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Abstract: Two-dimensional (2D) materials are being
actively researched due to their exotic electronic and opti-
cal properties, including a layer-dependent bandgap, a
strong exciton binding energy, and a direct optical access
to electron valley index in momentum space. Recently, it
was discovered that 2D materials with bandgaps could
host quantum emitters with exceptional brightness, spec-
tral tunability, and, in some cases, also spin properties.
This review considers the recent progress in the experi-
mental and theoretical understanding of these localized
defect-like emitters in a variety of 2D materials as well as
the future advantages and challenges on the path toward
practical applications.

Keywords: 2D materials; defects; single-photon emission;
quantum-confined exciton; transition metal dichalcoge-
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1 Introduction

Two-dimensional (2D) materials exhibit strong light-matter
interaction, giving rise to their large exciton binding
energy, linear and nonlinear optical properties, and
spin-valley coupling [1]. They are a highly attractive plat-
form for fundamental science as well as for applications.
Further, the seamless integration of 2D materials with a
wide variety of photonic platforms offers opportunities for
engineering nanoscale light-matter interaction [2-4]. In
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parallel, five independent teams of researchers had iden-
tified isolated quantum emitters in a monolayer transition
metal dichalcogenide (TMDC) at low temperatures [5-9].
Thereafter, room temperature single-photon emission was
also discovered in hexagonal boron nitride (hBN), an insu-
lating 2D material [10]. Solid-state quantum emitters are at
the forefront of quantum computing and sensing, owing
to their prospects of scalability, robustness, and ease of
handling [11-13]. Graphene quantum dots (QDs) have also
attracted interest in the scientific community due to their
high transparency and large surface area. A number of
remarkable applications in energy conversion, display,
and biomedicine have been proposed [14]. In addition,
semiconducting 2D materials offer an extra advantage
such that confinement can be designed via an electro-
static field [15] or strain field [16, 17] that would locally
modify the bandgap. Furthermore, TMDCs have several
isotopes with vanishing nuclear spin compared to III to
V semiconductors [18, 19], thus lacking hyperfine interac-
tions with the electronic spin. Owing to the stronger spin-
valley coupling in monolayer TMDCs, valley hybridization
in TMDC quantum emitters should be quenched and the
localized emitters can inherit the valley physics of the
host 2D material [20]. Quantum emitters in 2D materials
would provide a smaller footprint than most conventional
solid-state quantum emitters, making them easier to inte-
grate with existing photonic and optoelectronic structures
with better light extraction and efficient modulation. This
review discusses the recent advances made in the field
of quantum optics of these localized emitters since their
discovery.

2 Quantum light from 2D
semiconductors and insulators

Quantum light emission in 2D semiconductor platform
was first demonstrated in monolayer tungsten disele-
nide (WSe,) by five independent research groups in 2015
[5-9]. Before that, valley excitons in 2D materials were
studied for 5 years since the discovery of optically active
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Figure 1: Fluorescence from quantum emitters in 2D semiconductors.

(A) Scanning confocal PL image of the spectrally narrow emitters. (B) PL spectrum of localized emitters. Left inset, high-resolution spectrum
of the highest-intensity peak; right inset, zoom-in of the monolayer valley exciton emission integrated for 60 s. The emission of the localized
emitters exhibits a red shift and much sharper spectral lines. (C) Second-order correlation measurement of the PL from a typical localized
emitter. Reproduced with permission from Ref. [6], Nature Publishing Group.

atomically thin MoS, [21]. However, when studied at low
temperature (4 K) and very low laser excitation power
(approximately nanowatts), spatially localized emis-
sions (Figure 1A) exhibiting spectrally narrow lines of
~50 to 500 peV (10 peV with resonant excitation [22])
were observed in photoluminescence (PL) emission from
certain locations of the flake near edges, wrinkle, or nano-
bubbles in the monolayer [23]. Although the detailed
microscopic origin of the quantum emission in 2D TMDCs
is still not understood, highly localized strain gradients
are often correlated with the physical origin of these emit-
ters (see details in Section 3.1). One plausible explanation
is that excitons can become trapped into such localized
strain gradients created by these imperfections in the
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Figure 2: Zeeman effect.

flake. Crystallographic defects may also play a role in sin-
gle-photon emission in 2D TMDCs because, although the
strain gradient helps to funnel the exciton, the localiza-
tion of the exciton at the length scale of the exciton Bohr
radius is believed to be possible via point defects [17, 24].
An exemplary spectrum of 2D quantum emitters is pre-
sented in Figure 1B. The spectral linewidth of these local-
ized emitters was almost two orders of magnitude smaller
than the delocalized excitons, which motivated these
groups to study the photon statistics from these indi-
vidual spectral features. A strong photon antibunching
in second-order photon autocorrelation measurements
[g%(0) =0.2] was observed, which ultimately attested the
quantum nature of the emission (Figure 1C). Resonant
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(A) Magnetic field dependence of emission spectra from an exemplary quantum emitter in WSe, in the Faraday configuration. The gray
shading identifies the studied emitter. (B) Spectral location of two emission peaks associated with the emitter. (C) Spectral separation of
the emission peaks (blue circles) as a function of magnetic field fitted with a hyperbolic function (red curve). Reproduced with permission

from Ref. [8], Nature Publishing Group.
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laser spectroscopy has been shown to further reduce the
value of g%(0) to 0.02 [22]. Their excited state lifetime was
measured to be of the order of a few nanoseconds, three
orders of magnitude higher than the delocalized excitons.
Recently, much longer lifetimes (>200 ns) were reported in
defects in chemical vapor deposition (CVD)-grown WSe,
that are encapsulated by hBN [25]. The PL intensity also
exhibited saturation with increasing power, as expected
for an atom-like emitter. The zero-phonon line (ZPL) con-
sists of at least 60% of the emission [22].

