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Two-dimensional (2D) layered semiconductors are current research hotspots on account of their wide variety of applications in electronics and optoelectronics due to their particular ultrathin nature. In this review, the band alignment engineering in heterojunctions composed of 2D van der Waals (vdW) layered semiconductors and their device applications in optoelectronics are provided. Various approaches that induced adjustability of vdW heterojunctions are summarized, mainly including composition and thickness modulations, strain, and electric fields. Furthermore, their perspectives on future developments in optoelectronics and electronics devices based on the newly unique physical and chemical properties are outlined.
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1 INTRODUCTION
According to “Moore’s law,” the number of transistors that can be placed on an integrated circuit doubles roughly every 18 months, and this rapid development depends on the constant upgrading of electronic components. Unfortunately, the rapid development speed hits a bottleneck as the characteristic size of circuit precision decreases to a few nanometers, at a level where heat dissipation becomes the biggest obstacle. The European Centre for Microelectronics suggested that two-dimensional (2D) materials become the only option for further miniaturization of chips last year, and the newly emerged 2D layered materials show great potential in applications in photoelectric and electric devices (Autere et al., 2018; Chaves et al., 2020; Chen et al., 2020; Sun et al., 2021). With strong covalent bonding within the layer and van der Waals (vdW) interaction between layers (Mak et al., 2010), 2D layered materials have special physical structures and chemical properties, including unique layer-dependent features (Zahid et al., 2013; Wang et al., 2020a), high carrier mobility (Novoselov et al., 2012; Wang et al., 2012; Butler et al., 2013), and large exciton binding energy (Kunstmann et al., 2018; Lukman et al., 2020).
The performance of van der Waals heterojunctions (vdWHs) composed of multilayer semiconductors is seriously affected by the band alignments at the interface (Geim and Grigorieva, 2013). As shown in Figure 1A, semiconductor van der Waals heterojunctions (vdWHs) can be classified into type I (symmetric), type II (staggered), and type III (broken) according to band arrangement of semiconductors (Özçelik et al., 2016; Kahn et al., 2020). The type-I heterojunctions are suitable for applications in photoluminescence and photoluminescence excitation detections (Yamaoka et al., 2018), since the photo-excited electrons tend to transfer within the CBM and VBM of the narrow bandgap rather than in the broad one, spatially confine the charge carriers, and efficiently reduce the undesirable dissociation of excitons, which in turn greatly improve the exciton efficiency (Yuan et al., 2018). Type II heterojunctions are widely used for photoelectric, photocatalysis, and unipolar electronic devices (Palummo et al., 2015), with the staggered band alignment which spatially separated holes and electrons. For type-III heterojunctions, the bandgap is broken, and the large band overlap between layers allows easier interlayer charge transfer (Cao et al., 2018; Sun et al., 2021), which facilities type-III heterojunction construct vdW Esaki tunnel diodes (Xiong et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of heterojunctions with type-I, type-II, and type-III band alignments. (B) Thickness-dependent spin polarization in PbI2/WS2 heterojunctions. The blue line represents the numerical simulation result (Yuan et al., 2018). (C) Bandgap of the Sb/AlAs heterojunctions vary with the biaxial strain. Positive and negative numbers represent tensile and compressive strains, respectively (Jia et al., 2021). (D) Bandgap and band edge location of Janus-In2STe/InSe vdWH with various electric fields (Li et al., 2020a). (E) Periodic table of heterostructures (Özçelik et al., 2016).
Nowadays, vdWHs with different band alignments are constructed, and the resulting devices are gradually becoming the alternative to the widely used silicon-based devices. As a result, many approaches to modulate the band alignment in heterojunctions have evolved. Here, we mainly introduce these approaches and the application of vdWHs in photoelectric and electronic devices.
2 BAND ALIGNMENT ENGINEERING
Band alignment engineering governs the charge transport behavior in heterojunctions, so it is an efficient way to regulate the photoelectric and electrical properties through bandgap edge adjustment. There are many ways to regulate the band arrangement, such as composition modulation, component thickness, strain, and electric field.
