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covers some of the remaining obstacles.

Since the advent of graphene'~, the field of atomically
layered quantum materials has expanded exponen-
tially*. More recently, heterostructures comprising 2D
materials® have been realized, and the influence of the
transition from 3D to 2D confinement upon the opti-
cal, electrical and mechanical properties of 2D materials
has been explored. The most widely utilized 2D material
in heterostructures is hexagonal boron nitride (hBN),
primarily owing to its role as the ‘ideal substrate’ for
graphene®’ (FIC. 1) and other atomically layered materials.
Bulk crystals of hBN can be exfoliated down to a single
atomic plane and exhibit outstanding chemical stability,
even in monolayer form. Moreover, hBN is an excellent
encapsulant and gate dielectric for heterostructures of
transition metal dichalcogenides (TMDs) and other 2D
materials®. Specifically, encapsulating graphene in hBN
protects it from the local environment and dramatically
enhances electronic transport, with mobility values sur-
passed only by those of suspended graphene®’’. This
increase in mobility within hBN/graphene/hBN struc-
tures improves the lifetime of surface plasmon polaritons
(combined excitations of a free-carrier oscillation and a
photon)’ and also enables their ballistic propagation at
cryogenic temperatures'’.

Now, hBN is emerging as an exciting material in its
own right, offering novel material properties that ena-
ble a broad range of optical''"", electro-optical®'* and
quantum optics'® functionalities (BOX 1; FIG. 1). Its highly
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Abstract | For more than seven decades, hexagonal boron nitride (hBN) has been employed as

an inert, thermally stable engineering ceramic; since 2010, it has also been used as the optimal
substrate for graphene in nanoelectronic and optoelectronic devices. Recent research has
revealed that hBN exhibits a unique combination of optical properties that enable novel (nano)
photonic functionalities. Specifically, hBN is a natural hyperbolic material in the mid-IR range,

in which photonic material options are sparse. Furthermore, hBN hosts defects that can be
engineered to obtain room-temperature, single-photon emission; exhibits strong second-order
nonlinearities with broad implications for practical devices; and is a wide-bandgap semiconductor
well suited for deep UV emitters and detectors. Inspired by these promising attributes, research on
the properties of hBN and the development of large-area bulk and thin-film growth techniques has
dramatically expanded. This Review offers a snapshot of current research exploring the properties
underlying the use of hBN for future photonics functionalities and potential applications, and

anisotropic crystal structure, properties and polar chemi-
cal bonds can be exploited in device applications in IR
nanophotonics through the formation of hyperbolic
phonon polaritons (BOX 2) in a natural material'"'. Its
point defects exhibit single-photon emission properties
(BOX 3), providing quantum emitters from the visible to
the near-IR range, even at room temperature'”. Moreover,
even though hBN is an indirect, wide-bandgap semi-
conductor (bandgap ~6 eV)'S, it offers very high inter-
nal quantum efficiency for deep UV emission. Finally,
it exhibits strong, thickness-dependent optical non-
linearities'”'*, and novel optical and electrical properties
have been realized within hBN-based moiré heterostruc-
tures as a function of the rotation angle between the
constituent layers' .

To realize the potential of hBN for device applications,
materials synthesis and processing techniques must be
advanced, including bulk crystal growth, thin-film
deposition, etching, metallization and device integra-
tion. Significant advancements in the synthesis of bulk,
high-quality; isotopically enriched materials*>** improved
the prospects for some of these nascent applications.
These efforts are in the early stages, but advances in
bulk growth*, chemical vapour deposition (CVD)* and
molecular beam epitaxy (MBE)***” have been reported.
In addition to growth, several other scientific and engi-
neering challenges must be addressed. This Review pro-
vides an overview of the state-of-the-art for hBN research
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Single-photon emitters

van der Waals heterostructures

Ultraviolet emitters

Fig. 1| Overview of hBN-based applications. Hexagonal boron nitride (hBN) was initially identified as an ideal substrate
for van der Waals heterostructures, especially for graphene. However, further investigations have demonstrated that this
material has exciting properties for nanophotonics in the IR, owing to its ability to support hyperbolic polaritons in its
natural state. At the same time, crystallographic defects have been identified as extremely bright single-photon emitters.
Finally, despite having an indirect bandgap, hBN offers strong UV emission.

in photonics, including IR nanophotonics, quantum
optics, nonlinear optics and UV optoelectronics, and in
sample growth and moiré heterostructures.

Infrared nanophotonics

The field of nanophotonics focuses on confining and
manipulating light at the nanoscale. In the visible
spectral domain, this can be achieved with polaritons
supported with noble metals or even using materials
featuring a high index of refraction, as the free-space
wavelengths are only on the order of a few hundred
nanometres. However, in the IR, experimental access to
nanoscale confinement is significantly more complicated
owing to the long free-space wavelengths®. Thus, practi-
cal IR nanophotonics demands alternative methods for
compressing the free-space wavelengths. This can be
achieved through the use of polaritons, quasi-particles
comprising a free-space photon and a coherently oscil-
lating charge, which enable the diffraction limit to be
surpassed””. Among 2D materials, a broad range of
hybrid light-matter polaritons have been identified,
including surface plasmon polaritons and surface
phonon polaritons, which are the most prevalent***.

Hyperbolic properties of hBN. That hBN is naturally a
hyperbolic material (BOX 2) was one of the most intriguing
findings in 2D-material-based IR nanophotonics'"'>*.
As in nanoelectronic applications, in nanophotonics,
hBN was originally used as the ideal substrate for
graphene-based plasmonic devices™** owing to its crys-
tal structure, which closely matches that of graphene
(~1.8% lattice constant mismatch). Specifically, encapsu-
lating graphene between two slabs of hBN increases the
graphene plasmon lifetime by a factor of 5, up to 500 fs
(REFS**). However, after 2014, when the natural hyper-
bolic behaviour of hBN was demonstrated'"'? (BOX 1),

research into the IR nanophotonic opportunities afforded
by hBN itself began in earnest.

In hBN, polaritons can be stimulated by coupling IR
photons with the polar lattice of the hBN crystal, form-
ing hybrid modes referred to as phonon polaritons™.
Because of its highly anisotropic crystal structure, hBN
exhibits two separate branches of optic phonons within
the phonon dispersion, one arising from the in-plane
and one from the out-of-plane lattice vibrations (BOX 1).
The transverse optic (TO) phonons are IR active and
exhibit extraordinary oscillator strength, which pro-
vides prominent absorption resonances. These TO
phonons, along with the large crystal anisotropy, result
in a highly birefringent IR dielectric function'"'>*.
Furthermore, the polar nature of the bonds in hBN
breaks the degeneracy of the longitudinal optic (LO)
and TO phonon frequencies, causing a spectral split-
ting; the region between these frequencies is commonly
referred to as the Reststrahlen band*****. It is within this
band that the permittivity becomes negative (FIC. 2a) and
surface phonon polaritons can be supported.

Specifically, for hBN, there are two Reststrahlen bands
(lower Reststrahlen, 12.1-13.2 um and upper Reststrahlen,
6.2-7.3 um) and both are hyperbolic'"'>. Hyperbolicity
(BOX 2) is an extreme form of birefringence, with the
property that the dielectric function is not merely dif-
ferent along orthogonal crystal axes but is negative along
certain crystal directions and positive along others”. The
presence of both type I and type II hyperbolic response
in hBN is intriguing because, for the first time, it provides
experimental access to hyperbolic modes of both types
within the same material system and geometry. The inver-
sion of the sign of the real part of the dielectric function
along the out-of-plane and in-plane directions between
these two bands results in the inversion of the sign of the
polariton dispersion curves within the two Reststrahlen
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Box 1| Properties of hBN

UV luminescence spectrum.

