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Abstract

:

Hexagonal boron nitride (hBN) has emerged as a key two-dimensional material. Its importance is linked to that of graphene because it provides an ideal substrate for graphene with minimal lattice mismatch and maintains its high carrier mobility. Moreover, hBN has unique properties in the deep ultraviolet (DUV) and infrared (IR) wavelength bands owing to its indirect bandgap structure and hyperbolic phonon polaritons (HPPs). This review examines the physical properties and applications of hBN-based photonic devices that operate in these bands. A brief background on BN is provided, and the theoretical background of the intrinsic nature of the indirect bandgap structure and HPPs is discussed. Subsequently, the development of DUV-based light-emitting diodes and photodetectors based on hBN’s bandgap in the DUV wavelength band is reviewed. Thereafter, IR absorbers/emitters, hyperlenses, and surface-enhanced IR absorption microscopy applications using HPPs in the IR wavelength band are examined. Finally, future challenges related to hBN fabrication using chemical vapor deposition and techniques for transferring hBN to a substrate are discussed. Emerging techniques to control HPPs are also examined. This review is intended to assist researchers in both industry and academia in the design and development of unique hBN-based photonic devices operating in the DUV and IR wavelength regions.
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1. Introduction


Boron nitride (BN) is a III-nitride compound of boron and nitrogen [1]. It has four main crystalline forms, namely cubic BN (cBN; Figure 1a), which is analogous to diamond; wurtzite BN (wBN; Figure 1b), which is analogous to lonsdaleite (hexagonal diamond); rhombohedral BN (rBN; Figure 1c), which is analogous to graphite; and hexagonal BN (hBN; Figure 1d), which is also analogous to graphite, but with a different stacking structure as compared with rBN [2].



hBN is a wide-bandgap semiconductor with high thermal conductivity and chemical inertness and is expected to aid the development of novel devices for application under extreme conditions such as high temperature. Notably, hBN layers have a honeycomb lattice structure based on sp2 hybridization (Figure 2), which is similar to that of graphene.



The surface of hBN is atomically smooth and free of dangling bonds and charge-trapping sites. Therefore, it has attracted considerable interest as an ideal substrate for forming van der Waals (vdW) heterostructures with graphene and other two-dimensional (2D) materials. In contrast to conventional substrates with insulating layers such as SiO2, hBN substrates enable the full electronic and optical properties of 2D materials to be exploited. For example, the carrier mobility of graphene on hBN can reach that of suspended graphene [3], and hBN can support the highly confined low-loss surface plasmon polaritons (SPPs) of graphene [4].



In addition to its use as a substrate material for 2D vdW heterostructures, hBN has promising photonic properties owing to its unique bandgap structure and hyperbolic phonon polaritons (HPPs). For instance, various deep ultraviolet (DUV) devices have been designed based on the wide-bandgap structure of hBN, and infrared (IR) perfect absorbers, sub-diffraction imaging sensors, and chemical sensors have been designed based on its HPPs.



There are a number of excellent reviews on hBN; however, they typically focus either on its fundamental physics [5,6,7,8], synthesis [9,10], and vdW heterostructures [11,12]. Herein, we review hBN as a 2D material for application in photonic devices considering its unique bandgap structure and HPPs. The advantages of hBN-based photonic devices are described, and the future challenges are presented. The use of hBN in photon emitters is not covered here, because its mechanism and applications differ from those of the abovementioned photonic applications. The reader is referred to other important review papers in this regard [13,14]. The importance of hBN is rapidly growing in various photonic applications. This review paper aims to provide the fundamental physics of hBN devices and outlines of various photonic application fields to aid the development of novel photonic devices using hBN.




2. Theoretical Background of Optical Properties of hBN


2.1. Electronic Bandgap Structure


The bandgap structure of hBN has long been debated. Theoretical calculations, such as first-principles calculations, show that it should have an indirect bandgap structure [15,16,17,18], whereas experimental results using optical microscopy indicate that the obtained optical properties are caused by a direct bandgap [19,20,21]. For example, Watanabe et al. fabricated high-purity hBN crystals and observed an intense luminescence peak at 5.76 eV under UV irradiation, which they attributed to a direct bandgap [20]. This issue was ultimately resolved using two-photon excitation, which revealed that multilayer hBN has an indirect bandgap at 5.955 eV [22]. Its intense luminescence is attributed to strong exciton–phonon interactions that produce self-trapped exciton states owing to the vdW structure of hBN [23].



