

  crystals-14-00030




crystals-14-00030







Crystals 2024, 14(1), 30; doi:10.3390/cryst14010030




Article



The Transition from Type-I to Type-II SiC/GaN Heterostructure with External Strain



Li Zhang 1, Haiyang Sun 2, Ruxin Zheng 3, Hao Pan 4,*, Weihua Mu 5,* and Li Wang 6





1



School of Electrical Engineering, Anhui Technical College of Mechanical and Electrical Engineering, Wuhu 241000, China






2



School of Information Science and Technology, Nanjing Forestry University, Nanjing 210037, China






3



School of Mechanical Engineering, Southeast University, Nanjing 211189, China






4



Automotive & Transportation Engineering, Shenzhen Polytechnic, Shenzhen 518055, China






5



Wenzhou Institute, University of Chinese Academy of Sciences, Wenzhou 325000, China






6



Dean’s Office, Xuancheng Vocational & Technical College, Xuancheng 242000, China









*



Correspondence: panhao@szpt.edu.cn (H.P.); muwh@ucas.ac.cn (W.M.)







Citation: Zhang, L.; Sun, H.; Zheng, R.; Pan, H.; Mu, W.; Wang, L. The Transition from Type-I to Type-II SiC/GaN Heterostructure with External Strain. Crystals 2024, 14, 30. https://doi.org/10.3390/cryst14010030



Academic Editor: Ludmila Isaenko



Received: 12 November 2023 / Revised: 5 December 2023 / Accepted: 8 December 2023 / Published: 27 December 2023



Abstract

:

Two-dimensional materials are widely used as a new generation of functional materials for photovoltaic, photocatalyst, and nano-power devices. Strain engineering is a popular method to tune the properties of two-dimensional materials so that performances can be improved or more applications can be obtained. In this work, a two-dimensional heterostructure is constructed from SiC and GaN monolayers. Using first-principle calculations, the SiC/GaN heterostructure is stacked by a van der Waals interaction, acting as a semiconductor with an indirect bandgap of 3.331 eV. Importantly, the SiC/GaN heterostructure possesses a type-II band structure. Thus, the photogenerated electron and hole can be separated in the heterostructure as a potential photocatalyst for water splitting. Then, the external biaxial strain can decrease the bandgap of the SiC/GaN heterostructure. From pressure to tension, the SiC/GaN heterostructure realizes a transformation from a type-II to a type-I semiconductor. The strained SiC/GaN heterostructure also shows suitable band alignment to promote the redox of water splitting at pH 0 and 7. Moreover, the enhanced light-absorption properties further explain the SiC/GaN heterostructure’s potential as a photocatalyst and for nanoelectronics.
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1. Introduction


Graphene has been obtained successfully using the micromechanical stripping method and explored for promising advanced applications because of its unique Dirac cone [1,2]. For example, graphene exhibits fascinating carrier mobility up to 15,000 cm2V−1s−1 at room temperature [3], which can be used for electronics and sensors [4,5]. Moreover, remarkable optical transparency was developed for optoelectronics [6]. However, the gapless nature of graphene limits its usage in field-effect transistors [7], and its excellent thermal conductivity (about 0.4 × 104 Wm−1K−1) [8] implies that graphene is not suitable for thermoelectronics [9]. The TiSi2N4 monolayer presents an ultrahigh electron mobility of about 1.04 × 104 cm2V−1 s−1 [10]. In particular, Janus TMDs have attracted much attention in recent years due to their intrinsic built-in electric field, which is due to the asymmetry of the out-of-plane structure [11]. A two-dimensional (2D) material refers to a material with a thickness of only a single atom or several atomic layers [12,13,14,15]. For example, phosphorene is a direct bandgap semiconductor and has a honeycomb structure, which makes phosphorene act as an excellent 2D material suitable for various applications, such as field-effect transistors, flexible micro/nanodevices, spintronics, solar cells, biomedicine applications, and photocatalysts. This material has unique electrical [10,16,17,18], optical [19], mechanical [20,21,22], and thermal properties [23,24,25]. However, some measures need to be taken to break through it, giving it further special properties and expanding its application. Therefore, it has broad application prospects in electronics and optoelectronics. The discovery of graphene has sparked research into other 2D materials, including materials such as MoS2 and AlN. In recent years, researchers have also discovered some new 2D materials, such as transition metal dichalcogenides (TMDs), phosphorene, and arsenene. These materials have different properties and applications and can be used to prepare new electronic components, sensors, and energy-storage materials [26,27]. At the same time, there are many methods for preparing 2D materials, including mechanical stripping, chemical vapor deposition, solution stripping, and so on. The development of these methods has made the preparation of 2D materials simpler and more controllable. In addition to applications in fields such as electronics and optoelectronics, 2D materials also have broad application prospects. For example, molybdenum disulfide (MoS2) is a direct bandgap semiconductor with a bandgap of 1.8 eV. It has excellent tribological properties and can be used to prepare friction materials [28]. PtS2 possesses a high absorption rate in the visible light range, making it widely applicable in the field of optoelectronics [29,30]. With the continuous development of preparation methods and in-depth research, it is believed that more novel 2D materials will be discovered and applied to various fields.