REF.'°, APS.

Hexagonal boron nitride (hBN) is a highly anisotropic crystal, consisting of boron and nitrogen atoms strongly bonded
in the in-plane direction. Because the difference in electronegativity between boron and nitrogen is larger than 0.4 eV,
the B-N bond is polar covalent. Out of plane, there are only van der Waals bonds between adjacent sheets, as is the
case with graphite. Although hBN is an indirect bandgap semiconductor (with an energy gap of ~6 eV), it exhibits an
exceptionally high internal quantum efficiency for deep UV emission (up to 40%). Owing to the highly anisotropic
crystal structure of hBN, the frequencies of the normal lattice vibrational modes (optic phonons) are also highly
anisotropic, with two distinct optic phonon branches. These are designated as the upper (A = 6.2-7.3 um) and lower

(Ass = 12.2-13.1 um) bands, derived from in-plane and out-of-plane phonons, respectively, where A respresents the
wavelength in free space. Owing to the polar nature of the bond, the transverse optic and longitudinal optic phonons of
each branch are spectrally separated, forming a highly reflective ‘Reststrahlen band’. Within this band, surface phonon
polaritons can be supported; with the optic phonons, along with the acoustic phonons, forming phonon sidebands in the

The electronic band structure of hBN is shown in the figure below, with the conduction states in red, with a minimum
at the M point of the first Brillouin zone, and the valence states in blue, with a maximum around the K point. Therefore,
both extrema are located at the edges of the first Brillouin zone. The wavevector connecting the M and K points
corresponds to T, which sits in the middle of the I'-K line. Image of the band structure adapted with permission from

Minimum of the conduction band

Maximum of the valence band

K@ K

bands (FIG. 2b). Contrary to the initial understanding'>*,
this inversion in the sign of the dispersion results in a neg-
ative phase (rather than group) velocity of the hyperbolic
phonon polaritons within the type I lower Reststrahlen
band”. These modes also propagate at exceptionally slow
velocities, as slow as 0.002¢ (REF*), where ¢ is the speed of
light in vacuum, offering significant promise for applica-
tions in enhanced chemical sensing™. It is owing to these
exotic properties that hyperbolic media have been widely
sought after in the context of super-resolution imaging
via the hyperlensing concept*'~*, negative refraction’*-¥,
superscattering for enhanced spectroscopy* and many
quantum nanophotonic concepts®.

Within an infinite, loss-less slab of a hyperbolic
medium, the hyperbolic isofrequency contours sup-
port arbitrarily large wavevectors (BOX 2). For real sys-
tems, loss is of course unavoidable and it dictates the
maximum wavevector attainable. Practically speaking,
wavevectors on the order of k ~ 8 x 10° cm™ have been
reported for higher-order hyperbolic phonon polaritons
in monoisotopic hBN*. Beyond the influence of loss,
the volume confinement of the polaritonic fields induces
a thickness dependence in the hyperbolic dispersion'’,
resulting in discrete wavevectors supported at a given
frequency”. The higher-order branches can be identified
as the additional blue curves existing at higher momenta
(shorter wavelengths) for a given frequency in FIG. 2b.

The hyperbolic modes propagate within the vol-
ume of the material, like in a dielectric, but are con-
fined to deeply sub-wavelength dimensions, like in a

metal. Although the hyperbolic dispersion dramati-
cally expands the optical density of states by expanding
the accessible wavevectors that can be supported at a
given frequency, it also results in an added restriction
on the polariton propagation, which can only occur
at a given frequency-dependent angle. This angle is
conserved even following multiple reflections, in vio-
lation of Snell’s law, as was demonstrated using local-
ized, higher-order hyperbolic phonon polaritons within
sub-diffractional hBN cavities™. At a given frequency,
each of these higher-order modes propagates at the same
angle with respect to the surface normal as the funda-
mental mode. Thus, a superposition of the fundamental
and higher-order modes occurs along one trajectory.
This was initially visualized"' as a superposition of the
first three orders shown in FIG. 2c (labelled «). The funda-
mental, second-order and third-order modes of the
Fourier components consisting of the waves associ-
ated with progressively higher wavevectors (and, thus,
shorter polariton wavelengths) are labelled §, y and &,
respectively. This approach was later implemented to
observe the multiple higher-order modes directly via
scattering-type scanning near-field optical microscopy
(s-SNOM) for monoisotopic hBN materials, as discussed
in REF* (squares in FIG. 2b).

Potential for applications. The hyperbolic properties of
hBN offer the promise of a broad range of applications in
the mid-IR. For instance, the frequency-dependent polar-
iton propagation provides the basis for hyperlensing''.
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Box 2 | Hyperbolic properties of hBN

A birefringent material exhibits an anisotropy in the index of refraction along different
directions. This results in light propagating through the material at different speeds
depending on its polarization axis, a property providing the basis for waveplates.

The index of refraction is the square root of the permittivity in the optical spectral range
(assuming that the magnetic permeability is 1). A material is hyperbolic if the permittivity
is not only different along orthogonal axes but also opposite in sign. This changes the
polariton dispersion relationship; this effect is typically illustrated through the use of the
isofrequency contours, such as those provided in the figure below. For an isotropic
polaritonic material (left), the permittivities are equal and negative, thus, a polariton with
a single wavevector (polariton wavelength) per incident frequency can be supported
along any direction in space. By contrast, the different signs of the permittivity along
different directions in hyperbolic media result in hyperbolic contours (centre and left).

A type | hyperbolic material has one axis exhibiting a negative real part of the dielectric
function, Re(g), while a type |l material has two. Both forms of hyperbolicity are present
within the Reststrahlen bands of hexagonal boron nitride (hBN); type | in the lower band,
type Ilin the upper band. From these hyperbolic isofrequency contours, it can be shown
that, at any frequency, any wavevector may be supported, but the propagation is
restricted to a defined angle dictated by the surface normal to the isofrequency surface.
Because the polariton wavelength is inversely proportional to the wavevector, this means
that, in hyperbolic materials, the optical fields can be compressed to arbitrarily small
dimensions, with multiple, shorter wavelength modes superimposed in space at any
given frequency.

e =¢<0 e >0 e <0
xy &2 Xy Xy
e<0 e,>0
k k k

z z z

Type |
Lower Reststrahlen band

Type Il
Upper Reststrahlen band

When light is scattered by a deeply sub-wavelength
object, evanescent fields are stimulated on the surface
of the object. However, these fast-decaying fields cannot
be collected by traditional far-field optics. In hyperbolic
materials, these scattered evanescent fields can be col-
lected by launching hyperbolic polaritons that propagate
through the material and can then be ‘read out’ on the
opposite side by surface probes sensitive to these evanes-
cent fields. These near fields can be probed using tools
such as s-SNOM"*! (FIG. 3a) or using high-index prisms
in the Kretschmann or Otto configurations™. However,
by expanding the fields to length scales in excess of the
free-space wavelength via a curved surface, imaging can
be directly carried out in the far field*. Unlike visible
or UV hyperbolic metamaterial approaches, performing
hyperlensing in the mid-IR offers two potential benefits.
First, the incident light has low energy and, thus, does
not have the risk to excite electronic transitions within
the imaged objects or to degrade biological specimens.
Second, objects can be imaged in the spectral range in
which many materials exhibit strong vibrational absorp-
tion signatures. Considering the low losses of polaritons
in hBN?, there is significant potential for label-free
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bio-imaging with low-energy IR light. Furthermore, the
hyperlensing effect can also be used to directly image
subsurface features for failure analysis or other quality
analysis approaches™.

