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ABSTRACT

Both two-dimensional (2D) transitional metal dichalcogenides (TMDs) and III–V semiconductors have been considered as potential plat-
forms for quantum technology. While 2D TMDs exhibit a large exciton binding energy, and their quantum properties can be tailored via het-
erostructure stacking, TMD technology is currently limited by the incompatibility with existing industrial processes. Conversely, III-nitrides
have been widely used in light-emitting devices and power electronics but not leveraging excitonic quantum aspects. Recent demonstrations
of 2D III-nitrides have introduced exciton binding energies rivaling TMDs, promising the possibility to achieve room-temperature quantum
technologies also with III-nitrides. Here, we discuss recent advancements in the synthesis and characterizations of 2D III-nitrides with a
focus on 2D free-standing structures and embedded ultrathin quantum wells. We overview the main obstacles in the material synthesis, vital
solutions, and the exquisite optical properties of 2D III-nitrides that enable excitonic and quantum-light emitters.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145931

I. INTRODUCTION

Two-dimensional (2D) semiconductors, such as transitional
metal dichalcogenides (TMDs), exhibit unique electronic, optical, exci-
tonic, and quantum properties and correlations1–10 that have been
probed with super-resolution,11 exploited to create quantum phases in
heterostructures,12–14 flipped in few femtoseconds,15 and resolved at
attosecond resolution.16 In particular, the Coulomb interaction (and
exciton binding) is significantly enhanced in 2D TMDs17 because the
majority of Coulombic field lines propagate outside the 2D material.
Unscreened exciton binding energy theoretically can reach up to
700meV in MoS2, as shown in Fig. 1.18 However, it remains an open
challenge that how to create practical TMD optoelectronic devices as
long as TMD synthesis yields major disorder and low control and
reproducibility of designed properties.19,20

With their great advantages in composition tunability,21 high
material quality,22 and large-scale integrability,23 III–V semiconduc-
tors have been exploited during the past decades in optoelectronics,
including light-emitting diodes (LEDs),24–27 lasers,28–30 photodetec-
tors,31,32 solar cells, and artificial synthesis,21,33 to name just a few.

Additionally, III–V semiconductors have been explored as a potential
candidate for excitonic devices34,35 and quantum devices,36 including
single photon emitters,37–39 quantum sensors,40 and quantum-optical
state control.41–43 At the same time, III-arsenide-based devices are typ-
ically limited to operation at cryogenic temperatures due to the small
exciton binding energies of less than 10meV,44–46 resulting from
strong dielectric screening of the Coulomb interaction between elec-
tron and hole pairs as well as much lighter effective mass compared
with GaN.18,47

Compared with III-arsenides, bulk wurtzite III-nitrides have a
significantly larger exciton binding energies, ranging from 10 to
60meV, as shown in Fig. 1.19 Recent theoretical studies48–52 have pre-
dicted that group III-nitride materials can adopt a stable graphite-like
hexagonal crystal structure in their monolayer limit, exhibiting tunable
energy bandgap from 2 to 9 eV. The recent theory also predicted
that by exploiting the strong Coulomb interaction and excitons in
monolayer III-nitrides, conventional low-efficiency AlGaN and
indirect-bandgap hBN can be turned into high-brightness deep UV
emitters,53,54 which are the only alternative technology to replace
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mercury lamps for water and air purification. To date, however, it has
remained difficult to achieve 2D III-nitrides beyond small-scale
domains. Consequently, many fundamental optical, electrical, exci-
tonic, and quantum properties of 2D III-nitrides have remained
unknown. Therefore, the design, discovery, and development of 2D
III-nitride nanostructures with innovative electronic, optical, excitonic,
and quantum properties will enable a broad spectrum of applications,
from high-efficiency light absorbers55 or light harvesting, deep UV
light emitters for water/air purification, and room temperature single
photon sources, to architectures for excitonic optoelectronics.

