metals in contact with diamonds are shown in Table 2.




3.2. Device Structure of Diamond Diodes


Diamond diodes can be divided into unipolar and bipolar types. Unipolar types are mainly lateral Schottky barrier diodes (LSBDs), pseudo-vertical Schottky barrier diodes (pVSBDs), and vertical Schottky barrier diodes (VSBDs). Bipolar types include p-i (intrinsic) -n diodes (PINDs), Schottky p-n diodes (SPNDs), and Schottky p-i-n diodes (SPINDs), as shown in Figure 11.



3.2.1. VSBDs


Vertical diamond Schottky barrier diodes (VSBDs) are widely used due to their simple fabrication process. MPCVD is usually used to epitaxially grow a lightly doped layer (p−) or an intrinsic layer (i) on a heavily doped substrate (p+). Ohmic contacts are formed on the surface of the p+ layer and Schottky contacts are deposited on the surface of the p−/i layer. The advantages are uniform electric field distribution and good conductivity, possessing thicker drift layers, and enabling high voltages and currents. In 2010, P. N. Voipe et al. [120] fabricated Schottky diodes on diamond layers doped with B. These devices demonstrated breakdown voltages over 7.5 kV and electric field ranges of 7–9.5 MV/cm at the center of the Schottky contact. In the same year, the same team reported diamond diodes with Schottky contact electrodes with a diameter of 150 μm on an oxygen-terminated diamond surface [121]. High breakdown voltages up to 10 kV and a maximum breakdown field strength of 7 MV/cm have been achieved. In 2017, Bormashov et al. [122] introduced a perpendicular Schottky diode with forward currents of up to 20 A. It utilizes Ti and Pt contacts, with Ron of 6 mΩ·cm2 and 3 mΩ·cm2 at room temperature and 200 °C, respectively. The study also utilized ion implantation to form an embedding layer to avoid defects contained in the substrate formed by the HPHT method from affecting the epitaxial layer, and two-step CVD to generate a bilayered epitaxial layer to enhance the mechanical strength of the film. Because the doping concentration of the epitaxial layer generated in the first step is an order of magnitude higher compared to that of the pressure-resistant region, it has a significant impact on the device in the reverse direction. Suppose the order of magnitude is higher than the withstanding region, the device’s reverse breakdown voltage and specific on-resistance will not be significantly affected (its structure is shown in Figure 12a) [122].



The metal-insulator perpendicular diode (MIPD) is an improved structure of VSBD. The mechanism is that the holes injected into the p+ layer have high mobility in the intrinsic layer under forward bias conditions, and the intrinsic layer blocks the high voltage under reverse bias conditions. Wang et al. [123] from Xi’an Jiaotong University used a Mo/Ni/Au three-layer metal for the Schottky contact and a Ti/Au for the Ohmic contact to prepare MIPDs with a forward current density of 7570 A/cm2, breakdown electric field strength of 4.2 MV/cm, and rectification ratio as high as 1012. The structure is shown in Figure 12b. Some common structures used for power devices have also been introduced into diamond diode fabrication. For example, Wang et al. [124] introduced a double-barrier VSBD. The double-barrier diode [125] is characterized by the use of a low-barrier Schottky contact, which can generate a forward current path to achieve a lower forward conduction voltage drop. The use of a high-barrier Schottky contact enables the depletion region generation when the diode is reverse-biased. The low-barrier region is shielded to avoid breakdown and achieve a lower reverse leakage current. This approach helps to balance the on-state voltage drop and reverse leakage current for better diode performance. In this study, Ni/Au narrow strips were first deposited on the surface of the oxygen terminal of the diamond and then subjected to RTA treatment to form a low barrier contact as an Ohmic electrode. Then, UV/O3 treatment was used to compensate for the partial desorption of oxygen atoms. Finally, Ni/Au was deposited once again directly as a Schottky electrode. By adjusting the proportion of narrow strips, the proportion of double barriers can be flexibly controlled, resulting in the best compromise between BV and leakage current in the device. Reducing the stripe size to be smaller than the depletion zone width is beneficial for reducing leakage current. Current research shows that the stripe width is much wider than the depletion zone width, which is not conducive to complete shielding of low barrier regions. The process and structural principles are shown in Figure 12c [124]. H. Umezawa et al. [126] enhanced the diamond VSBD’s breakdown voltage from 900 V to 1800 V with the help of the Al2O3 field plate structure, which is shown in Figure 12d. K. Driche et al. [127] improved the electric field distribution by using a floating field limited ring (FMGR) as the edge termination. The device, with a 300 nm ring spacing, had a breakdown voltage greater than 250 V and a maximum breakdown electric field of up to 2.6 MV/cm. The structure is shown in Figure 12e. Wang et al. [128] introduced two field-limited ring structures on the surface of the oxygen-terminated diamond, as shown in Figure 12f. It improved the breakdown voltage by 19% compared to the device without fabricated FMGR.
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Figure 12. Device schematic of the diamond VSBDs with (a) ion implantation and two epitaxial processes [122]. (b) Mo/Ni/Au triple metal for Schottky contacts [123]. (c) Dual barriers [124]. (d) Al2O3 field plate [126]. (e) Floating field limit rings [127]. (f) Dual field limiting rings [128]. 
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3.2.2. PVSBDs/TMBS


Pseudo-vertical diamond Schottky diodes (pVSBDs) [129,130] can use a lower-cost insulating substrate. The device uses an undoped substrate to produce heavily and lightly doped layers. The surface is etched below the heavily doped layer, and Schottky and Ohmic contacts are formed on the two layers, respectively. The structure is schematically shown in Figure 11b. A high current density can be achieved over a smaller area. Traore et al. [106] deposited a 200 nm p+ layer and a 1.3 μm p− layer on a diamond substrate with a boron-doped concentration of 1020 cm−3. The concentration of the p− layer was 1.5 × 1015 cm−3. This substrate was then etched to prepare a pseudo-vertical diamond diode. The structure and I-V curves are shown in Figure 13a. The breakdown field of this device is 7.7 MV/cm, and the forward current density at 6 V is 1000 A/cm2. H. Takanori et al. [131] fabricated pVSBDs on a half-inch single-crystal diamond wafer, as shown in Figure 13b. A total of 98% of the fabricated devices exhibited a rectification ratio better than 1010 and an undetectable leakage current at 5 V reverse bias. P. Hazdra et al. [130] first reported the properties of pVSBDs introduced on a (113)-oriented diamond, as shown in Figure 13c. At 180 °C, the forward current density exceeds 1 kA/cm2, while the reverse current density is below 10−8 A/cm2. The ideal factor of the diode is 1.23, and the Schottky barrier height is 1.71 eV. These properties are comparable to diodes introduced on (100)-oriented diamonds, and they reported that the (113)-oriented diamond has excellent surface morphology and low surface roughness [132]. This extends the substrate material with the selection range and is important for the development of diamond-based electronic devices.