Highly resolved PL spectra revealed a doublet-like
feature in their emission spectra. This is believed to be
its fine-structure splitting (FSS) from the anisotropic
electron-hole exchange interaction due to an asymmet-
ric confinement potential of the single trapped exciton
[5-8]. The magnitude of the FSS ranged between 600 and
900 peV with nearly orthogonal polarization between
the two peaks of the doublet [6]. This is illustrated by
the energy level diagram with linearly polarized optical
selection rules at zero magnetic field (Figure 3B). The
application of a magnetic field in Faraday geometry
led to a strong splitting of the doublets exhibiting the
Zeeman effect with a g-factor ranging between ~5 and
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13 [5, 6, 8, 26]. Figure 2A presents the increase in the
splitting of an exemplary doublet as a function of the
applied magnetic field. The magnetic field-dependent
Zeeman splitting was fit to a hyperbolic dispersion func-
tion (Figure 2B). At higher magnetic field, Zeeman energy
also superseded the exchange energy, leading to the
restoration of the circularly polarized emission from the
doublets (Figure 3C and D). The change of the degree of
circular polarization with magnetic field has not been
studied in detail yet, which could further shed some light
about the symmetry of quantum emitters [27]. On apply-
ing a magnetic field parallel to the direction of the flake,
no splitting was observed. The anisotropic behavior with
the magnetic field direction is also observed in the case of
delocalized excitons and is attributed to the fact that the
orbital magnetic moment of a 2D material will point in
the out-of-plane direction and will thus only couple to the
magnetic field in the out-of-plane direction. This striking
similarity with the delocalized excitons showed that 2D
quantum emitters can inherit the optical valley selection
rules from the delocalized exciton [5]. This demonstrated
a promise in using the valley degree of freedom as an
information carrier in these quantum emitters as well.
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Figure 3: Polarization-resolved photoluminescence.

(A) Polarization-resolved PL spectra of an exemplary quantum emitter in WSe, at zero magnetic field showing a cross-linearly polarized
doublet. (B) Zero-field energy-level diagram with linearly polarized optical selection rules. (C) At a magnetic field of 5.5 T, the doublet
becomes cross-circularly polarized. (D) Its energy-level diagram. H, V, 6*, 67, and + denote the horizontal, vertical, left-circular, right-
circular, and 45° linear polarization, respectively. Reproduced with permission from Ref. [6], Nature Publishing Group.
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Although below the bandgap a spectrally narrow
emission was observed in other TMDCs such as MoSe,,
antibunching was only confirmed in WSe, and WS,
raising the question if quantum emitters are only limited
to tungsten-based compounds. Moreover, the g-factor of
localized emitters in tungsten-based compounds strongly
matches the g-factor of the lowest lying dark exciton state
in W-based compounds [26, 28-30], whereas the g-factor of
the localized emitters in MoSe, (~4) matches their lowest
lying bright exciton state [31]. This observation also raises
the question if these single excitons are trapped dark exci-
tons in W-based compounds, which could, in fact, be also
related to the reason behind the large g-factor of WSe,
emitters (g~ 5-13) compared to the bright exciton (g ~ 4).

Time-dependent spectral wandering due to random
charge and/or electric field fluctuations in the neigh-
bourhood of the emitter are an issue for most solid-state
quantum emitters and are also observed for the single-
photon emitters in 2D materials. For example, charge
fluctuation in the environment leads to the broadening of
the linewidth of emitters in TMDC to several meVs [5, 8].
Even in quantum emitters hosted by insulating 2D mate-
rials such as hBN, a photon coherence time of 81 ps was
measured, which is less than the lifetime limited value
due to the ultrafast spectral wandering in these emitters
[32]. However, using different substrates such as ALO, [33]
or GalnP [34, 35] has improved the quality and reduced the
random spectral fluctuations of quantum emitters in both
insulating [~45 eV full width at half-maximum (FWHM)
with nonresonant excitation] and semiconducting (70 peV
FWHM with nonresonant excitation) 2D materials. While
resonant excitation was used to stabilize the ZPL for few
tens of seconds [36], anti-Stokes excitation of quantum
emitters in hBN was also used to suppress the spectral
wandering [37]. Improving material quality [38] and/
or active electrical [39-41] or strain-based feedback can
further help to minimize unwanted spectral wandering.