As shown in Figure 3, the bandgap structure of hBN strongly depends on the layer number [24]. The bandgap structure was investigated by first-principles calculations. Monolayer hBN exhibits a direct bandgap; however, when the layer number is greater than or equal to two, hBN exhibits an indirect bandgap. This bandgap structure means that hBN can be applied in devices such as light-emitting diodes (LEDs) and photodetectors (PDs) operating in the DUV wavelength region. Furthermore, monolayer hBN is a promising platform for polariton manipulation in the UV range [25].




2.2. Asymmetric Permittivities


hBN has two anisotropic permittivities, ε‖ and ε⊥, which correspond to two types of phonon modes: (i) an out-of-plane (‖) mode with a transverse optical frequency (ωTO) of 780 cm−1 and longitudinal optical phonon frequency (ωLO) of 830 cm−1, and (ii) an in-plane (⊥) mode with a ωTO of 1370 cm−1 and ωLO of 1610 cm−1 [26]. Accordingly, the anisotropic permittivity of hBN is defined by [26]:


   ϵ m  =  ϵ  ∞ ,   m   +  ϵ  ∞ ,   m   ×      (   ω  LO ,   m    )   2  −    (   ω  TO ,   m    )   2       (   ω  TO ,   m    )   2  −  ω 2  − i ω  Γ m    ,  



(1)




where ε∞ and Γ are the high-frequency dielectric permittivity and damping constant, respectively; m = ‖ and ⊥; ε∞,⊥ = 4.87, ε∞,‖ = 2.95, Γ⊥ = 5 cm−1, and Γ‖ = 4 cm−1 [27]; and ω is the wave frequency.



The two anisotropic permittivities are the origin of the unique HPPs of hBN. Figure 4a,b show the real and imaginary parts of the permittivities of hBN, respectively. Two distinct types of reststrahlen (RS) bands are formed, in which the permittivities ε‖ and ε⊥ have opposite signs. Type-I (where ε‖ < 0 and ε⊥ > 0) occurs in the frequency range of 746–819 cm−1 and wavelength range of 12.21–13.4 μm, whereas Type-II (where ε⊥ < 0 and ε‖ > 0) occurs in the frequency range of 1370–1610 cm−1 and wavelength range of 6.21–7.30 μm. Therefore, hBN has HPPs in these two RS bands in the IR region at approximately 7 and 13 μm.



In these hyperbolic regions, the isofrequency surface with z as the optical axis is defined by [28]:


     k x 2  +  k y 2     ϵ ‖    +    k z 2     ϵ ⊥    =    (   ω c   )   2  ,  



(2)




where kx, ky, and kz are the wavevectors of the x, y, and z axes, respectively, and c is the speed of light in vacuum. Figure 5a–c show the isofrequency surfaces of non-hyperbolic materials (ε‖ = ε⊥ < 0), Type-I hyperbolic materials (ε‖ < 0, ε⊥ > 0), and Type-II hyperbolic materials (ε⊥ < 0, ε‖ > 0), respectively.



The energy propagation direction of polaritons, defined by the angle β between the Poynting vector and z-axis, is defined by [29]:


  β  ( ω )  = arctan  (  i      ϵ ⊥   ( ω )         ϵ ‖   ( ω )       )  .  



(3)







In some cases, Equation (3) is expressed as [28,30]:


  β  ( ω )  =  π 2  − arctan  (       ϵ ‖   ( ω )      i    ϵ ⊥   ( ω )       )  .  



(4)







As shown in Figure 5 and Equations (3) and (4), these hyperbolic regions allow kx and ky to become infinitely large in hBN, enabling light to be folded within the material. This is the origin of the strong light confinement in extremely small volumes of hBN [28,31] and its ability to realize sub-diffraction imaging [29,32]. Such HPPs have been directly observed in both multilayer [33,34] and monolayer [35] hBN using near-field microscopy. Furthermore, inducing curvature in hBN structures has been shown to modify the HPPs [36,37]. Controlling the thickness (layer number) and shape of hBN is critical for the development of next-generation HPP-based photonic devices.