Energy-storage methods have been extensively studied [31,32]. It is cutting-edge to use 2D materials as functional materials for energy storage or energy conversion [33]. For 2D materials, the most common and effective way to change their physicochemical properties is with metal impurity doping, especially by changing their conductivity and magnetism. For instance, graphene can be doped with platinum-group elements (ruthenium, rhodium, palladium, osmium, iridium, and platinum). Using density functional theory (DFT) calculation, it can be found that the structural, optical, and electronic properties of graphene are enhanced [34]. To further develop the performance of these 2D materials, the usual approach is to synthesize new materials by stacking and assembling them into a heterostructure. These layered materials are held together with van der Waals forces [35]. For these van der Waals heterostructures, due to the differences in lattice constants, lattice structures, and band structures of different materials, the behavior of electrons near the heterostructure may differ from that of a single material, resulting in a series of unexpected electrical and optical properties [36,37,38]. The formation of the heterostructure can be achieved using various means, such as chemical vapor deposition, physical vapor deposition, molecular beam epitaxy, metal–organic chemical vapor deposition, etc. Meanwhile, due to the different band structures between the two materials, there may be band-bending and band-offset phenomena [39,40,41]. In most current studies, the two most common types of heterostructures appear, namely, type-I and type-II heterostructures. The type-I band structure refers to a heterostructure with the conduction-band minimum and the valence-band maximum in the same layer. The main characteristic of a type-I heterostructure is the separation effect of electrons and holes, which enables the material to have higher electron mobility and better carrier transport performance. In addition, due to the formation of electric potential barriers at the heterostructure interface, this structure can also achieve the effective separation of electrons and holes, therefore improving the efficiency of the device. For example, the average carrier of type-I heterostructure materials constructed using PbI2 and WS2 is 0.039 cm2·s−1. It can be observed that the interlayer diffusion behavior between electrons and holes is similar [42]. MoS2 and ReS2 were constructed into type-I heterostructure with van der Waals forces, and it was found that when carriers were injected into ReS2, the carrier lifetime in the heterostructure was similar to that of single-layer ReS2, further demonstrating the lack of charge separation [43]. In summary, the type-I heterostructure is an important structure in semiconductor devices, which has the separation effect of electrons and holes and efficient carrier transport performance. The type-II band structure means the conduction-band minimum and the valence-band maximum are induced by different layers so that the photogenerated charges can be prevented from being recombined. Many 2D heterostructures are calculated to be formed by van der Waals forces as a photocatalyst for water splitting, such as phosphorene/BSe [44], MoSe2/Ti2CO2 [45], and TMDs/BP [46]. A WS2/CeO2 heterostructure was prepared using an ultrasonically assisted method, which possessed a covalent bonding interface. The WS2/CeO2 heterostructure presents the type-II band structure with an excellent photocatalytic activity of about 446.7 µmolg−1 CO2 generation [47]. Recently, monolayer Honeycomb SiC was successfully prepared using the bottom-up growth method [48]. The 2D SiC also presets novel electronic [49] and mechanical [21] properties. Furthermore, GaN also shows stability [50] and is successfully synthesized in experiments [51]. The excellent mechanical properties of GaN were obtained [20], showing particular stress characteristics as a heterostructure with SiC. The van der Waals heterostructure based on GaN or SiC monolayers was also reported, such as MXene/GaN [52], MoSSe/GaN [53], blue phosphorus/SiC [49], SiC/TMDs [54], suggesting use as photocatalytic, photovoltaic, and optical devices. More importantly, the heterostructure formed by GaN and SiC monolayers presents a small lattice mismatch, which means it an easier to prepare in experiments.