Beyond hyperlensing, hBN offers a number of
other exciting opportunities for IR nanophotonics.
For instance, nanostructures of hBN support a whole
range of weak or dark polariton modes, which are opti-
cal modes that are forbidden or weakly interacting with
incident light, and, through careful design, could be
used to dictate the optical angular momentum of the
hyperbolic phonon polaritons™. This, coupled with
the multi-branched polariton dispersion, implies an
exceptionally large optical density of states. Thus, the
hyperbolic properties can be used to modify the emis-
sion lifetimes of nearby local emitters or to enhance the
IR vibrational absorption of local molecules through
the surface-enhanced IR absorption (SEIRA) effect®
(FIC. 3b). Both applications would significantly benefit
from dynamic spectral control.

The volume confinement of hyperbolic materials
enables additional opportunities for active tuning of
the polariton propagation, beyond what had been pre-
viously demonstrated with surface phonon polaritons in
quartz coupled with the phase-change material (PCM)
Ge,Sb,Te, (REF.™). The local ambient environment can
be modified through external thermal, optical or elec-
trical stimuli using heterostructures of hBN and PCMs*
(FIC. 3¢). The PCM VO, switches between dielectric and
metallic phases at relatively low temperatures (~65 °C),
which results in dramatic changes in the refractive
index’*~**. When a hyperbolic polariton is launched
over the dielectric or metallic domains (blue and red
arrows, respectively, in FIC. 3c), it exhibits a different
thickness-dependent wavelength (and, thus, wavevector).
Additionally, when polaritons are launched in a region
over one phase of the PCM and are then transmitted
across a domain boundary to a region over the other phase
(black arrow in FIG. 3c), the wavelength (wavevector)
mismatch induces refraction of the propagating polar-
iton’”. Thus, by locally controlling the PCM phase,
advanced on-chip nanophotonic components can be
realized (such as a planar lens or waveguide as outlined
in REFY).

Another avenue towards active tuning of phonon
polaritons is through free-carrier injection®*®. Owing
to the large bandgap of hBN, direct carrier injection
is not practical. However, the hybridization of hyper-
bolic phonon polaritons in hBN with surface plasmon
polaritons in graphene can lead to their active tuning
and modulation through a mechanism similar to car-
rier injection'*. The graphene Fermi energy is modified
via electrostatic gating, inducing a hybridized surface
plasmon polariton-hyperbolic phonon polariton mode
with a dispersion extending beyond the upper fre-
quency limit of the Reststrahlen band of hBN (FIC. 3d).
This modifies the polariton wavelength or resonant fre-
quency of the hybrid mode and/or modes. This hybrid
mode is referred to as an electromagnetic hybrid® and
holds promise for on-chip nanophotonic metasurfaces
and devices, modulators and potentially tunable hyper-
lensing. Tunable hyperlenses could use the tunable
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Box 3 | Single-photon emitters

Single-photon emitters (SPEs), sometimes referred to as quantum emitters, are
non-classical light sources that emit only one photon per excitation cycle. The detection
of single photons is traditionally done using a Hanbury, Brown and Twiss interferometer,
in which the incoming photons are split by a 50:50 beam splitter and directed into two
avalanche photo diodes (APDs; see the left part of the figure below). A time-correlated,
single-photon counting system then detects the arrival times of the photons, generating
a histogram of events. If no photons (that is, no coincidence counts) are detected in the
same time bin, the system will show a dip, which is evidence of non-classical emission.

If the dip at zero delay time is below 0.5, the system can be classified as a single-photon
source. Note that normalization to 1 at longer delay times is critically important to
provide accurate results.

Defects in solids can be excellent SPEs. They can be described as artificial atoms, with
ground and excited states within the host bandgap. Intuitively, the host material should
have a large bandgap to accommodate both ground and excited states deep within the
bandgap to avoid thermal recombination of carriers (right part of the figure below).
These SPEs can be triggered using laser excitation (typically with sub-bandgap energy)
or electrical stimuli.

Applications of SPEs include quantum cryptography (also known as quantum
communications), quantum sensing and components for quantum computing
(such as quantum repeaters or quantum gates). For cryptography, the most
important parameter is purity, and the second-order correlation function g*(0)
should ideally be below 107 to compete with attenuated lasers. Polarized emission
and narrow bandwidth (of a few nanometres) would also be advantageous to enable
higher signal-to-noise ratios, and hexagonal boron nitride SPEs are excellent
contenders. For quantum sensing, the ideal SPE would have access to an optical
spin readout, operate at room temperature and be robust. So far, nitrogen vacancy
centres in diamond are the most promising SPEs for quantum sensing applications'*.
Finally, for quantum computing, SPEs must be indistinguishable, generated on
demand and have gigahertz repetition rate. Applications of SPEs in quantum
computing are still in the laboratory phase, with sources based on quantum dots
leading the race'®.

Conduction
—— Dand

Excited state

2.2-3eV l ~6 eV

Ground state
I
Valence

band

dispersion to modify the hyperbolic isofrequency con-
tour (BOX 2), thereby modifying the propagation angle of
the hyperbolic phonon polaritons. This, in turn, would
result in a modified expansion of the hyperlens image
with respect to the original object™, without the need for
changing the incident frequency, and, therefore, could
serve as an alternative method for achieving tunable
image magnification.

Unlike hyperbolic metamaterials, in which high
ohmic losses in the metallic constituents make many
devices impractical, the optic-phonon origin of hyper-
bolicity in hBN substantially reduces losses'"'>** owing
to the long scattering lifetimes of optic phonons™. These
losses can be reduced even further through isotopic
enrichment”, with predicted increases in the optic pho-
non lifetimes by up to a factor of 14. These long lifetimes
have enabled the use of fabrication approaches based on
focused ion beam® and reactive ion etching'” to fabricate
samples that retained high-quality-factor polaritons (the
quality factor Q quantifies the ratio of the stored energy
to the rate at which it is dissipated within a cavity). Thus,

localized hyperbolic phonon polariton resonators fabri-
cated from hBN exhibit near-record quality factors for
sub-diffractional cavities. For sub-diffractional surface
plasmon polariton cavities, quality factors on the order
of 10 are typical; however, values up to 289 have been
reported for hBN nanostructures'”. Because an increase
in the Q factor results in a reduction of the resonance
linewidth (Q = w,/Aw,,, where w_ and Aw,, are the
resonant frequency and linewidth, respectively), such
high Q values imply the potential for narrow-band
thermal emitters® and for higher spectral selectivity in
matching the hyperbolic phonon polariton resonance
to a molecular vibration within SEIRA approaches**.
The former approach was used to create an in-plane
hyperbolicity for controlling the polariton wavefront
in a planar format®, a phenomenon that was recently
observed in the natural van der Waals crystal MoO,
(REFS®>~%7). Thus, hBN will continue to serve as a key
material for expanding our understanding of hyperbolic
polariton physics, while also offering exciting opportu-
nities for realizing next-generation IR optics and active
photonic components.