It should be noted that orthorhombic-phase molybdenum trioxide (α-MoO3), which is another vdW material, also exhibits HPPs in the IR region [38,39,40].





3. Ultraviolet Devices


Because the bandgap of hBN lies in the DUV region, hBN has excellent potential for the design of DUV-LEDs and DUV-PDs. These applications are discussed in this section.



3.1. DUV-LEDs


DUV-LEDs have attracted considerable attention for a wide range of applications, including sterilization, water purification, photocatalysis, and curing. In particular, interest in UV disinfection technologies has rapidly grown owing to the COVID-19 pandemic [41].



AlGaN semiconductors are the most widely investigated materials for fabricating DUV-LEDs [42]. hBN was initially introduced as an electron-blocking and p-contact layer to enhance the hole injection efficiency, reduce the contact resistance, and increase the UV transparency of AlGaN-based LEDs. However, AlGaN-based DUV-LEDs emit light perpendicular to the surface plane [43], whereas the light emitted from hBN is parallel to the surface plane. Furthermore, hBN can be formed on arbitrary substrates with high DUV transparency owing to the vdW forces of hBN. Therefore, hBN is considered an efficient emissive layer for use in DUV-LEDs.



Multilayer hBN can produce strong photoluminescence [22,44] and cathodoluminescence [20,21,44,45,46] in the DUV region despite its indirect bandgap. This phenomenon is attributed to the strong coupling of the exciton–phonon interactions [46]. Such phonon-assisted recombination is fast enough (~100 ps) to bypass non-radiative relaxation [44,47]. Consequently, the internal quantum efficiency is comparable to that of semiconductors with a direct bandgap [46]. Thus, hBN has the advantages of both direct and indirect bandgap semiconductors, which helps to achieve both a high extraction efficiency and internal quantum efficiency.



The electroluminescence of hBN in the DUV region has not been demonstrated thus far. Recently, the electroluminescence of a graphene/hBN/graphene vdW heterostructure was demonstrated at room temperature (Figure 6) [48]. The graphene/hBN/graphene vdW heterostructure (Figure 6a), in which the photoactive layer of hBN was sandwiched between a pair of graphene layers as electrodes, was fabricated from exfoliated graphene and hBN via a dry transfer technique. Carrier injection from the graphene electrodes to the hBN band edges occurred under high bias voltages via Fowler–Nordheim tunneling.



Figure 6b shows the electroluminescence spectra of the graphene/hBN/graphene vdW heterostructure under a forward bias at various currents, and Figure 6c shows the dependence of the electroluminescence external quantum efficiency (EQE) on the current under forward and reverse biases. The EQE gradually increased with the increasing current. The difference between the two bias polarities stems from asymmetric charge carrier injection owing to the asymmetric shape of the device. The obtained EQE was low; however, it could be improved by using a symmetric device structure with balanced carrier injection, a blocking layer, and multiple emissive layers. In particular, the formation of p–n junctions is important for achieving high-performance hBN-based DUV optoelectronics. p-type doping has been achieved by introducing Mg dopant atoms [49,50,51] or B vacancies [52]. Recently, n-type doping has also been demonstrated by Ge–O doping [53]. Along with other 2D materials, such technologies and suitable fabrication methods can help to realize highly efficient and stable DUV-LEDs.




3.2. DUV-PDs


Various UV-PDs have been developed from materials including AlGaN/GaN-based semiconductors [54,55], SiC-based semiconductors [56,57], oxide-based materials [58,59], and 2D materials [60] to cater to a wide range of applications, including advanced communications technologies, flare detection systems, and air purification devices [61].



Owing to its bandgap in the DUV region, various hBN-based UV-PDs have been developed [62,63,64]. Among them, hBN/Cu Schottky junctions and hBN/graphene vdW heterostructures have achieved substantially higher responsivities than single-hBN-based PDs. In particular, the photogating effect used in PDs based on hBN/graphene vdW heterostructures has recently drawn considerable research attention [65,66,67,68]. In these devices, hBN surrounds the graphene layer and acts as a photosensitizer by producing a voltage change upon light irradiation. Owing to the high carrier mobility and low atomic thickness of graphene, this voltage change can produce an extraordinary change in the carrier density of graphene [69]. As a result, the photocurrent can change significantly.