In this investigation, SiC and GaN monolayers are selected to construct a heterostructure. The most stable stacking structure of the SiC/GaN heterostructure is obtained, and ab initio molecular dynamics (AIMD) simulations are used to further prove thermal stability. Using first-principle calculations, the electronic and optical performances are calculated. Importantly, the SiC/GaN heterostructure can complete the switching from a type-II to a type-I semiconductor by applying external biaxial strain. The results in this work suggest the SiC/GaN heterostructure is suitable for excellent photocatalysts and nanoelectronics.




2. Computing Method


In our simulations, first-principle calculations are performed using the Vienna ab initio simulation package (VASP) and the density functional method (DFT) [55,56]. We described the core electrons for the projector-augmented wave potentials (PAW) [57]. We also described the exchange–correlation functional for generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional [58]. In addition, the DFT-D3 method was proposed by Grimme [56] to correct the weak dispersion forces. At the same time, the Heyd–Scuseria–Ernzerhof hybrid method was explored to calculate the more accurate band structure and optical property [59]. The energy cut-off was 550 eV, and the Monkhorst–Pack k-point grids were used by 17 × 17 × 1 in the first Brillouin zone. The vacuum space was used at 20 Å to prevent the interaction with nearby SiC or GaN monolayers. Furthermore, we used 0.01 eV·Å−1 and 0.01 meV for the convergence of the force and the total energy, respectively.




3. Results and Discussion


First, the structure of the SiC and the GaN monolayers are optimized by the lattice constants as 3.096 Å and 3.255 Å, respectively, which is in agreement with the other reports [49,60]. The band structures of the SiC and the GaN monolayers are also obtained with the HSE06 method, as shown in Figure S1 in the Supporting Information. The SiC and the GaN monolayers possess semiconductor characteristics with a bandgap of about 3.354 eV and 3.203 eV, respectively. The heterostructure stacked by the SiC and GaN monolayers can be considered to be six different configurations by high symmetry with a lattice mismatch of about 5%, showing a small strain in the heterostructure. As shown in Figure 1a, the Si and C atoms are located at the top of the N and Ga atoms, respectively, which is named the G1 stacking style. In Figure 1b, the heterostructure constructed by C and Si atoms is located at the top of the N and Ga atoms, respectively, and is named the G2 stacking style. Then, the C atoms are located at the top of the N atoms, and the Si atoms are at the center of the GaN hexagon; such a heterostructure is named the G3 stacking style, as shown in Figure 1c. The G4 SiC/GaN heterostructure can be obtained by exchanging the position of the Si and C atoms in G3, as shown in Figure 1d. The heterostructure can be obtained in the G5 stacking style by setting the C atoms on top of the Ga atoms and the Si atoms on top of the center of the GaN hexagon, as shown in Figure 1e. The Si atoms are located at the top of the Ga atoms, and the C atoms are in the center of the GaN hexagon; such a heterostructure is named the G6 stacking style, as demonstrated in Figure 1f. The most stable SiC/GaN heterostructure configuration is identified by calculating the binding energy (E) as E = ESiC/GaN – EρSiC – EρGaN, where ESiC/GaN, ESiC, and EGaN explain the total energy of the monolayered SiC /GaN heterostructure and the SiC and GaN layers, respectively, and the G2 SiC/GaN heterostructure possesses the lowest binding energy of –174 meV/unit. The obtained binding energy is also lower than that of graphene [61] and blue phosphorene/BSe [44]; thus, the G2 SiC/GaN heterostructure is formed by van der Waals forces. The obtained binding energy, bond length, and interfacial height (h, shown in Figure 1f) of the SiC/GaN heterostructure with different stacking configurations are demonstrated in Table 1. One can see that the in-plane structural parameters are almost the same in these different SiC/GaN van der Waals heterostructures. The main difference is the binding energy, which also decides the interfacial height. This indicates that adsorption characteristics in SiC/GaN van der Waals heterostructures of each high symmetry point are different. Furthermore, next, all the calculations for the G2 SiC/GaN van der Waals heterostructure are based on such a structure. It is worth noting that intrinsic stress also exists in such a completely relaxed SiC/GaN heterostructure due to differences in the crystalline lattice parameters, which is suggested by the bond strain distribution shown in Figure S2 in the Supporting Information. We calculated the bond strain (ε), which is defined as εSi-C, Ga-N = ∆l/lSi-C, Ga-N, where ∆l is the change in the studied bond length between the SiC and GaN in the heterostructure and the pristine monolayers. One can see that the SiC and GaN monolayers present weak intrinsic tensile stress, which is also considered in our following calculations. Although these six SiC/GaN heterostructure configurations may be stacked, we chose the lowest one (G2) as a representative structure to explore the next electronic and optical properties.