One of the major drawbacks of 2D quantum emitters
was that they were only active at cryogenic temperatures.
They demonstrated a nonlinear behavior with temperature
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and their intensity strongly quenched above ~30 K [5, 8,
42]. Only recently, single-photon emission up to 160 K
was achieved by a combination of nonradiative defect-
free growth techniques and coupling to plasmonic nano-
structures that increased the quantum yield to 44% with
an activation energy of 92 meV [43]. This advance has led
to a promise of using noncryogenic methods to activate
these emitters. Furthermore, defect emission from bilayer
WS, can survive up to 180 K [44]. Single-photon emitters
are also observed at room temperature [10] up to 800 K
[45] from defects in hBN. Defect centers in hBN have the
characteristics of an atomically sized defect center and
at the same time share the advantages of a layered struc-
ture, which sets an ultimate limit of miniaturization due
to their atomic thickness and high mechanical robustness.
The transition energy of the ZPL also varies over a large
spectral range (1.6-2.5 eV) [46, 47]. The excited state energy
of these emitters has also been extensively studied experi-
mentally [10, 48] and theoretically from first-principles
calculation [49-52]. A number of different defects in hBN
were created in hBN using techniques, including electron/
ion irradiation [46, 53, 54], plasma treatment [55], laser
ablation [56], controlled edge created via focused ion beam
(FIB) milling [57], and strain engineering [58]. From first
principles, it was inferred that the C,V, defect (substitu-
tion of carbon in place of a boron atom and the opposite
nitrogen atom is removed) is a potential emission source
with a Huang-Rhys (HR) factor of 1.66, which is in good
agreement with the experimental HR factor. The calculated
PL line shape for this defect also reproduced a number of
key features in the experimental PL lineshape [51]. Another
density functional theory study elucidated the possibility
of oxygen-related defects in hBN formed via plasma irra-
diation [55]. Both carbon and oxygen are readily incorpo-
rated in hBN during the growth process [51]. Owing to the
2D nature of the material, a combination of high-resolution
atomic imaging combined with optical spectroscopy could
be used to confirm the atomic origin of the defect [59].

At first, the promise of spin/valley manipulation upon
the application of a magnetic field was only demonstrated

Table 1: Comparison of experimental values of emission lifetime, linewidth, g2(0), and g-factor values of localized emitters in different

monolayer materials.

Lifetime Linewidth g%(0) |g-factor|
WSe, 100 ps [61], 2-225 ns [25] 10 peV[22] 0.02[22] 5.3-13.5[26]
ws, 1.4 ns [62] ~3 meV [63] 0.31[62] 4.4-13.3 [26]
MoSez - 150-500 peV [31, 64] - 3-3.9[64], 4.2-4.6 [31]
Mos, <150 ps [65] 0.5-6 meV [65] - -
hBN 1.53-2.88 ns [36] ~0.21 peV [36] 0.01 [36] -
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by the emitters in WSe, and WS,. No clear Zeeman effect
was observed for the emitters in hBN. However, aniso-
tropic PL pattern was recently observed upon the applica-
tion of a magnetic field in hBN defects [60], suggesting the
availability of optically addressable spin qubits [60] even
in this platform. Table 1 presents a comparison of some of
the physical parameters of different localized emitters in
2D materials.

3 Deterministic creation of
quantum traps

Scalability via the accurate positioning of quantum emit-
ters has been one of the major challenges in quantum
photonics. This requires designing emitters with identical
properties that can be positioned at predetermined loca-
tions on a chip. Single-photon emission from seemingly
random locations in TMDCs and hBN made it challenging
to locate and study these quantum emitters. Therefore, the
natural strategy was to introduce artificial confinement
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potentials in pristine materials using nanofabrication
approaches. These include engineering the local strain,
electrostatic field, and composition of the 2D material.
Below we will describe some of the recent techniques used
to achieve 3D localization in 2D materials.

3.1 Strain

The large Young’s modulus and high elastic strain limit
of 2D materials offer an interesting platform to strain
engineer their optical and electronic properties. Several
research groups [63, 66—68] used local strain engineering
to demonstrate single exciton funneling (Figure 4A and B)
in tungsten-based dichalcogenides that can create arrays
of quantum emitters on the surface of 2D materials spaced
a few microns apart. To create these arrays of emitters, a
monolayer flake was transferred onto lithographically pat-
terned nanopillars. Figure 4C presents a scanning electron
micrograph (SEM) of an exemplary pillar array on a sub-
strate and Figure 4D illustrates the transfer scheme. An
atomic force microscopy (AFM) profile (Figure 4E) presents
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Figure 4: Deterministic generation of strain defined quantum emitters in 2D semiconductors.

(A and B) Schematic and band energy diagram of exciton funneling at a

nanopillar. (C) SEM micrograph of the nanopillars. (D) Dry transfer

technique of the TMDC on nanopillar. (E) AFM image of the TMDC over a nanopillar. (F) Integrated PL intensity raster scan of a 1L-WS, flake
deposited on top of a 3um spaced, 170-nm-high nanopillar array, taken at 300 nW pum=2, 532 nm laser excitation at 10 K. The color-scale bar
maximum is 18 kcounts s Inset, true-color dark-field micrograph of the same area. The red region corresponds to the WS, monolayer. (G) PL
spectra of 1L-WS, at 10 K. Panel 1 shows a spectrum taken from a flat region away from nanopillars. Red arrows indicate unbound monolayer
neutral (X°) and charged (X°) excitons. Panels 2 and 3 show the representative spectra of WS, on 170 and 190 nm nanopillars, respectively.
Insets, high-resolution PL spectra of the red highlighted spectral regions, showing the FSS of the peaks. Reproduced with permission from