In this Perspective, we discuss the recent developments of next
generation 2D III-nitride semiconductors, including monolayer InN,
GaN, AlN, and hBN. The quantum theory and design, epitaxy, and
characterization are presented. Their applications in achieving efficient
light generation in the deep UV and room-temperature single photon
emitters are also described. This Perspective provides a broad overview
on the synthesis of 2D III-nitrides with desired properties for applica-
tions in next-generation optoelectronic, excitonic, and quantum
devices.

II. SYNTHESIS OF 2D III-NITRIDES

To date, there is a significant gap between the theoretical predic-
tion of 2D III-nitrides and the experimental realization of such struc-
tures. Although GaN-based 3D crystal structures have been
extensively studied for LED lighting and power electronic applications,
the epitaxy/synthesis of 2D III-nitrides is facing tremendous chal-
lenges. Depending on the preferred orbital hybridization configura-
tion, III-nitrides can be divided into two categories. The sp2

hybridized materials (such as hBN)56,57 have mixed in-plane ionic/
covalent bonding and primary van der Waals (vdW) interaction
between layers along the [0001] direction. The weak vdW interlayer
interaction enables the mechanical exfoliation of 2D hBN.58 The sp3

hybridized materials (such as InN, GaN, AlN, and their ternary and
quaternary alloys) feature strong covalent/ionic bonding along all crys-
tallographic directions,59 making it almost impossible to mechanically
exfoliate 2D nitrides from their bulk format. Moreover, it remains
challenging to directly thin down GaN bulk to a few atomic layers by
cleaving the tetrahedrally bonded surface along the (0001) plane.60

The hybridization configuration also affects the nucleation and
crystal growth of III-nitrides during epitaxial growth. For example, the
surface adatoms tend to be adsorbed and nucleate at the propagating
edges of hBN, which leads to the formation of a layered 2D structure.61

Wurtzite III-nitrides growth is essentially a 3D process with growth
rate along different crystallographic directions determined by the sur-
face energy anisotropies,62 which makes it very difficult to realize only
2D growth in wurtzite III-nitrides. In addition, it is desired that the 2D
structure can be separated from the epitaxial substrate and, therefore,
can be transferred to arbitrary or functionalized substrates to facilitate
subsequent device processing, which puts another demand on the
material synthesis. Some of the major developments in the growth/
synthesis 2D III-nitrides are briefly described as follows.

A. Monolayer III-nitrides

Monolayer III-nitrides are essentially quantum wells consisting
of one atomic layer thin materials. By exploiting Coulomb engineering
and excitons, Kioupakis et al. predicted that the radiative efficiency
could be enhanced by up to three orders of magnitude due to the
extreme quantum confinement, which reduces the polarization-
induced separation of electrons and holes and enhances the Coulomb
interaction.54,55 Monolayer III-nitrides present an unexplored oppor-
tunity for realizing high-efficiency deep UV emission, which is critical
for water/air purification and disinfection.63 Experimentally, signifi-
cantly enhanced Coulomb interaction can be achieved through quan-
tum confinement between materials with large band offsets, wherein
ultrawide bandgap Al(Ga)N materials are typically utilized as the bar-
rier. The large band offsets ensure the confinement of charge carriers
within the quantum wells.64 Extensive efforts have been devoted to
achieving embedded ultrathin (In)GaN in the epilayer structure.65–69

However, interdiffusion of cations between the quantum well and bar-
rier is often observed,70,71 which makes the quantum confinement and
the Coulomb enhancement effect elusive.

We have demonstrated the epitaxy of monolayer GaN embedded
in AlN nanowires grown directly on Si substrate.64,72 The epitaxy was
performed under nitrogen-rich conditions. Figure 2(a) shows the scan-
ning transmission electron microscopy (STEM) image of the as-grown
heterostructure, wherein a monolayer of GaN in AlN matrix with rela-
tively sharp interfaces can be identified. The significantly improved
interface quality compared with ultrathin GaN/AlN grown in epilayer
structure can be attributed to the nitrogen-rich growth condition uti-
lized for N-polar nanostructures. During molecular beam epitaxy
(MBE), a metal-rich growth regime is generally used to ensure a
smooth surface; however, atomic steps tend to be formed in this
growth regime, which causes discontinuity in monolayer GaN.70

Under nitrogen-rich growth conditions, the growth front of the nano-
wires is free from excess metal adatoms, which can effectively prevent
interfacial mixing due to variations in incorporation preferences of
surface metal adatoms.