The etching process in pseudo-vertical structures is also used to fabricate trench MOS barrier Schottky diodes (TMBS) [133]. This structure forms trenches on the semiconductor surface and areas covered by an oxide-insulating layer between the trenches. This allows a more uniform distribution of the electric field in the trench sidewalls and table area, thus increasing the breakdown voltage level. It has been applied in SiC [134,135], GaN [136], and Ga2O3 [137,138] power devices, and this structure in diamond was first reported in 2022. Wang et al. [77] introduced TMBS by ICP trench etching and atomic layer deposition (ALD) of alumina, as shown in Figure 13d. The following is the detailed process flow of the device: A 1 μm thick p− layer was epitaxially grown on a p+ substrate using MPCVD and formed an oxygen terminal through UV/O3 treatment to achieve better Schottky contact. Ti/Pt/Au three-layer metals were deposited by electron beam evaporation (EBE) on the substrate, and Ohmic contacts were formed by rapid thermal annealing in an argon atmosphere. Then, Al was used as the mask and O2 was used as the etching source for ICP etching to form grooves of about 200 nm. Finally, Al2O3 was deposited by ALD, and Zr/Ni/Au three-layer metals were deposited to form Schottky contacts. The experiment achieved the highest BV of 265V with a groove ratio of 62.6%, but this resulted in a decrease in the current conduction area, which corresponded to the highest Ron of 5.6 mΩ·cm2. However, in this case, BFOM is still the highest, indicating that the optimization effect of this structure on breakdown voltage is more significant. The reverse breakdown voltage of the TMBS diode with a mesa width (Wmesa) of 2 μm reached 265 V, 54% higher than that of the conventional Schottky diode without the trench MOS structure. Wang et al. [139] systematically simulated and investigated the effects of the trench parameters (including the dielectric layer thickness Tox, the mesa width Wmesa, the etching depth Dtr, and the dielectric layer material type on TMBS and obtained the conclusion that relatively larger Wmesa and smaller Dtr are favorable to achieve high power merit values.




3.2.3. LSBDs


Vertical-type diode devices require thicker drift layers [140,141] when considering high-voltage applications, which is a challenge for diamond growth. Pseudo-vertical diamond Schottky diodes rely on the etching process, and the flatness and uniformity after etching are unsatisfactory. Lateral-type diamond Schottky barrier diodes (LSBDs) are used to achieve high-power applications by expanding the thickness of the drift region laterally. Teraji et al. [140] introduced LSBDs using Ti/Au as a Schottky contact metal and Al as an Ohmic contact metal. The forward current density of the diode was measured to be about 0.1 A/cm2 at 5 V, and the breakdown field was in the range of 1.08~1.46 MV/cm. LSBDs fabricated by Z. R. Han et al. [142] achieved reverse breakdown voltages of 1159 V and 4612 V without and with field plates, respectively, with a peak current density of 5.39 mA/mm.




3.2.4. PNDs/SPNDs/SPINDs


The conventional pn junction diode (PND) structure in diamond is shown in Figure 11d, which is limited by the deep donor level of phosphorus, high built-in voltage and on-resistance, and long reverse recovery time [143]. It is known that the SBD is a unipolar device with the advantages of low forward conduction voltage and fast switching speed. Kubovic et al. [144] introduced a Schottky contact based on PNDs. Schottky p-n diodes (SPNDs) inherit the low forward conduction voltage characteristics of SBD while leveraging the advantages of the low reverse leakage current and high breakdown voltage afforded by the PND. The energy-band structures of the three diodes are shown in Figure 14 [145], which visually reflects the characteristics of the devices, especially the lower Schottky barrier of the SBDs and the high bandgap that the PNDs need to cross when they are turned on.



The intrinsic drift layer of the SPINDs enables a higher breakdown voltage value than the SPNDs, but the high built-in voltage also brings about a higher on-state voltage drop and slower switching speeds [146,147]. In 2009, T. Makino et al. [148] first fabricated SPNDs with enhanced rectification characteristics. In 2014, T. Makino et al. [149] fabricated heavily doped p+ and n+ diamond films on (100) HPHT diamond substrates and (111) HPHT diamond substrates, respectively. They fabricated SPNDs and SPINDs with a tabletop structure by conventional lithography and ICP processes, in which the p-n diode has a p+ layer thickness of more than 5 μm and a doping concentration of ≥5 × 1020 cm−3, and the n+ layer’s thickness is 160 nm with a doping concentration ranging from 3 × 1016 cm−3 to 2 × 1017 cm−3 (shown in Figure 15a). The device has a maximum forward conduction current density of 60 kA/cm2, a switching ratio of 1012 at ±6 V, a reverse blocking voltage of 55 V, corresponding to a breakdown field of 3.4 MV/cm, and an Ron as low as 0.03 mΩ·cm2. The p+ layer of the p+-i-n+ diode has a thickness of 3 μm and a doping concentration of greater than 2 × 1020 cm−3. The i layer thickness is 200 nm, and the n+ layer thickness is 180 nm with a doping concentration of 1 × 1020 cm−3, as shown in Figure 15b. The Ron of the device is 1.4 mΩ·cm2, and the reverse breakdown voltage and the corresponding field strength are 92.5 V and 4.6 MV/cm, respectively. The current density is 10,000 A·cm−2 at room temperature when a forward bias voltage of 30 V is applied. The rectification ratio is about 107. The difference in the performances of the two devices is consistent with the above analysis.



Diamond bipolar devices rely on n-type doping and after the early implementation of n-type doping on the (111) and (001) surfaces by PH3, research on pn bipolar diodes has been widely carried out. Due to the large activation energy required to activate the deep energy level of n-type diamond impurity P, the related devices typically operate at 200~300 °C [150,151]. The voltage difference due to the built-in electric field of the pn junction also leads to a high pass-state voltage drop [152]. Diodes with better performance are obtained largely by heterogeneous growth of gallium oxide (β-Ga2O3) on diamond substrates. In contrast to diamond, Ga2O3 does not readily form p-type doping, while it is easy to achieve n-type doping. Matsumae et al. [153] investigated a direct bonding process for the two materials, and in the following year, Sittimart et al. [154] fabricated a heterojunction bipolar diode, as shown in Figure 15c. It exhibited a rectification ratio greater than 108 and a leakage current less than 10−12 A at ±10 V. However, the researchers also found that contact of diamond with gallium oxide may lead to tunneling currents. Thus, the failure of the rectification characteristics and the performance of diamond bipolar diodes, in general, needs urgent improvement.
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Figure 15. Device schematic of (a) SPNDs with tabletop structure and (b) SPINDs with tabletop structure [149]. (c) Diamond and Ga2O3 heterojunction p-n diodes [154]. 
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In summary, researchers have explored widely on the approaches to improve the electrical performance of diamond diodes from various aspects, such as substrate selection, device structure, and heterogeneous bonding, with particular attention to the breakdown voltage, on-current, and switching ratio. Some representative diode parameters are listed in Table 3.






4. Diamond Field-Effect Transistors


Since the last century, researchers have been engaged in the study of diamond switching devices, such as MESFETs, MOSFETs, and other devices. As mentioned earlier, the high activation energy required for B and N doping in diamond leads to a low concentration of mobile charge carriers at room temperature. This limits the ability of the device to conduct electricity effectively. In addition, diamond surfaces naturally have a large number of surface states caused by oxygen terminals. These states act like traps for charge carriers, essentially rendering the applied electric field less effective in controlling the flow of carriers within the channel of the device, which is crucial for FET operation. Therefore, conventional diamond FETs fabricated using existing processes have not yet achieved optimal performance for switching applications. Current diamond FETs are primarily unipolar devices. Their channels are either formed by surface terminal techniques (e.g., formation of 2DHG) or by doping. While some bipolar FETs achieved through ion implantation exist, they are less common. This section delves into the basic structures of these existing diamond FETs and explores their potential applications in power electronics.