In addition to binding energy, the AIMD calculations for the SiC/GaN van der Waals heterostructure are also explored to evaluate the thermal stability using a Nosé–Hoover heat bath scheme [62]. A 6 × 6 × 1 SiC/GaN van der Waals heterostructure supercell was constructed considering the lattice translational constraints, which contains 144 atoms in the simulations [33]. Periodic boundary conditions are applied in the AIMD simulations to calculate the temperature and total energy of the SiC/GaN van der Waals heterostructure. After all the AIMD simulations at 300 K, fluctuations in temperature and total energy of the SiC/GaN van der Waals heterostructure supercell are monitored, as shown in Figure 2, suggesting a convergence of results. The structure of the relaxed SiC/GaN van der Waals heterostructure is demonstrated as the inset in Figure 2, and the SiC/GaN van der Waals heterostructure is still undamaged at 300 K after 10 ps. Thus, the SiC/GaN van der Waals heterostructure possesses an obvious thermal stability at room temperature.



The projected band structure of the SiC/GaN van der Waals heterostructure was calculated using the HSE06 method, which is shown in Figure 3a. Obviously, the SiC/GaN van der Waals heterostructure presents a type-II band structure because the blue and red marks are donated from the SiC and GaN monolayers, respectively. Thus, the CBM and the VBM are mainly the result of the SiC and GaN monolayers, respectively. In Figure 3b, the projected density of the states of the SiC/GaN van der Waals heterostructure demonstrates that the CBM and VBM are mainly contributed by N and C, respectively. This staggered band structure means the SiC/GaN van der Waals heterostructure possesses an ability to separate the photogenerated electron and hole when used as a photocatalyst for water splitting. As shown in Figure 3c, the SiC/GaN van der Waals heterostructure obtains energy; the photogenerated electrons are stimulated from the valence band of SiC and GaN to the conduction band, resulting in a photogenerated hole at the conduction band. Then, the photogenerated electron of SiC is excited from the conduction band to the conduction band of SiC under the conduction-band offset. At the same time, the photogenerated hole in the valence band of SiC also migrates to the valence band of GaN by valence-band offset. It is worth noting that the S-scheme band structure is also a special type-II photocatalyst. The photogenerated electrons and holes in the S-scheme heterostructure migrate to the CBM–1 and VBM–1, respectively, while the photogenerated electrons and holes in the VBM and CBM at the interface combine, further enhancing the efficiency of the photocatalyst for water splitting [63,64].



Thus, the photogenerated charges can be separated in water splitting. The charge–density difference (Δρ) of the SiC/GaN van der Waals heterostructure is calculated as Δρ = ΔρSiC/GaN − ΔρSiC − ΔρGaN, where ΔρSiC/GaN, ΔρSiC, and ΔρGaN are the total charge density of the SiC/GaN van der Waals heterostructure and the SiC and GaN monolayers, respectively. As shown in Figure 3d, the SiC layer receives the charge of 0.0486 |e| by the GaN monolayer with the Bader-charge analysis [65]. Furthermore, the potential drop across the interface of the SiC/GaN van der Waals heterostructure is calculated as 12 eV, as shown in Figure 3e, which can promote a built-in electric field. Then, such a built-in electric field also can provide excellent power to separate the photogenerated charges. Interestingly, the potential drop across the interface of the SiC/GaN van der Waals heterostructure is higher than that of other 2D heterostructures that are potential photocatalysts for water splitting, such as the TMDs/BP van der Waals heterostructure [46], the TMDs/GeC van der Waals heterostructure [66], the ZnO/BSe van der Waals heterostructure [67], etc.