With interfacial quality significantly improved, the optical prop-
erties of ultrathin GaN can be readily tuned by varying the thickness/
growth duration. As shown in Fig. 2(b), monolayer GaN embedded in
AlN matrix exhibits strong emission at 240nm, whereas two mono-
layer corresponds to 270nm emission. Theoretical and experimental
results also showed that the electronic and optical gap both increase
with increasing the AlN barrier thickness [Fig. 2(c)]. The measured
photon energies match well with the optical gap. The difference

FIG. 1. Exciton binding energy of TMDs and monolayer III-nitrides plotted vs
bandgap.
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between the electronic and optical gap results in an exciton binding
energy of 230meV, which is well above the thermal energy at room
temperature and is about one order of magnitude larger than that of
bulk GaN. The enhanced exciton binding energy essentially results
from enhanced Coulomb interactions of the electron–hole pairs con-
fined in the ultrathin quantum well. Beyond an excitation power of
0.3W/cm2, the measured lifetime is relatively invariant with increasing
excitation power [Fig. 2(d)], which agrees well with the features of
exciton-related emission.72

B. Graphene encapsulation

In 2016, Balushi et al. reported the growth of 2D GaN using gra-
phene encapsulation.73 In this process, a graphene capping layer is
used to stabilize the 2D GaN layer and promote Frank–van der Merwe
growth. The 2D GaN layer is formed between graphene and the
underlying SiC substrate, as shown in Fig. 3(a1). A direct energy
bandgap of 5 eV was measured, in good agreement with theory. The
obtained 2D GaN has an R3m space group and covalently bonds with
the epitaxial substrate as shown in Fig. 3(a2), making it almost impos-
sible to separate the 2D GaN from the substrate. Such a method has

also been used to realize 2D InN and 2D AlN recently.74,75 In these
studies, the formation of 2D III-nitride layers was made possible by
Ga (or Al) adatom intercalation through defects in the graphene layer.
Consequently, the growth of 2D III-nitride layers is extremely sensitive
to the defect distribution in graphene. In addition, this growth process
results in the extensive formation of 3D III-nitrides on graphene, lead-
ing to a mixture of 3D and 2D structures. It is difficult to achieve uni-
form 2D III-nitrides beyond small-scale domains. To date, there have
been no experimental studies of photoluminescence emission, charge
carrier transport, and excitonic properties.

C. Surface-confined, metal-assisted growth

In 2018, Chen et al. showed that free-standing 2D wurtzite GaN
can be synthesized on liquid gallium via a surface-confined nitridation
reaction in a chemical vapor deposition chamber.76 In this process, the
liquid gallium droplet is spread on a tungsten (W) foil, and urea is sup-
plied as a precursor for the nitrogen source. The ultrathin GaN is also
reflected by the low-magnification transmission electron microscopy
(TEM) image, as shown in Fig. 3(b1). The wurtzite crystal structure is
confirmed by the high-magnification TEM images, as shown in

FIG. 2. (a) High-magnification STEM image of monolayer GaN embedded in AlN matrix. The epitaxial direction is along the 0001½ � direction. (b) PL spectra of GaN/AlN hetero-
structure with monolayer and bilayer GaN. (c) Calculated electronic and optical gaps vs AlN barrier thickness. The red triangles are the experimentally measured peak ener-
gies. Lines connected to and extrapolated from the theory data points are guides to the eye. The exciton binding energies are indicated by the green arrow. (d) Recombination
lifetime with excitation intensity at 300 K in monolayer GaN nanowire sample. The measured PL transients are shown in the inset of (d). Reproduced with permission from Wu
et al., Appl. Phys. Lett. 5, 100350 (2020). Copyright 2022 AIP; and Aiello et al., Nano Lett. 132, 16587 (2019). Copyright 2022 ACS.
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Figs. 3(b2) and 3(b3). The successful synthesis of 2D GaN was attrib-
uted to the stratified Ga/Ga-W structure, wherein an ultrathin liquid
Ga layer exists at the growth front and participates in the growth of
2D GaN with micrometer size. At the growth temperature of 1080 �C,
the Ga-W under the surficial Ga layer remains in a solid state and pre-
vents thickening of the as-grown 2D GaN as excess N adatoms at the

