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Abstract
The era of two-dimensional (2D) materials, in its current form, truly began at the time that graphene was first isolated just over 15 years ago. Shortly thereafter, the use of 2D hexagonal boron nitride (h-BN) had expanded in popularity, with use of the thin isolator permeating a significant number of fields in condensed matter and beyond. Due to the impractical nature of cataloguing every use or research pursuit, this review will cover ground in the following three subtopics relevant to this versatile material: growth, electrical measurements, and applications in optics and photonics. Through understanding how the material has been utilized, one may anticipate some of the exciting directions made possible by the research conducted up through the turn of this decade.
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1. Introduction
Graphene hailed in a new era in condensed matter physics since its isolation in 2004 and subsequent, rapid integration into research pursuits [1-4]. Within the following years, the isolation of other van der Waals (vdW) materials came to fruition. Among the many materials that can be exfoliated nowadays, two-dimensional (2D) hexagonal boron nitride (h-BN) stands out as one of the most versatile. Unlike many of its vdW counterparts, h-BN as a single layer had actually been studied both prior to and around the same time as the discovery of graphene [5-9].
Isolated h-BN is inherently a 2D insulator and has an atomic structure quite similar to graphene, in that it has a honeycomb shape, with the notable exception being the species of atoms within its sublattices. Its insulating properties can be attributed to its large band gap, which was reported as about 5.8 eV [6]. Following graphene’s first major works, the next few years saw a surge of interest in conducting research using sheets and films of h-BN [10-15]. 
Since its increase in popularity, 2D h-BN, to be distinguished from bulk h-BN by having fewer than five layers, has permeated many fields in condensed matter and beyond. Due to the large volume of research surrounding the material, cataloguing every use or research pursuit would be impractical, so this review will cover ground in the following three subtopics relevant to this versatile material: growth, electrical transport and similar measurements, and applications in optics and photonics. The review will focus primarily on experimental work. Through understanding how the material has been utilized up until the most recent past, one may anticipate some of the exciting directions made possible by the research conducted up through the turn of this decade. 
2. Growth Methods
2.1 Bulk synthesis and exfoliation of h-BN
It is of no doubt that the high quality bulk growth of single crystal h-BN and subsequent exfoliation have been the primary catalysts in developing 2D h-BN electronics. Large single crystal synthesis of h-BN dates back to the work in the early 1980’s using a mixture of Si and B powders and annealing in 1850 °C in a nitrogen atmosphere [16]. This growth study went relatively unnoticed until the initial demonstration of h-BN as a viable UV lasing material in 2004 by Watanabe et al. [6, 17] and integration of the same material into graphene electronics in 2010 [18]. This proved the utility of the dielectric material as a perfect match to the isostructural graphene [19] and subsequent studies have pursued taking advantage of the exceptional properties of h-BN with 2D materials. Of more recent importance has been the pioneering effort to observe unique physical phenomena in twisted moiré superlattices of graphene and TMDs, and such systems crucially rely upon h-BN encapsulation and electrostatic screening [20–23]. 
Researchers Taniguchi and Watanabe have synthesized high quality single crystals of h-BN with domain sizes near 100 microns using a high-pressure, high-temperature (HPHT) process (greater than 3 GPa). While the HPHT process certainly has dominated the market for bulk h-BN growth, other researchers have continued to develop bulk crystal growth methods using alternate solvent and flux systems,[24-27] performing growths at atmospheric pressure, [28-29] and even developing controllable isotopic concentrations [30]. The interplay between temperautre, pressure, and solvent is crucial in ensuring minimal c-BN formation, with the corresponding growth P-T phase diagram shown in Figure 1 (a) [25]. In this case, the white circles represent h-BN formation and the black circles exhibit evidence of c-BN sturcture. Additional factors including BN isotopes have been isolated in the case of Sonntag et al. [30], wherein large 11BN crystal growth was demonstrated (shown in inset of Figure 1 (b)) using atmospheric pressure with properties were similar to the 10BN crystals (Figure 1 (b)). While the growth of single crystals using these previously identified techniques are certainly the most common, emerging synthetic routes including coupled polymer-derived ceramics and spark plasma sintering processing have provided alternative supply methods [31, 32].
One challenge concerning bulk h-BN is the experimental requirement of creating a 2D flake, which is exfoliated from the layered crystal, as depicted in Figure 1 (c) [33]. In order to achieve mono- or few-layer films, scotch tape exfoliation has been the most utilized technique to create boron nitride nanosheets of substantial quality for 2D electronics, as shown in TEM images in Figure 1 (d) and (e) [33]. While this produces micro-scale flakes that can be placed onto a material or device, the scalability is significantly limited [34]. Other more scalable techniques beyond scotch tape exfoliation include ball milling [35–37], various intercalation strategies [38], and liquid exfoliation [39–41], all of which still require more investment to compete with the scalability of thin film techniques described in the following sections.