4.1. 2DHG


Hydrogen plasma treatment of the diamond surface using MPCVD technology can induce 2DHG on the diamond surface. The most widely used model is based on transfer doping, where air adsorbates behave as a host-accepted energy level on the H-terminated diamond surface. This enables the electrons inside the diamond to be efficiently transferred to the adsorbates. At the same time, a 2DHG conductive layer is formed inside the diamond [92]. The 2DHG is related to the atmospheric pH. The airborne carbon dioxide adheres to the surface water layer at pH = 6 with a potential of the water layer of about −5.3 eV, as if a p-type semiconductor forms an anti-blocking layer when it is in contact with a metal. The flow of electrons at the surface results in the formation of a region with a high concentration of holes, as shown in Figure 16a [162]. As mentioned in Section 2, for diamond, the greater the electron affinity energy of the surface terminals, the stronger the ability to attract electrons and the more difficult it is for electrons to escape from the diamond surface. Hydrogen and silicon terminals have negative electron affinity (NEA). In contrast, oxygen, fluorine, and nitrogen terminals have positive electron affinity (PEA), so the surface electrons of hydrogen terminals are easy to escape and transfer to adsorbates or dielectric layers, thus inducing 2DHG, as shown in Figure 16b [93].



In contrast, hydrogen terminals based on atmospheric transfer doping are susceptible to degradation. The surface adsorbates can be easily detached at high temperatures, and passivation layers are generally required to protect the hydrogen terminals. Gases (such as NO2) [163,164], molecules (such as C60 [165]), and transition metal oxides [166,167] with electron affinity energies more significant than the surface work function of hydrogen terminals can be used as materials for transfer doping of hydrogen terminal surfaces.




4.2. 2DHG FETs—Development and Optimization


Currently, available diamond FETs are mainly 2DHG devices prepared on the basis of terminal technologies such as hydrogen terminals, and this section reviews the development of 2DHGs, focusing on some schemes to optimize BV and Ron.



In the 1990s, H. Kawarada et al. [168] at Waseda University first reported a MESFET based on a H-terminated diamond, as shown in Figure 17a. The researchers used an undoped homogeneous epitaxial diamond layer as a substrate. They utilized a H-terminated surface for p-type conductivity, using Al as the Schottky gate contact and gold as the source-drain Ohmic contact. The experimental results show that the drain current is limited when VGS is 0 V and does not increase until VGS reaches −2 V. This demonstrates the first-ever fabrication of normally-off MESFETs on the diamond. The article also predicts that the stability of the C-H bond would begin to decrease at 300 °C in air but at up to 800 °C in ultra-high vacuum (UHV). Employing materials entirely resistant to oxidation and featuring high thermal stability could enable the device to function effectively at temperatures exceeding 500 °C.



In 1997, P. Gluche et al. [169] fabricated enhanced diamond field-effect transistors with breakdown voltages between the gate and drain exceeding 200 V. When the gate length is reduced from 8.5 µm to 3.0 µm, the drain current significantly increases from 22 mA/mm to 90 mA/mm. This trend suggests that further miniaturization, potentially below 1 µm, could lead to even higher current capabilities. Notably, if the breakdown voltage remains stable under these conditions, the radio-frequency (RF) power handling of the device is expected to surpass 6 W/mm. This research also allows for replacing surface hydrogen with oxygen plasma treatment, resulting in highly insulating oxygen-terminated surfaces which is an effective device isolation method widely used today. The main contribution of this research is to demonstrate the potential of diamond FETs for high breakdown voltage and high-power density applications.



Following this breakthrough, H-terminated FET research experienced rapid progress. In 1998, H. Kawarada et al. [170] introduced H-terminated diamond MESFETs using a heteroepitaxial diamond grown on a β-SiC substrate, which used Cu as the gate and Au as the source and drain. This work pointed out that heteroepitaxial diamond devices based on heteroepitaxial epitaxial diamond devices were able to achieve a similar level as homoepitaxial diamond devices. In 1999, A. Hokazono et al. [171] introduced H-terminated diamond MOSFETs using silicon oxide as the gate insulating medium. They obtained a 16 mS/mm transconductance when the gate length was 6 μm. In addition, due to the simplicity and the capability of self-alignment, the process demonstrated in this work, shown in Figure 17b, has been widely adopted for diamond-based MOSFET fabrication.



In 2004, M. Kasu et al. [172] investigated the effect of crystal quality on the conductivity of H-terminated diamonds and found that crystal defects in the epitaxial layer can lead to gate leakage current in the device. At the same time, residual B impurities in the epitaxial layer led to substrate leakage in the DC characteristics. In 2007, K. Hirama et al. [173] comprehensively reported the surface hole accumulation layer model in H-terminated diamond MOSFETs. C-V and I-V characteristics were measured to assess the electrical behavior of these devices. Microwave power characteristics were also evaluated, providing insights into their high-frequency performance. These analyses revealed that large-grain polycrystalline diamond with a preferred (110) orientation and hydrogenated surface termination exhibits a lower square resistance. The electric field distribution within this device structure is visualized in Figure 17c.
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Figure 17. (a) First hydrogen-terminated normally-off MESFET devices [168]. (b) Process Flow of hydrogen terminal MOSFETs [171]. (c) Hydrogen terminal MOSFETs with an Al2O3 gate dielectric layer [173]. 
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Prior to 2013, research primarily focused on establishing and evaluating the fundamental device structures. It was generally believed that air adsorbates were essential for the conductivity of diamond devices. Still, detachment from adsorption would occur at high temperatures degrading the device performance. As a result, the film deposition at the early experimental stage was carried out at low temperatures, generally below 300 °C, limiting the exploitation of the inherent advantages of diamond’s exceptional thermal conductivity. After that, the research focused on high-temperature insulation films, vertical structures, and new structures, which led to the emergence of more advanced devices for high-power applications. In 2012, A. Hiraiwa et al. [174] reported for the first time that a high-temperature ALD-Al2O3 insulating film deposited at 45 °C can maintain the conductivity of H-terminated diamond until 550 °C. They experimentally confirmed that the adsorbates on the surface of the hydrogen terminals at room temperature during ALD are detached at 450 °C, indicating the existence of other mechanisms. Detachment suggests the existence of different mechanisms capable of maintaining 2DHG.



In 2014, H. Kawarada et al. [175] developed a method using a high-temperature ALD process to create a thick and insulating Al2O3 film. This film served as a protective layer on a H-terminated diamond surface. This approach resulted in a diamond power device with the advantages of high-temperature stability and BV. The BV was close to 1 kV and the maximum breakdown field was about 3.6 MV/cm. In their subsequent studies, the relevant mechanism of Al2O3 in enhancing hydrogen terminals was studied [176]. As mentioned in the article, unoccupied energy levels in Al2O3 (such as gap oxygen defects) can trap electrons. This negative charge effect helps to maintain the electronic structure on the diamond surface of the hydrogen terminal, thus maintaining the 2DHG.