surface are deprived by the W atom due to its stronger nitridation abil-
ity. The obtained 2D GaN shows uniform lattice parameters and supe-
rior optical quality, including blue-shifted photoluminescence and
enhanced internal quantum efficiency. More importantly, the 2D GaN
can be transferred onto an SOI substrate, and a field effect transistor
based on the 2D GaN was demonstrated. It is worth noting that 2D

FIG. 3. (a) 2D GaN synthesized using the graphene encapsulation method: cross-sectional HAADF-STEM image (a1) and ABF-STEM image (a2) of 2D GaN. (b) 2D GaN syn-
thesized via the surface-confined and metal-assisted growth method: low-magnification TEM image (b1), BF STEM image acquired along [0001] zone axis (b2), and HAADF
(top panel) and BF STEM (bottom panel) images acquired along [1010] zone axis (b3) for 2D GaN crystals. (c) Atomically thin AlN synthesized through selective thermal evap-
oration: schematics and atomic models of the fabrication process (c1) and low-magnification TEM image of atomically thin AlN nanotubes (c2). Reproduced with permission
from Balushi et al., Nat. Mater. 15, 1166–1171 (2016). Copyright 2022 Springer Nature; Chen et al., J. Am. Chem. Soc. 140, 16392 (2018). Copyright 2022 ACS; and Wang
et al., Adv. Funct. Mater. 29, 1902608 (2019). Copyright 2022 Wiley.
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III-nitrides have much larger bandgap compared with 2D TMDs, and
the large bandgap can potentially enable high on/off ratio in switching
devices and is ideally suited for deep UV optoelectronics. Based on
this synthesis method, ammonolysis of liquid Ga was also reported to
obtain 2D GaN with a thickness of 1.3nm.77

D. Selective thermal evaporation

In 2019, Wang et al. reported the fabrication of atomically thin
AlN by combining epitaxial casting with selective thermal evapora-
tion.78 The first step of this synthesis process is epitaxial casting. GaN/
AlN core/shell nanowires were vertically grown on a Si substrate using
a plasma-assisted molecular beam epitaxy (MBE) system. The thick-
ness of AlN shell was controlled by the growth duration. The second
step is selective thermal evaporation. The as-grown GaN/AlN core/
shell nanowires ensemble was dispersed on a hydrophilic Si substrate
(or other high-temperature resistant hydrophilic substrate, such as
sapphire or SiC), then loaded into an ultrahigh vacuum MBE cham-
ber, and performed a thermal evaporation at a temperature higher
than the GaN decomposition temperature but lower than the AlN
decomposition temperature, as schematically shown in Fig. 3(c1). Due
to the large difference in the decomposition activation energy for GaN
and AlN, the GaN core nanowire was decomposed into Ga and N and
further evaporated from the bottom open end. Therefore, only the
robust AlN shell survived after the high-temperature thermal treat-
ment, forming atomically thin AlN nanotubes as confirmed by the
high-magnification TEM images [Fig. 3(c2)]. The bandgap of such
quasi-2D AlN was characterized by using x-ray photoelectron spec-
troscopy and spatially resolved electron energy loss spectroscopy mea-
surements, showing an extremely large bandgap of 9.26 0.1 eV for the
AlN nanotubes with a wall thickness of two monolayers.78 This
bandgap value is consistent with the bandgap reported for the 2D AlN
grown using the graphene encapsulation method.74