Fig. 1. (a) Pressure-temperature region of h-BN formation using Ni solvent, where white circles correspond to h-BN phase and black circles correspond to c-BN phase [25], (b) Low temperature cathodoluminescence for both 10BN and 11BN with inset image of 11BN isotopic single crystal of h-BN [30], (c) optical images of h-BN crystal to BNNS transition, (d) HRTEM image of the BNNS and (e) cross-section HRTEM image [33]. (a) Reprinted figure from [25] from IOP Science, (b) This work is licensed under a Creative Commons BY 4.0 License by those in reference [30], (c, d, and e) adapted with permission from [33]. Copyright (2020) American Chemical Society.
2.2 Chemical vapor deposition 
Chemical vapor deposition (CVD) is widely considered the most promising approach for growth of high quality large area 2D h-BN films. The diverse process space of CVD allows for control over h-BN layer thickness, orientation, and morphology by substrate selection, precursor type, pressure, temperature, etc. A schematic of a typical CVD system for h-BN growth is shown in Figure 2 (a). With this diversity, there are a number of fundamental questions about the substrate selection, growth mechanisms, nucleation, and crystallization that still need to be addressed. For simplicity, we will review experimental works focused on growth of mono- to few-layer films, dividing the discussion based on substrate type (metallic and non-metallic). 
Metals are a versatile substrate class with a wide range of phase types, crystal symmetries, and lattice constants, as well as a great variety of electronic structures that can control grain size, orientation, and adhesion to the substrate. As early as the 1990s, CVD growth of h-BN monolayers on metal surfaces under ultrahigh vacuum were being investigated [42], and 20 years later, a more modern implementation of h-BN CVD emerged. In 2010, few-layer h-BN films were deposited by atmospheric CVD, first by Song et al. on Cu using ammonia borane (H3BNH3) [43] and then shortly after on Ni using borazine (B3N3H6) by Shi et al. [44]. Now, there are numerous reports of h-BN growth on polycrystalline (Cu, Ni, Fe) [45-48], single crystalline (Cu (111) [49], Ni (111) [50], Ir (111) [51], Au (111) [52], Ru (0001) [53], and liquid metal substrates (Cu, Au, FeB) [54-58].
Based on lattice match and electronic structure, differences in metal substrate can have a profound effect on h-BN alignment and morphology. Binding of the h-BN layer to the metal involves interactions between the π states of sp2 BN and the metal’s d shell electrons. In metals with full d shells, there is a weak interaction, whereas in metals with empty states, a much stronger interaction can occur. Therefore, h-BN grown on weakly interacting metals with a large lattice mismatch, like Cu (111) [59], results in atomically flat incommensurate layers, as seen in Figure 2 (b). Growth on strongly interacting metals with a small mismatch, like Ni (111) [60], results in an atomically flat commensurate layer (Figure 2 (c)) and strongly interacting metals with a large lattice mismatch, like Rh(111) [61], result in a corrugated layer (Figure 2 (d)).
Another important way metals can be used to control growth is based on B and N solubility, similar to growth of graphene.  In metals like Fe with a good solubility of B and N, mulitilayer h-BN films can be grown following catalytic pyrolysis and precursor adsorption in to the metal (Figure 2) [46, 62].  Upon cooling, B and N precipitate to the surface forming h-BN, where thickness depends on solubility, temperatures, and cooling rates [63]. However, using metals with low B and N solubility, like Cu, Ni, Ir, growth is surface-catalyzed. Once the surface is covered with h-BN, the metal’s catalytic activity reduces significantly, consistent with observed, surface-limited monolayer growth from borazine (Figure 2 (b)) [63-65]. On the other hand, use of separate B (diborane, triethylborane (TEB)) and N (NH3) precursors have shown controlled growth of mono- to many-layer thick films [59, 66, 67]. This has been explained by considering the low pyrolysis temperatures of the B-containing precursor, which will thermally decompose even on an inert h-BN surface. These B radicals then act as catalysts promoting NH3 adsorption and dehydrogenation, thus enabling continuous layer-by-layer growth [59]. 
The phase of the metal substrate between poly- to single-crystalline to liquid has a significant impact on h-BN crystallinity, orientation, and grain size. Polycrystalline metal foils are the most common substrate choice.  The prevalence of grain boundaries and multiple grain orientations tends to result in h-BN films with small grain size and multiple orientations, which can be overcome through nucleation.  Stehle et al. showed that increasing the temperature was one method to reduce nucleation density (Figure 2 (g)) [68].  Using H2 during growth and Cu annealing, Wu et al. was able to reduce nucleation density increasing h-BN grain size up to 100 µm and vary nuclei shape through timed Cu annealing [47]. As such, they demonstrated growth of continuous large area mono-layer h-BN films.  Nucleation can also be controlled by improving surface morphology, which has been done with electropolishing [69] and passivation of the surface [70]. Alternatively, single crystal films can be achieved by using single crystals substrates.  On the (111) of FCC metals, h-BN will grow aligned to substrate and has been shown to result in large area epitaxial films on Cu [59], Ni [60] and Pt [71].  However, grain boundaries and defects can form on these substrates due to merging of misaligned nuclei.