Integrated by two (or more) kinds of semiconductors, the properties of heterojunctions are greatly influenced by the components, especially for the vdW layered heterojunctions composed of 2D dangling bond free surface layers (Liu et al., 2020a; Hou et al., 2020; Lee et al., 2020; Zhang et al., 2020). So, one of the most straightforward ways to get a heterojunction with the desired performance is to combine different semiconductors with diverse properties. Theoretically, dozens of 2D layer materials and their combinations of heterojunctions are explored (Özçelik et al., 2016). As shown in Figures 1A,E, a detailed list of heterojunctions is constructed. Type-I, type-II, and type-III band alignments are achieved through different combinations; therefore, the periodic table provides a useful guidance for future research.
Transition metal dichalcogenides (TMDs) are the most widely used 2D semiconductors, and the heterojunctions based on TMDs covered the three types of band arrangements. Type-II band alignment is common in TMD heterojunctions; furthermore, the type-II band alignment in vertically stacked TMD heterojunctions effectively facilitates photogenerated carrier separation and inhibits electron–hole recombination (Hong et al., 2014; Ji et al., 2017). In contrast to the strong covalent bonding within the layer, the interlaminar interactions are mainly vdW forces in the range of physical adsorption, which allows monolayer exfoliation and the layer-dependent features (Liu et al., 2020b; Chen et al., 2020). Lu et al. combined the most common TMDs, MoS2 and the other MX2, to 2D MoS2/MX2 vdWHs and found that for vdWHs with MoS2 and MoSe2, CrS2, CrSe2, and WS2 showed type-II features with an indirect bandgap while WSe2/MoS2 vdWHs kept the direct bandgap of the MoS2 layer (Lu et al., 2014).
The heterojunction that is a combination of TMDs and zinc oxide (ZnO) has attracted much interest among researchers in recent years (Ta et al., 2016). The ZnO has the same geometrical structure as graphene; like other layered materials, the bandgap is sensitive to the thickness while the bandgap of monolayer ZnO is 3.3 eV (Topsakal et al., 2009). Therefore, the bandgap of ZnO tends to significantly narrow through the formation of heterojunctions. For example, in 2H-TiS2/ZnO vdWHs, the heterojunction appears as a narrow indirect bandgap of 0.34 eV with the formation of type-II band alignment; meanwhile a large potential drop (3.75 eV) and band offset are formed which improve charge separation efficiency and then make the heterojunction desirable for optoelectronic applications (Rahimi, 2021). In MoS2/ZnO vdWHs, a type-II band alignment is formed with a large built-in electric field. These characters ensure that the heterojunction exhibits good optical absorption ability in the visible region and then potentially be used in photoelectric and photocatalytic devices (Wang et al., 2018a).
The type I band alignment based on semiconducting TMDs shows great application potential in photonic and photoelectric devices with ultrafast (∼100 fs) interface response and charge transfer velocity (Wu et al., 2019; Li et al., 2020b). The MoTe2/WS2 vdWH shows type-I band alignment and the excitons are confined in the low-bandgap MoTe2 layer; therefore, the exciton absorption of the WS2 is bleached in the adjacent MoTe2 layer (Li et al., 2021). Similarly, the bandgap edge of type-I band alignment in Sb/PtTe2 heterojunctions is contributed by the CBM and VBM of PtTe2, which also makes efficient recombination of photoexcited carriers because of confining electrons irradiated by light (Shokri and Yazdani, 2021).
Currently, both type-I and type-II band alignment are common in vdWHs, while few systems show type-III images. Type-III heterojunctions, as previously mentioned, have a broken bandgap, which is appropriate for tunneling field effect transistors (Yan et al., 2017). TMDs are still outstanding in the application of type-III band arrangement. The MX2/MoS2 heterojunctions, with M = Fe, V; X = S, Se, exhibit metallic characters with type-III band alignment (Lu et al., 2014). Also, the WTe2/HfS2 vdWH shows a type-III band alignment, which is confirmed by XPS and UV–V (Lei et al., 2019).
