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Solid-state sources of single-photon emitters are highly desired for scalable quantum photonic applications, such
as quantum communication, optical quantum information processing, and metrology. In the past year, great
strides have been made in the characterization of single defects in wide-bandgap materials, such as silicon carbide
and diamond, as well as single molecules, quantum dots, and carbon nanotubes. More recently, single-photon
emitters in layered van der Waals materials attracted tremendous attention, because the two-dimensional (2D)
lattice allows for high photon extraction efficiency and easy integration into photonic circuits. In this review, we
discuss recent advances in mastering single-photon emitters in 2D materials, electrical generation pathways,
detuning, and resonator coupling towards use as quantum light sources. Finally, we discuss the remaining
challenges and the outlooks for layered material-based quantum photonic sources.
OCIS codes: 270.5565, 270.5585, 160.2100, 160.2220, 160.4760, 250.5590.
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Emerging quantum technologies for cryptography, com-
munication, computing, and metrology exploit non-
classical states for enhanced information processing and
nanoscale sensingl?. Though different platform systems
are currently being explored?, light-based quantum tech-
nologies using single-photon emitters as the basic building
block are among the frontrunners. A long-standing hurdle,
however, has been the realization of robust, device-
compatible single-photon emitters that can be activated
and controlled on demand?. In the past, several different
material systems have been used to realize deterministic
single-photon sources in the solid state, including quan-
tum dots (QDs), single molecules, carbon nanotubes,
and point defects in wide-bandgap materials, such as dia-
mond and silicon carbide222. However, these solid-state
emitters are usually embedded in bulk materials with a
high refractive index, where internal reflection may limit
their integration capability and photon extraction
efficiency. Using carbon nanotube-based single-photon
emitters in scalable quantum photonic applications
requires precise placement and orientation using complex
fabrication techniques®. Recently, the discovered
single-photon emitters in crystalline two-dimensional
(2D) materials®™® 2 with their ultimate atomic thickness,
have shown promise for precise placement, high extraction
efficiency, and easy integration into photonic circuitsz2,
Up to date, mechanical exfoliation of single crystals is still
the most common way for producing 2D materials. Stride
steps have been made recently in wafer-scale synthesis of
2D crystals, such as MoS,% and hexagonal boron nitride
(hBN)2| opening a new route for large-scale quantum
photonic applications. In addition, due to their flexibility,
transfer 2D materials can be integrated with any other
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material that may alleviate the stringent requirement of
epitaxial growth in traditional semiconductor materials.
The van der Waals (vdW) materials containing
single-photon emitters can potentially be compatible with
other photonic components to fabricate vdW materials-
based quantum photonic devices.

The discovered 2D systems hosting single-photon
emitters include  transition-metal  dichalcogenides
(TMDCs) (WSe,, WS,, and MoS,) and hBNI22 Tn par-
ticular, a defect hosted by 2D hBN is a promising candi-
date for next-generation single-photon sources, due to its
chemical and thermal robustness and high brightness at
room temperature??. Here, we will first briefly review
the available and most-studied single-photon emitters in
layered materials and their photophysical properties. We
will then discuss important steps towards deterministic
generation of scalable 2D single-photon sources, electri-
cally pumped quantum sources, detuning, and integration
of emitters with optical resonators. We conclude with a dis-
cussion of challenges and highlight new research directions.

Single-photon emitters in 2D materials. Recently,
a number of 2D materials have been shown to host single-
photon emitters. The first observation of a single-photon
emitter in layered materials was reported by four indepen-
dent studies in the presence of isolated defects in single-
layer WSe, [Fig. 1(a)]®2. TMDC monolayers have
moved to the forefront of solid-state research due to their
unique band structure featuring a large bandgap with
non-equivalent valleys and non-zero Berry curvature,
The single-photon emitters in single-layer WSe, induced
by the quantum defects are ascribed to localized, weakly
bound excitons. Similarly to QDs, the TMDCs only
exhibit quantum emission at cryogenic temperatures.
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Fig. 1. Single-photon emitters in 2D materials. (a) Photolumines
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cence (PL) intensity map of narrow emission lines within a spectral

width of 12 meV centered at 1.719 eV, over a 25 ym x 25 pm area. The dashed triangle indicates the position of the monolayer.
(b) PL spectrum of localized emitters. The left inset is a high-resolution spectrum of the highest intensity peak. The right inset is a

zoom-in of the monolayer exciton emission. The emission of the loc

alized emitters exhibits a red shift and much sharper spectral lines.