Figure 7a,b respectively show a schematic and image of a photogated hBN/graphene DUV-PD [70]. The PD structure is based on a simple graphene-based field effect transistor (GFETs). hBN is placed under the graphene channel and acts as a photosensitizer. It produces a back-gate voltage change in the GFET under DUV light irradiation, enabling the current in the graphene channel to be modulated substantially. Figure 7c shows the photo current and responsivity as a function of the source–drain voltage for DUV-PDs with and without hBN. The results demonstrate that ultra-high responsivity can be achieved by photogating.



As discussed in Section 3.1, the realization of hBN p–n junctions can facilitate the development of high-performance DUV-PDs, which cannot be achieved with conventional UV-PD technologies. In addition, the development of electrical readout circuits suitable for hBN would enable the fabrication of DUV-based image sensors.





4. Perfect Infrared Absorbers/Emitters


In addition to its performance in the DUV wavelength region, hBN has a distinguished potential for use in photonic devices operating in the infrared (IR) region. Metamaterial/metasurface-inspired or plasmonics-inspired “perfect” IR absorbers and emitters [71,72] have emerged as key materials for use in radiative cooling [73,74], advanced functional IR sensors [75], and biosensing [76] applications. hBN is a promising material for small and highly efficient absorbers and emitters because it is a natural hyperbolic material in the IR region, which allows photons to be confined within an ultra-small volume of hBN.



The thermal radiation and absorbance of hBN can be controlled by adjusting the layer number [77]. Figure 8 shows unit cells of several hBN-based metasurface absorbers/emitters (hBN-MAEs) based on the well-known metal–insulator–metal (MIM) metasurface structure. Figure 8a shows the simplest hBN-MAE structure, in which rectangular blocks of hBN are placed periodically on a metal plate [78]. The most commonly used metals are Au, Ag, or Al because these metals support surface plasmon resonance (SPR). Figure 8b shows a slightly more complex structure, in which the sides of the hBN blocks are tapered [78]. Figure 8c shows an hBN-MAE in which a multilayer MIM pattern is introduced [79]. Finally, Figure 8d shows a structure in which hBN is placed on a metal grate [80,81,82]. Notably, devices with these structures have been shown to be promising IR absorbers/emitters.



Here, the basic absorption properties of hBN due to the HPPs are explained with consideration to the simplest hBN-MAE structure, that is, the rectangular hBN/metal structure (Figure 8a). Figure 9a shows a schematic of the device and its absorption spectrum. Figure 9b shows the power dissipation contours at wavelengths of 6.29, 6.41, and 6.56 μm, which correspond to the absorption peaks in the absorption spectrum (Figure 9a) in the Type-II hyperbolic region. Figure 9b clearly shows three zigzag resonant modes, demonstrating the strong confinement of light inside hBN owing to the HPPs. The resonance modes at wavelengths of 6.29, 6.41, and 6.56 μm are defined as (m, n) = (3, 1), (3, 2), and (3, 3), respectively.



Based on these resonance modes, the propagation direction can be described by [78]:


  tan β =  n m  .  



(5)







Notably, this equation is important in the design of hBN-based photonic devices using HPPs. This is because the resonance modes are defined by the aspect ratio of the hBN cavity and not by its overall shape. This is a unique property of HPPs and is not observed with conventional resonance such as Fabry–Pérot resonance [28,83].



Figure 9c–e respectively show a schematic of the trapezoidal hBN/metal structure, its absorption spectrum, and its absorbance as a function of the incident angle and wavelength. As shown in Figure 9c, in the trapezoidal hBN resonator, β can be modified based on the taper angle, leading to broader absorption.