On substrates with a significant lattice mismatch and weak interactions (like Cu and Pt), the h-BN layer can grow incommensurate with small rotational misalignment of a few degrees [72]. Large rotational misalignment can also occur between triangular grains rotated by 60° from one another, as represented by the red circles in Fig. 2 (h), due to their symmetry and similar stacking energy [73]. Stitching together misaligned grains results in various grain boundaries and defects that can affect the electron structure of the h-BN layer [74]. The formation of bi-oriented h-BN grains can be suppressed by using orientations with onefold symmetery [73], as demonstrated by Wang et al. [75]. The high degree of alignment and lack of bi-oriented grains was due to coupling between the h-BN zigzag edge and Cu (211) step [75]. Large-grain films have also been grown on liquid substrates, where h-BN grains can rotate, align, and stich together without forming defects as can occur on crystalline substrates [54-56].


Fig. 2. (a) Schematic of a hot wall CVD reactor. (b) Incommensurate, (c) commensurate and (d) corrugated h-BN films grown on single crystal Cu, Ni, and Rh substrates, respectively. (e) Schematic of multilayer growth process on Fe. (f) Scanning electron microscope (SEM) images of multi-layer h-BN islands on Fe formed at different cooling rates. (g) SEM images and plot showing the affect of temperature on nuclei size. (h) SEM images of h-BN growth on single crystal Ni substrates. Scale bar 500 µm (a) Reprinted figure with permission from [83]. Copyright 2016 by the American Chemical Society. (b) Reprinted figure with permission from [59]. Copyright 2016 by the American Chemical Society. (c) and (h) Reprinted figure with permission from [60]. Copyright 2020 by the American Chemical Society. (d) Reprinted figure with permission from [61]. Copyright 2014 by the American Chemical Society. (e) and (f) Reprinted figure with permission from [63]. Copyright 2016 by the American Chemical Society. (g) Reprinted figure with permission from [68]. Copyright 2016 by the American Chemical Society.

Growth on non-metallic substrates presents additional challenges due to reduced surface catalytic activity, relative to metals. Growth of high quality h-BN on these substrates typically requires much higher temperatures. In early work by Nakamura, to grow h-BN by metal organic chemical vapor deposition (MOCVD), it was predicted that temperatures around 1500 °C would be required [76]. Kobayashi and Akasaka later demonstrated epitaxial growth of (0001) h-BN on (0001) sapphire at 1080 °C using a V/III (NH3/TEB) ratio above 1200 [77]. Subsequently, there have been a number of reports on high quality rhombohedral (r) and h-BN by CVD and MOCVD on sapphire, SiC, and AlN, with most work reporting much thicker multi-layer films [78, 79]. As reported by Chubarov et al. [80] and Snure et al. [81], nucleation on non-metallic substrates can affect the minimum thickness of layers and is strongly dependent on surface treatment, temperature, and V/III ratio. By controlling these effects, Paduano et al. grew highly uniform atomically flat few layer films on 2” sapphire under self-terminating conditions [82]. One effect of growing at high temperatures is the formation of wrinkles in the h-BN caused by thermal expansion mismatch, which becomes more severe in thicker films [78]. Growing from ammonia borane at high temperature and low pressure, Kim et al. grew films that remained atomically flat over wafer scales [83].
2.3 Physical vapor deposition and molecular beam epitaxy
Though CVD remains the most versatile and highly investigated synthesis technique for large area 2D h-BN to date, ultrahigh vacuum techniques provide a useful alternative, especially for improved uniformity. Techniques including pulsed laser deposition have been used to grow large-area few- and monolayer [84] films at relatively lower temperatures in comparison to CVD (about 600 °C) on lattice-matched highly oriented pyrolytic graphite and on metallic films, respectively. The strict control of atomistic species in the plasma plume is vital in ensuring a stoichiometric B:N ratio and tunability of crystal structure is possible through careful selection of epitaxial substrate [85, 86]. Reactive magnetron sputtering also produces scalable few layer h-BN films by using a boron target in a controlled N2/Ar background environment at substrate temperatures approaching 850 °C. In both pulsed laser deposition and sputtering, the precise thickness control is an advantageous feature, with a wafer scale uniformity of ± 1 layer, exhibited in few-layer films [84, 87]. 
Synthesis of h-BN via molecular beam epitaxy (MBE) has gained significant traction, but is partially limited by a reliant and efficient source of boron, primarily due to its low vapor pressure [88]. Still, high-temperature (greater than 1250 °C) synthesis of MBE-grown h-BN represents an opportunity for high quality h-BN in 2D material systems. Plasma-assisted MBE approaches on both Co [89] and Ni [90] substrates take advantage of the atomic layer epitaxy accuracy and control, instant introduction of multiple sources, and potential in-situ layer-by-layer characterization. Fabrication of h-BN-graphene heterostructures have become very attractive through the MBE approach, as both can be grown in-situ to realize vdW heterostructures with deep UV emission and even controllable orientation [91-95].