Refs. [53, 54], Nature Publishing Group.
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a tent-like appearance of the flake at the nanopillars with
pleats emerging from the side of the nanopillars, creating
highly strained points at the flake on the top of the pillar.
The periodic strain via the nanopillars creates a periodic
map of bandgap over the entire surface. The distinct gradi-
ent and strain minima can be used to funnel a single exciton
to the point of maximally applied strain through the nano-
structure. An inhomogeneous distribution of 33 meV was
observed from the different measured quantum emitters
[66]. Palacios-Berraquero et al. [63] reported a red shift dis-
tributed within 50 to 280 meV from the delocalized neutral
exciton. They also observed an FSS over a range of 200 to
730 peV and linewidths of ~180 peV (Figure 4G), which are
very similar to previously observed randomly distributed
quantum emitters [5-8]. To study the influence of the local
strain, the height of the nanopillars was varied. The net PL
intensity was enhanced by increasing the height of the nan-
opillar due to the enhanced funneling of the excitons. More-
over, a higher aspect ratio pillar tended to produce a better
yield of quantum emitters. A near-unity yield of quantum
emitter (each pillar had at least one quantum emitter) was
reported on the pillars having an aspect ratio of 0.3 and
0.52. Further, Palacios-Berraquero et al. [63] observed that
increasing the nanopillar height reduces the spread in the
number of peaks arising at each pillar. Spectral time traces
of the emitters also displayed a strong dependence on the
nanopillar height. Spectral wandering as low as 100 peV
was observed for pillar heights of 190 nm. For 60 nm pillar
height, it increases to 2.5 meV. This technique was further
extended to insulating hBN layers, which also presented
deterministic activation of single-photon emitters in hBN at
room temperature [58]. Excellent positioning accuracy with
nanometer-scale resolution was also achieved recently by
nanoindentation using an AFM tip in a monolayer WSe,
placed on top of a deformable polymer that would retain
the shape of the indentation [69]. This approach also
increased the working temperature of the strain-defined
emitters to 60 K. Even with this approach, no clear depend-
ence of the emission energy could be derived from the
indentation depth. However, the authors achieved nearly
identical indentation shapes that would have more uniform
strain profiles than dry transfer techniques on nanopillars
that tend to create random pleats and folds in the flake from
the nanopillar tip. Recently, such defect excitonic states in
the presence of a nonuniform strain were also theoretically
confirmed as the most likely candidate for quantum emit-
ters in TMDCs [17]. The authors stated that weakly localized
excitons are formed at the nonuniform strain gradient in
the nanostructures. This strain forms a hybrid state with
a localized point defect with broken valley symmetry that
allows for radiative decay of the single hybrid exciton.

DE GRUYTER

Simple point defects such as a single-Se or di-Se vacancy
also fulfilled these criteria. Many other defects have been
proposed as possible candidates [70-72], and as long as
they satisfy the criteria of valley symmetry breaking, they
can generate single photons as long as the localized state
of the defect is energetically close enough to hybridize due
to the strain.

3.2 Electrostatic traps

2D materials provide a novel approach toward engineering
artificial lattices via van der Waals heterostructure where a
small twist between two monolayers forms a periodic geo-
metric lattice known as moiré pattern. The moiré pattern
creates an array of nanoscale electrostatic potential that
can trap quasiparticles including excitons. Four independ-
ent groups [73-76] have reported the observation of optical
emission from moiré-trapped excitons that confirm some
of the theoretical predictions on moiré excitons [77] (see
also Figure 5). The energy states and the periodicity of
the superlattice can be controlled by the twist angle. Such
modulation of the band structure has been also recognized
previously, which lead to exotic transport properties such
as correlated insulating states [78] and unconventional
superconductivity [79]. If the variation in the band energy
is sufficiently large and localized in space, a single exciton
can get trapped in the moiré potential. Moiré excitons were
possibly also generated while studying interlayer excitons
in heterobilayers of TMDCs, but strong laser excitation
would provide a broad background obscuring the observa-
tion of the spectrally narrow emission from the moiré exci-
tons. However, exploring the heterobilayer samples with
different twist angles and lower excitation power revealed
signatures of moiré-trapped excitons. Whereas all the four
studies presented evidence of moiré excitons, Seyler et al.
[73] demonstrated spectrally narrow emission from these
twisted heterobilayers at low temperature (1.5 K) and low
excitation power (approximately nanowatts). The emission
spectra from these trapped excitons were highly circularly
polarized (70%) and demonstrated a Zeeman effect under
an applied magnetic field. The circular polarization proper-
ties of the trapped interlayer excitons are distinct from those
of the quantum emitters reported in monolayer TMDCs. The
single-photon emitters in TMDC exhibit linearly polarized
emission with a zero-field splitting known as the FSS due
to anisotropic coulomb exchange interaction. Am FSS was
not observed within the resolution of the measurement
setup described by Seyler et al. This suggested that the
confinement centers form at local atomic configurations
that maintain C, symmetry and hence preserves valley
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(A) Illustration of the moiré superlattice formed in a heterobilayer with twist angle 6. (B) Schematic of an exciton trapped in a moiré potential
site. (C) Comparison of interlayer exciton PL from a heterobilayer with a 2° twist angle at excitation powers of 10 uW (dark red) and 20 nW
(blue; intensity scaled by 7x). Inset, a Lorentzian fit to a representative PL peak indicates a linewidth of approximately 100 peV (20 nW
excitation power). (D) PL spectra from heterobilayers with twist angles of 2° (green) and 20° (blue; intensity scaled by 130x) at an excitation
power of 5 uW. a.u., arbitrary units. Reproduced with permission from Ref. [73], Nature Publishing Group.