The combination of SPR and HPPs can enhance the unique absorption properties of hBN. The multilayer hBN/metal structure shown in Figure 8c can produce broadband absorption owing to the SPR induced by the metal and the resulting hybridization of HPPs [79]. In addition, when hBN is placed on a Ag-based one-dimensional (1D) plasmonic grating, as shown schematically in Figure 8d and Figure 10a, it exhibits enhanced absorption due to coupling between the HPPs of hBN and the SPR or magnetic polaritons induced by the 1D plasmonic grating [84,85,86]. Figure 10b,c show the electric field distributions of hBN on 1D plasmonic gratings with different groove widths. Zigzag propagation modes were induced within the hBN layer owing to coupling between the magnetic polaritons induced by the 1D plasmonic grating and the HPPs of hBN. Because the hyperbolic properties follow Equations (3) or (4), the change in coupling frequency with groove width is minimal.



Plasmonic structures such as 2D plasmonic crystals and asymmetric structures [87,88] can be used to enhance the interaction between SPR induced by the plasmonic structure and the HPPs in hBN. This enhanced interaction can facilitate the design of novel photonic devices that employ IR absorption and emission. In addition to the aforementioned IR absorbers/emitters, hBN is frequently used in graphene-based metamaterial IR absorbers/emitters [89,90,91,92,93]; the use of patterned graphene can result in strong absorption induced by localized SPR in the IR region [94,95].




5. Sub-Diffraction-Limit Imaging


Hyperbolic materials allow large wavevector (k) values. In hyperlenses, the light scattered from sub-diffraction-limit features is coupled with the HPPs, which propagates the light in the expanded direction according to Equation (3). As a result, sub-diffraction-limit imaging can be achieved.



Early research into hyperlenses used hyperbolic metamaterials (HMMs) with artificially engineered structures [96,97] to demonstrate hyperlenses or superlenses [98,99,100]. However, conventional HMMs require complicated artificial structures such as multilayers of dielectric and metal films. Furthermore, metal films induce optical loss for imaging. Therefore, hyperlenses using HMMs suffer from a low transmission efficiency and limited spatial resolution [101,102]. On the contrary, hBN is a natural hyperbolic material with low-loss HPPs in two RS bands. Therefore, hBN is suitable for the development of high-performance hyperlenses.



A schematic of a hBN-based hyperlens is shown in Figure 11a. The hyperlens was demonstrated with Au disks embedded in hBN [29,32] and visualized by scattering-type scanning near-field optical microscopy (s-SNOM). HPPs propagate light from the edges of the Au disks under IR illumination. Figure 11c,d show the electric field distribution in the z direction for hBN-based hyperlenses with different aspect ratios (a/d, where d is the thickness of the hBN film and a is the radius of the Au disk) and propagation directions (θ) [29]. Here, θ corresponds to β in Equations (3) and (4). These calculated results demonstrate that the unique zigzag propagation of the HPPs enables the hyperlens behavior and the aspect ratio a/d defines the propagation mode. Figure 11e shows an atomic force microscopy (AFM) image of the Au nanodisks and Figure 11f–h show s-SNOM images of the Au nanodisks taken at IR laser frequencies within, at the boundary of, and outside the hyperbolic region, respectively. These figures clearly show that sub-diffraction-limit imaging with a resolution of λ/33 was achieved in the Type-II hyperbolic region.



hBN-based hyperlenses have been used for various applications, including in defect diagnosis [103]. Furthermore, compared with naturally abundant hBN, the use of monoisotopic h11BN (>99%) [104] has been shown to reduce optical losses by a factor of three and an imaging resolution of at least λ/154 was achieved [102]. Moreover, a graphene/hBN multilayer hypercrystal achieved high-efficiency negative transmission, which can promote superlens imaging at high resolutions. Therefore, hBN-based hyperlenses have promising applications in biomedical imaging, internal structure diagnosis, label-free detection, and fine-structure analysis.




6. HPP-Based Sensors


IR spectroscopy is a powerful analytical tool for label-free and non-destructive material characterization based on the unique fingerprints of molecules. In particular, surface-enhanced IR absorption (SEIRA) spectroscopy is promising for high-precision material analysis [105]. SEIRA spectroscopy is based on the strong interaction between IR light and molecules in the strongly confined near field of localized SPRs (LSPRs). However, in conventional SEIRA spectroscopy, noble metals such as Au are used to produce LSPRs, which inevitably involves losses, and the quality factor (Q) therein is limited to ~10 [106]. In addition, although graphene-based LSPRs can be tuned by doping, the resultant Q is poor [107].