In addition to TMDs, other vdW layered semiconductors have been developed rapidly in the field of heterojunctions. For instance, the heterojunction composed of the metal monochalcogenides InSe and GeSe and Xenes arsenene. The InSe/GeSe vdWH shows a band alignment with a near-zero bandgap which can simplify the reversing circuit and speed regulating circuit; therefore, the field effect transistor (FET) based on the InSe/GeSe vdW heterojunction is suitable for constructing as a gate-controllable half-wave rectifier (Yan et al., 2021). The stable InS/arsenene vdWH possesses excellent flexibility and high carrier mobility, and what is more, a stable type-II band alignment is formed within the regulation of the vertical strain (Yao et al., 2021). Recently, the monolayer Janus TMD MXY has gotten a lot of attention for its broken mirror symmetry, which adds another dimension of regulation (Li et al., 2017). Stacking Janus monolayers into vdWHs have unlocked even more excellent properties (He et al., 2020). Rawat et al. systematically studied the vdWHs composed of Janus MXY (M represents Mo, W, Hf, Zr; X, Y represents S, Se, Te; and X is different from Y) (Rawat et al., 2020). The Janus MXY form 19 type-II vdWHs, and the energy conversion efficiency of five of the vdWHs is up to 15–20% (Rawat et al., 2020).
For 2D type-II heterojunctions, it is critical for the conduction and valence band edges to be momentum-matched (Özçelik et al., 2016), which will promote the efficiency of photon excited electron–hole pairs (Wang et al., 2020b). The BP/BSe vdWH is proven to be thermodynamic and kinetically stable at room temperature, and the momentum-matched type-II band alignment is achieved with electron transfer from BSe to BP (Pham et al., 2020). However, due to a natural lattice mismatch, most type-II semiconductor heterojunctions are momentum–space mismatch. To solve the intractable problem, a universal approach is proposed through using metal-supported homojunctions, and furthermore, the momentum–space match can be in a wide K-range but not a special K-point only, through a band-nesting effect in degenerately doped 2D multilayered semiconductor homojunctions induced by metal supporting (Wang et al., 2020b).
Due to the quantum confinement effect, the electronic band structure, polarization, and optical properties of layered materials can be easily affected by the thickness (Cai et al., 2014; Hamer et al., 2019). For example, the bandgap gradually widens as the number of layers decreases in most TMDs (e.g., the bandgap of MoS2 decreases as the number of layers increases (Ellis et al., 2011; Rahimi, 2021)) and black phosphorus (Ellis et al., 2011; Tongay et al., 2012; Fuh et al., 2016; Jiang et al., 2018; Zhong et al., 2018). This suggests a possible approach to construct functional heterojunctions through thickness engineering (Rahimi, 2021). Similarly, the light emission in 2D TMDs changes observably with the layer number and stacking sequence (Palummo et al., 2015). The radiative recombination in bilayer MoS2 is slower than in the monolayers, which is up to a few picoseconds at low temperature. Especially, the interlayer excitons in MoS2/WS2 and MoSe2/WSe2 vdWHs lived very long (∼20–30 ns at room temperature) since the constituted electrons and holes localized at different layers (Palummo et al., 2015). The carrier lifetime can be manipulated by layer thickness in vdW heterojunctions of type-I PbI2/WS2 and type-II PbI2/WSe2 band alignments. Similar to PbI2, the carrier lifetime of PbI2/WS2 heterojunctions increases with increasing thickness, which causes the decrease in the circular polarization. Besides, the polarization for the PbI2 from the PbI2/WS2 heterojunction decreases from 0.998 to 0.693 as the heterojunction thickness increases from 9.2 to 22.6 nm (Yamaoka et al., 2018; Zhang et al., 2020) as displayed in Figure 1B.
Semiconductor thickness can also control the carrier migration. That is, the performance of metal–2D semiconductor junctions, especially the interface barrier which represents the barrier to be crossed for carrier migration, is thickness-dependent. The Fermi-level pinning factor of metal–2D multilayered semiconductor junctions depends sensitively on the layer number of few-layer 2D semiconductors (Wang et al., 2020a; Wang et al., 2020c).