Diamond FET devices utilizing Al2O3 as a gate dielectric or passivation layer achieved good performance. Koyama et al. [177] deposited a 16 nm thick Al2O3 layer by ALD on a (001) diamond surface, which is doped by NO2, as shown in Figure 18a. A high voltage of 3659 V was achieved at an LGD of 50 μm, which is the highest value of diamond MOSFETs. In this study, a BFOM with a maximum of 173 MW/cm2 was obtained at a gate length of 2.5 μm, corresponding to a BV and Ron of 1528 V and 13.48 mΩ·cm2, respectively. The devices with the highest BFOM (~875 MW/cm2) [39] obtained so far were also doped by NO2 and utilized Al2O3 as the dielectric layer. The device was realized on a diamond substrate obtained by high-quality heterogeneous epitaxial growth. The substrate surface was subjected to a 200 h chemical mechanical polishing process to effectively remove surface damage due to mechanical polishing, and a low-resistance diamond surface was obtained. Then a high proportion of H2 was introduced during the epitaxial layer growth process to form a H-terminated surface, which was then doped with NO2 to increase the hole concentration. The hole concentration of the device is increased by almost an order of magnitude (to about 1014 cm−2) compared to the conducting channel formed by ordinary H-termination diamond [178,179]. Then a double layer of a total of 16 nm thick Al2O3 was deposited using ALD, and these efforts resulted in a device with a BV of 2568 V and an Ron of 7.54 mΩ·cm2. Kudara et al. [180] achieved an output power density of 2.5 W/mm at 1 GHz by using an asymmetric structure of 200 nm thick ALD-Al2O3 with unequal LGD and LGS, as shown in Figure 18b. Liu et al. [181] deposited LaAlO3 on the Al2O3 layer achieving enhanced-mode MOSFET, which is illustrated in Figure 18c. The device and the depletion-mode MOSFETs with a single Al2O3 layer exhibit almost the same extrinsic transconductance with a maximum value of 17 mS/mm2. Leveraging this performance, they successfully fabricated NOT and NOR logic circuits. These results demonstrate the promising potential of diamond MOSFETs for future applications in logic circuits. Macdonald et al. [182] improved the performance of diamond MOSFETs with a gate length of 250 nm by performing a 400 °C annealing treatment and introducing V2O5 instead of Al2O3 as a surface electron acceptor layer, as shown in Figure 18d. The maximum drain current ID_MAX was increased from 100 mA/mm to 375 mA/mm after annealing, and with the introduction of V2O5, the extrinsic transconductance was increased from 49 mS/mm to 98 mS/mm. The Ron was reduced from 43.9 mΩ·cm2 to 16.8 mΩ·cm2.



The above studies on Al2O3 dielectrics have progressively involved other dielectric materials. Research has shown that various materials can effectively maintain and improve the hydrogen termination on diamond surfaces. This metal–insulator–semiconductor (MIS) structure plays a crucial role in regulating the charge carriers within the device. Notably, several studies have explored converting depletion-mode diamond FETs to enhancement-mode by introducing specific insulating gate materials [183,184]. These dielectric materials include the metal oxide materials already mentioned in Section 4.1, such as Y2O3 [185], MoO3 [186,187], WO3 [188], HfO2 [189,190,191], ZrO2 [192], TiOx [193], etc. In addition, some two-dimensional materials are also used as dielectric layers, which can reduce the effect of the interfacial roughness and promote the charge transfer at the interface between the H-diamond and the dielectric layer [194], such as h-BN (as shown in Figure 19 [195,196]).



Figure 19a [191] illustrates MOSFETs with 40 nm Al2O3 and 100 nm HfO2 stacked gate dielectrics, and the device successfully reduces the leakage current and achieves a high switching current ratio of 1011, which is the highest value in diamond FETs so far. Figure 19b demonstrates a MISFET utilizing a high-k material of ZrO2 (k = 15.4) as the dielectric layer [192]. This device maintained the high VTH of 2.5 V without sacrificing ID_MAX (about −74 mA/mm) too much. Figure 19c shows the MOSFETs using MoO3 [187] with k values of about 12 to 18, which obtained an Ron of 76.54 Ω·mm. The highest k value of the gate medium layer is 27.2 [197], which is achieved by growing stacks of TiO2 and Al2O3.



In 2022, Yosuke Sasama et al. [195] reported their work in Nature which was about using h-BN as the gate dielectric material and graphite as the gate for high mobility FETs. The entire device fabrication process was carried out in a high-vacuum, argon-filled glove box with an oxygen content of less than 0.5 ppm and a water content of less than 2 ppm. Such an environment can significantly reduce the influence of atmospheric receptors on the diamond surface and help to maintain the cleanliness of the diamond surface so that surface scattering is reduced and carrier mobility improved. The high dielectric constant and low loss characteristics of h-BN ensure the high-frequency performance of the diamond device. The devices exhibit high mobility of 680 cm2/V·s and over 1000 cm2/V·s at room temperature and 150 K, respectively, which provides a solid foundation for further mobility improvement of diamond FET devices.



In addition to the formation of 2DHG by hydrogen termination for preparing FETs, there are related reports on oxygen, fluorine, and silicon termination. Oxygen termination is mainly used for surface modification. By partially modifying the hydrogen termination into oxygen termination, the threshold voltage of the FETs can be regulated to turn the device into an enhanced-mode, as shown in Figure 20a [198]. The oxygen termination region is obtained by etching part of the Al2O3 and then treating with UV-O3 for 3–5 min, which plays the role of blocking hole conduction without bias and induces positive charges on the surface by applying negative pressure at the gate before conduction. Unlike depletion-mode devices that conduct current without an applied gate voltage, these enhanced-mode devices require a positive voltage at the gate to induce conduction (as illustrated in Figure 20b,c). This behavior is reflected in the transfer curve of Figure 20d, where the threshold voltage lies between −2.5 V and −4.0 V. Notably, these devices achieved a high breakdown voltage of 2021 V.



Compared to H-terminated diamond devices, the research on Si-terminated diamonds was initiated later. From 2019 to 2020, W. Fei et al. [199,200] reported the principle and fabrication of Si-terminated diamond FETs for the first time. During the selective epitaxial growth of a diamond using TEOS-SiO2 as a mask, the oxygen terminals on the diamond surface were replaced by a C-Si structure. The top view of the undoped silicon-terminated MOSFET is shown in Figure 21a, and the front view is shown in Figure 21b. The presence of C-Si bonds under the SiO2 mask region was confirmed by transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS). Figure 21c shows the magnified image of the red circled region in Figure 21b, the hole current passes through the vertical diamond and the sidewall faced to the SiO2. Figure 21d gives the various components of the device in the top-view perspective. The undoped device demonstrates a lower ID_MAX of about 17 mA/mm and a VTH of −19V, while the heavily doped device, as shown in Figure 21e, demonstrates a higher ID_MAX of 165 mA/mm with a VTH of −6 V. Figure 21f shows the magnified image of the red circled region in Figure 21e, compared to undoped devices, the hole channel increases and the S/D resistance is negligible.



Si-terminated diamond can directly form an interface with SiO2, which is the most commonly used gate insulator in Si-based MOS devices with very high reliability and stability [201]. The interfacial density of states (Dit) at the C-Si/SiO2 interface is comparable to that of H-terminated diamond surfaces [202,203], showing versatile potential applications of the different terminal techniques of diamond.