In contrast, because the HPPs of hBN can confine IR light to a small cavity, hBN can achieve a high Q of ~100 [104]. Therefore, hBN is a strong candidate for SEIRA spectroscopy. 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl and CO2 sensing using hBN nanoribbons have been demonstrated previously [108,109]. Figure 12a schematically shows the CO2 gas sensing setup and cross-section of the CO2-sensing chip using hBN nanoribbons. In this device, the blueshift of the HPPs in the Type-II hyperbolic region increases with increasing CO2 concentration, as shown in Figure 12b,c, thereby enabling CO2 sensing [109].



For advanced SEIRA spectroscopy, hBN with tunable HPPs based on graphene and a 1D plasmonic grating has been proposed [82]. The electrical gating enables control over the Fermi level of graphene, which thus provides electrical tunability to hBN. The high Q of high-quality hBN and electrical tunability of graphene could contribute to the development of next-generation biosensing devices.




7. Future Outlook


hBN has excellent potential for use in photonic devices that operate in both the DUV and IR wavelength regions owing to its unique bandgap structure and the hyperbolicity of its dielectric constant. In addition to the applications discussed in this review, various other applications of hBN-based photonic devices have been proposed, including ultra-thin wavelength-selective filters [110], waveguides [111,112,113,114], and photonic crystals [115].



The rapid progress in the fabrication of hBN-based p–n junctions is expected to enable the development of high-performance DUV-LEDs and DUV-PDs in the near future. In the IR wavelength region, the artificial control of HPPs is crucial for the development of novel photonic devices, including thermal control devices [116,117]. Engineered surfaces such as metasurfaces [118,119,120] and waveguides [121] are crucial for controlling the HPPs. Graphene/hBN hybrids can afford HPP tunability for tunable IR photonic devices [26,122,123]. Moreover, the concept of topological photonics [124] is expected to broaden the field of HPP-based photonic devices.



Stacking layer angle control, as in “twistronics,” is a unique method of bandgap structure engineering that can produce novel properties, such as DUV emission band modification [125], ferroelectricity [126], and color center tunability [127]. Furthermore, similar to turbostratic graphene, turbostratic hBN is expected to exhibit the properties of monolayer hBN even in multilayer structures [128,129].



The crucial issues pertaining to the development of hBN-based photonic devices include the fabrication of hBN, its transfer to an arbitrary substrate, and its compatibility with complementary metal-oxide semiconductor (CMOS) technologies [130,131,132]. These issues are also commonly encountered for other 2D materials used to fabricate electric and photonic devices. Owing to the difficulty in fabricating high-quality hBN films, the excellent properties of hBN- and hBN/graphene-based devices have been demonstrated using exfoliated hBN. Therefore, it is crucial to develop mass fabrication technologies for the production of high-quality hBN films, such as by using chemical vapor deposition (CVD) and transferring the prepared film onto an arbitrary substrate. Among the various CVD techniques [133,134,135], the seamless CVD fabrication of graphene/hBN interfaces is the most important [136,137], because wet transfer processes inevitably introduce contamination at the hBN/graphene interface. This contamination degrades the high carrier mobility of graphene, even with a high-quality hBN film. Superior etching techniques are also needed, because conventional etching techniques degrade the quality of hBN [138], thereby hindering the development of high-performance hBN-based photonic devices. Recent progress in the fabrication of 2D materials is expected to enable the production of high-quality hBN that could be compatible with CMOS technologies.