E. Ultrahigh temperature molecular beam epitaxy
of monolayer hBN

Interestingly, hBN is both a structurally compatible material with
Al(Ga)N and an ideal substrate for the emerging 2D TMD materi-
als.58,79 Previous studies of hBN have been largely focused on the use
of mechanical exfoliation80 or chemical vapor deposition,81,82 which
suffers from poor interface properties, high concentrations of uninten-
tional impurity incorporation, and large densities of defects. As an
opportunity for improving hBN quality, MBE offers ultimate control
down to the atomic scale. However, the conventional MBE growth of
BN has been limited by the lack of suitable techniques to evaporate
boron source material (melting temperature 2076 �C), and the rela-
tively low substrate heater temperature capabilities (often limited to
below 1000 �C) to achieve enhanced surface migration of B atoms. We
have recently implemented an unconventional MBE system, which is
equipped with an ultrahigh temperature heater (up to 1800 �C) and a
retrofitted multi-pocket e-beam source to provide stable thermal evap-
oration of ultrahigh purity elemental boron. We have demonstrated
an hBN/AlN based light-emitting diode (LED), which can operate effi-
ciently at 210 nm.83

While 2D wurtzite III-nitrides and hBN have been demonstrated
using various synthesis methods, there has been a growing interest to
control over the nucleation and crystallinity of the 2D nitrides for

functional device application. The lack of controllability originates
from the complex nucleation environment, wherein the epitaxial sub-
strate surface consists of atomic steps with different heights, crystalline
edges with different interfacial energies, and polycrystalline domains
with various orientations, which prevent a precise control of the syn-
thesis of 2D nitrides. Recently, we have developed a scalable and con-
trollable synthesis of monolayer 2D hBN on graphene by controlling
the initial nucleation process.84 As schematically shown in Fig. 4(a),
the surface of graphene substrate has two kinds of interfaces,
namely, zigzag (ZZ) atomic edges and armchair (AC) edges. In an
uncontrolled epitaxy, hBN nucleates on both interfaces, causes
random interfaces, and prevents obtaining large-scale unidirec-
tional hBN with single crystallinity. For controlled synthesis, the
nucleation at the ZZ atomic edges of graphene is significantly sup-
pressed. This is achieved by performing epitaxy at an ultrahigh
temperature (1600 �C), wherein only nucleation at energetically
stable interfaces exists. Subsequently, hBN exclusively grows at AC
atomic edges, which results in uniform, faultless, and wafer scale
epitaxy of 2D hBN, as shown in Fig. 4(b). The controlled synthesis
of monolayer 2D hBN offers a promising opportunity to explore
the indirect-to-direct bandgap crossover in hBN.85

Figure 4(c) shows the spectra collected from the monolayer
hBN/HOPG sample measured at 12 K. The 5.86 eV peak is assigned
to the multilayer hBN. The 6.12 eV peak matches well with the dip
in the reflection spectrum measured at 300K and can be assigned
to the monolayer emission from hBN. Our first-principles calcula-
tions based on the density functional theory and the many-body
perturbation theory results showed that free-standing monolayer
hBN has a predicted bandgap of 8 eV. We found that the graphene
layer adjacent to the hBN layer can cause giant bandgap renormali-
zation of up to 1 eV, attributed to the metallic nature of graphene.
This metallic nature can cause extreme screening of Coulomb inter-
action of charge carriers within hBN. For free-standing monolayer
hBN, the calculated exciton binding energy can reach 2.3 eV, as
shown in Fig. 4(d). With three monolayers of graphene present, the
exciton binding energy of hBN reduces to 0.7 eV due to the strong
metallic screening by graphene. The three monolayers of graphene
are sufficient to converge the exciton binding energy, which is very
close to the value for the semi-infinite HOPG substrate. The
wavefunction was observed to be confined within the monolayer
hBN, which further confirms the 2D exciton nature and strong
light–matter interactions associated with measured photolumines-
cence emission.