Strain engineering is an effective method to tune the properties of 2D materials and is widely used [21,68,69]. For example, external strain can induce an improved light absorption capacity of the GaN/BSe van der Waals heterostructure when used as a photocatalyst for water splitting [60]. The mechanical properties of the SiP2 monolayer can also be tuned with external strain for potential nanomechanics and nanoelectronics [70]. Applied strain is also particularly important for the fracture behavior of 2D materials [69]. In this work, we also applied external biaxial and in-plane strain on the SiC/GaN van der Waals heterostructure to explore the potential applications. Here, tension is expressed as a positive number, while the pressure is positive. The calculated projected band structure of the SiC/GaN van der Waals heterostructure under external strain from –0.05 to 0.05 is shown in Figure 4. Interestingly, the band structure of the SiC/GaN van der Waals heterostructure shows clear feedback to the external biaxial strain. Compared with Figure 3a, when tensile stress is applied to the SiC/GaN van der Waals heterostructure, the contribution of the Ga monolayer to the CBM gradually strengthens, which means the SiC/GaN van der Waals heterostructure is changed to a type-I semiconductor. The type-I SiC/GaN van der Waals heterostructure can be used as a light-emitting device material [71]. On the contrary, when the compression force is applied to the SiC/GaN van der Waals heterostructure, the CBM and VBM are completely donated by the SiC and GaN monolayers, suggesting a pure type-II band structure. Thus, the SiC/GaN van der Waals heterostructure under compression force is more suitable for separating the photogenerated electron and hole. In addition, the VBM of the SiC/GaN van der Waals heterostructure is also transformed from the middle of the K and Γ point to the Γ point. The dependence of the CBM and the VBM of the C/GaN van der Waals heterostructure on external strain is also mainly decided by the dependence of the SiC and GaN monolayers on the strain because their combination is due to weak van der Waals forces. Thus, it is obvious that the CBM and the VBM of the SiC and GaN monolayers are particularly sensitive to external strain, suggesting the tunable carrier mobility with strain. All these indicate that the SiC/GaN van der Waals heterostructure can be used in more applications involving external biaxial strain. Furthermore, such a pronounced strain dependence on the band structure of the SiC/GaN van der Waals heterostructure also shows a potential application in piezoelectric photocatalysts [72].



The band edge positions of the SiC/GaN van der Waals heterostructure are calculated with different external biaxial strains, as shown in Figure 5a. One can see that the SiC/GaN van der Waals heterostructure possesses decent band alignment to induce the redox (−5.67 eV for oxidation and −4.44 eV for reduction) water splitting at pH 0 under 0–0.05 strain. At the same time, the potential for reduction and oxidation also can be determined by the pH level using Ered = −4.44 eV + pH × 0.059 eV and Eoxd = −5.67 eV + pH × 0.059 eV, respectively [60]. Thus, the SiC/GaN van der Waals heterostructure under −0.04 to 0.05 strain also can promote water oxidation (−5.26 eV) and reduction (−4.03 eV) at pH = 7 for water splitting. The total energy of the system and the bandgap of the stained SiC/GaN van der Waals heterostructure are shown in Figure 5b. The SiC/GaN system without any external strain shows the lowest energy. Interestingly, the bandgap of the SiC/GaN van der Waals heterostructure can decrease with both tension and pressure.