(¢) Second-order correlation measurement of the PL from quantum emission under a 6.8 pW continuous wave (CW) laser excitation at

637 nm. The red line is a fit to the data with an extracted ¢*(0) of 0

14 + 0.04%. (d) Scanning confocal map of a multilayer hBN sample

showing bright luminescent spots, some of which correspond to emission from single defectsZ. (e) Room-temperature PL spectra of a
defect center in hBN monolayer (blue trace) and multilayer (red trace)2. (f) Fluorescence saturation curve obtained from a single

defect, showing a maximum emission rate of 4.26 MHz2,

In contrast to the free exciton emission with a broad line-
width of ~10 meV, the emission linewidths of these quan-
tum defects are of only ~100 peV [Fig. 1(b)]. The emission
is red shifted by ~40-100 meV from the free exciton tran-
sition. The brightness varies from sample to samplel2. Tt
was, however, also found that the quantum emitters in
WSe, predominantly appear near 2D-layer interfaces,
edges, and wrinkles and can be deliberately induced by
tearing the monolayer lattice?2. Photon antibunching
from correlation measurements shows that they are single-
photon emitters [Fig. 1(c)] with a ¢*(0) value of 0.1-0.3.
Most of the quantum emissions exhibit strong Zeeman
shifts with an applied magnetic field with a ¢ factor of
~10, which is much larger than those of the excitons in
self-assembled InGaAs QDsY and free excitons in single-
layer WSe, 2229, Unfortunately, the single-photon emission
of single-layer WSe, and other TMDCs can only be
obtained at cryogenic temperatures™22J which limits their
practical applications in photonic quantum information.
Defects in hBN are the most recent addition into the
single-photon emitter library and among the brightest
single-photon emitters reported so far [Fig. 1(d)]E. Single-
photon emitters hosted by 2D hBN are a promising can-
didate for next-generation single-photon sources due to
their chemical and thermal robustness and high bright-
ness at room temperature. The single-photon emitters in
hBN were believed to be associated with defects within the
large bandgap (~6 V)2, whereas they give rise to deep
states that allow single-photon emitters to operate at

room temperature?!. The single-photon emitters were

020

obtained in both the liquid-intercalated few-layer hBN
and chemical vapor deposited single-layer hBN [Fig. 1(e)].
Megahertz count rates at the detector have been recorded
with a very low excitation power of several hundred micro-
watts [Fig. 1(f)]. The majority of photons are emitted into
the zero-phonon line (ZPL) with clearly observed photon
side bands?2. However, the ZPL wavelength varies from
sample to sample in a large wavelength range. The
nature of the single-photon emitter in hBN is yet to be
clarified, although some theoretical predictions exist22Z.
Rigorous modeling along with atomic resolution character-
izations needs to be carried out to reveal the electronic and
crystallographic structure of the emitters.

Given that the single-photon emitter is embedded in a
2D material, it inherits the 2D material’s intrinsic physical
properties, making it an exotic quantum building block for
quantum techniques. These recently emerged 2D materi-
als have been demonstrated to have remarkable mechani-
cal, electronic, and optical properties that are absent in
their bulk form®29, These properties are widely tunable
by doping, strain, external fields, and environmental ef-
fects, owing to the material’s atomic thickness“!. Com-
pared with other TMDCs, MoS, is the most-studied
material? because it is the only material that exists in
nature (molybdenite), and large-scale synthesis of single-
layer MoS, is now mature in the industrial levelZ. The
flexible 2D membranes can also be easily integrated into
other systems or devices22 ™ or stacked layer-by-layer to
form heterostructures with desired functionalities without
the lattice matching constraint?2?, In addition, TMDC
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monolayers without inversion symmetry exhibit strong Moreover, the room-temperature single-photon emitter in
valley degrees of freedom20, The systematic study of = hBN suffers from increased multiphoton emission events

the photophysical properties of single-photon emitters  with ¢?(0) in the range of 0.1-0.3, although, many have

in layered materials needs to be carried out. very high emission rates of the order 10° counts per second.