Quantum photonics
Defects in hBN are known to reduce phonon lifetimes,
and, thus, are detrimental to its use for IR nanophotonics,
but such defects are at the heart of hBN’s promise as
a single-photon emitter (SPE; BOX 3). Research into
quantum photonics with hBN started in 2016, when
SPEs in this material were first reported®. These SPEs
(FIC. 4a) possess high quantum efficiency and brightness
(typically over 1 x 10° counts/s), are linearly polarized
and, in most cases, are optically stable®-"%. This set of
properties is attractive for practical applications; thus,
research into hBN quantum emitters has been rapidly
expanding. The origin of the defects from which this
emission is derived (their exact crystallographic struc-
ture and charge state) is still under debate”’*, but SPEs
are present in a broad variety of hBN types of samples,
spanning single crystals’”>’*, commercial powders, nano-
tubes”” and nano-onions, as well as epitaxial films”**'
and exfoliated flakes”'. The emitters can also be engi-
neered in hBN by ion* or electron irradiation®, strain®,
plasma processing® or thermal annealing. So far, there
is no conclusive protocol to produce emitters operating
at a particular wavelength in a deterministic location.
This is currently a significant focus within the hBN SPE
community. Interestingly, the majority of the emission
lines from hBN grown by MBE”®” and CVD* appear at
wavelengths around 600 nm. However, SPEs in exfoli-
ated or commercial hBN materials are distributed over
amuch broader spectral range, extending approximately
from 500 nm to 850 nm.

hBN SPEs are normally excited using a below-
bandgap laser, typically emitting blue or green light™.
However, nonlinear excitation using a short-pulsed laser
(on the order of 1 ps) in the near-IR may also be used®.
Alternatively, anti-Stokes excitation (or photolumines-
cence upconversion) has been employed for such
studies by optically pumping the phonon sideband,
which is located approximately 160 meV away from
the zero-phonon line®. For higher-energy excitations,
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Fig. 2 | Natural hyperbolic properties of hBN in the mid-IR. a| The in-plane (ordinary, green) and out-of-plane
(extraordinary, red) IR dielectric function of hexagonal boron nitride (hBN). In each of the two Reststrahlen bands, the real
part of the permittivity is negative for one of the two directions (ordinary or extraordinary) and positive for the other;
thus, hBN is a natural hyperbolic material. b | This hyperbolicity results in a multi-branched, thickness-dependent polariton
dispersion within each Reststrahlen band (shown here for a 120-nm-thick slab of 98.7% '°B-isotopically enriched hBN),
each featuring a progressively larger wavevector (thus, a smaller polariton wavelength) at the same incident frequency.
The open white line near 850 cm~! designates the spectral break between the two bands. The inversion in the polaritonic
dispersion relations results from the corresponding inversions in the crystal axes featuring negative permittivity, and,
thus, in the sign of the phase velocity between the spectral bands*. Data points are experimentally derived values

from scanning near-field optical microscopy measurements; the lines are the calculated dispersion. r, is the reflectivity.

c| The hyperbolicity restricts the polariton propagation to a given frequency-dependent angle confined within the

hBN slab, with each of the higher-order modes superimposed along this trajectory. The higher-order modes occur at
frequency-wavevector combinations for which integer multiples of the polariton wavelength can be supported along
that trajectory, as seen from the line trace obtained from a near-field image measured on an hBN slab close to the
interface with a SiO, layer (a). The variations in the scattering amplitude s are due to the standing waves created by the
interference between the polaritons launched by the tip and those reflected from the slab edge. This superposition (a)
may be broken into the Fourier components featuring the fundamental (B), second-order (y) and third-order (§) modes.
(a.u., arbitrary units). Panel a is adapted from REF."?, Springer Nature Limited. Panel b is adapted from REF.”?, Springer

Nature Limited. Panel c is adapted from REF.*!, CC-BY-4.0.

cathodoluminescence studies of hBN SPEs can be per-
formed, and SPEs in the UV range have been identi-
fied®. To date, hBN remains the only platform that can
yield SPEs in the deep-UV (~4 eV) range.

For most applications for which SPEs are of inter-
est, narrow emission lines are desirable. They can be
achieved at cryogenic temperatures, at which the hBN
SPEs exhibit emission linewidths approaching the
Fourier transform limit. However, these modes do suf-
fer from severe spectral diffusion (random fluctuations
in the emission frequency), which likely originates from
the permanent dipole moment of the emitting defect™-*.
This can be observed in spectra from an SPE in hBN
recorded at room and cryogenic temperatures (FIG. 4b).
Rigorous density functional theory modelling is cur-
rently underway to help understand the energy level
structure of the hBN defect states and, thus, to gain
the insights necessary to potentially eliminate spectral
diffusion’>’*. Stark shifts*>* or strain tuning””” may be
employed to stabilize the emission lines; Stark tuning
of an SPE in hBN was realized (FIG. 4c). The device con-
tained hBN encapsulated between two graphene layers,
which were used to create a strong electric field across
the hBN layer”™.

Given the stability and brightness of hBN SPEs and
the atomically layered form of the host material, it is
appealing to integrate hBN SPEs with photonic and
plasmonic nanostructures. For plasmonic devices that

employ 2D materials, the most obvious approach is to
drop-cast the 2D flake onto metallic pillars. Indeed, this
strategy to combine quantum emitters with a plasmonic
lattice was realized successfully by fabricating hBN-based
hybrid structures in which the SPE is collocated with
the high concentrations of the plasmonic optical fields.
A modest Purcell enhancement (an enhancement of
the spontaneous emission) was measured, resulting in
a bright emission exceeding 1 x 10° counts/s (REF.”).
To realize direct coupling of a surface plasmon polari-
ton to the SPE, the manipulation of individual gold res-
onators (nanospheres) was attempted using an atomic
force microscope (AFM)”. In both cases, the SPE was
characterized before and after coupling with the surface
plasmon polariton, enabling direct comparison to the
emission amplitude in the absence of plasmonic enhance-
ment. Thus, such coupled plasmon-SPE approaches
offer an interesting platform for studying fundamental
physics, as well as for characterizing the overall emission
enhancement and resulting optical losses.

Progress has also been made toward integrating hBN
SPEs with dielectric optical cavities and waveguides.
Initially, a pick-and-place approach for integrating the hBN
flakes into optical waveguides was used'”’. However,
hBN has the unique property that its structures can be
fabricated directly within the host material. Unlike other
2D materials, hBN maintains its optical bandgap even
when its thickness is varied from bulk to monolayer.
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Fig. 3| Applications of hyperbolic polaritons within hBN. a | The frequency-
dependent hyperbolic polariton propagation serves as the basis for a broad variety

of potential applications, such as hyperlensing®’*, shown here for successively
smaller gold disks underneath a 110-nm-thick hexagonal boron nitride (hBN) slab.

The hyperlens concept is demonstrated in the inset schematic: the gold disks act as
both antennas and polariton launchers; under IR illumination (green arrows), they
launch polaritons from the disk edges that propagate with sub-diffractional focusing
towards the hBN top surface, where near-field images are recorded. b | A dramatic
improvement in IR absorption of a molecular analyte (a 20-nm-thick molecular layer

of the organic semiconductor 4,4-bis(N-carbazolyl)-1,1"-biphenyl, CBP) is achieved
through the concentrated electromagnetic fields generated by hyperbolic polaritons
in hBN nanoribbons (bottom blue curve); the absorption of a bare CBP film is shown
for comparison (top brown curve). The spectrum of bare nanoribbons is shown in the
middle grey curve. c| Active control of hyperbolic polariton propagation can be
achieved through heterostructures of hBN with phase-change materials, such as VO,.
Polaritons propagating in the hBN over the metallic (bright domains) and dielectric
(dark domains) phases of the phase-change materials exhibit different polariton
wavelengths (blue and red arrows), and modes launched from one domain into the other
are refracted (black arrows) according to Snell’s law. d | Another means for active tuning
is via hybridization of surface plasmon polaritons in graphene with hyperbolic polaritons
in hBN, achieved through electrostatic gating of graphene/hBN heterostructures.