8. Conclusions


Herein, we reviewed the applications of hBN-based photonic devices based on two unique properties of hBN, namely, the indirect bandgap in the DUV wavelength region and the HPPs in the IR wavelength region. The development of DUV-LEDs and DUV-PDs, which exploit the unique indirect bandgap structure of hBN, is in the initial stage. However, p- and n-type doping and photogating effects can considerably improve their performance. The HPPs of hBN have been employed in numerous applications, including IR absorbers/emitters, hyperlenses, and SEIRA sensing devices. The HPPs enable IR light to be confined to ultra-small volumes within hBN, which facilitates wavelength-selective and broadband absorption and emission. The HPPs enable hBN to be employed in the development of hyperlenses owing to the large k vector. The strong localized fields of HPPs result in a high Q value, which facilitates SEIRA spectroscopy for molecule or gas sensing. Given the importance of hBN, its fabrication methods, such as CVD, must be drastically improved. A breakthrough in the fabrication technologies is expected to enable the mass production of high-performance hBN-based photonic devices. Photonic devices operating in the UV and IR wavelength regions have growing applications in security and everyday life. This review is expected to contribute to the development of hBN-based photonic devices and widen their applications.
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Figure 1. Schematic crystal structures of (a) cubic boron nitride (cBN), (b) wurtzite boron nitride (wBN), (c) rhombohedral boron nitride (rBN), and (d) hexagonal boron nitride (hBN). 
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Figure 2. Lattice matching of graphene and hBN. 
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Figure 3. Evaluated bandgap structure of hBN with (a) one, (b) two, (c) three, (d) four, and (e) five layers, and (f) bulk hBN. Figures are adapted with permission from [24]. Copyright 2018 American Chemical Society. 
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Figure 4. (a) Real and (b) imaginary parts of the permittivities of hBN. 
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Figure 5. Isofrequency surfaces of (a) conventional (non-hyperbolic) materials (ε‖ = ε⊥ < 0), (b) Type-I hyperbolic materials (ε‖ < 0, ε⊥ > 0), and (c) Type-II hyperbolic materials (ε⊥ < 0, ε‖ > 0). 
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Figure 6. (a) Optical microscope image of the graphene/hBN/graphene van der Waals (vdW) heterostructure. (b) Deep ultraviolet (DUV) electroluminescence spectra under forward bias. (c) Dependence of the external quantum efficiency (EQE) of electroluminescence on current. Adapted from [48] under CC BY 4.0. 
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Figure 7. (a) Schematic and (b) optical microscopy image of hBN/graphene DUV photodetector (PD) prepared by photogating. Scale bar: 5 µm. (c) Photocurrent and responsivity as a function of source–drain voltage for DUV-PDs with and without hBN. Figures are redrawn with permission from [70]. Copyright 2022 Optica. 
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Figure 8. Unit cells of hBN-based metasurface absorbers/emitters (MAEs): (a) rectangular hBN/metal, (b) trapezoidal hBN/metal, (c) multilayer hBN/metal, and (d) hBN with plasmonic nanostructure grating. 
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Figure 9. (a) Absorption spectrum of rectangular hBN-based MAE (inset: schematic) and (b) power dissipation contours at wavelengths of 6.29 μm (left), 6.41 μm (middle), and 6.56 μm (right). (c) Schematic of trapezoidal hBN, (d) absorption spectrum, and (e) absorption as a function of the incident angle and wavelength. Figures were adapted with permission from [78]. Copyright 2017 Optica. 
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Figure 10. (a) Schematic of hBN on one-dimensional (1D) plasmonic grating. Electric field distribution of hBN on 1D plasmonic gratings with groove widths of (b) 180 and (c) 360 nm. Figures were adapted with permission from [81]. Copyright 2020 Optica. 
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Figure 11. (a) Concept of a hBN-based hyperlens. The yellow rectangle shows the Au disk. (b) |tanθ| as a function of frequency. (c,d) Electric field distribution in the z direction with (c) a/d = 0.5 (top), 0.25 (middle), and 0.15 (bottom) and (d) a/d = 1.12 and |tanθ| = 0.75 (top), 0.375 (middle), and 0.01 (bottom). (e) Atomic force microscopy (AFM) image of Au disks. Scattering-type scanning near-field optical microscopy (s-SNOM) images at infrared (IR) laser frequencies ω of (f) 1515 cm−1 (λ = 6.6 μm), (g) 1610 cm−1 (λ = 6.2 μm), and (h) 1740 cm−1 (λ = 5.7 μm). Figures were adapted from [29] under CC BY 4.0. 
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Figure 12. (a) Schematic of the CO2 gas sensing setup and sensor chip using hBN nanoribbons. Extinction spectra for CO2: (b) experimental and (c) theoretical results. Adapted from [109] under CC BY 4.0. 
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