Deterministic activation of single-photon This is also a barrier that single-photon emitters cannot be
emitters. Although high-brightness single-photon emit- applied in actual quantum communication. Recently, a
ters have been discovered in hBN at room temperature, room-temperature ultra-narrow zero-phonon linewidth

the samples were prepared in solution, suffering from  down to 45 peV in hBN quantum emitters could be
problematic agglomeration??. To take advantage of 2D achieved by proper surface passivation™. Still, determinis-
materials of easy integration with cavities and photonic tic placement of the single-photon emitters and control over
waveguides, activation of the single-photon emitters in a large scale are necessary for on-chip applications.

exfoliated hBN or as-grown hBN is necessary. The emit- While nanobubbles as well as lithographic nanopillars in
ters can be activated in 2D hBN by chemical etching®y, contact with the 2D materials act as spatially controlled
ion implantation® electron-beam (e-beam) irradiation??,  stressors22% the induced strain can then create excitons
focused laser irradiation®, argon plasma etching®, high-  at defined locations [Fig. 2(a)]. This ability to create zero-
energy electron irradiation®™, neutron irradiation®™, etc. dimensional (0D) excitons anywhere within 2D materials
Different methods produce different single-photon emitter is promising for the development of scalable quantum
generation rates. It was, however, also found that the quan- technologies. Owing to the vdW force, a 2D flake conforms

tum emitters in hBN predominantly /randomly appear near to the contours of a lithographically patterned nanopillar
2D-layer interfaces, edges, and wrinkles®. In addition, in  lattice [Fig. 2(b)]. The first demonstration of a quantum
the whole process of quantum communication, except emitter array has been pursued by positioning the exfoli-
simple quantum key distribution (QKD) without quantum ated WSe, flakes on top of lithographically predefined di-
repeaters, the quantum light source needs to meet the electric nanopillars®. In a bi-layer WSe,, a significant
requirement of emitting the indistinguishable single  increase (150%) in the peak photoluminescence intensity

photons. The indistinguishable single photons require long at the nanopillar sites was observed [Fig. 2(c)], evidencing

coherence time with lifetime-limited linewidths. However, the transition to a direct electronic gap and the exciton
the room-temperature operation could be incompatible funnel effect due to local strain. Bright narrow-linewidth
with this requirement due to their short coherence time. (~100 peV) emissions are observed at the strain-induced
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Fig. 2. Deterministic activation single-photon emitters in 2D materials. (a) Mechanism illustration of the generation of single-photon
emitters in WSe, by induced strain®. (b) Optical micrograph of bi-layer WSe, after the transfer onto the nanopillars®. (c¢) A 2D
spatial map of the PL integrated intensity within 700-860 nm®. (d) Photon quantum correlation characterization from a bi-layer
emitter with a ¢ (0) of 0.03 £ 0.02%. (¢) Schematic illustration of a ~20 nm-thick hBN conformed on a nanostructured silica sub-
strate. (f) Three-dimensional atomic force microscope (AFM) image of a folded ~20 nm-thick hBN on nanopillars®. (g) Room-
temperature confocal (main) and optical (inset) images of an example nanopillars structure for spacings of 2 pm (left and center arrays)
and 3 pm (far right); the pillar height is 155 nm, while the pillar diameter varies from 250 nm for the lower left-hand array to 500 nm for
the top center array in increments of 50 nm. (h) PL spectrum from an active pillar site. The relatively sharp ZPL and phonon replica
suggest that the emission originates from a single defect?. (i) Statistic analysis of peak wavelength of the emitters, showing a broad
distribution from 530 to 620 nm,
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sites. The quantum nature of the single-photon emitters
was evidenced by the second-order correlations from each
individual peak, exhibiting highly pure single-photon
emission with a ¢?(0) of 0.03 4+ 0.02 and a decay time
of 4.8 & 0.1 ns. The straightforward fabrication pro-
cedure is scalable. By tuning the aspect ratio of the nano-
pillars, it was able to obtain near unity success in
generating an emitter at each nanopillar and a positioning
accuracy of 120 nm. Owing to the smaller bandgap of
WSe,, these strain-induced single-photon emitters could
only operate at sufficiently low temperatures.