This hybridization results in electrical control of the hyperbolic polariton dispersion;

the hybrid branches of the dispersion result in a single plasmon—-phonon polariton mode
extending beyond the upper frequency edge of the hBN Reststrahlen band (shaded
regions), in which propagating phonon polaritons normally exist. A, wavelength of
the laser source in free-space; Ap, plasmon wavelength; h, reduced Planck’s constant;
w, frequency. Panel a is adapted from REF.*!, CC-BY-4.0. Panel b is adapted from REF.*,
CC-BY-4.0. Panel c is adapted from REF*’, CC-BY-4.0. Panel d is adapted from REF”,
Springer Nature Limited.

Consequently, photonic crystal cavities'"', micro-ring

resonators'” and, more recently, flat lenses'* have been
realized from monolithic hBN. An example of a 1D photo-
nic crystal cavity fabricated from hBN is provided in
FIG. 4d. This novel approach has the potential to control
light-matter interactions (such as the Purcell enhance-
ment) and realize scalable nanophotonic circuitry within
the same material system. However, hBN has one major
disadvantage in this regard: its low refractive index in the
visible range (n = 1.8) makes it difficult to confine light
exclusively within the hBN structure.

In terms of applications, SPEs in hBN may offer a
unique advantage as they are hosted in atomically
thin layers that are bio-compatible, inert and can be
monolithically integrated within complementary
metal-oxide-semiconductor (CMOS)-compatible archi-
tectures. However, for sensing purposes, it is necessary
to identify electron-spin-dependent transitions associ-
ated with the SPE defect states, analogous to the nitrogen
vacancy centre in diamond'*. Progress in this direction
has already been initiated, with electron paramagnetic
resonance studies of defect ensembles'” and numerous
reports showing magnetic-field-dependent optical tran-
sitions'*. However, there are still no conclusive reports
of optically detected magnetic resonance associated with
the SPE defect states. An additional application for hBN
SPEs is super-resolution imaging. Two independent
works have demonstrated that these SPEs can be used
in both localization microscopy (down to ~10-nm reso-
lution)'””'* or ground-state depletion imaging (~70-nm
resolution)'”. Thus, these experiments pave the way for
employing hBN SPEs in quantum imaging and quantum
sensing of liquid and biological samples.

The initial building blocks for an integrated quan-
tum photonic platform based on hBN SPEs are in place.
One of the key remaining challenges is the availability
of large-area single crystals and films, which are imper-
ative for practical structures. Likewise, it is necessary to
identify the methods by which the spatial and spectral
properties of the hBN SPEs may be engineered. Despite
these unresolved issues, new opportunities for quantum
photonics with hybrid 2D systems are already emerging;
based on a recent report''’, hybrid systems involving
TMDs integrated into hBN cavities can be realized.

Nonlinear optics. In the previous section, we briefly
discussed the nonlinear excitation of the SPEs in hBN,
but, speaking more generally, nonlinear interactions —
specifically, second-harmonic generation (SHG) — have
also been employed to study the crystalline and optical
properties of hBN directly. In the case of bulk hBN, the
crystal belongs to the centrosymmetric D, (REF.*) space
group. However, as the crystal thickness approaches
atomic thickness, the symmetry is reduced. For exfoli-
ated flakes, hBN typically has the AA’ stacking order;
however, another sequence (AB) is also energetically sta-
ble'” (FIC. 5a). The AA’ stacking exhibits inversion sym-
metry, whereas the AB stacking does not. Second-order
nonlinearities including SHG vanish in materials exhib-
iting inversion symmetry. Thus, consistent with this gen-
eral expectation, a significant SHG response has only
been observed in hBN bilayers with AB stacking (FIC. 5b).
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Fig. 4| Room-temperature, single-photon emission in hBN. a | Schematic illustration of potential hexagonal boron
nitride (hBN) defects (V,, nitrogen vacancy; V,, boron vacancy; V,C,, antisite carbon vacancy; VN,, antisite nitrogen
vacancy). b | Typical photoluminescence (PL) spectra of a single-photon emitter in hBN at room temperature (RT, red)

and at cryogenic temperature (blue). The emission is predominantly concentrated at the zero phonon line, which is
advantageous for many applications. ¢ | Schematic of the device used for Stark-shift tuning of single-photon emitters

in hBN. Graphene flakes serve as bottom and top electrodes. A Stark shift is observed at cryogenic and room temperatures.
d| 1D photonic nanobeam cavity made from an hBN stack exhibiting high quality factors. a.u., arbitrary units. Panel a is
adapted with permission from REF.”%, ACS. Panel b is adapted with permission from REF."!, ACS. Panel c is adapted from
REF.”, CC-BY-4.0. Panel d is adapted with permission from REF.'*!, ACS.

The SHG signal increases approximately by a factor of 4
in AB bilayer hBN in comparison to monolayer domains,
and AA bilayers have the weakest response (FIC. 5c).
Earlier work'® demonstrated that, in exfoliated hBN, the
SHG response was nominally constant for flakes with an
odd number of layers (including monolayers), implying
that it is the lack of inversion symmetry within the AB
stacking that causes the strong SHG response'”. The rel-
atively constant SHG amplitude for an odd number of
layers is due to the fact that the responses from the layers
underneath the topmost layer cancel each other owing
to inversion symmetry. Thus, only the top monolayer of
the hBN flake contributes to the SHG emission within
this stacking order. Furthermore, for hBN flakes with an
even number of layers, negligible SHG was observed, as
expected based on the inversion symmetry'.
Intriguingly, the SHG amplitude also tracks the crys-
tallographic symmetry. Polarization-dependent SHG
data reveal six-lobed patterns when assembled in polar

plots. The maximum enhancement of the SHG ampli-
tude was observed when the polarization was aligned
with the crystallographic axes of the hBN. Thus, the
crystallographic orientation of the hBN microcrystal
could be determined from the polarized SHG amplitude,
even in the absence of a clear crystal facet'”'®. Notably,
the surface nonlinear susceptibility of hBN monolay-
ers is approximately d,,* = 3.0 x 102 m-C/V?, which
is comparable to that of other transparent, strongly
nonlinear crystals, such as LiNbO, and 3-BaB,0,.