III. EMERGING APPLICATIONS OF 2D III-NITRIDES

Unlike TMD, III-nitride nanoscale materials can be grown by
industry standard epitaxial techniques and are compatible with tradi-
tional semiconductor processing, thus enabling scalability for real-
world applications. Conventional AlGaN exhibits poor deep UV emis-
sion, due to the large densities of defects, polarization fields, and trans-
verse magnetic (TM) polarized emission. It was predicted that
monolayer GaN can exhibit transverse electric (TE) polarized emis-
sion, which enables efficient extraction of deep UV light emission.54

UV light sources have been reported by using ultrathin GaN quantum
structures as the active regions.64,68,69,71 Figure 5(a) is a schematic of
the AlN p-i-n structure with three periods of monolayer GaN incorpo-
rated.64 The devices show deep UV-C electroluminescence (EL) with
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FIG. 4. (a) Schematics of monolayer hBN grown along the armchair (ACG) (left) and zigzag (ZZG) (right) graphene atomic edges, forming straight and jagged nanoribbons,
respectively. All growth fronts of monolayer hBN are terminated with AC hBN edges. The magnifications show the atomic configurations of the ACGjjAC hBN and ZZGjjZZ
hBN in-plane interfaces, and the AC hBN growth fronts. The white arrows point to the growth direction. (b) Evolution of straight monolayer hBN nanoribbons is followed after
30, 60, and 90 min growth time at 1600 �C. (c) Measured, time-integrated PL spectra (blue curves, 12 K) and reflectance spectra (red curves, 300 K) of monolayer hBN/HOPG
heterostructure (solid curves) and HOPG substrate (dashed curves). The gray circles are the PL data for monolayer hBN/HOPG heterostructures, while the blue solid curve is
the corresponding smoothed curve. (d) Calculated absorption spectrum of a free-standing monolayer hBN (gray area) and monolayer hBN on three graphene layers (blue
area). The vertical dashed lines indicate the quasiparticle bandgap, and the vertical solid lines show the 1s-exciton state position. Reproduced with permission from Wang
et al., Adv. Mater. 5, 72 (2022). Copyright 2022 Wiley.
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peak wavelength �240nm. Current-dependent EL measurements
show that the device features an ultra-stable emission with negligible
peak wavelength shift. The integrated EL intensity increases linearly
with increasing injection current without apparent efficiency droop up
to 40A/cm2, as shown in Fig. 5(b). It is worth noting that in conven-
tional AlGaN quantum well-based UV LEDs, the efficiency droop
happens when the current density is below 10A/cm2.86 The suppres-
sion of efficiency droop could be attributed to the efficient excitonic

radiative recombination. The monolayer III-nitrides support not only
excitons but also biexcitons and dropletons.41 Such quasiparticles
dominate quantum material properties from exciton interactions to
emission and detection of entangled photons.

Figure 5(c) shows that monolayer In(Ga)N embedded in GaN
nanowires can be used to achieve single photon emission.87 In
this work, the nanowires array is fabricated by nanoimprinting litho-
graphy and dry/wet etching, followed by capping of additional GaN