This nanopillar process is applicable to other 2D mate-
rials, such as hBN, to generate single-photon emitters at
room temperature. The nanoscale strain engineering of the
few-atomic-layer hBN films (~20 nm thick) via patterned
nanopillar substrates was used to activate the defects
[Fig. 2(e)]. Due to vdW forces, the hBN film conforms
to the surface topography of the nanopillars, resulting
in significant local strain near the edges [Fig. 2(f)]. The
light emission selectively originated from the nanopillar
sites, showing a one-to-one correspondence with the
underlying structure, independent of the spacing between
pillars [Fig. 2(g)]. Due to large-scale chemical vapor
deposition (CVD) of hBN thin films, this process can
be scalable. The spectrum from an example site shows a
well-defined ZPL accompanied by multiple phonon
replicas separated by about 165 meV [Fig. 2(h)]. Photon
antibunching from correlation measurements shows a
g?(0) value of 0.27 + 0.02, indicating single-photon
emission. The physics (local electrostatic potentials) at
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play is proven to be very different from the localized
exciton-based single-photon emitters realized at cryogenic
temperatures in WSe, flakes (strain) on patterned
substrates, opening interesting opportunities for manipu-
lating defect emission in ABN via local gatings, surface
chemistry, etc. The histogram of 80 single-photon emitters
shows that emitters span a broad wavelength region from
530 to 620 nm [Fig. 2(i)], which is detrimental for quantum
technologies.

This nanopillar process is expensive, as it requires
e-beam lithography and a subsequent reactive ion-etching
step. In addition, the vertical one-dimensional (1D) struc-
ture makes the hybrid single-photon emitter system bulky,
making it hard to couple with cavity or waveguide modes
for future cavity quantum electrodynamics experiments or
integrated quantum photonic applications.

Electrically driven single-photon emission in
layered materials. All-electrical single-photon emission
is a key priority for integrated quantum technologies. In a
scalable circuit, fully integrated devices require just a
drive current to get the single-photon emission instead
of using a laser that focuses on different segments of
an integrated circuit™%. Despite a plethora of single-
photon sources reported to date, the all-electrical opera-
tion desired for system integration is only reported in the
embedded systems™Z. Using recently developed tech-
niques for mechanically assembling a vdW heterostructure
layer-by-layer, researchers use layered materials to create
all-electrical quantum light emitting diodes (LEDs) with
single-photon emission [Fig. 3(a)]Y. These LEDs have
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Fig. 3. Electrically driven single-photon emission in layered materials. (a) Optical microscope image of a typical single-photon emission
LEDE. (b) At 0.570 pA (1.97 V), highly localized emission dominates over the WS, exciton emissionZ. (c) Intensity-correlation
function ¢®(z) for the same QD displaying the antibunched nature of the electroluminescence signal with a ¢ (0) of
0.31 £ 0.05%2. (d) Schematic illustration of the vdW heterostructure used to form an electrically pumped quantum emission
light-emitting device®™. (e) Electroluminescence from the single defect as a function of energy and bias®y. (f) Electroluminescence
from the lateral LED as a function of polarization detection anglel®.
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potential as on-chip photon sources in quantum informa-
tion applications. The ultra-thin devices are constructed
of thin layers of different layered materials, stacked
together to form a heterostructure. An electrical current
is injected into the single-layer WSe, or WS,, tunneling
from single-layer graphene through few-layer hBN, acting
as a tunnel barrier. The injected electrons recombine with
holes to emit single photons. At high injection currents,
the recombination occurs with spatial uniformity across
the whole surface of the monolayer, while at low injection
currents, a spatially localized quantum emission site domi-
nates [Fig. 3(b)]. The report phenomenon is effective at
low temperatures, but suffers from a spatially homo-
geneous background emission with moderate quantum
correlation [Fig. 3(c)]. Still, these results offer exciting
prospects for scalability and on-chip integration of single-
photon emitters.

Using the idea of band-structure engineering of the vdW
heterostructures® the symmetric structure of graphene/
hBN/WSe, /hBN/graphene could confine the injected
electrons and holes in the defect states of WSe,, result-
ing in a high-efficiency electrically driven single-photon
source®%®. In the device, the graphene layers serve as
transparent electric contacts, and the hBN layers are used
as tunneling barriers that separate the graphene contacts
from the active materials, a WSe, monolayer [Fig. 3(d)].
Even at low bias values, narrow lines in the electrolumi-
nescence spectrum are obtained, which are strongly local-
ized. The narrow emission is electrically controllable as a
function of bias voltage and can be repeatedly switched on
and off by sweeping the bias voltage [Fig. 3(e)]. The
narrow emission from a single defect was also observed
in lateral devices, utilizing a split back gate design to
realize an electrostatically defined p-i-n junction®. The
narrow lines observed in the electroluminescence are also
linearly polarized [Fig. 3(f)]. However, no quantum corre-
lation characterizations have been conducted on these
electrically driven devices, and the narrow lines emission
could only be observed at cryogenic temperatures.