Compared with H-terminated devices, Si-terminated devices have shown higher threshold voltage and hole mobility [204]. Also, they have better stability [100] due to more dangling bonds on the surface of C-Si as compared to C-H [205,206]. While Si-terminated diamond FETs offer promise, some studies have identified an issue with variations in the threshold voltage across different devices. This non-uniform Vth distribution needs to be addressed for consistent device performance, and researchers have explored ways to overcome this issue. Some studies identified devices exhibiting depletion-mode behavior [207], and based on this finding, researchers introduced C-Si-O surfaces on the silicon-terminated diamonds [206,208]. This modification offered multiple benefits like enhanced negative electron affinity and easier turn-off. H. Kawarada et al. [209] fabricated C-Si-O surfaces by both SiO2 reduction and direct deposition methods, achieving high mobility (>150 cm2/V·s) and significant negative threshold voltage (VTH < −3 V). Overall, the research on Si-terminated diamond MOSFETs is still in its infancy, with low current levels and insufficiently stable thresholds, and high-breakdown-voltage- and high-current-density-related devices have not yet been reported.




4.3. Other Structures: VMOSFETs, BJTs, JFETs, and So On


In addition to the conventional FET structure, vertical MOS field-effect transistors (VMOSFETs) [210], bipolar junction transistors (BJTs) [211,212,213], and junction field-effect transistors (JFETs) [214,215], which are common in power devices, are also applied in diamond devices.



The vertical structure is typical in power devices which can increase the length of the drift region in the vertical direction to achieve higher current density. This is beneficial to reduce the chip area, and at the same time has enhanced channel control and smaller parasitic capacitance [216,217,218].



Vertical-type diamond MOSFETs have been experimentally studied and reported. In 2016, M. Inaba et al. [219] reported the first vertical-type H-terminated diamond devices. They introduced lateral-type and vertical-type trench structures, as shown in Figure 22a,b. The two types of devices obtained ID_MAX of about −18 mA/mm and −4 mA/mm, respectively, and the switching ratio of the vertical-type MOS was about 104. In 2018, S. Okubo et al. [220] introduced an Al2O3 dielectric based on the above structure. They added an n-type doping layer to reduce the leakage by injection and epitaxy, as shown in Figure 22c,d, respectively. This design increased the breakdown voltage and achieved a maximum drain current density of over 200 mA/mm, with a high switching ratio of over 108. The specific on-resistance is 31 mΩ·cm2 and 41 mΩ·cm2 for the devices with an n-type implanted layer and n-type epitaxial layer, respectively. In 2020, M. Iwataki et al. [221] utilized a highly concentrated N-doped layer for leakage current suppression and introduced a device with a trench width of 2 μm, which is shown in Figure 22e. The device can maintain a high switching ratio of 107 at 200 °C, with a maximum ID_MAX of 12,000 A/cm2 at room temperature, and a specific on-resistance of 3.2 mΩ·cm2. These results are the optimal values for the current vertical diamond MOSFETs. The BFOM was estimated to be around 31 MW/cm2.



In 1982, J. F. Prins [211] first used natural type IIb (i.e., p-type) diamond as a substrate and introduced an n-type layer by the ion implantation technique to prepare BJTs. The formation of p-n junctions was observed, and diode properties were achieved. Although the current amplification factor of these BJTs was only 0.11, it proved the feasibility of the diamond transistor. T. Makino et al. [212] fabricated and tested (001) bipolar transistors (BJTs) with a vertical p-n-p structure on a crystal-oriented diamond. The device produced a current response in the range of 100 nA–50 μA at room temperature, improving the rectification characteristics of the diamond BJTs. The BV of the device is greater than 100 V at room temperature. The co-base current amplification factor α is between 0.2 and 0.45 by measuring the emitter current (Ie) and collector current (Ic). It is difficult for the carriers to cross the thicker base region, which is the main reason for the small amplification factor.



The difficulty of diamond n-type doping can be overcome by combining other materials with diamond to form a heterostructure. In 2020, D. Liu et al. [213] fabricated p-n-p-type AlGaAs/GaAs/diamond heterojunction bipolar transistors (HBTs), in which n+ doped GaAs was grafted onto a p-type diamond by bonding. The ideal factor of this p-n junction was 3.67 and an Ion/Ioff ratio of 3.74 × 1010, which exhibits good diode characteristics, suggesting that HBTs have good prospects for development. However, the current gain β of the device is about 1, which is attributed to the heterojunction barrier (about 0.3 V) preventing hole injection into the collector region. This can be expected to be overcome by tuning the electron affinity of the diamond surface.



In 1999, A. Aleksov et al. [222] first reported diamond JFETs, which have a 100 mA/mm drain current density and can be operated at 200–250 °C. In 2014, T. Iwasaki et al. [223] fabricated JFETs with a BV of 600 V and a BFOM of about 100 MW/cm2. In 2015, T. Iwasaki et al. [224] achieved conductive modulation by n-type compensated doping in the p-type region, which resulted in an 8.5-fold increase in ID and a current gain between 100 and 2600. In 2016, T. Suwa et al. [215] designed JFETs with tapered and gradient-doped channels to realize a device of normally-off type with a threshold voltage of −3.0 V. It was shown that the threshold voltage of the device could be modulated by changing the channel width. On this basis, in the literature published by the same researcher in the coming year [225], normal-off devices are also achieved by making narrow channels (0.5 μm). The device also added the p+ contact layer at the source/drain and enhanced the bipolar mode of operation at temperatures of 473 K and 573 K.



In addition, there are some special schemes that optimize the parameters of the devices, and since there are fewer relevant reports on these structures, they are listed integrally as shown in Figure 23. T. T. Pham et al. [226] deposited a 40 nm alumina layer on the surface of an O-terminated p-type diamond with Ti/Pt/Au as the gate contact. A deep depletion-mode MOSFET is achieved with a breakdown voltage of 200 V, as shown in Figure 23a. Guo et al. [227] proposed a novel high-voltage, quasi-transverse diamond power MOSFET structure that utilized extended lateral and vertical drift regions for voltage blocking while introducing a field plate in the drift region to further improve the electric field distribution (Figure 23b). The maximum BFOM value obtained from the simulation is 6672.3 MW/cm2, corresponding to a BV and an Ron of 5.6 kV and 4.7 mΩ·cm2, respectively. These results have exceeded the theoretical limit values for GaN and SiC devices, demonstrating an extremely high upper limit for diamond power devices. Nobutaka Oi et al. [228] achieved the normally-off diamond MOSFETs by forming a shallow nitrogen doped layer below the C-H channel region by a nitrogen ion implantation technique. The device shows a breakdown voltage of up to 1600 V and a maximum breakdown electric field of 2.7 MV/cm, which demonstrates the potential of the ion implantation technique in the fabrication of diamond MOSFETs.




4.4. Summary


For undoped diamond MOSFETs, the device performance relies on the regulation of different surface terminals and dielectric layers. Research on diamond FETs has progressed significantly, particularly those utilizing 2DHG channels. Early studies focused on understanding terminal configurations and the 2DHG formation itself. Now, the technology for fabricating 2DHG-based FETs is becoming more mature, with advancements in gate dielectric optimization combined with surface terminations, as well as heterogeneous epitaxy techniques. In addition, junctions or drift layer formation by epitaxy or ion implantation has been investigated. Table 4 comprehensively compares the electrical performance of the electrical performance of various diamond FETs. The parameters are selected from the maximum values mentioned in the literature, not necessarily from the same device.





