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1. Introduction

Over the past decades, the field of non-classical light sources has
expanded exponentially, tightly related to the fields of quantum
photonics, super-resolution imaging technology, and quantum
information science, which specifically includes quantum key
distribution, quantum computation, quantum communication,
and precision sensing. In the experimental foundation of quan-
tum mechanics'" and measurement theory'®*), the generation
and detection of non-classical photons also play an important
role. The quantum-photon property of quantum communica-
tion helps prevent the interception of encoded information,
ensuring the privacy of communication. Therefore, the produc-
tion of robust, bright, and indistinguishable quantum emitters is
an important prerequisite for the creation of photon qubits for
effective quantum communication'*), Moreover, due to the
high-speed transmission and excellent noise characteristics of
photons, the field of quantum photonics is very active in recent
years, which also requires the solutions of the on-demand acti-
vation of single-photon sources and the compatibility of
devices®!.

Although there is still no ideal quantum emitter satisfying
industrial production, quite a few quantum emitters in solid-
state systems have been transformed from theoretical prediction
to engineering design and optimized performance, such as color
centers in crystals, quantum dots, carbon nanotubes, 2D mate-
rials, and other solid-state host materials'®’. The optical extrac-
tion efficiency of these single-photon emitters (SPEs) can be
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Quantum information technology requires bright and stable single-photon emitters (SPEs). As a promising single-photon
source, SPEs in layered hexagonal boron nitride (hBN) have attracted much attention recently for their high brightness and
excellent optical stability at room temperature. In this review, the physical mechanisms and the recent progress of the
quantum emission of hBN are reviewed, and the various techniques to fabricate high-quality SPEs in hBN are summarized.
The latest development and applications based on SPEs in hBN in emerging areas are discussed. This review focuses on the
modulation of SPEs in hBN and discusses possible research directions for future device applications.
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high. Besides, owing to the high mechanical strength and flex-
ibility, 2D materials can be well integrated with cavities, pho-
tonic waveguides, and plasmonic structures (nanometer-scale
proximity). In brief, the unique properties of 2D materials make
them well-suited for many applications in the field of quantum
information science.

Since the first observation of the quantum emission from hex-
agonal boron nitride (hBN) monolayers at room temperaturem,
SPEs in hBN have attracted extensive attention due to their fas-
cinating optical properties, such as ultra-high brightness, abso-
lute photostability, and robustness to harsh chemical conditions.
As the most common 2D material except for graphene, hBN can
be assembled into heterostructures, where the monolayers are
held together by the van der Waals forces'®®. Many studies have
shown that hBN substrates and encapsulation can improve the
electronic properties of graphene devices!'*'?!. Such devices
have the potential for high-frequency operation and large-scale
integration!'®!. Further investigations have revealed that hBN
is a natural hyperbolic material in the mid-IR range and offers
strong UV emission at the same time. Because hBN has a uni-
que combination of optical properties and can realize novel
nanophotonic functionalities, growth technologies related to
hBN are booming!'*'*!. Recent advances in these areas make
it possible to explore in-depth the engineering and tuning of
room-temperature SPEs in hBN.

In this review, research on the generation, properties, control,
and applications of the quantum emitters in hBN is reviewed.
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Recent progress towards mechanism research of quantum emis-
sion in hBN is introduced. Multi-angle fabrication and co-
ordination of SPEs in hBN are discussed. Next, the progress
towards related applications is enumerated, respectively, such
as integrating SPEs in hBN with photonic or plasmonic nano-
structures, dielectric optical cavities, and waveguides. Lastly,
the opportunities and challenges for SPEs in hBN are summa-
rized, and new possibilities that are being explored at present
and may be explored in the future are discussed.

2. Mechanism of Quantum Emission in hBN

The ideal SPE, as an isolated quantum system, that emits one
photon at a time per excitation cycle needs to be satisfied, which
is triggered optically or electrically"®'”), SPE is assessed by indi-
rect measurement of photon correlation functions, usually
experimentally using Hanbury Brown and Twiss (HBT) inter-
ferometry!'®!. Figure 1(a) illustrates the brief concept of SPEs,
where a green laser excites a quantum system (non-resonantly)
to a higher vibrational state. After ultrafast nonradiative relax-
ation to an excited (electronic) state, a photon is emitted as the
system relaxes to its ground state. SPE results in non-Poisson
photon statistics, and g?)(7) exhibits a dip at zero delay time,
confirming the quantum nature of the detected light"'). At the
delay time 7 = 0, the ideal SPE g®(0) =1 — 1/N, where N is
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the number of emitters. In fact, due to the photon counts back-
ground and finite response time of the correlation measure-
ments being limited today by the convolution of the time
response of the two single-photon detectors, g (0) # 0 in the
case of the SPE. The purity of the SPE will be given by the value
of g (0). Note that normalization to one at longer delay times is
critically important to provide accurate results'*),