A very different class of nonlinear phenomena in
hBN has been predicted” and is rooted in the hyper-
bolic phonon polaritons that hBN supports. Provided
a two-photon emitter is placed in close proximity to
the hBN (<10 nm), the nonlinear emission rate is pre-
dicted to drastically exceed that of linear, single-photon
emission'". The emitter must be located within the eva-
nescent tail of the polaritonic near fields, overcoming
the impedance mismatch between free-space light and

NATURE REVIEWS | MATERIALS

VOLUME 4 | AUGUST 2019 | 559




REVIEWS

‘ O Boron
[ AA’ AB
3.0 4
% 250 ]
£
£
5 200 —~ 2.0+
8 3
> 150 4 gi ]
3 Q
g 1007 “ 104
5 501 |
o HE_____ e E===4 =
T T T 0.0
1 4 5 Monolayer ~ AB AN

3
Number of layers
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hBN domains with AB (pink region) and AA’ (blue region) stacking orders, with the
corresponding correlated spatial map of the second-harmonic generation (SHG)
intensity. ¢ | In AA’ stacked materials, significant SHG occurs only in films with an odd
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within the atomic limit (left). However, for AB stacked materials, SHG is substantial

even in bilayers, and much stronger than the emission from an hBN monolayer (right).
a.u., arbitrary units. Panels a and b are adapted with permission from REF.’, ACS. Panel c is
adapted with permission from REF."%, ACS.

the atomic-scale or nano-scale emitter. For an atomic
dipole, the rate of the linear (one-photon) and nonlinear
(two-photon) processes scale as a(a/A)? and a? (a/A)*,
respectively, where a is the atomic size and « is the fine
constant. Owing to the high modal confinement and
exceptionally large optical density of states in the hyper-
bolic system, significant enhancements of the radiative
rate of the two-photon emission could be realized, with
total enhancements of up to 10" predicted. In princi-
ple, this enhancement can also be observed by placing
the two-photon emitter in the near-field proximity of
a surface-phonon-polariton thin film or structure as
well. Thus, although the implementation of hBN in
nonlinear optics is still in its infancy, there appears to
be a highly promising future for quantum light sources
in the mid-IR.

Deep-UYV optoelectronics. The growth of high-quality
hBN crystals in 2004 (REF.") renewed interest in hBN
for optoelectronics applications in the deep-UV spec-
tral range. In their seminal paper, Kenji Watanabe and
Takashi Taniguchi demonstrated UV lasing at 215nm
(REF."*"%). They later fabricated a planar-emission com-
pact device equipped with a field-emission array as an
excitation source, with stable operation and an output

power of 0.2 mW at 225 nm (REF.'"). Although nitride
semiconductors of the AlGaN family are widely used for
blue and UV lighting'**, hBN is a newcomer for deep-UV
applications, competing with AIN; both materials have
a bandgap of ~6 eV. The search for efficient, long-life,
solid-state devices as an alternative to conventional spec-
tral lamps in the deep UV is driving intense research that
is primarily motivated by chemical and biological appli-
cations such as photocatalysis, water purification and
sterilization, in addition to non-line-of-sight protocols
for short-distance communication in atmospherically
disturbed conditions'"”.

AIN and hBN have very different optoelectronic
properties. AIN is a wurtzite semiconductor with a
direct bandgap. However, its excitonic fine structure
imposes severe limitations on its use as a bright source
in the deep UV. This is due to the fact that the funda-
mental optical transition of AIN is polarized along the
c-axis, a detrimental feature for vertical surface-emitting
devices''®. By contrast, hBN is a lamellar compound in
which the weak interlayer van der Waals forces and
the strong in-plane covalent bonds result in an indi-
rect bandgap. The indirect bandgap would appear to
be in contradiction with the bright emission observed
in the deep UV'", as this is a feature usually attributed
to direct-gap semiconductors. This led to the initial
misinterpretation of hBN as a direct bandgap material
and sparked a long, controversial debate concerning
its electronic structure. The puzzle of bright, deep-UV
emission in hBN was recently resolved by photolumine-
scence induced via two-photon excitation'®, which
revealed the full set of emission lines (FIG. 6a). These lines
correspond to phonon-assisted optical transitions; the
indirect nature of the bandgap requires phonon emission
to fulfill momentum conservation during carrier recom-
bination. The deep-UV optoelectronic properties of
hBN were further illuminated*'” by the discovery that
the position of the phonon-assisted emission peaks in
monoisotopic samples depends on mass (FIC. 6b) and by
the polarization selection rules dictated by the phonon
symmetries (FIG. 6¢). A key property of hBN is its very
peculiar indirect bandgap configuration: the conduction
band minimum sits at the M point of the first Brillouin
zone, whereas the valence band maximum is located in
the neighbourhood of the K point"** (BOX 1). This is a
major difference from the configuration of cubic semi-
conductors such as diamond, silicon and germanium, as
their valence band maxima are located at the zone cen-
tres (I'). Phonon-assisted recombination in hBN involves
phonons with a wavevector corresponding to I'-T
(T sits in the middle of the line T-K; BOX 1) and not at
the Brillouin zone edge, as occurs in indirect cubic semi-
conductors. The indirect bandgap at 5.95 eV in hBN was
directly observed by electron energy loss spectroscopy
(EELS), in which electrons excited the hBN crystal with
the same momentum as phonons at T points'*. This
unusual band structure results in unique optoelectronic
properties, such as an influence of the finite group velo-
city of phonons on the UV response, low phonon group
velocities at the T points and narrow emission lines of
the phonon replicas'*’. Moreover, the phonon replicas
in hBN consist of sharp resonances with linewidths of a
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Fig. 6 | Phonon-assisted recombination in hBN. a | Photoluminescence (PL) spectra of hexagonal boron nitride (hBN) at
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few millielectronvolts, instead of the broad resonances
characteristic of cubic semiconductors'®.

The bright, deep-UV emission of hBN is due to the
strong coupling of the exciton-phonon interactions.
Although predicted by Yutaka Toyozawa 60 years
ago'”, this was not experimentally observed until 2017
(REF.'*), when an emission spectrum displaying the
two required signatures for a phonon-assisted broad-
ening in the strong-coupling regime — a Gaussian
emission lineshape and a square-root temperature
dependence of the excitonic linewidth — was observed.
Owing to the efficient exciton-phonon interactions,
in hBN, the phonon-assisted recombination occurs
on a sub-nanosecond timescale''>'?"~"%; thus, it is fast
enough to bypass nonradiative relaxation. This, in turn,
enables the intense deep-UV emission reported from
hBN. The internal quantum efficiency is estimated to
be up to 40%, close to values typical of direct bandgap
semiconductors''.

For deep-UV lighting, hBN emerges as an active
material with outstanding properties. Although direct
bandgap semiconductors have the advantage of hav-
ing high internal quantum efficiencies, reabsorption of
the emitted photons severely reduces the efficiency
of photon extraction. Conversely, indirect bandgap
semiconductors typically display low internal quantum
efficiencies owing to the slow phonon-assisted recom-
bination. This well-known dilemma in the early days
of light-emitting diode (LED) research was resolved by
the invention of quantum wells with direct bandgap,
in which the photons emitted from the wells are trans-
mitted by the barriers, making the issue of reabsorp-
tion irrelevant. However, with the exceptionally large
bandgaps associated with deep-UV emitters, the iden-
tification of materials with sufficiently large bandgap
barriers becomes increasingly problematic. hBN exhibits
high photon extraction efficiencies due to the Stokes

shift between phonon-assisted emission and absorp-
tion processes, which makes this material an attractive
alternative in this application space. Thus, from the
perspective of current deep-UV optoelectronics with
its quest for suitable active materials, bulk hBN com-
bines the respective advantages of indirect and direct
bandgap semiconductors, providing high extraction effi-
ciency and, strikingly, high internal quantum efficiency.
These novel properties are motivating intense theoret-
ical investigations in order to include the coupling of
phonons together with excitonic effects in ab initio
calculations'>'** and, thus, to understand the origin
of the exceptional characteristics exhibited by hBN in
the deep UV.