polarization, which is broken for strain/defect-induced
quantum-confined exciton unless a magnetic field or
doping is applied [5-8, 80, 81]. Furthermore, there is a dis-
tribution in the g-factor for the strain-trapped exciton, but
all trapped moiré excitons in similar stacking configuration
have a similar g-factor. The extracted g-factor in Figure 6 is
the same as the free interlayer excitons at the given twist
angle. However, photon antibunching measurements will
be necessary to confirm the quantum nature of the trapped
moiré exciton. Apart from interlayer exciton trapping in
moiré-based electrostatic potential, lateral electrostatic
confinement can also be created using patterned gates in
TMDC [15, 82] similar to III to V heterostructures [18]. A
unique type Il band alignment is predicted for gate-defined
TMDC-based QDs [20]. 3D and 1D confinements of exci-
tons were demonstrated in lithographically defined elec-
trostatic traps in monolayer TMDC [82]. Moreover, lateral
heterostructures between different 2D materials can also
be grown to realize QD-like confinement potential [20, 83].
However, moiré potentials provide scalability via the seam-
less generation of arrays of such confinement potential just
by using different twist angles between stacked bilayers,

thus eliminating the need for time-consuming and costly
nanofabrication. The periodicity of the moiré pattern can
be achieved up to ~10 nm in mixed MS,/MSe, (M=Mo or W)
and can be increased up to ~100 nm in MoS /WS, or WSe,/
MoSe, [77]. Furthermore, external strain can also be used
to tune the moiré lattice constant. The absorption features
associated with the moiré excitons were also tunable via an
applied electric field [76]. Resolving individual interlayer
excitons confined within a supercell using scanning probe
optical spectroscopy would further establish the influence
of a single moire confinement of excitons. However, a chal-
lenge remains if the rotation of the materials toward an
energetically favourable position can be controlled in such
twisted bilayers. Furthermore, controlled CVD growth of 2D
materials with predetermined twist angle will also be nec-
essary for large-scale integration.

3.3 Direct manipulation at the atomic scale

One of the most revolutionary technologies in solid-state
physics is the ability to manipulate individual atoms in a



2024

= (. Chakraborty et al.: Advances in quantum light emission from 2D materials

DE GRUYTER

A 6=57° C
—~ 200
o}
< 200
=
2 400
[0}
2 100
I
o

3 3

2 2 High
E 1 e
k] (o]
2 =
£ 0 0 £
g - -1 2

-2 -2

/ 0
-3 / \ : -3
1.392 1.394 1.396 1.398 1.400 1.374 1.376 1.378 1.380 1.382 1.326 1.328 1.330 1.332 1.334
Energy (eV) Energy (eV) Energy (eV)
< 38 3 3
S 5. Jei =—15.89 5 Gotr = —15.79 2 Qe = 6.72
é 14 14 14
= 0 0 - 0 -
2]
% -1 4 -1 4 -1 4
5 24 2. -2
Q
N _3 . ’ . -3 v . , . : T -3 . , . . ,
-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 2 -1 0 1 2 3

Magnetic field (T)

Figure 6: Zeeman effect of excitons trapped in moiré superlattice.
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(A-C) Magnetic field-dependent PL from interlayer excitons in the MoSe,/WSe, heterobilayer with twist angles of 57° (A), 20° (B), and 2° (C).
Top, helicity-resolved PL spectra at 3 T. The excitation is linearly polarized, and the 6" and 6~ components of the PL are shown in red and blue,
respectively. Middle, plot of total PL intensity as a function of magnetic field, showing a linear Zeeman shift of the 6" and ¢~ polarized PL.
Bottom, Zeeman splitting of the polarization-resolved PL [A=Ec*—Ec-, where Ec* (Ec") is the peak energy of ¢* (67) polarized peak] as a function
of the applied magnetic field. The effective g-factors for the three samples (-15.89+£0.02, =15.79+0.05, and 6.72+0.02 for A-C, respectively)
are extracted from a linear fit of A versus magnetic field (B; solid red line). Reproduced with permission from Ref. [73], Nature Publishing Group.

crystal. The previously used imaging techniques like scan-
ning probe and electron microscopies can be reconfigured
to not only provide atomic resolution imaging but also
change the configuration of the crystal in the atomic scale.

Recently, an FIB was used to deterministically create
edge defects in hBN resulting in single-photon emitters in
hBN with 31% yield [57]. This approach created quantum
emitters with an inhomogeneous distribution of the ZPL of
~350 meV similar to that observed in earlier studies. A low-
pressure CVD method of producing large-scale hBN with
possible preferential formation of one type of structural
defect produced 86% of the emitters having ZPL within a
~74 meV bandwidth, the lowest spread reported so far in
2D material-based quantum emitters [84], which is almost
an order of magnitude higher than that obtained for color
centers in nanodiamond [85]. Whereas the former tech-
nique offers nanometer-scale resolution of positioning