5. Application of Diamond in Electrical Circuits


Diamond has high carrier mobility and breakdown field strength, and diamond diodes have a high quality factor, which is expected to be advantageous in high-power electronics applications. Diamond Schottky diodes are the most mature diamond semiconductor devices, which have begun to be used in circuits, especially converters, and inverters, but the small size of the diamond substrate limits the integration of diamond semiconductors, so the current application is generally to connect multiple diodes in parallel to carry higher currents, as well as combining diamond diodes with MOSFETs prepared from other substrate materials to form staggered structures to improve thermal management and enhance dynamic performance by staggering phases to increase current capacity. A buck converter was designed using parallel diamond diodes and an interleaved structure in which the diamond is coupled with power devices made of other materials. The parallel structure effectively improves the low current situation of the diamond devices due to size constraints [233]. T/3 for each branch optimizes the effective total current distribution between the diodes and increases the power converter’s current and output signal frequency. In double-pulse tests, the maximum dV/dt of the diode was 16.4 V/ns when the diode was turned off and was 2 V/ns when it was turned on.



Another study on diamond buck converters is shown below [234]. Figure 24a shows a DC-DC converter formed by two parallel diamond diodes (K5 and K6, two diamond devices with pVSBD structures) and an interleaved structure connected in series with Si MOSFETs, which is used to convert the input DC voltage to a lower DC voltage. When turned on, the MOSFET first conducts to charge the inductor, and the current flows through the MOSFET and diamond SBD; When the MOSFET is turned off, the current of the inductor continues to flow through the DSBD. At this time, the DSBD conducts, and the inductor releases energy to the load. The capacitor is usually used to filter out the ripple of the output voltage, providing a smoother DC output. However, Figure 24b shows the dynamic behavior of the interleaved buck converter in a dual-pulse test configuration, where there was a delay in the opening of both branches during the test. The curve in the figure shows the potential at the negative end of the diode and the current Iload2 of the K5 branch. It can be seen that when K5 is turned on, some of the current is added to K6 (Iload2 decreases in the imaginary circle), which increases the state voltage drop of K6 (ΔVDK6 increases). This is due to the common impedance caused by the parallel structure, which is a defect of the current diamond converter. Due to the fact that parallel diamond diodes actually share a p+ layer, it is mentioned in the article that the thickness of the p+ layer can be modified, the current path can be increased, or the electrical isolation between cathodes can be achieved through RIE technology to reduce or eliminate the common resistance. This poses requirements for device manufacturing processes, and future device design and preparation should consider compatibility with applications.



Recently, diamond MOSFETs have been used in logic circuits. In 2017, Liu et al. [197] deposited TiO2/Al2O3 bilayer films on a diamond substrate, which significantly improved the C-V characteristics of MOSFETs by optimizing the thickness of Al2O3 buffer layer deposited by ALD. The FET has a switch ratio of 109 and a subthreshold switch of 79 mV/dec. The inverter fabricated based on the device shows prominent electrical characteristics, and the gain is between 6.2 and 12.7 under different load resistances, as shown in Figure 25a,b.



In 2021, Ren et al. [234] successfully grew a p-type H-terminated diamond epitaxially on an AlGaN/GaN high electron mobility transistor (HEMT) and further fabricated an inverter circuit, as shown in Figure 25c. The inverter has a VTC test curve at 25–250 °C, as shown in Figure 25d. The input voltage (Vin) scans from −3 V to 5 V show a more stable operating performance at 250 °C.



Currently, diamond is rarely used in CMOS inverters, which is attributed to the scarcity of n-type doped diamonds. Practical applications also require n-type device research or heterogeneous integration technology. N. Donato et al. [152] similarly summarized the trend towards diamond CMOS, as shown in Figure 26, which can be achieved by heterogeneous integration of diamond and GaN on the same substrate or by combining diamond PMOS with other kinds of NMOS.




6. Summary and Prospect


6.1. Status and Challenges of Diamond Parameters, Commercialization, and Integration


This review explores the potential of diamond for next-generation electronics, particularly in high-power applications. We begin by highlighting the unique properties of diamond, including its exceptional thermal conductivity, breakdown field strength, and carrier mobility. These characteristics make diamond a highly attractive candidate for power devices compared to traditional materials like silicon.



The excellent properties of the diamond material have aroused great interest from the industry towards practical power electronics applications. However, diamond semiconductor research is still in its early stages. Table 5 gives a comparison of the electrical parameters of diamond and SiC, GaN, and β-Ga2O3 devices, with the highest BFOM as the selection criterion.



Among them, SiC and GaN have been commercialized; SiC devices are commonly used in high-power converters and inverters, such as Infineon’s CoolSiCTM MOSFET series and Nexperia’s 1200 V SiC MOSFET series. GaN is commonly used for high-speed switching to achieve the lowest switching loss, such as Infineon’s CoolGaNTM 600 V series. β-Ga2O3 and diamond devices are currently in the research stage. It can be seen that even though the research on diamond devices started late, its high BFOM advantage has begun to be reflected. According to the research, diamond seems to be the only semiconductor with a sharp decrease in resistivity with temperature. This is the advantage of diamond in terms of power, highlighting its importance in the field of power electronics.



However, although diamond devices have such ideal properties and have made significant breakthroughs in research, there is still a long way to go for integration with existing technologies and further commercialization. To take advantage of diamond, device performance needs to be further improved. The following is a list of the expectations for the relevant parameters of the diamond devices.




	(a)

	
BV: For diode devices, the current vertical devices generally achieve greater than 1 kV with the highest close to 10 kV applications; the future goal is to break through 10 kV without affecting the on-state current. For field-effect transistors, the current maximum breakdown voltage of 2~4 kV; the future should break through more than 10 kV.




	(b)

	
On current: The open-state current of most devices is in the range of 1~10 A, and the future goal should be to realize the application of more than 10 A. The current density of a diode is expected to break through 100 KA/cm2, and the field-effect tube breaks through 10 A/mm.




	(c)

	
Switching speed: The current diamond diode slew rate is less than 10 V/ns; future expectations exceed 100 V/ns.




	(d)

	
BFOM: The current BFOM values for diamond diodes and FETs are mainly in the range of 10 to 103 MV/cm2, and ideally one should expect more than 104 MV/cm2 at the maximum breakdown field strength close to 10 MV/cm [242].









For integration and commercial applications, the major semiconductor companies have not yet utilized diamonds for devices.



The following are the challenges and some solutions for integrating diamond with existing technologies and achieving commercial applications:




	(a)

	
Material quality and cost control: High-quality electronic-grade diamond wafers are expensive to produce and are usually small in size (less than 1 inch). Future wafers grown by HPHT and MPCVD should exceed 2 inch, and wafers obtained by heterogeneous epitaxy and splicing methods should exceed 4 inch.




	(b)

	
Doping technology: There is a lack of effective n-type doping methods and a low concentration of p-type doping holes. The article has already mentioned the search for new growth directions to improve doping efficiency and the technology of achieving n-type doping through co-doping. In the future, it is expected to obtain p-type doping concentrations above 1021 cm−3 and n-type doping concentrations above 1016 cm−3 to achieve high-power applications.




	(c)

	
Reliability: The reliability and lifetime of diamond devices have not yet been fully proven. There is less research on reliability testing, which needs to be achieved by building more simulation models and testing actual devices.