3. Advances in Electrical Transport and Related 
3.1 Improving graphene
h-BN and its properties for device applications received heavily increased attention after it was used as an atomically flat surface for graphene [18, 96, 97]. Techniques like scanning tunneling microscopy (STM) showed how important the flatness of h-BN was for mobility, and it became popular to resort to it as a substrate for other vdW materials like graphene and MoS2 [98-100]. For instance, Zhao et al. explored how the creation of electron whispering gallery modes depends crucially on the quality and sharpness of a p-n junction, but the junction quality was improved by using h-BN as a substrate [98]. Transport properties were also shown to improve for vdW materials placed on a single crystal, which often served as a buffer between the transport material and a thicker substrate like SiO2 whose surface was simply too rough to guarantee accommodation for ballstic transport [101-102]. Dean et al. reported an in-depth analysis of the benefits to having graphene on an h-BN substrate, including up to a ten-fold increase in mobility versus SiO2 substrate [18]. This increase is illustrated in Fig. 3 (a).
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Fig. 3. (a) As described by [18] and others, the mobility of graphene was observed to increase by an order of magnitude or more when placed onto h-BN. (b) Illustration of the edge contact fabrication process described in [108], utilizing h-BN. (c) Optical image of the spin-transport device described in [111]. Reprinted figure with permission from [111]. Copyright 2012 by the American Physical Society.

Despite the immense improvements in many experiments provided by h-BN as a secondary substrate, efforts continued on learning as much about the material itself and how it responded to various electrical tests [103-104]. In the case of epitaxially grown h-BN, it was found to exhibit a p-type doping for high enough growth temperatures (near 1300 °C), and in terms of its electrical properties, the mobility was found to have a temperature dependence governed by 2D effects like optical phonon interactions [103]. 
Aside from being a great substrate, h-BN rapidly became a material used for encapsulating others, like exfoliated and epitaxially grown graphene [105-107]. In the work performed by Hollander et al., a many-fold increase in the mobility was found for epitaxially grown graphene when encapsulated with h-BN as compared to HfO2, another popular high-k dielectric spacer material [106]. When graphene was sandwiched in between two h-BN slabs, such methods as 1D contacting were developed, like the one shown in Fig. 3 (b) [108].
One additional subtopic involving graphene and h-BN in recent days is spin transport [109-112]. Spintronics, in general, is an avenue of research that hopes to develop devices based on the physical phenomenon of particle spin as opposed to the well-known charge, the basis of current electronics. Zomer et al. discussed the benefits of using h-BN in terms of the spin relaxation and transport lengths, both measured to be 4.5 μm and 20 μm, respectively [111]. An example device of theirs is shown in Fig. 3 (c). This length increase from SiO2 based substrates showed promise that such heterostructures could be used for further development in spintronic applications.
3.2 Field-effect transistors and other materials
One large field of study that involves h-BN is the development of field-effect transistors (FETs) [113-117]. A major challenge in the field has been to both provide optimized capacitive coupling to any constructed gate while ensuring that device performance is not impacted from that optimization. h-BN became an exceptional dielectric to pair with graphene. One of the criteria for assessing how well FETs function is the mobility, which we’ve already established as having been greatly improved by h-BN.
The performance of most FETs is limited quality of the graphene, and before h-BN was used, some dielectric layers required the graphene to be functionalized, leading to quality-degrading factors like trapped charged impurities, intoduction of additional Coulomb scatterers, and adding unnecessary surface roughness. For all of these reasons, and the consequential results from works listed above, h-BN was rapidly adopted as a more universal components of FETs based on other vdW materials, like transition metal dichalcognides [118-122].
For most of the early research done with 2D transition metal dichalcogenides, air stability was not an issue. As more matierals were explored, a number of them were beginning to offer experimental difficulty due to the observed degradation in air. So in the capacity of environmental protection, h-BN was used to encapsulate sensitive materials like black phosphorus, topological insulators, and stacked systems, with continued focus on constructing FET devices [123-129]. An example FET device using black phosphorus is shown in Fig. 4, with illustrations, data, and device images from Avsar et al. [123].
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Fig. 4. Optical image of the device (a) after the final transfer process and (b) after the contacts are fabricated. (c) Atomic force microscopy image is shown of the device after the final annealing step. (d) Raman spectra of encapsulated black phosphorus before and after the annealing process. (e) Circuit schematic of the graphene-contacted black phosphorus device. (f) Atomic illustration of device. Reprinted figure with permission from [123]. Copyright 2015 by the American Chemical Society.

3.3 Interfaces and hybrid systems
Because of the high importance of FETs as a subset of device applications, other research efforts involving h-BN have centered on the dynamics at interfaces and edges [130-134]. In general, one complex problem comes from the prevention of efficient charge and spin transport in these kinds of devices, warranting the fabrication of electrical contacts with low resistivity, especially for source and drain terminals. 