The ultrathin character allows the electronic properties of 2D materials to be tuned by external electric fields, which provides a feasible method for band arrangement in 2D heterojunctions (Wang et al., 2018b; Rahimi, 2021). Based on the capacitance model, when the gate voltage is applied, the doping concentration and even the conductive -in materials will be adjusted in the way of electrostatic doping (Pan et al., 2020; Sun et al., 2020; Rahimi, 2021). In this way, the band offset between semiconductors can be designed dynamically (Rahimi, 2021). Through the vertical electric field, a transition of band alignment from type-III to type-II is observed in WTe2/HfS2 vdW heterojunctions (Lei et al., 2019), a type-II to a type-I transformation is realized in SnS2/WSe2 bilayer heterojunctions (Guan et al., 2021), and a transformation from type-I to type-II band alignment is implemented in Sb/PtTe2 vdW heterojunctions (Shokri and Yazdani, 2021). The electric field can also change the band edge and bandgap. For SnS2/WSe2, the bandgap decreases monotonically with the increasing electric field, and when the electric field reaches above 0.3 V/Å, the heterojunction transforms to a conductor (Guan et al., 2021).
Due to the existence of the internal electric field, the Janus heterojunction shows different characteristics under the action of the external electric field. In Janus-In2STe/InSe vdWHs, both strain and the electric field can cause direct–indirect band structure transformation and staggered-straddling band alignment (Li et al., 2020a). In addition, the variation trend of the bandgap is related not only to electric field intensity but also to electric field direction (Li et al., 2020a). As shown in Figure 1D, the bandgap of type-I In2STe/InSe vdWHs first increases to the peak value of 1.32 eV with a positive electric field and then the bandgap reduces with a larger electric field, while the band alignment turns to type-II. When a negative electric field is applied, the heterojunction keeps the property of staggered band alignment (Li et al., 2020a).
As stated above, the novel strategy of the external electric field plays an important role in modulating electronic characteristics for vdW heterojunctions. Strain, including vertical and biaxial, often discussed together with the electric field, is also an effective method to regulate the electric properties such as conductivity and transportability of low-dimensional semiconductor systems (Sun et al., 2017).
Especially, the biaxial strain engineering is effective in modulating the bandgaps of 2D heterojunctions (Lei et al., 2019; Zribi et al., 2019; Guan et al., 2021). As shown in Figure 1C, the bandgap of the Sb/AlAs heterojunctions has a peak value of 0.909 eV at 1% tensile strain, and the heterojunction turns to metal at 6% tensile strain (Jia et al., 2021). Guo et al. investigated the regulation of strain on MoSSe/WSSe vdWHs (Guo et al., 2020), and they found that strain can effectually control the bandgap of vdWHs, and a large tensile strain can even turn semiconductors to metal. With biaxial tensile strain, the bandgap of MX2/MoS2 (MoSe2, CrS2, CrSe2, WS2, and WSe2) bilayer heterojunctions experience a semiconductor-to-metal transition; while for WSe2/MoS2 heterojunctions, an indirect bandgap is achieved from a direct one (Lu et al., 2014).
For 2D heterojunctions, tensile strain also provides an approach to enhance light absorption and improve solar energy conversion efficiency. As in SnS2/WSe2 heterojunctions, with compressive strain exceeding –9%, the indirect type-II semiconductor will transform to a type-I semiconductor which provides theoretical basis for future practical application (Guan et al., 2021). Similarly, the band alignment of WTe2/HfS2 vdW heterojunctions transforms from type-III to type-II with biaxial strain, which is because the position of high symmetry points of the band edge changes with strain (Lei et al., 2019).
3 APPLICATION IN OPTOELECTRONIC AND ELECTRONIC DEVICES
VdWHs, with their on-demand design capabilities, offer amazing opportunities to build new types of electronic and optoelectronic devices (Liu et al., 2020b). Especially, 2D semiconductors and heterojunctions exhibit outstanding properties, such as novel interlayer interaction (Li et al., 2020c; Li et al., 2020d; Reddy et al., 2020; Sung et al., 2020), high on/off ratio, and fast transit time (Deng et al., 2014) of current at room temperature, which make them backbones for solid-state–based atomically thin optoelectronic and electronic devices.
In type-II band arrangement vdWHs, photo-induced electrons and holes tend to move in opposite directions, resulting in high separation efficiency of charge carriers, which provides novel exciton devices with large binding energy (Furchi et al., 2014; Ross et al., 2017). As shown in Figure 2A, in MoSe2/WSe2 heterojunctions, the resulting photocurrent of the interlayer exciton is 200 times less than the amplitude of the intralayer exciton’s resonance excitation, which means that the sandwich exciton’s vibrator strength is hundreds of orders less than the intralayer exciton due to the opposite spatial separation of the electron and hole layers (Ross et al., 2017).