emitters, the latter offers a step forward in creating iden-
tical emitters. Furthermore, each quantum emitter could
have a slightly different local environment in the 2D lattice
that could lead to the spectral inhomogeneity from the
defects. In 2D materials, variation in local strain environ-
ment can add to spectral inhomogeneity in addition to
the variation in its local charge environment. Recently,
Doppler-free spectroscopy in nitrogen-vacancy centers in
diamond demonstrated that local magnetic fields are the
main cause of the inhomogeneous broadening [86]. Such
techniques could also be extended to hBN to determine
the physical picture behind spectral inhomogeneity. To
achieve a deterministically positioned source of indistin-
guishable single-photon emitters in the 2D material plat-
form, one could use a more localized probe approaching
the atomic scale using techniques such as scanning tun-
neling electron microscopy to generate identical defects.
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It has been demonstrated that a combination of electron
irradiation and annealing results in the formation of a
variety of defect centers in hBN [53]. Further, high-energy
electron irradiation (~2 MeV) has also been demonstrated
to increase single emitter concentration in a variety of
hBN flakes without the need of annealing the flake [54].
Optimizing this to the atomic level using scanning trans-
mission electron microscopy (STEM) could produce array
of atom-like emitters in 2D materials. Further, a combina-
tion of super-resolution optical imaging [87, 88] together
with STEM techniques can help in the complete character-
ization of these emitters. A correlation between the local
atomic configuration and their emission properties can
address the intriguing question regarding the nature and
origin of quantum emitters in 2D materials. Recent pro-
gress has been made along these lines by demonstrating a
correlation between PL and cathodoluminescence of sin-
gle-photon emitters with local strain and crystallographic
arrangement in hBN [89]. Several defects were found in
a single diffraction-limited spot, which are believed to be
the origin of the large spectral variability in the optical
spectra instead of strain-induced variation in the ZPL. The
probability of formation of these defects was much higher
at multiple stacking-fault and fault dislocations, which
was confirmed by high-resolution electron imaging. In
another study using Re-doped MoS,, a 3D scanning atomic
electron tomography was developed to map the spatial
coordinates of each atom in the crystal with 4 pm resolu-
tion. This technique was able to map the local strain of
the crystal at the atomic level. This approach could also
revolutionize ab initio calculations where experimental
coordinates could be used as direct inputs for theoretical
determination of the optical and electronic properties of
the crystal [90]. Furthermore, this technique could also
help quantify, resolve, and map the local strain in the
quantum emitters in TMDC, which could not only help
understand the atomic origin of these emitters but also
help in engineering and scale these quantum emitters in
the TMDC platform.

4 Integration with photonic
structures

A major step toward fully integrated quantum optics is the
deterministic incorporation of high-quality single-photon
sources in on-chip optical circuits. A lack of spatial control
in QDs and color centers has impeded scalability with these
systems [91-94]. Purcell enhancement is rather low in site-
controlled QDs [95, 96] integrated with dielectric cavities;
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however, nanoplasmonic cavity coupled quantum emit-
ters [97, 98] present highly enhanced light-matter inter-
action. Irrespective of plasmonic or dielectric photonic
platforms, the 2D nature of the quantum emitters in 2D
layered materials offer seamless incorporation of single-
photon emitters into hybrid photonic structures for effi-
cient light-matter interaction and integrated photonics.
Because the emitters are not embedded in a dielectric
host unlike most solid-state quantum emitters, a strong
coupling efficiency can be achieved by coupling to near-
field plasmonic structures as well as dielectric photonic
components, opening the prospect of a strong light-matter
interaction. This also strongly determines our ability of
perfect extraction of single photons from this platform.
In Section 2, we have seen that spatially controlled stress-
ors such as lithographically defined nanostructures give
us the ability to create single-photon emitters at any
given location in the 2D material. Spontaneous emission
enhancement was first presented in quantum emitters in
WSe, generated from localized strain induced from the
surface roughness of a silver film that doubled as the active
plasmonic material [61]. A single dipole emitter close to a
plasmonic nanoparticle experiences a modified photonic
mode density, leading to enhanced radiative decay rates
and thus a spontaneous emission enhancement. Tem-
porary stability and enhanced emission feature such as
enhanced generation rate (lifetime down to hundreds of
picoseconds from nanoseconds on silicon substrate) were
demonstrated on a metallic surface than a dielectric. This
approach was extended by other groups where an orderly
grown array of plasmonic nanopillars were coupled with
quantum emitters in 2D materials such as TMDC [99,
100] and hBN [101]. Recently, Luo et al. [99] conceived
an approach that allowed to measure the same quantum
emitter before and after coupling to a plasmonic cavity at
3.8 K. Coupling was achieved using the corners of a metal-
lic nanocube that not only forms vertical plasmonic gap
modes against a planar gold mirror but also acts as strain
points for the autogeneration of a quantum emitter in
the plasmonic gap cavity (Figure 7A-D). On the average,
about four spectrally isolated emitters were found per
site, further confirming the four corners of the nanocube
that offers maximally localized strain on the transferred
monolayer (Figure 7E). Antibunching data also confirmed
the single-photon nature of the emitters (Figure 7G).
An average gX(t=0) value of 0.22 was obtained from all
studied emitters. A well-defined wavelength distribution
of 35 nm facilitated matching their resonance with that
of the designed nanocavity as the cavity resonance peak
width is comparable to this distribution bandwidth (cavity
Q-factor ~ 8). The reduction of the spontaneous emission
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(A) Schematic of monolayer 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,O