Knowing that the performance of such electrical contacts hinges on the quality of the interface with which those contacts transfer charge or spin to a device, finding suitable materials to enable that efficient charge transfer becomes all the more crucial. In one example study, results showed that h-BN electrodes performed very well for low-energy transport applications in devices made from transition metal dichalcogenides [131]. Ghiasi et al. showed that the effects of Fermi level pinning were reduced to the point that bilayer h-BN tunnel contacts could be claimed to outperform metal contacts in terms of electrical responsivity. It is through the removal of chemical interactions between h-BN and its adjacent partner material that such high quality is able to be obtained (see example device illustration in Fig. 5 (a)) [131]. 
There are other situations in which h-BN interacts closely with an adjacent material, but in the form of atomic boundaries in hybrid materials. These systems take on different properties and applications than FETs [135-140]. For instance, Ci et al. demonstrated that atomic sheets could contain elements B, N and C,  and when synthesized at the 2D limit, a new material with properties similar to those of both graphene and h-BN could be measured (see illustration in Fig. 5 (b)) [135]. Their work revealed that such hybrid materials had features that were distinct from graphene and h-BN. This so-called h-BNC material was presented as one avenue for improving devices with specific band gap requirements.  These materials based on h-BN have also shown promise in nucleotide detection [139-140].
Another form of interface which has led to interesting phenomena is the moiré pattern [141-144]. As seen in Fig. 5 (c), the superposition of two hexagonal lattices, like graphene and h-BN which have similar lattice constants, results in a weak periodic potential that has a larger characteristic periodicity than either material. Graphene on h-BN exhibits a rotation-dependent moiré pattern and, in the case of this particular system, leads to the emergence of new Dirac points [141]. Superlattice physics gives rise to other interesting observations including observations within the quantum Hall regime of patterns resembling Hofstadter’s butterfly [144]. The research efforts behind graphene’s quantum Hall effect are quite varied and broad. 
Furthermore, this alignment of h-BN and graphene introduces a single-particle sublattice gap, which can enable novel electronic phases. A recent example is the realization of an intrinsic quantum anomalous Hall effect in magic-angle twisted bilayer graphene aligned with h-BN [145]. Another exciting research direction in this area is the observation of ferroelectricity in twisted h-BN systems [146-148].
It should be noted that in addition to the aforementioned interesting physics phenomena whose observations were enabled, in part, by h-BN, many engineering feats have also been accomplished because of the versatile material. The fabrication of p-n junction devices, whose applications range from metrology to electron optics, has been greatly improved because of the ability to create sharp junctions through which dissipationless edge state currents may cross [149-153]. With these improvements in interfaces and hybrid systems, advancement in a whole array of specialized devices is feasible.
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Fig. 5. (a) This FET is an example of an interface system which h-BN improves. This work is licensed under a Creative Commons BY 3.0 License by those in reference [131]. To view a copy of this license, visit https://creativecommons.org/licenses/by/3.0/. (b) Illustration of an example of a hybrid system in which certain domains contain just carbon atoms (gray) and others contain boron (orange) and nitrogen (red). (c) Illustration of a moiré pattern forming from the two hexagonal lattics of graphene (gray) and h-BN (orange and red).
3.4 Specialized devices
Here, we summarize a few of the possible specialty devices that can be fabricated because of h-BN. Improved knowledge of the physics and chemistry of the interface of h-BN with other materials has enabled the development of tunnel barriers [154-155], and by technological extension, diodes that rely upon tunneling across such barriers [156-157]. 
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Fig. 6. (a) Illustration of a two-terminal RAM device using monolayer MoS2, h-BN as the tunnelling insulator, and monolayer graphene as a floating gate. (b) Band diagrams are provided for the contact between the drain (D), h-BN, and graphene (Gr). (c) Atomic illustration of the RAM device (left side) adjacent to the cross-sectional scanning transmission electron microscope image and energy-dispersive X-ray spectroscopy map (right side). The black scale bar represents 5 nm. This work is licensed under a Creative Commons Attribution 4.0 International License by those in reference [160]. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

By further developing these layered structures and barriers, advancing computing elements like memory devices has also been feasible [158-160]. In fact, two-terminal memory devices are one type of technology that have been proposed to surpass more traditional three-terminal devices due to the increased complexity required by the latter, as explored by Vu et al. [160]. Resistive random-access memory (RAM) is an example of this two-terminal scheme [161-162], whereby the lack of a gate electrode allows such devices to have short channel lengths for higher memory integration. These devices also have potential applications for semi-non-volatile memory [162]. Generally, the largest problem with these memory devices is the low on/off ratios observed as well as the high power consumption when off. However, the favorable properties seen in vdW materials may serve to remove some of these issues. The RAM device demonstrated in Ref. [160] and shown in Fig. 6 achieved a high on/off ratio of the order 109. Their use of thin h-BN (smaller than 10 nm) enables future devices to have high flexibility and vertical scalability, factors that need consideration when applied to wearable electronics.
One final h-BN application to discuss here is neutron detection [163-164]. The standard efficiency of solid-state neutron detectors was near 60% a year ago, and h-BN can offer additional improvements. Maity et al. reported an enhancement in the detection area of an h-BN based device with enriched boron (10B) by one order of magnitude while still maintaining the same detection efficiencies seen in solid-state detectors. Overall, h-BNs versatility remains one of a competitive nature and its applications to transport and related subtopics continue to expand.