Research into hBN also offers the opportunity to
further link nitride compounds and 2D crystals. Up
until recently, there remained the open question of the
theoretically predicted transition from an indirect to a
direct bandgap in hBN at monolayer thicknesses'**'**.
However, very recently this direct bandgap crossover was
demonstrated for hBN at the monolayer limit'**. TMDs
provide generic examples of this effect in 2D materi-
als'*, whereas 2D GaN retains its direct bandgap at the
monolayer scale with a quantum-confined gap of ~5 eV
(REF."). Yet, to date, only cathodoluminescence meas-
urements of six-monolayer hBN have been reported'**.
Thus, measurements of hBN monolayers are still absent,
leaving this issue unresolved. Intercalation of foreign
atoms could be a route for enhancing the light-matter
interaction by changing the nature of the bandgap from
indirect to direct upon increasing the interlayer spacing.
This is far from trivial but is related to the experimental
measurement of a redshift of the bandgap of hBN under
compressive hydrostatic pressure'”. Intercalation would
act as a tensile pressure, changing the nature of the band-
gap from indirect to direct, in agreement with accurate
theoretical predictions'*.
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Growth methods

Many applications, such as the four research areas
highlighted above, will require hBN samples with high
structural perfection and low residual impurity con-
centrations. Grain boundaries, dislocations and impu-
rities introduce energy levels and charge-scattering
centres that can unfavourably alter the electronic
and optical properties of hBN in uncontrolled ways.
However, from a baseline of high-quality, low-residua
l-impurity-concentration hBN, the alteration of these
properties could instead be controlled by introducing
defects and impurities into the material either to achieve
specific properties or to retain the inherent properties
of the native lattice. Drawing on analogies from other
device materials, processes for bulk crystal growth, epi-
taxy, in situ doping, etching and metallization need to be
developed for hBN if this material is to be implemented
in advanced applications.

Bulk crystals of hBN cannot be grown from the
melt owing to its extremely high melting temperature,
estimated at 3,370 K (REF'*"). Thus, hBN crystals are
grown from solutions that can dissolve both boron and
nitrogen. Solution-grown crystals offer hBN with the
highest structural quality currently available, because
they are produced in processes approaching thermo-
dynamic equilibrium and are not constrained by a sub-
strate. Taniguchi and Watanabe identified Ba,B,N, as
a good solvent for crystal growth, because it produces
hBN with low concentrations (less than 10'® cm~) of the
primary impurities, carbon and oxygen. However, very
high nitrogen pressures (4-5 GPa) are required to keep
the solvent from decomposing. The crystals have excel-
lent structural quality, exhibiting very smooth surfaces
(roughness of 70 pm)’, narrow Raman spectral peaks
(<8 cm™) and high optical quality (strong UV emis-
sion at 5.8 eV). However, the required extremely high
pressures are difficult to achieve in volumes larger than
100 ml, which has limited the size of the hBN crystals
that this technique can produce. Nevertheless, the crystal
sizes have been sufficient for exploring the fundamental
properties of hBN across a broad range of scientific lines
of inquiry and for identifying the plethora of potential
applications of hBN. Indeed, hBN crystals produced at
high pressure have been the material of choice for many
hBN studies requiring the best quality materials.

Recognizing that hBN is the stable polymorph of
boron nitride at low pressures, nickel and molybde-
num mixtures, and then nickel and chromium mix-
tures, were developed'*>'** to serve as solvents for hBN
crystal growth near atmospheric pressure. Nickel is a
good solvent for boron, while molybdenum and chro-
mium are good solvents for nitrogen. Of these two, the
nickel-chromium mixture has a much higher nitrogen
solubility and is, thus, capable of producing a larger area
and thicker hBN crystals (up to 100 pm thick)'*’. Strong
cathodoluminescence emission at 5.8 eV demonstrated
the high quality of crystals produced with this solvent.
An iron-chromium mixture is also a viable solvent'*,
with the advantage that iron is less expensive than nickel
and is commercially available with lower carbon con-
centrations (typically less than 5 ppm, versus >100 ppm
for nickel).

In an alternative bulk growth approach, hBN crystals
were grown using pure boron instead of the hot-pressed
boron nitride source previously used'*”. Pure boron is
available with lower residual impurity concentrations
than hot-pressed boron nitride and, thus, has the poten-
tial to produce higher-purity hBN crystals. Furthermore,
pure boron is available as single isotopes (that is, as iso-
topically pure hBN, with both B and "B reported**),
enabling the growth of monoisotopic hBN crystals. The
resulting hBN crystal flakes are transparent and colour-
less and have areas of several square millimetres (FIC. 7).
Compared with hBN with its natural boron isotope dis-
tribution (20% B and 80% ''B), monoisotopic hBN
crystals exhibit thermal conductivities more than 40%
higher'*® and phonon lifetimes more than three times
longer®>'¥”. These characteristics make monoisotopic
hBN crystals the preferred choice for metasurfaces and
nanophotonics?>*>*"¢*, In addition, '°B-enriched hBN is
well suited for neutron detectors, owing to the high ther-
mal neutron capture cross-section (>3,800 barns) of B,
which is among the highest of any elemental isotope'*.

Epitaxial deposition of hBN is currently being
intensely researched because of its ability to produce
large-area hBN layers with controlled thickness and
abrupt doping and compositional transitions'*>'".
Whereas producing atomically thin layers of hBN from
bulk crystals requires mechanical exfoliation, which
inevitably reduces the flake size with respect to the
original crystal domain and/or induces chemical con-
tamination, optimized deposition techniques can be
self-limiting, producing single atomic layers of hBN.
Deposition by both CVD*>'* and MBE***"*' have been
reported. Research into these methods is focused on the
impact of reactants, process conditions (temperature,
time and reactant flux rates) and choice of substrate
(metals, sapphire or silicon) on the initial nucleation,
growth, coalescence, uniformity of thickness, and grain
and domain size. However, the challenges facing all
heteroepitaxial growth processes arise, including reac-
tions with the substrate and mismatches of crystal sym-
metries, lattice constants and coefficients of thermal
expansion between film and substrate. Therefore, buffer
layers, such as AIN on sapphire, have been investigated
to improve the quality of the subsequently deposited
hBN layer'*>. Changes in the structural and electrical
properties of hBN following the addition of silicon'** and
magnesium'** dopants have also been studied.

In general, deposition on polycrystalline metals used
as templates for CVD growth produces materials with
relatively small grain size, typically less than 100 um
(REF.'*). Grain sizes can be increased by ensuring that
the metal substrate is smooth and by limiting the initial
nucleation of hBN. Recently, the grain size limitation
was circumvented by depositing hBN on a flat surface
of molten gold'* (FIG. 7b). In that work, very-large-area
monolayers (at least several square millimetres) of hBN
were obtained. Surface diffusion of the elements was
favoured owing to the limited solubility of boron and
nitrogen in the molten gold. The process parameters
were optimized so that the initially forming hBN
nuclei were uniformly thick and equal in shape and
area. With continued growth, these nuclei rearranged
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Panel b is adapted with permission from REF"*°, AAAS. Panel ¢ is adapted with permission from REF."*%, ACS.

to eliminate grain boundaries as they merged to form a
continuous hBN layer, a process the authors referred
to as self-collimation. Subsequently, these hBN mono-
layers were employed as a substrate for highly aligned,
single-crystal layers of graphene and WS, (REF.*"). Similar
results were obtained using liquid copper as the sub-
strate'®, offering the promise of optimized, thin-film,
large-area growth methods in the near future.