[image: Figure 2]FIGURE 2 | (A) MoSe2−WSe2 vdWH used in interlayer exciton optoelectronics (Ross et al., 2017). (B) Photocatalytic performance of isolated BP and BSe monolayers and BP–BSe vdWH (Pham et al., 2020).
Hydrogen is a secondary source of energy which can be obtained from other major energy sources (Veziroglu, 2007; Pham et al., 2020). For its low emission, environmental protection, and more sustainable energy system characters (Balat, 2008; Pham et al., 2020), hydrogen becomes strategically important. Recently, semiconductors and their heterojunctions have been used as major photocatalysts for converting sunlight to hydrogen because of their chemical and photochemical stability, as well as effective visible light absorption capacity because of suitable band arrangement and band structure (Osterloh, 2008; Axet et al., 2019; Pham et al., 2020). As shown in Figure 2B, the band edges of BP-BSe heterojunctions have reached an energetically favorable position and crossed the redox potential, which is suitable for water decomposition at pH = 0 (Pham et al., 2020). In addition, the bandgap value of the vdWH is larger than the lowest energy (1.23 eV) needed for the photocatalysis reactions, which is beneficial to a highly efficient photocatalyst for converting water into hydrogen and the production of clean and renewable energy equipment applications.
These results establish the foundation for utilizing the interlayer exciton and photocatalysis in future 2D heterojunction optoelectronic devices. Simultaneously, the 2D materials are promising for future two-terminal devices, transistors, and memories because of their surface dangling free bonds, atomically thin body, atomically sharp heterojunctions, and band alignments through the modulating method described above. For example, heterojunctions with type-III band alignment can actuate Esaki diodes with significant negative differential resistance, heterojunctions with p–n junctions enable vertical TFETs with an ultra-steep subthreshold slope, and the atomically thin body supplies 2D heterojunction transistors with strong immunity against short-channel effects. In electronic devices, the high contact resistance is an obstacle to realizing the potential of these materials for low-power applications. MoS2 is the outstanding representative of two-dimensional semiconductors, and the reported contact resistance of metal−MoS2 is 10 times higher than that of Si (Kang et al., 2014). The Gr/h-BN/Gr vdW heterostructure is the first reported tunneling field-effect transistor (Britnell et al., 2012), and by replacing h-BN with 2D WS2, the low tunneling current density (pA μm−2) and on/off ratio (around 50) can be improved to μA μm−2 and 106, respectively (Lopez-Sanchez et al., 2013). In addition, 2D materials can maintain their sharp band edges even at atomic thickness. This excellent property can be used to create vertical p–n junction devices (Lee et al., 2014), such as SnS2/WSe2 (Guan et al., 2021), MoS2/WS2 (Ji et al., 2017), and MoSSe/WSSe (Guo et al., 2020) as discussed before, which are on account of the mechanism of band-to-band tunneling.
However, there are many challenges and limitations in 2D optoelectronic and electronic devices, such as high-quality large-scale synthesis and large contact resistances. Further research and efforts are needed before the actual applications (Zhu et al., 2019).
4 CONCLUSION AND PERSPECTIVES
In summary, this article provides a brief review of 2D layered materials and their vdWHs based on band alignment engineering and their applications in optoelectronic and electronic devices. In the first, three types of band alignments and their carrier transport characteristics at interfaces are introduced. Subsequently, band alignment regulation and control methods are listed, including composition modulation, layer thickness adjustment, strain, and electric field. Finally, optoelectronic and electronic devices based on 2D heterojunctions are summarized.
Although 2D layered materials have many attractive properties and advantages, there are still many problems to be overcome before their applications in reality, such as the preparation of large size and high-quality 2D materials and 2D heterojunctions. What is more, high interfacial resistance is also holding it back. Much research and development efforts should be input before 2D semiconductor devices will be ready for mainstream applications. In a word, 2D semiconductors and their heterojunctions would be a hot topic in future research and can potentially have broad applications.
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