4. Advances in Optics, Photonics, and Related 
4.1 Photoluminescence 

[image: ]
Fig. 7. Luminescence data were acquired at 5 K for h-BN flakes of varying thickness. Reproduced from Ref. [172] with permission from The Royal Society of Chemistry.

Research efforts in optics, photonics, and related fields involving h-BN have been fruitful, with studies sharing results as early as 2004 [6, 17, 165-176]. Ultraviolet (UV) emission of h-BN was a popular topic, and a handful of studies sought to explore the photoluminescence (PL) spectrum of atomically thin h-BN. Strong UV emission was reported by several groups [6, 17, 165-172], indicating that pure h-BN exhibited a direct band gap. As explained by [172], emission near the band edges were strong due to the proximity of the conduction band minimum and valence band maximum in k-space (or momentum space). Watanabe et al. observed several peaks near the band gap when measured at temperatures of about 80 K.  The PL spectrum shows an excitonic (where an exciton is a bound electron-hole pair) peak at 5.765 eV [6]. Other peaks observed by the group were not dependent on excitation current density and were thus not attributable to electron–hole PL. When compared with PL data taken at 5 K (see Fig. 7 from Schué et al. [172]), the main exciton peak is consistent near 5.9 eV.
In recent years, the apparent biocompatibility of h-BN and its large band gap has given it the potential for implementation in bioimagining, as explored by Kumbhakar et al. [168]. Their exploration of nonlinear optical properties of h-BN nanosheets, as well as any defect-related PL, was a testament that although nanosheets had been explored in the prior decade, there was still much to be learned by expanding on the optical techniques used to probe these materials. The efforts spent on various optical properties aside from PL only increased as more applications could be realized.
4.2 Optical absorption and Raman spectroscopy
One of the large, general advantages of optical studies is that many of the methods used for examining materials are non-invasive. These techniques, which can include ellipsometry and basic transmission/reflection setups, measure various properties like absorption, reflectance, the dielectric function, GHz responses, and visual contrast [177-188].
The goal for large-scale 2D h-BN production would be to standardize an economical form of any of these non-invasive characterization techniques such that the number of h-BN layers is precisely known. Non-invasive measurements, like cathodoluminescence (Jaffrennau et al. [175], as seen in Fig. 8 (a)) or optical contrast (Golla et al. [185] seen in Fig. 8 (b)), can be used to identify h-BN thicknesses, and in the latter case, has been done for flakes up to 100 layers, all on a standard SiO2/Si substrate [185]. Due to their efforts and others’ efforts, h-BN can now be identified by thickness to single layer precision, all with the assistance of these optical methods.
A related technique that can also be used for identification is Raman spectroscopy [34, 189-192]. Reich et al. observed a distinctive peak at 1364 cm-1, now known for its representation of the E2g symmetry mode, much like the G mode in graphene [189]. In  the work by Gorbachev et al., Raman  properties  of  atomically thin h-BN were explored using exfoliated flakes [34]. What makes visual contrast of single layer h-BN more difficult in these cases is its high band gap. Unlike graphene, h-BN has a higher transparency, making them nearly impossible to detect by eye. The strategic use of certain substrates with various oxide layer thicknesses is key if users wish to detect these flake thicknesses. The advantage of Raman spectroscopy here is that one can measure a blueshift in the E2g mode to more accurately identify the layer thickness. 

[image: ] Fig. 8. (a) Data representing the cathodoluminescence spectrum of h-BN crystallites at T = 100 K and I = 10 nA. In the top right corner, a transmission electron microscope image of the h-BN crystallite is shown and just beneath it is an image rendering of the same luminescence as a function of position. Reprinted from [175], with the permission of AIP Publishing. (b) The optical contrast is calculated here as a function of both incoming wavelength of light and of h-BN thickness (all on a 282 nm SiO2 layer). Reprinted from [185], with the permission of AIP Publishing. (c) Illustration of a moiré pattern, where the angle between the graphene and h-BN lattices determines the moiré periodicity λm. To the right is a graph showing the changes of the 2D (or G’) Raman mode width as a function of λm. Reprinted figure with permission from [192]. Copyright 2013 by the American Chemical Society.

Raman spectroscopy has applications beyond basic characterization; it is alsoused to explore more sophisticated interactions between h-BN and other materials. For instance, in work by Eckmann et al., graphene was stacked on h-BN such that the relative angle between the two hexagonal lattices formed a moiré potential [192]. As seen in Fig. 8 (c), a measureable dependence on the moiré periodicity λm (and equivalently, the angle between the two lattices) is observed for the width of the 2D (G’) Raman mode. The work demonstrated the sensitivity of the Raman technique in terms of determination of the misalignment angle between graphene and h-BN. 