An additional unique application of deposited hBN
films is their use as a release layer. To this end, hBN was
first deposited on sapphire, then GaN-based device lay-
ers were deposited on top'*'*. Because the GaN layers
are only weakly bonded to the hBN, they are easily
peeled off from the substrate and transferred onto a
thermally conductive handle substrate that can better
dissipate heat or provide a flexible substrate'* (FIC. 7).
Following this procedure allows the sapphire substrate
to be reused, significantly reducing the growth costs of
the devices. In a similar vein, wafer-scale, free-standing
2D materials (including hBN) can be realized with a
layer-resolved splitting technique. This method could
be advantageous also for other applications, such as
chemical and isotope separation with atomically thin
membranes'?.

To date, research into deposited hBN has focused
on control of the film stoichiometry, layer thickness
and domain sizes. The composition of the films, their
structural quality and their optical properties are typi-
cally characterized by X-ray photoelectron spectroscopy,

transmission electron microscopy, X-ray powder dif-
fraction, AFM (typically, the roughness is greater than
0.3 nm and increases with layer thickness), Raman
spectroscopy and photoluminescence. Assessments of
layer purity and crystalline perfection have generally
been missing, with the exception of experiments based
on Raman spectroscopy, which is commonly employed
for quantifying material quality. For deposited hBN,
the Raman peak positions are often shifted (indicat-
ing strain) and broadened (full width at half maximum
between 12 and 20 cm™)'' compared with those of
bulk hBN (<8 cm™)*. The hBN quality can change with
the layer thickness: the BN layer polytype was shown
to change from hexagonal to rhombohedral at ~4 nm
on sapphire substrates'*’. Thus, future research should
focus on improving the size of hBN crystals, quantifying
the effects of impurities, improving control of structural
quality and introducing p-type and n-type dopants with
precise control.

van der Waals heterostructures

hBN is instrumental for controlling material properties
through van der Waals epitaxy. 2D interfaces are crucial
for the performance of the ubiquitous field-effect tran-
sistor and also give rise to new emergent phenomena,
such as the quantum Hall effect. In conventional sol-
ids, lattice matching and other considerations limit the
materials that can be combined by epitaxial growth. By
contrast, van der Waals epitaxy (assembly) eliminates
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Fig. 8 | Moiré heterostructures incorporating hBN. a | Schematic of scanning plasmon interferometry experiments on
graphene on hexagonal boron nitride (hBN) with a moiré superlattice pattern. The red and black arrows display the
directions of incident and back-scattered IR light, respectively. Concentric circles illustrate polariton waves launched

by an atomic force microscope (AFM) tip, which is illuminated by a laser. The waves are reflected by the graphene edges,
resulting in interference between the launched and back-reflected plasmon polariton waves. Thus, nano-IR measurements
visualize polaritonic standing waves in hBN and other 2D materials. Top right: AFM topography of the sample. Bottom
right: nano-IR scattering amplitude at a frequency of w = 990 cm™. Boundaries between plain graphene (region 2) and
moiré-patterned graphene (region 1) also act as plasmonic reflectors. b | Schematic cartoon of the device structure

and experimental technique for realizing rotatable heterostructures. Bottom frames: AFM images of a device showing
three different orientations of the top hBN disk. The images were acquired by the same AFM used to rotate the hBN layer.
Top right: schematic illustration of the moiré superlattice arising between graphene (red) and BN (blue) as a function of
the rotation angle. r.L.u., reciprocal lattice units. Panel a is adapted from REF.", Springer Nature Limited. Panel b is adapted

with permission from REF.'*, AAAS.

crystal lattice matching as a prerequisite for interface
engineering, thereby allowing the integration of atomi-
cally layered materials with arbitrary lattices and widely
different properties®>”!*>1,

The interface of graphene with hBN is arguably
the most studied system. These two hexagonal layered
materials have a lattice mismatch of approximately
1.8%. Transport and tunnelling microscopy studies of
graphene/hBN heterostructures have uncovered a broad
range of unusual properties, including exotic quantum
Hall features, the fractional quantum Hall effect, the
quantum spin Hall effect, an insulating state at the charge
neutrality point, Coulomb drag, Hofstadter quantization,
magnetic focusing'®* and ballistic propagation of sur-
face plasmon polaritons'’; these effects are summarized
in several comprehensive review articles'*>'.

The role of boron nitride in graphene/hBN hetero-
structures goes beyond simply providing a means
for the elimination of extrinsic effects. The hBN can
create a superlattice potential (the moiré potential)
that acts on charge carriers in graphene, resulting in a
controlled modification of the electronic structure of
graphene'“~""!. The Hofstadter quantization is a spec-
tacular example of the modification of the electronic
response by the moiré potential. Optical experiments
involving graphene/hBN are sparse, a consequence of
the experimental complexity of measurements involving
small specimens. IR microscopy of aligned graphene/
hBN has uncovered new spectral features attributable

to modified electronic structure'”. A study of the pro-
pagation of surface plasmon polaritons in monolayer
graphene epitaxially grown on hBN revealed that the sur-
face plasmon polariton wavelength and losses are both
modified in regions in which graphene and hBN form a
moiré superlattice'’. The analysis of images detailing sur-
face plasmon polariton propagation in such structures
allowed the reconstruction of the electronic struc-
ture of the superlattice. The results (FIC. 8a) confirmed
the theoretical prediction of the existence of so-called
morphed plasmons, surface plasmon polaritons orig-
inating from the concerted response of intraband
Dirac quasiparticles and interband processes'”.

Extremely rich, electronic effects have been predicted
for moiré superlattices formed by two hBN monolayers.
Density functional calculations'” predict that, in twisted
bilayer hBN, multiple flat bands emerge. Provided hBN
moiré superlattices can be doped, the emergence of cor-
related electronic phases, including superconductivity, is
expected. The same work also predicted the formation
of relatively narrow electronic bands within the wide
bandgap of common hBN.

A unique control knob specific to van der Waals sys-
tems is the twist angle a between adjacent layers (FIC. 8b).
Varying « produces long-range moiré patterns, with a
continuously tunable periodicity (ranging from tens of
nanometres to ~1 um) that radically modifies the electro-
nic structure and materials properties®'**'>"'>, To fully
exploit the opportunities offered by van der Waals moiré
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interfaces, it is imperative to implement in operando
control of the twist angle. The technical feasibility of this
task has been demonstrated'*>'®”. Rich, nanoscale pheno-
mena occurring in rotatable metastructures can now be
realized using scanning probe methods™; this promises
new physical insights into the atomic-scale electronic
interactions observed in these moiré superlattices.

Outlook

hBN is a promising material for a broad range of applica-
tions. In this Review, we have highlighted key advances,
including IR nanophotonics, SPEs spanning the range
from visible to near-IR, nonlinear optical phenomena,
UV emitters and moiré superlattices comprising hBN
and other van der Waals materials. Specifically, we dis-
cussed the current state-of-the-art in the implementa-
tion of the natural hyperbolic properties of hBN for IR

REVIEWS

applications, including on-chip photonics and hyper-
lensing, and in the understanding of the origin of room-
temperature, single-photon emission, of the role of
hBN stacking order in modifying its nonlinear response
and of the counterintuitive, bright, deep-UV emission
from the indirect bandgap of hBN. In all these areas,
significant progress has been made; however, there are
knowledge gaps that must be filled and advancements in
materials development that must be made before these
potential applications can be translated into commercial
success. One significant outstanding challenge lies in the
further development of large-area growth and/or depo-
sition of the low-defect, high-quality hBN required for
transitioning these and other applications of hBN to the
commercial realm.
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