Detuning. For many applications in quantum nano-
photonics, precise spectral tuning of single-photon emit-
ters is required. Local tuning methods based on
temperature, strain, the quantum-confined Stark effect,
etc. could provide additional fine-tuning to compensate
for small residual spectral mismatch as well as to control
on-chip interactions™. For single-photon emitters in sin-
gle-layer TMDCs, one possible mechanism exploits tem-
perature tuning, where both cavity resonance and exciton-
transition energies shift in the same direction (redshift
with increasing temperature) but at a different rate so
that they may be tuned into mutual resonance. However,
the single-photon emitters in single-layer TMDCs could
only occur at cryogenic temperatures, where the increas-
ing temperature will diminish the single-photon emission,
while the single-photon emitter’s energy in hBN is inde-
pendent of temperature. Another option is tuning with
a magnetic field, which, depending on the orientation of
the field relative to the single-photon emitter, also changes

the fine structure and the optical selection rules. Most of
the quantum emissions in single-layer WSe, exhibit strong
Zeeman shifts with an applied magnetic field with a
g factor of ~10 [Fig. 4(a)], opening a promising path to
detuning of the quantum spectral emission. Another op-
tion is tuning while applying external strain, which ena-
bles tuning of the energy levels of single-photon
emitters. In 2D materials, the unusually high stretchabil-
ity allows for effective strain engineering of physical and
optical propertiesZ including giant tunability of the
electronic bandgap. Due to the strong in-plane atomic
bonds, external strain promises a particularly effective
method to control the optical properties of embedded
quantum emitters in 2D materials™X. To investigate
the strain effect of quantum emission in 2D materials,
an hBN film containing single-photon emitters was trans-
ferred onto a bendable polycarbonate (PC) beam,
allowing for controllably applied strain [Fig. 4(b)]Z.
The strain control allows spectral tunability of hBN
single-photon emitter ZPL over 6 meV [Fig. 4(c)]. The
demonstrated spectral tunability and transferability of
the room-temperature single-photon emission open the
door to scalable integration of quantum emitters in
photonic quantum technologies. Another option is tuning
while applying pressure, which enables the change of the
crystals’ lattice constants. The pressure-dependent photo-
luminescence spectra of hBN single-photon emitters have
been measured by using a diamond anvil cell device™. The
absolute values of the pressure coefficients of quantum
emission lines are all below 15 meV/GPa, which is much
lower than the pressure-induced 36 meV/GPa redshift rat
of the hBN bandgap. Interestingly, the experimental re-
sults of the pressure-dependent PL quantum emissions
present three different types of pressure responses corre-
sponding to a negative pressure coefficient [Fig. 4(d)], a
positive pressure coefficient [Fig. 4(e)], and even a sign
change from negative to positive [Fig. 4(f)] due to the
existence of competition between the intralayer and inter-
layer interaction contributions. The most appealing tun-
ing mechanism is to apply a static electric field to tune the
quantum emission via the quantum-confined Stark effect,
which is advantageous for local control of individual emit-
ters. By fabricating the vdW heterostructure of hBN and
graphene [Figs. 4(g) and 4(h)], electrical control of single-
photon emission from atomic defects in hBN is demon-
strated via the Stark effect’. By applying an out-of-plane
electric field through graphene gates, the Stark shifts can
be as large as 5.4 nm per GV /m. Altogether, the detuning
of single defects in hBN shows the potential of 2D materi-
als for tunable room-temperature solid-state emitters,
which are well-suited for free-space quantum communica-
tion and photonic quantum information processing.
Integration of 2D single-photon emitters with
photonic circuits. An emerging class of quantum tech-
nologies is based on solid-state, on-demand single-photon
emitters coupled to optical resonators and waveguides
that serve as building blocks for high-density, on-chip
quantum circuits®?. Given that the single-photon emitters
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Fig. 4. Detuning. (a) Extracted central energies of the single-photon doublet in single-layer WSe, as functions of the magnetic field.
(b) Experimental scheme used to apply strain to hBN flakes sitting on a bendable polycarbonate (PC) beam clamped at one edge™.
(¢) The plot shows the scaled energy shift as a function of applied strain to the bendable substrate for three emitters with different
tunabilities of —3.1 meV /% (green), +3.3 meV /% (yellow), and +6 meV /% (red). Inset shows a sketch of a quadratic energy shift
AE for the single-photon emission induced by intrinsic strain™. (d) Pressure-dependent energy blueshift of a WSe, defect emission
line™. (e) Pressure-dependent energy redshift of a WSe, defect emission line™. (f) Defect emission line as a function of pressure, showing
a redshift at a rate of 1.31(7) meV/GPa (peak A) initially, as well as a subsequent blueshift at a rate of 0.72(4) meV/GPa (peak B),
respectively™. (g) Device schematics of multilayer hBN sandwiched by top and bottom few-layer graphene™. (h) Scanning PL image of
the device measured at 10 K. The squared bright spot shows a localized defect emission™. (i) Stark shifts in a single-photon emitter™.