4.3 Photodetectors and quantum emitters
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Fig. 9. An illustration of a graphene photodetector based on a slot-waveguide is shown here. The inset shows a scanning electron microscope image and dimensions of the slot waveguide. In the final device, h-BN was transferred onto the Si waveguides to prevent electrical contact between graphene and the waveguide. Reprinted figure with permission from [194]. Copyright 2016 by the American Chemical Society.

When applying h-BN to optical or photonic devices, two notable examples come forth. The first is a photodetector, whereby h-BN is coupled with graphene to produce an electrically tunable device with high photoresponsivity [193-194]. In one case, Schuler et al. demonstrate the high efficiency of light conversion in p-n junctions formed with graphene and h-BN. They fabricated a graphene/h-BN photodetector on a silicon waveguide, and showed that at zero bias voltage, a photothermoelectric effect dominates the conversion process (see Fig. 9 for an illustration). Extrinsic responsivities of 35 mA/W at zero bias were achieved, with the device exhibiting a 3 dB bandwidth of 65 GHz [194].
The second notable example of devices that can be used for optical and photonic purposes heavily involves quantum emitters [195-212]. On one hand, groups like Exarhos et al. have used the spin properties of defects present in h-BN as a basis for research given their possible applications for quantum information processing [195]. In their work, spin-dependent system transitions are thought to enable both optical spin initialization and its readout. Their observations of anisotropic PL patterns, both at room-temperature and as a function of magnetic field, suggest a consistency with electronic modeling whereby these h-BN systems, with their defects, exhibit spin-dependence that are optically measurable [195].
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Fig. 10. (a) Correlated optical and electron spectroscopy is used to explore the origins of various quantum emitters. Reprinted figure with permission from [202]. Copyright 2016 by the American Chemical Society. (b) Spatial maps of integrated PL emission under both green (2.33 eV) excitation (green color map) and a combined green and blue excitation (with photon energy of 2.76 eV). The right side shows the main PL emission lines and, in the inset, the phonon side bands’ polarization-dependent intensities. This work is licensed under a Creative Commons Attribution 4.0 International License by those in reference [209]. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

On another hand, some works have focused on the potential for quantum emitters to be candidates for quantum photonic sensing and communications. From the work revolving around these emitters [195-212], it is well-known that defects present in h-BN exhibit high brightness when optically probed, as well as room-temperature quantum emission, as explained earlier. These phenomena warranted an in-depth exploration of these emitters’ spectral variability, distinct polarization for both absorption and emission, and local structure [208]. Tran et al. explore the origins of these emitters by establishing a connection between the emission and its local crystallographic environment via correlated optical and electron spectroscopy (see Fig. 10 (a)) [202].
Another example of using emitters as optically active qubits comes from work done by Shevitski et al. [210]. In that work, blue light emission in high-quality h-BN is observed sharply at 435 nm. It was found that emitters were able to be manipulated by electron beam irradiation. Oddly, these emissions were absent from experiments done on commercially available h-BN, warranting the use of high-quality h-BN. In this case, crystals were grown using a high-pressure and high-temperature process with Ba-B-N flux [210]. In another work by Khatri et al. [195], more details on the polarization-dependence of some emitters’ responses to excitation were elaborated, with some of the observed PL peaks being attributed to phonon side bands (see Fig. 10 (b) for more details).
The knowledge of how emitters behave has been useful for advances like fabricating room-temperature, single-photon source arrays, as was shown by Proscia et al. [212]. Their arrays, seen in Fig. 11, were composed of pillars of varying dimensions, with the intent of showing stable room-termperature behavior in regions of few-atomic-layer h-BN that were being deformed by the pillar-patterned substrate. Further, the group found that h-BN emitter responsivity was linked to the sharper curvature at the edges of the pillars.
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Fig. 11. (a) A 20 nm thick slab of h-BN was transferred on a nanostructured SiO2/Si substrate. The three parameters height h, diameter d, and spacing s are adjusted for the experiment. (b) Illustration of an example array containing many pillars with different h, d, and s. (c) Average peak wavelength of the emitters in the array, with a 3 nm bin size. (d) Number of emitters per pillar site show a distribution peaked at an average of 2 emitters per pillar site where the dotted line is the Poissonian distribution used for fitting. This work is licensed under the OSA Open Access Publishing Agreement policy for reference [212]. Reprint is permitted under this policy.

4.4 Optical cavities and THz applications
The final major subfields we’ll cover in photonics are the optical cavities and general terahertz (THz) applications with h-BN. Of the examples involving optical cavities [213-218], one was a heterostructure demonstrated by Ren et al. [214]. They took advantage of h-BN’s dielectric properties and fabricated a microdisk optical cavity with WS2 (see Fig. 12 (a)). The sandwiched material was patterned into cavities that could generate whispering gallery modes and the measured intensity of WS2 trion (a bound particle including two electrons and a hole) emission was enhanced several-fold from the exciton measured in that heterostructure. The spikes visible on the right side of Fig. 12 (a) are the transverse electric modes coupling with the exciton and trion. These measurements also showed how whisper gallery modes had resonance intensities with nonlinear power dependence [214]. 