	(d)

	
Thermal management and packaging: According to the research, diamond seems to be the only semiconductor with a sharp decrease in resistivity with temperature. While this is certainly an advantage, it also poses some problems in that the optimal operating state of the diamond device changes at different temperatures, which makes designing difficult. Due to this unique temperature characteristic, no encapsulation technology currently exists for diamonds. Electromagnetic compatibility (EMC) issues need to be considered. Special materials and designs are used to improve the reliability and long-term stability of the package and may include integrated thermal structures to help dissipate heat [243].




	(e)

	
Device performance: As summarized in this review, diamond devices need to further improve breakdown voltage and reduce Ron. The current experimental device samples are small, and the parameters are not stable enough, and stable performance is required for commercial products. This will be achieved by refining doping techniques and introducing more power device structures, such as Insulated Gate Bipolar Transistors (IGBTs), resurf structures, and super-junction structures, which all rely on the realization of p-n junctions.




	(f)

	
Cost: This is a major obstacle to the commercialization of diamond. The current production cost of diamond is much higher than Si, SiC, and GaN, the mature semiconductor materials. The price of diamond materials used for semiconductor research is several thousand to tens of thousands of times higher than that of silicon materials.









A simple roadmap for development is shown in Figure 27.




6.2. Commercialization Trends and Outlook


In terms of current trends, diamond is likely to be used in the future mainly in electric vehicle charging stations, solid state transformers [244], and other places where high temperatures, high power density, and high reliability are in demand, and as electric vehicles are currently being promoted around the world, the development of diamond is commercially promising. Data from Virtuemarket state that the global diamond semiconductor substrates market was valued at 151 million dollars in 2023 and is expected to reach a market size of 342 million dollars by the end of 2030. The market is expected to grow at a CAGR of 12.3% during the forecast period of 2024–2030 [245].



Some semiconductor companies have begun experimental diamond production. France’s Diamfab, which has four patents in the field of diamond epitaxy and doping, expects to achieve 4-inch wafer growth in 2025 [246]. The U.S.-based Akhan Semiconductor was founded in 2007 and pioneered the technology of low-temperature deposition of nanocrystalline diamond in 2013. This was followed by the establishment of the Miraj Diamond platform, the development of the growth of n-type diamond on Si, obtaining more than 1000 cm2/Vs mobility. In January 2024, the company’s founder Adam Khan announced the formation of a new company, Diamond Quanta, citing breakthroughs in diamond semiconductor fabrication and doping, which will be presenting the breakthroughs on August 20th and 21st at the upcoming International Materials Research Congress in Cancun, Mexico [247].




6.3. Conclusions


This article summarizes the development history of diamond materials and processes, summarizes the current development status of diamond devices, especially diodes and field-effect transistors, compares various diamond device parameters vertically, and compares them with devices prepared from other semiconductor materials (SiC, GaN, and β-Ga2O3) horizontally. It also analyzes the current advantages of diamond devices and the challenges faced in commercialization and their integration with existing technologies and proposes some solutions. In summary, to fully harness the potential of diamond, we need to address key challenges such as large-scale, high-quality, and single-crystal diamond material growth, diamond-compatible ion implantation techniques, and effective doping to realize both n- and p-type devices. In addition, integrating established power device design concepts like field plates, floating fields, and super-junctions into diamond technology has the potential to unlock even greater performance. By addressing these challenges through ongoing research and development, researchers can unlock the true potential of diamond and pave the way for its use in next-generation, high-performance power electronics, especially for high-temperature (>450 K), high-voltage (>10 kV), and high-BFOM (>104 MW/cm2) applications.
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Figure 1. Comparison of diamond properties with other materials. Diamond has the largest bandgap, breakdown electric field, thermal conductivity, and hole mobility. Besides GaAs, diamond has the highest electron mobility. 






Figure 1. Comparison of diamond properties with other materials. Diamond has the largest bandgap, breakdown electric field, thermal conductivity, and hole mobility. Besides GaAs, diamond has the highest electron mobility.



[image: Materials 17 03437 g001]







[image: Materials 17 03437 g002] 





Figure 2. Schematic representation of the diamond (a) crystal structure and (b) crystal cell. Each carbon atom forms a covalent bond with 4 other carbon atoms to form a positive tetrahedron. The strong C-C bonds make diamond hard and have a high melting point. All valence electrons are confined by the covalent bonds, which is why diamond does not conduct electricity [31]. 
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Figure 3. BFOM contours for conventional, wide-band, and ultra-wide-band semiconductors [34]. The BFOM of diamond far exceeds that of currently dominant semiconductor materials such as Si and 4H-SiC, and also has advantages over Ga2O3, which is also a UWBG material. 
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Figure 4. Schematic diagram of MPCVD equipment structure. The microwave generator generates energy, the tunneling antenna is used to transmit the energy from the waveguide to the inside of the reactor, and the quartz window is used to insulate the air. Below is the reaction chamber for the plasma treatment and heating of the substrate [49]. 
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Figure 5. A 3.6-inch heterogeneous epitaxial single-crystal diamond substrate [59]. 
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Figure 6. Etching rate versus ICP Coil/Platen power of the specified ICP-RIE process [60]. This figure gives the results of the etching rate of various gases as etching sources. 
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Figure 7. Hall mobility versus doping concentration at (a) 300 K and (b) 500 K [82]. 
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Figure 8. Formation of Schottky contact between metal and p-type semiconductor at (a) forward bias; (b) zero bias; and (c) reverse bias [102]. 
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Figure 9. (a) Ron; (b) ideal factor; and (c) SBH for W, Al, Cr, and Ni at different temperatures [103]. 
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Figure 10. (a) Device schematic of the vertical diamond SBDs with FT structure. (b) Top-view SEM image of the SBDs [108]. 
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Figure 11. Device schematic of different diamond diodes: (a) LSBDs; (b) pVSBDs; (c) VSBDs; (d) PNDs; (e) SPNDs; and (f) SPINDs. 
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Figure 13. Device schematic of (a) pVSBDs with p+ doping concentration of 1020 cm−3 and p- doping concentration of 1015 cm−3 [106]; (b) pVSBDs using a half-inch diamond wafer [131]; (c) pVSBDs on (113)-oriented homogeneous epitaxial boron-doped diamond substrates [130]; and (d) trench MOS barrier Schottky diodes [77]. 
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Figure 14. Schematic energy band diagrams of (a) SBDs; (b) PNDs; and (c) SPNDs [145]. 
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Figure 16. (a) Schematic energy band diagrams of hydrogen-terminated diamond with water adsorption layer [162]. (b) Chemical bond composition and electronic affinity of different terminal surfaces [93]. 
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Figure 18. Device schematic of the diamond MOSFETs with (a) 16 nm Al2O3 gate dielectric layer and NO2 doped substrate [177]; (b) an asymmetric construction and Al2O3 gate dielectric layer [180]; (c) a LaAlO3 and Al2O3 gate dielectric layer [181]; and (d) a V2O5 and Al2O3 gate dielectric layer [182]. 
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Figure 19. Device schematic of the diamond MOSFETs with (a) a HfO2 and Al2O3 gate dielectric layer [191]; (b) a ZrO2 dielectric layer [192]; (c) a MoO3 gate dielectric layer [187]; and (d) a two-dimensional material h-BN gate dielectric layer [195]. 
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Figure 20. (a) Schematic of the structure of partial oxygen-terminal channel diamond MOSFETs. Schematic energy band diagram of (b) off-state and (c) on-state. (d) Transfer characteristic curves for different devices [198]. 
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Figure 21. Device schematic of (a) the top view of the diamond silicon-terminated MOSFET; (b) undoped devices; (c) magnified image of the red circled region in (b); (d) the top view of the channel compositions; (e) heavily doped devices; (f) magnified image of the red circled region in (e) [200]. 
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Figure 22. Device schematic of U-trench diamond MOSFETs with a (a) lateral structure; (b) vertical structure [219]; (c) barrier layer formed by ion implantation; and (d) epitaxy [220]. (e) Device schematic of vertical V-trench diamond MOSFETs with a highly concentrated N-diffusion barrier layer [221]. 
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Figure 23. Device schematic of (a) deep depletion diamond MOSFETs [226]; (b) cross-section of a high-voltage, quasi-lateral diamond MOSFET design [227]; and (c) MOSFETs with nitrogen-implanted region [228]. 