, spacer layer on each side to prevent optical quenching and short circuiting of the nanoplasmonic

gap mode (depicted by gray shading in the inset). The transparent sapphire wafer allows the optical addressing of the quantum emitters.
(B) Side view of the simulated intensity enhancement (|E|?/ |E |?) distribution profile illustrating the confinement of the plasmon across the
vertical gap containing the WSe,. Scale bar, 50 nm. (C) Top view of simulated |E|?/ |E |> showing four plasmonic hotspots at cube corners.
Scale bar, 100 nm. (D) Simulation of the strain profile induced in the WSe, layer when stamped onto a nanocube, showing that the highest
strain occurs at cube corners coinciding with plasmonic hotspots. Scale bar, 100 nm. (E) Histogram of quantum emitter occurrence on

the array, demonstrating the high success rate for creating four isolated quantum emitters per nanocube location. (F) Distribution of
spontaneous emission lifetimes T, times (left y-axis) recorded before (uncoupled) and after (coupled) closing the cavity. Diamonds represent
the corresponding FP for each quantum emitter (right y-axis). (G) Second-order photon correlation function g*(t) recorded under pulsed
excitation, demonstrating triggered single-photon emission. Reproduced with permission from Ref. [99], Nature Publishing Group.

lifetimes of almost an order of magnitude was observed
(Figure 7F) in the cavity coupled emitter, which was also
accompanied by a commensurate increase in the PL inten-
sity. Overall, Purcell factors of up to 551 and single-photon
generation rate of 42 MHz with a linewidth of as low as
55 ueV were demonstrated for WSe, emitters coupled to
plasmonic nanocavities [99]. Further, on using a flux
growth technique to synthesize WSe,, the quantum yield
of the emitters could also be increased from 1% to 65% on
integration with these plasmonic nanocavities. With this
demonstration, a directional outcoupling of the quantum
light is also necessary for collection. The routing of single
photons was successfully demonstrated in plasmonic
[102, 103] as well as dielectric waveguide [104-106]. Statis-
tical analysis of the position of different quantum emitters
coupled to plasmonic waveguides showed that they are
more likely to form close to the edges of the waveguides
[103] with Purcell factor up to 15+3, thus negating the
need for pick and place. The coupling of single localized
defects in a WSe, monolayer was shown to self-align to the

surface plasmon mode of a silver nanowire, thus present-
ing an average coupling efficiency of 26 +11%. In general,
QDs in nanophotonic waveguides also serve as a powerful
platform for dramatically enhancing light-matter interac-
tions. A QD in a photonic crystal waveguide can emit more
than 98% of the emitted photons into the propagating
mode of the waveguide [107]. QDs sitting in a nanobeam
waveguide have also been demonstrated to emit single
photons with high indistinguishability [108, 109], which is
a key ingredient in quantum information processing [110].
Single photons from the 2D platform could also benefit
from such integration.

5 Quantum light manipulation

Given that 2D material-based quantum emitters can be
deterministically created and integrated with photonic
components, a major outstanding question concerns if
their emission properties can be controllably tuned via
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external fields. The controlled manipulation of photonic
and spin degrees of freedom of such quantum emitters
could enable the generation of quantum entanglement
across networks of such emitters, setting the bases of
quantum technologies such as quantum repeater net-
works. The first step along this direction was via a
back-gated monolayer that presented a modulation of
the intensity and lifetimes of the quantum emitters as
a function of applied voltage [8]. The promise of electri-
cally controlling the single-photon emitters in 2D mate-
rials opened up many possibilities. Engineering van
der Waals heterostructure with a wide range of unique
atomically thin layers has been instrumental in revealing
novel physical phenomenon as well as in the develop-
ment of 2D material-based optoelectronic devices [74, 76,
79, 111, 112].

Figure 8A presents an exemplary device illustrating
an assembled van der Waals heterostructure. Such devices
were also used to demonstrate all electrical generation of
quantum light from individual emitters in 2D materials
[62, 114, 115]. This made the 2D quantum emitters among
the very few single-photon sources that can be electrically
activated [116-119]. Both vertical [62, 114, 115] and lateral
[114] van der Waals heterostructures were assembled
where a monolayer or bilayer TMDC was the active optical
material hosting single emitters and graphene served as
the source and drain and hBN as the dielectric spacer
layers for engineered tunneling contacts. At low current
densities and low temperatures (~5 K), spectrally narrow
lines were observed in the electroluminescence from spa-
tially localized regions in the monolayer semiconductor.

Advances in quantum light emission from 2D materials = 2027

van der Waals heterostructure-based devices were also
used to demonstrate the quantum-confined Stark effect
in both localized [113, 115, 120] and delocalized excitons
[121-123] in 2D materials. Both quadratic and linear Stark
effects were observed from quantum emitters with a
maximum energy control of ~21 meV. Further, a modula-
tion of the FSS owing to electric field-induced change in
the electron-hole wave-function of the confined exciton
was observed, accompanied by a restoration of their cir-
cular polarization [120]. Stark effect-based modulation
at room temperature was also observed in hBN defects
along with a modulation of the fluorescence lifetimes [84,
124-128]. A maximum Stark shift of 48 meV was observed
for hBN defects in an ionic liquid device [84], which,
however, is not quite as high as the inhomogeneous dis-
tribution of the spectral frequencies but does exceed the
typical resonance linewidths of most optical resonators
and hence can be used for strong coupling. Apart from
electrical control, external parameters such as pressure
(15 meV/GPa) [129] and strain (6 meV/%) [130] have also
been used to control the optical properties of these active
defects in hBN.