The optical absorption capacity for the SiC/GaN van der Waals heterostructure is a critical property used as a photocatalyst to decompose water. The absorption coefficient of the SiC/GaN van der Waals heterostructure is calculated as   α ( ω ) =    2  ω  c           ε 1 2  ( ω ) +  ε 2 2  ( ω )     1 / 2   −  ε 1  ( ω )     1 / 2    , where    ε 1  ( ω )   is used as the dielectric constant, while    ε 2  ( ω )   is used to show the imaginary parts of the dielectric constant. Furthermore, ω is decided by the angular frequency, α represents the absorption coefficient, and c is the speed of light in vacuum [71]. Then, the optical absorption spectrum of the SiC/GaN van der Waals heterostructure under the different external biaxial strains is calculated, as shown in Figure 6, using the HSE06 functional. One can see that when the SiC/GaN van der Waals heterostructure is out of strain, the excellent absorption peak near the visible light region is 3.4 × 105 cm−1 at the wavelength of 250 nm. External strain obviously enhances the light absorption ability: the absorption peak of the SiC/GaN van der Waals heterostructure is 2.8 × 105 cm−1, and the absorption peak position is in the visible light range (305 nm) with a strain of −0.03. At the same time, the absorption peak of the SiC/GaN van der Waals heterostructure even moves to 313 nm with an absorption peak of 1.5 × 105 cm−1. The absorption peak position of the SiC/GaN van der Waals heterostructure can also be enhanced to 270 nm with the absorption peak of 2.8 × 105 cm−1. All these obtained optical absorptions of the SiC/GaN van der Waals heterostructure are more advantageous than the other 2D heterostructures used as photocatalysts for water splitting, such as the CdO/As van der Waals heterostructure (about 8.47 × 104 cm−1) [73] and MoTe2/PtS2 (about 2.6 × 105 cm−1) [68].




4. Conclusions


In summary, density functional theory is conducted to systematically investigate structural performances. The most stable stacking figuration is formed by van der Waals interactions, and thermal stability is also obtained with AIMD simulation. Then, the SiC/GaN van der Waals heterostructure is calculated as a type-II semiconductor with an indirect bandgap of 3.331 eV to separate the photogenerated electrons and holes, acting as a photocatalyst for water splitting. Importantly, even if the SiC/GaN van der Waals heterostructure maintains semiconductor characteristics, it presents an indirect bandgap from type-II to type-I with external biaxial strain. Furthermore, the strain also can decrease the bandgap of the SiC/GaN van der Waals heterostructure. The SiC/GaN van der Waals heterostructure has decent band edge energy for the redox of water splitting under the external biaxial strain at pH 0 and 7, the optical properties also can be enhanced with external strain, implying its efficient and tunable application as photocatalyst and nanoelectronics. In addition, the SiC or GaN monolayer stacked on Janus materials may present other interesting photocatalytic properties. For example, Janus TMDs possess excellent optical properties. The Janus materials-based heterostructure presents a built-in electric field in such an asymmetric structure, which can form a more favorable photogenerated charge flow mode formed with GaN or SiC. For GaN- or SiC-based heterostructures with TMD materials (such as WS2), the closest atom to GaN or SiC is the S atom. Thus, it may be a good strategy to regulate the vibration mode of S atoms to induce a heterostructure photocatalytic effect.
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Figure 1. The geometric structure of the SiC/GaN heterostructure stacked with the (a) G1, (b) G2, (c) G3, (d) G4, (e) G5, and (f) G6 stacking styles. The blue, black, cyan, and red balls represent Si, C, Ga, and N atoms, respectively. 
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Figure 2. The total energy and temperature of the AIMD calculation. The inset is the relaxed structure of the SiC/GaN van der Waals heterostructure at 300 K. 
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Figure 3. (a) The calculated projected band structure and the (b) projected density of the states of the SiC/GaN van der Waals heterostructure, the blue and red marks are SiC and GaN, respectively. (c) In the photogenerated charge flow diagram of the SiC/GaN van der Waals heterostructure, CBO and VBO represent the conduction-band offset and the valence-band offset, respectively. (d) The charge density of the SiC/GaN van der Waals heterostructure and the gain and loss of electrons are indicated with yellow and blue symbols, respectively. (e) The potential drop across the interface of the SiC/GaN van der Waals heterostructure. 
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Figure 4. The calculated projected band structure of the SiC/GaN van der Waals heterostructure under different external biaxial strain. The blue and red marks are SiC and GaN, respectively. 
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Figure 5. (a) The band alignment and (b) the energy and bandgap of the SiC/GaN van der Waals heterostructure under different external biaxial strains. 