Figure 23. Device schematic of (a) deep depletion diamond MOSFETs [226]; (b) cross-section of a high-voltage, quasi-lateral diamond MOSFET design [227]; and (c) MOSFETs with nitrogen-implanted region [228].



[image: Materials 17 03437 g023]







[image: Materials 17 03437 g024] 





Figure 24. (a) Schematic of the interleaved buck converter in the double-pulse test configurations. (b) Double-pulse test of the interleaved buck converter using two legs with diamond SBDs [234]. 
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Figure 25. Schematic of the (a) diamond inverter equipment and (b) gain curve [197]. (c) Schematic of an inverter with heterogeneous integration of GaN HEMTs and diamond FETs and (d) VTC curves [234]. 
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Figure 26. Schematic of a possible monolithic integration of diamond and other WBG/UWBG semiconductors [152]. 
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Figure 27. A parametric roadmap of diamond process and performance requirements, including the research status and expectations. 
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Table 1. Standard diamond terminations and electron affinity [93].






Table 1. Standard diamond terminations and electron affinity [93].





	Terminal Type
	H
	O
	F
	Si
	N





	Symbol
	C-H
	C-O
	C-F
	C-Si
	C-N



	Electron affinity (eV)
	−1.0
	1.7
	2.56
	−0.86
	3.46










 





Table 2. Contact potentials of different metals with diamonds.
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	Metal
	Barrier Height (eV)
	Contact Type





	W [115] (annealing at 773 K)
	0.45 ± 0.12
	Schottky



	Al [118] (at T = 294 K)
	1.05
	Schottky



	Ni [103]
	1.57
	Schottky



	Mo [119] (with O-Diamond)
	1.61 ± 0.03~1.98 ± 0.02
	Schottky



	Cr [103]
	0.73
	Schottky



	Zr [105] (with O-Diamond)
	1.97
	Schottky



	Ti [112]
	−0.63
	Ohmic



	Au (with H-Diamond) [116]
	−0.19
	Ohmic



	Au (with O-Diamond) [116]
	1.71
	Schottky










 





Table 3. Diamond diode representative parameters.
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	Device
	LSBDs
	pVSBDs
	VSBDs
	SPND/SPIND





	Current density
	5.39 mA/mm at V = 40 V with T = 473 K [142]
	1000 A/cm2 at V = 6 V with T = 300 K [104]
	2980 A/cm2 at V = 8 V with T = 300 K [155]
	>60 kA/cm2 at V = 6 V with T = 300 K [143]



	Breakdown voltage
	1651 V at T = 300 K [156]
	1600 V at T = 300 K [76]
	~10 kV under vacuum [121]
	>50 V at T = 300 K [157]



	Rectifying ratios
	1012 at ±4 V with T = 300 K [158]
	1010 at T = 300 K [130]
	>1010 at ±10 V with T = 350 K [159]

1011 at ±10 V with T = 300 K [160]
	>1013 at ±8 V with T = 300 K [161]










 





Table 4. Performance comparison of diamond field-effect tubes and bipolar transistors.
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Device

	
Structural Characteristics

	
VTH (V)

	
|ID_MAX|

(mA/mm)

	
Ion/Ioff

	
|BV|(V)

	
Ron

(mΩ·cm2)

	
BFOM

(MW/cm2)

	
Ref.






	
H-terminated

MOSFETs

	
NO2 p-type doping

	
4.1

	
372

	
>107

	
3659

	
13.48

	
173

	
[177]




	
ALD-Al2O3 (10 nm @ 450 °C)

	
1.36

	
388

	
~2 × 107

	
>50V

	
—

	
—

	
[229]




	
NO2 p-type doping

	
3.9–4.1

	
680

	
~107

	
2568

	
7.54

	
874.6

	
[39]




	
V2O5 gate dielectric layer (10 nm)

	
1.7

	
375

	
~107

	
—

	
16.8

	
—

	
[182]




	
N-implanted region in channel

	
−2.5

	
5.4/2.7

	
>107

	
531/1600

	
—

	
—

	
[228]




	
ALD-Al2O3 (200 nm @ 450 °C with partial C-O channel)

	
−2.5~−4.0

	
5.2~18.2

	
108

	
2021

	
—

	
—

	
[198]




	
Si-terminated

MOSFETs

	
ALD-Al2O3 (100 nm @ 450 °C)

	
−5.6

	
311

	
>107

	
150.2

	
—

	
—

	
[230]




	
Trench MOSFETs

	
Vertical U-trench

	
17.8

	
210

	
~106

	
580

	
23

	
14.6

	
[231]




	
Vertical V-trench

	
20.2~20.5

	
12,800

	
~107

	
340

	
3.2

	
31.0

	
[221]




	
Vertical U-trench with n-implanted/n-doped epitaxial layer

	
23.2/23.0

	
234/191

	
~108

	
249/359

	
31/41

	
2/3.1

	
[220]




	
JFETs

	
Lateral p-n junctions

	
—

	
1.2

	
—

	
608

	
3.7

	
99.91

	
[223]




	
BJTs

	
On (001)

	
αT = 0.44, β = 0.79, diffusion length = 4.2 × 10−5 cm3

αT = 0.91, β = 10.1, diffusion length = 4.3 × 10−5 cm3

	
[212]




	
On (111)

	
[232]




	
HBTs

	
p-n-p:lGaAs/GaAs/Diamond

(e-b-c)

	
e-b:AlGaAs/GaAs

n = 1.09, Ion/Ioff = 1.53 × 107 at ±1.5 V

	
β ≈ 1

	
[213]




	
b-c:GaAs/diamond

n = 3.67, Ion/Ioff = 3.74 × 1010 at ±5.2V











 





Table 5. Comparison of different wide bandgap and ultra-wide bandgap semiconductor devices with a focus on BFOM.
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Diodes

	
FETs/HEMTs




	

	
BV (kV)

	
Ron (mΩ·cm2)

	
BFOM (MW/cm2)

	
Ref.

	
BV (kV)

	
Ron (mΩ·cm2)

	
BFOM (MW/cm2)

	
Ref.






	
SiC

	
1.43

	
5.25

	
390

	
[235]

	
1.83

	
11

	
304.4

	
[236]




	
GaN

	
0.995

	
1.2

	
825

	
[237]

	
0.850

	
0.98

	
737

	
[238]




	
β-Ga2O3

	
8.32

	
5.24

	
1320

	
[239]

	
1.32

	
4.4

	
405

	
[240]




	
Diamond

	
0.7

	
5.89

	
332

	
[241]

	
2.57

	
7.54

	
874.6

	
[39]
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