Another example of optical cavity development comes from Kim et al., where they design suspended photonic crystal cavities from h-BN and demonstrate Q-factors greater than 2000 [217]. Moreover, they can tune individual cavities by direct-write, electron-beam-induced etching without significantly hurting the Q-factor (see Fig. 12 (b) and (c) for example cavity arrays). The demonstration of tunable cavities made from h-BN is an advance that may provide the robust technology needed for on-chip nanophotonic circuits.
As far as THz applications go, many works can be found that focus on the use of h-BN with other materials like graphene, as well as those that consider h-BN as the inherent device element [219-226]. For instance, Kim et al. showed that h-BN could be implemented into analogue switches for applications in communication systems across radio, 5G, and terahertz frequencies [222]. The experiment relied on the non-volatile resistive switching capabilities of atomically thin h-BN rather than other 2D materials. The switches were fabricated from monolayer h-BN sandwiched between two gold electrodes, with experimental results suggesting a cutoff frequency near 130 THz with insertion losses under 0.5 dB. Two major advantages to these switches come from the switching speeds, wherein h-BN proved superior to existing solid-state switches, and the overall direct current energy consumption, with h-BN switches being up to 50 times more efficient than other non-volatile switches. 
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Fig. 12. (a) On the left side, a microdisk cavity is illustrated and contains a scatterer in the design. On the right side, the PL is shown for WS2 in the vicinity of its A exciton and trion, with the transverse electric modes coupling with the exciton and trion while on the scatterer. Reprinted figure with permission from [214]. Copyright 2018 by the American Chemical Society. (b) An example of an array of 1D h-BN photonic crystal cavities. The scale bar is 1 μm for the full view and 200 nm for the magnified view showing the dimensional parameters needed for fabrication. (c) 3D Finite-difference time-domain simulation results that show electric field profiles of the optical modes. This work is licensed under a Creative Commons Attribution 4.0 International License by those in reference [217]. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. (d) An illustration of the THz experiment is shown, whereby a 2.8 THz quantum cascade laser is focused on a graphene/h-BN FET, whose position and orientation with respect to the laser polarization can be controlled. (e) A map of the photovoltage signal, for a power of about 100 μW, is shown, with the maximum response occurring at VG = 0.36 V. Reprinted figure with permission from [220]. Copyright 2020 by the American Chemical Society.

Another avenue h-BN research is taking involves atomic-scale hybrid materials, with measurements and applications possible throughout mid-infrared to THz ranges. Such scales constitute the subfield of nanophotonics, which, as the name suggests, seeks the fabrication of tunable and low-loss optics at nanometer length scales, as well as confining light to those scales [223]. Caldwell et al. explores this subfield, with a focus on trying to develop light-based technologies not typically possible with traditional optics. 
In their recent work, surface plasmon polaritons and surface phonon polaritons are explained as the two main types of surface particles that can help with reaching this goal of nanoscale light confinement. In h-BN and hybrid structures, the former surface particle can provide a gate-tunable response over a broad bandwidth, but suffers from high optical losses [223]. The latter surface particle offers a low-loss and crystal-dependent optical response over a narrow spectral range and is not very tunable. With the two surface particles offering different limitations, Caldwell et al. discuss how such hybrid materials could use both, co-existing surface particles for overcoming either set of individual particle limitations [223]. 
THz photodetectors that don’t require cooling, especially if they demonstrate fast response times and high sensitivity over a broad range of frequencies, have a strong application in high-resolution spectroscopy, metrology, and quantum information. Earlier this year, Viti et al. were able to exceed present-day THz receiver performance by demonstrating an uncooled THz photodetector device fabricated with h-BN-encapsulated graphene [220]. The experimental method and photovoltage signal observed are shown in Fig. 12 (d) and (e). These enabling both a higher sensitivity and faster response time. Overall, their devices became the fastest, broadband, low noise, room temperature THz photodetector to date.
We may also see optical and photonic efforts involving hyperbolic metamaterials expand in the coming years [227-229]. These materials were introduced as a way to topple the diffraction limit in optical imaging, but were soon adopted as a material that demonstrated many new phenomena. The potential applications of these materials imaging with largely enhanced resolution, increased thermal conductivity, electrical superconductivity, and superlensing. Photonic hypercrystals, another material which could use h-BN as a prime ingredient, hybridize the advantageous features of both photonic crystals and hyperbolic metamaterials. These applications are just a start to the work and research efforts that are to come with h-BN.
5. Conclusion 
Since its increase in popularity, h-BN, in both its bulk and atomically thin forms, has become a significant part of many research fields within condensed matter. This work covered ground in three relevant subtopics: growth, electrical transport and similar measurements, and applications in optics and photonics. This review has focused primarily on experimental work, but it should be noted that many efforts have been taken up on the theoretical side. Our understanding of this material and how it’s been utilized up until the most recent past gives us clarity on which directions in research are now being followed. One can only guess the even further extent to which h-BN will improve our technologies as this decade progresses.
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