are embedded in an atomic thick film, integration with
cavities and photonic waveguides is promising, since
manipulation of 2D materials on various substrates is
now established, advancing the development of integrated
photonic devices for quantum optics and quantum com-
munications applications. Another advantage of the de-
fects in 2D materials is the great potential for coupling
them to plasmonic structures. The thickness of the host
materials is particularly important for coupling to plas-
monic cavities, as these require nanometer-scale proximity
that is typically difficult for single-photon emitters in bulk
crystals. The Purcell enhancements of the hBN single-
photon emission has been demonstrated by coupling with
plasmonic resonance? due to its small mode volumes.
The atomic force microscope tip was used to precisely
positon Au nanospheres in close proximity to the hBN
quantum emitters and to observe the resulting emission
enhancement and fluorescence lifetime reduction [Figs. 5(a)
and 5(b)]. A fluorescence enhancement of over 300% is
achieved experimentally for the quantum emitter in hBN
[Fig. 5(c)] with a radiative quantum efficiency of up to
40%. In a scalable on-chip platform, deterministic coupling
providing spatial control for both the quantum emitter and
plasmonic gap mode is required. Contacted with litho-
graphically defined metal nanocubes, the single-layer
WSe, deforms at the sharp corners of the metal nanocubes,
where the induced strain is able to deterministically create a

single-photon emitter in WSe, in a large scale. Auto-
coupling is accomplished by using the nanocube corners
that form vertical plasmonic gap modes against a planar
Au mirror [Fig. 5(d)]®2. This nanoplasmonic platform
allows a Purcell enhancement factor of up to 551 [Fig. 5(e)],
a single-photon emission rate of up to 42 MHz, and a nar-
row exciton linewidth as low as 55 peV. Moreover, the use
of flux-grown WSe, increases the 0D lifetimes to up to 14 ns
and the cavity-enhanced quantum yields from an initial
value of 1% to up to 65% [Fig. 5(f)]. Remarkable progress
has been achieved over recent years to realize on-chip inte-
grated quantum photonic circuits that employ various com-
binations of these systems. Integration of 2D quantum light
sources with dielectric and metallic waveguides has been
achieved by placing flakes of the vdW hosts on top of
the waveguides. However, in such a hybrid approach,
the emitter couples only to the evanescent field of the cavity
mode. Hence, spatial matching between the emitter and the
electric field maximum is limited, and scattering losses are
increased®2 2. A monolithic system, in which the photonic
resonator hosting the quantum emitter is required for ideal
on-chip devices®. Dielectric hBN can server as both the
host of the single-photon emitters and high-quality cavity.
With well-designed and careful engineering, photonic crys-
tal cavities from hBN have been demonstrated with quality
factors exceeding 2000 [Fig. 5(g)]. The cavity resonance
spectrum could be iteratively tuned by e-beam irradiation
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Fig. 5. Integration of 2D single-photon emitters with photonic circuits. (a) Schematic illustration of the movement of a gold sphere to
the hBN flake®. (b) Two Au particles are in contact with the hBN flake. Scale bar: 250 nm®. (¢) A comparison of fluorescence
saturation curves among between the pristine, single particle, and double particle arrangements®. (d) Schematic of single-layer
WSe, coupled to a plasmonic Au nanocube cavity array. The WSe, is separated from the plasmonic Au cubes and the planar Au
layer by a 2 nm Al,O3 spacer layer on each side to prevent optical quenching and short-circuiting of the nanoplasmonic gap
mode®. (e) Spontaneous emission lifetime measurements recorded at 40 pW excitation power®. (f) Integrated PL intensity as a
function of excitation power under 78 MHz pulsed excitation, comparing quantum emitters from chemical vapor transport
(CVT)-grown WSe, before (black circles) and after coupling (green circles) with quantum emitters created in flux-grown WSe, before
and after coupling®. (g) PL spectrum of a 1D cavity fabricated by focused ion-beam milling, showing a high-Q (~2100) mode in the
visible spectral range. The inset is a scanning electron microscope (SEM) image of the cavity, and the scale bar corresponds to 1 pm&,
(h) PL map positions of quantum emitters are indicated by yellow circles®?. (i) PL spectra from two regions of the same cavity showing
an optical mode only (blue) and the combination of an optical mode and an emitter (red)2.