FIG. 5. (a) Schematic illustration of the fabricated large area monolayer GaN deep UV LED. (b) Variations of the integrated electroluminescence intensity (green) and peak
position (blue) vs injection current. The measured device size is 300� 300lm2. (c) High resolution TEM image of the monolayer In(Ga)N/GaN heterostructure and corre-
sponding temperature-dependent PL spectra on the log scale. (d) Top image shows the normalized intensity of emission for an isolated single photon emitter in layered hBN
when excited non-resonantly. The graph in the bottom is the second-correlation histogram of the quantum emission from the atom-like defect showing clear antibunching at
zero time delay [g2(0)< 0.5]. (e) Schematic representation of the hBN crystal lattice composed of regular hexagons with alternated atoms of N (blue) and B (orange). The dot-
ted black circle shows an atom-like defect with an N atom missing and an adjacent B atom substituted by an N. Tensile strain along the armchair (AC) and zigzag (ZZ) direc-
tions produces a deformation of the crystal with a change Da of N–B bond length. Strain results in a shift of the energy levels of the atom-like defect and allows one to tune
the emission energy. (f) Drawing of a simplified energy level diagram showing the effect of strain. The emission energy can be strain-tuned of DE from the initial zero phonon
line energy. Reproduced with permission from Grosso et al., Nat. Commun. 5, 72 (2017). Copyright 2022 NPG.
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conformal shell to reduce the nonradiative recombination. The series
of peaks shown in the PL spectra have a typical linewidth of 900 leV.
The dominant peak features an asymmetric broadening on the low-
energy side. The excitonic emission peak remains sharp until 30K,
which is significantly higher than the decoherence temperature
reported in III-arsenide-based single photon emitters. The broadening
of the PL spectrum with temperature can be attributed to the increased
acoustic phonon-related broadening, which results in a slight redshift
in the peak energies. Phonon side bands related to LO phonons are
also observed, and the energy separation of 91meV agrees well with
the reported LO phonon energy in GaN. The identification of single
photon emission was performed via Hanbury-Brown and Twiss
(HBT) setup at 8K. The obtained g2(0) value is 0.286 0.09, which
indicates the nature of the isolation of the transition between quantum
states.

Crystallographic antisite defect in 2D hBN, namely, NBVN, fea-
tures atomic-like structure and can be exploited to achieve single pho-
ton emission at room temperature.88 The second-order correlation
function g2(0) shows the anti-bunched photon characteristics mea-
sured from PL measurements at room temperature, mostly from the
atom-like defect. In this work, single photon purity g2(0) of 0.077 was
obtained, as shown in Fig. 5(d). Moreover, due to the ultrahigh stretch-
ability of 2D structure, the emission spectra can be readily tuned by
applying external strain along AC and ZZ directions of hBN, as sche-
matically shown in Fig. 5(e), which modifies the electronic energy lev-
els of hBN. Subsequently, the zero phonon line EZPL shows a shift of
DE, and the emission peak can be tuned up to 6meV experimentally
as shown in Fig. 5(f).

IV. CONCLUSION

We have shown that III-nitrides in their 2D form have exquisite
properties that could be beneficial for emerging applications in deep
UV optoelectronics, optoexcitonics, and quantum technologies.
Embedded ultrathin III-nitrides have excellent controllability in mate-
rial synthesis, especially when selective area epitaxy is utilized. Plenty
of areas related to embedded ultrathin III-nitrides remain to be
explored. For example, by utilizing the coupling between two ultrathin
quantum wells separated by an ultrathin barrier, we can achieve spa-
tially indirect excitons (IXs). Such IXs exhibit extended radiative life-
time and, therefore, pave the way toward excitonic devices. So far,
most of the optical and electrical measurements are performed on an
ensemble of an arrayed nanostructure or a broad area of planar devi-
ces, which can maximize the signals but unavoidably includes the con-
tributions from structures with varied strain distribution, thickness,
and alloy compositional inhomogeneity. Quantum applications
require both controlling and detecting quantum properties exclusively
from single monolayer III-nitride structures. The embedded ultrathin
III-nitrides are compatible with existing p/n-type doping that is para-
mount for device applications. Currently, 2D free-standing III-nitride
synthesis is under rapid development and is particularly attractive due
to the extremely large exciton binding energy (above 1 eV) because of
reduced dielectric screening. There are still challenges in defect control,
efficient transfer of 2D free-standing III-nitrides, and achieving electri-
cally driven devices for practical optoelectronic and quantum
device applications. Precise experimental control of 2D materials
quantum excitations could be realized with a combination of strong
lightwave11,15,16,89 or refined quantum-spectroscopic excitations.41,42,90

It is worth noting that ferroelectric III-nitrides, such as ScAlN
and ScGaN,91,92 have also been demonstrated recently. With the
above-mentioned methods of synthesizing 2D structures, there exist
promising opportunities for the exploration of 2D ferroelectric III-
nitrides with significantly enhanced nonlinear optical and quantum
properties.
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