In order to design high-quality quantum emitters in hBN, it is
necessary to have a clear understanding of the atomic structure
in hBN and the associated excitation processes that give rise to
the quantum emission. hBN is a highly anisotropic crystal, con-
sisting of B and N atoms strongly bonded in the in-plane direc-
tion. The B-N bond is polar covalent because of the difference in
electronegativity between B and N''*!. The bulk crystal structure
of hBN is shown in Fig. 1(b). Native defects in hBN include
boron (B) vacancy (Vg), nitrogen vacancy (Vy), B antisite
(By), nitrogen antisite (Ng), B interstitial (B;), and nitrogen
interstitial (N;). Figure 1(c) illustrates the charge-state transition
levels for these native point defects in hBN. These defects in hBN
tend to have fairly high formation energies and, in the absence of
impurities, cannot form in large concentrations under thermo-
dynamic equilibrium. hBN is commonly synthesized through
mechanical®’, liquid-phase exfoliation®'!, molecular beam
epitaxy (MBE)**%*], or chemical vapor deposition (CVD)?*,
During the growth of hBN, native defects are thus readily
formed in an uncontrolled way, and they can be unintentionally
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Fig. 1. Measurement of quantum emission and structures of hBN. (a) Simple energy level diagram for quantum emission. When a quantum system is excited by
light or electricity, the energy conversion between the excited state and the ground state can produce a single photon. (b), (c) The top-down and side views
illustrating the in-plane honeycomb structure of hBN as well as the interlayer distance and stacking mode. B atoms and nitrogen atoms are represented in green
and gray spheres. Within the (0001) plane, each N atom is threefold coordinated to B and vice versa in a honeycomb pattern that is a result of sp? bonding. Out
of the plane, hBN exhibits AA-type stacking with alternating B and N atoms along with the [0001] direction. The interlayer separation is determined by the
van der Waals interaction™. Copyright 2018, American Physical Society. (d) Charge-state transition levels for native point defects in hBN!. Copyright 2018,

American Physical Society.
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generated to modify the structure and properties of hBN.
Besides native defects, certain impurities [carbon, oxygen (O),
and hydrogen impurities in common] are also likely to be
present unintentionally in the growth environment, and it is
important to assess whether they can be incorporated during
growth. Because of the uncontrollability of impurities, so far,
there has been no feasible way to generate quantum emitters
at specific wavelengths in deterministic locations. The emission
frequencies of the quantum emitters in hBN range from UV to
near IR'?>?¢), The emitters are often grouped according to their
zero-phonon line (ZPL) energies and phonon sideband
shapes'?”). Different groups of emitters possibly correspond to
chemically different defects, defects with different charge states,
or a combination of both. Even for what appears to be the same
defect in a sample, a large spectral distribution in the ZPL
frequencies is reported”®*”), Based on the research progress
of quantum emitters in hBN, the emission frequencies in the
two ranges of 2 eV and 4.1 eV are mainly discussed below.

2.1. 2 eV luminescence

When quantum emission at 623 nm from localized defects
in hBN monolayers and multilayers at room temperature
was first discovered, it showed extremely high brightness
(I ~ 4.2 X 10° countss™! at Py, ~ 611 pW) and light stabil-
ity!”). The hBN SPE was analyzed in the frame of an extended
three-level model, which was used in plenty of subsequent stud-
ies®*4. The g*(r) is given by Eq. (1), where 7; and 7,
represent the radiative transition lifetime and the metastable-
state lifetime, respectively, and a is a photon bunching factor:

=l

g=1-01+ a)e_%lﬂ +aen. (1)