Engineering coherent quantum-confined single-spin
states for single and two qubit operations has also been
proposed using 2D material-based QDs [20, 131-134]. The
bulk valley and spin optical selection rules can be inher-
ited in different forms by 2D TMDC-based quantum emit-
ters, allowing the definition of spin-valley qubit with
desired optical and electrical controllability [20, 132, 135—
137]. Various experimental efforts have also been demon-
strated in electrically charging the quantum emitters with
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Figure 8: Voltage controlled emission.
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(A) lllustration of a van der Waals heterostructure device used for the electrical manipulation of quantum emitters in 2D materials. (B) Stark
effect of a typical quantum emitter in a van der Waals heterostructure exhibiting a spectral shift of 21 meV. (C) PL intensity maps as a function
of electrostatic doping via a gate voltage (Vg) from a typical QD in WSe,. S1and D1 have correlated spectral jittering patterns (highlighted by

solid symbols) and the same turn-on voltage (dashed line), respectively.

As a result, they are assigned to the same QD groups. The energy

spacing between the S- and D-peaks is about 10 meV for all QDs. S1 corresponds to a single charged exciton and D1 corresponds to a single
neutral exciton. Reproduced with permission from Ref. [113], American Chemical Society (A and B) and Ref. [81], Nature Publishing Group (C).
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a single electron or hole, marking a first important step in
the realization of a 2D material-based qubit [80, 81, 138].
Electrostatically doped monolayer was used to demo-
nstrate both positively [81] and negatively [80] charged
single trion. A tunnel coupling device with a tunable Fermi
reservoir demonstrated the formation of both negatively
and positively charged trions in localized emitters [138].
Both positive [80, 138] and negative binding [81] energies
of these confined trions were demonstrated. A negative
binding energy due to the different confining potential
for electron and holes was also reported in InGaAs QD
[139]. Furthermore, the electron-hole exchange interac-
tion responsible for valley mixing is reduced in singly
charged QDs, leading to the recovery of valley polarization
and enabling optical initialization and read out of its spin
valley [80, 81]. The spin or valley degree of freedom of this
single charge in a QD can be used to store information or
perform calculations through optical control [140, 141]. The
valley polarization selection rules inherited by the local-
ized trions provide a pathway toward realizing a localized
spin-valley-photon interface. In the future, theoretical
models and experimental techniques should be explored
to allow the rotation of an electron spin/valley state into
a superposition of up and down or K and K’, the measure-
ment of the quantum state of an individual spin, and the
coherent control of the interaction between two neighbor-
ing spins [18]. The lifetime after initialization, relaxation,
and dephasing mechanisms for the spin/valley state of 2D
quantum emitters also need to be studied in detail to deter-
mine their suitability for practical applications.

6 Conclusion

In conclusion, many different types of quantum emitters
have been discovered in recent years with exceptional
properties including high brightness, high internal effi-
ciency, spectral tunability, and first signatures of quantum
interfaces to spin quantum memories. They raise the pros-
pect of atomic-scale control, and they are promising for
efficient integration with electronic and optical circuits.
Recent experimental and theoretical research is begin-
ning to elucidate their atomic structure and optoelectronic
properties, as the study of these localized emitters is still
in its experimental infancy. A focus on the following issues
should give valuable basic scientific insights into these
emitters and their mesoscopic quantum environment while
also illuminating the path toward practical applications in
emerging quantum technologies: understanding disorder
and decoherence to drive toward Fourier transform-limited
linewidth in quantum emitters hosted by insulating [142]
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and semiconducting 2D materials, ideally at room tempera-
ture; unraveling the origin of the emission for designing
stable spin-valley-photon interface at the single-photon
level [143]; the development of fabrication and spectro-
scopy methods at the atomic scale; and the development
of techniques to seamlessly integrate and scale quantum
emitters with well-controlled spectral and spin properties
into electro-optic devices and systems. For single-photon
emitters specifically in TMDCs, engineering a stronger
strain could improve quantum yield (2D materials can be
stretched up to 10% [144]; the present applied strain is
up to 2% [145]) and increase their operating temperature.
It could also be interesting to study the differences in W-
and Mo-based 2D semiconductors that led to the confirma-
tion of antibunched photon emission only in the former
type of TMDC [31, 64]. Generating single-photon emitters
in different 2D materials can likely cover wide spectral
ranges. Investigating quantum emitter candidate systems
with long-lived spin states could open new applications in
quantum sensing possibly to offer a better alternative, in
some instances, to systems such as the nitrogen-vacancy
center in diamond and in quantum repeaters. This is also
of considerable interest in the field of optomechanics as 2D
materials can be used for sensing weak forces and small dis-
placements because of their low mass and mechanical res-
onances with high Q-factor [146-149]. Further, high-speed
quantum state transfer between a microwave photon, a
phonon, and an optical photon has also been proposed by
coupling the optical vibration of a mechanical 2D resonator
with a single-photon emitter in its host that could be tuned
by Stark effect or strain [150]. Quantum emitters in 2D mate-
rials may couple to mechanical vibration of the membrane
via vacuum dispersive forces [151]. Furthermore, interfac-
ing hybrid quantum systems via distributed or on-chip
photonic channels have also been proposed as the widely
spectrally tunable emission of 2D quantum emitters would
facilitate spectral matching to quantum memories such as
Rb atoms or diamond SiV centers [62].
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