without significant degradation of the quality factor. The
single-photon emitters are clearly observed spatially over-
laping with the cavity [Fig. 5(h)]. However, spectral match-
ing was not observed [Fig. 5(i)] because the emitters
disappeared after an etching tuning step. Still, the results
and hBN processing methods open up promising avenues
for solid-state systems with applications in integrated quan-
tum photonics, polaritonics, and cavity quantum electrody-
namic experiments.

Conclusion and outlook. Within the past three
years, dramatic progress has been made towards efficient
and technologically relevant quantum light sources with
layered materials. Nevertheless several challenges remain
in order to meet the requirements for optical quantum in-
formation processing.

In order to utilize these quantum emitters, it is necessary
to have a clear understanding of their atomic structure and
the associated excitation processes that give rise to this
single-photon emission. Given that single-photon emitters
from hBN would emerge from single defects, and that it is

possible to engineer defects using a variety of experimental
techniques, such as scanning tunneling microscopy, the
identification of the nature of these defects at an atomic
level will be of great benefit for the control and reproduc-
ibility of these emitters, as well as understanding and pre-
dicting their physical and chemical properties.

Further research is required to explore limits of line-
width, photon purity, and internal quantum efficiency
of single-photon emitters in 2D materials. More impor-
tantly, quantum technologies require robust and photo-
stable single-photon emitters that can be reliably
engineered. hBN has recently emerged as a promising can-
didate host to bright and optically stable single-photon
emitters operating at room temperature. However, the
emission wavelength of the fluorescent defects in hBN
has, to date, been shown to be uncontrolled. The emitters
usually display a large spread of ZPL energies spanning
over a broad spectral range (hundreds of nanometers),
which hinders the potential development of hBN-based
devices and applications.
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Generating quantum light emitters that operate at
room temperature and at telecom wavelengths remains
a significant materials challenge. A room-temperature
single-photon emitter is available from defect centers in
large-bandgap semiconductors, but their inherent band-
structure limits operating wavelengths to the visible
region. Single-photon emitters in 2D WSe, (or WS,)
monolayer have been observed at liquid He temperatures,
forming intrinsic defect sites. Defects in hBN afford room-
temperature single-photon emitters, providing some de-
gree of tunability, yet remain limited to wavelengths
shorter than ~760 nm. It might be interesting to know
whether other new emerging 2D materials, such as black
phosphorus® and MXene®®, could be developed for quan-
tum photonics applications.

One of the overarching challenges across all platforms is
the inability to deterministically engineer large-area
(centimeter-scale) single-photon emitters in a 2D form.
Such a platform is highly desirable in the context of devel-
oping future scalable quantum photonic architectures.
The nanopillar (or nanocubes) process is expensive, as
it requires e-beam lithography and a subsequent reactive
ion-etching step (or deposition and lift-off steps). In addi-
tion, the vertical 1D structure makes the hybrid single-
photon emitter system bulky, making it hard to couple
to cavity or waveguide modes for future cavity quantum
electrodynamics experiments or integrated quantum pho-
tonics applications.

Progress in quantum computing and quantum cryptog-
raphy requires electrically triggered single-photon sources
at room temperature. The electrically driven quantum
emitters have been realized in single-layer TMDCs, such
as WS, and WSe, at cryogenic temperatures. However,
the room-temperature electrically triggered single-photon
sources in 2D materials, like hBN, remain elusive.
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