Density function theory (DFT) was used to investigate the ori-
gin of the defect responsible for the observed single-photon
emission, by analyzing energy levels and the optical responses
of the defects. In the beginning, the related study put forward
that the NpVy defect is the most likely candidate for SPE in
hBN monolayers!”. In recent years, quite a few studies have pro-
vided a lot of evidence for this conjecture!*>****!, To further
investigate the origin of quantum emission in hBN, changing
substrates is tried. The data shows the ZPL emission line to
be between 1.78 and 2.18 eV (569-697 nm), as shown in
Fig. 2(a), suggesting that other types of defects could also be
responsible for the observed emission lines, such as the B
vacancy (the high average density of states) and extended
Stone-Wales defects occurring along grain boundaries and
adsorbents (carbon and 0)"*°). Without regard to these external
sources of variation, even in a single-crystal film with no sub-
strate interaction, the optical characteristics of the SPEs also
show significant changes®!. A confocal fluorescence image of
the partially suspended hBN film is shown in Fig. 2(b). SE4
and SE5 in Fig. 2(c) have well-defined emitting dipoles that
are not aligned with the crystal axis. This observation appears
to be at variance with simple point-defect models such as
NpVy, also suggesting its effect on more complex chemicals
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or strong structural deformations. It is shown that quantum
emission characteristics are not necessarily correlated with lat-
tice dipoles, and they are strongly correlated with time and
space, indicating that the quantum emission in hBN is caused
by the heterogeneity of defect structure.

Some studies have shown that strain can induce modification
of the optical characteristics of SPEs in hBN'*®!. Lately, accord-
ing to the theoretical work, each defect in hBN shows a distinct
response to the strain; therefore, it can be used to identify the
SPEs in hBN'?’\. However, different points of view have been
put forward in other articles. Using scanning transmission elec-
tron microscopy and nanobeam electron diffraction, a direct
correlation among photoluminescence (PL), cathodolumines-
cence (CL), and local strain of visible-frequency (~2eV) SPEs
in hBN is established'*’. Correlation analysis shows that there
are at least four different types of defects that are the causes of
the single-photon emission in hBN, with each type responsible
for the 580, 615, 650, and 705 nm spectral regions. Besides, this
work points out that the strain is not the only cause of the
observed spectral variability. Most of SPEs can remain stable
under electron and optical irradiation**!. The 2 eV emission
mentioned here is thought to be related to the internal transition
of the defect excited state. Bright emission is possible only when
internal transitions occur between gap states in the same spin
channel. However, isolated point defects, both native defects
and impurities, only exhibit a single gap state in their electronic
structures. Instead, CzVy, NgVy, O, Vy, and complexes of
these defects, as well as V with interstitials (B;, O;, C;), exhibit
multiple gap states in the same channel. Therefore, it is sug-
gested that the interstitials or their complexes may be the center
of SPEs in hBN around 2 eV©7),

2.2. 4.1 eV luminescence

Using a custom-built CL + HBT system, a new extremely bright
UV SPE (4.1 eV) in hBN!*?! was identified, as shown in Fig. 2(d).
When carbon is purposely introduced during growth, the inten-
sity of this emission increases drastically in both bulk crystals>®!
and epitaxial layers”®®). Therefore, it is suspected that carbon was
one of the factors'’). Recently, by quantum chemistry calcula-
tions, it is verified that carbon clusters made from 2-4 atoms
cause the emission in the range from 3.9 to 4.8 eV in monolayer
hBN™!. Then, by first-principles DFT, it is suggested that the
CpCy defect, in which two carbon atoms replace the nearest
neighbor in the hBN lattice, is responsible for the 4.1 eV emis-
sion in hBN!****!, The ZPL of the optical transition calculated by
this method is 4.31 eV, which is close to the experimental value.
In addition, the theoretical Huang-Rhys factor S = 2.0 is consis-
tent with the experimental estimate of S = 1-2, and lifetime
Trad = 1.2 118 is close to the experimental value 7,4 = 1.2-1.2 ns.
It explains most of the known experimental facts about 4.1 eV
luminescence. Direct evidence that the visible SPEs are carbon-
related was obtained by controlling the incorporation of impu-
rities into hBN via various bottom-up synthesis methods and
directly through ion implantation®”). Ton-implantation experi-
ments confirmed that only carbon implantation creates SPEs in
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Fig. 2. Optical characterization of SPEs in hBN. (a) PL spectrum from hBN on different substrates. Each sample used CW excitation light at 532 nm. Although
substrates may change the peaks of the PL spectrum, significant quantum emission can be observed®®”! Copyright 2016, American Chemical Society. (b) Confocal
fluorescence images of suspended hBN films. The SE1-SE5 positions are marked. The dotted line represents the edge of the suspended sheet®", Copyright 2017,
American Chemical Society. (c] PL spectra of SPEs in suspended hBN. Each row corresponds to different SPEs in SE1-SE5 positions“”. Copyright 2017, ACS Nano.
(d) CL spectrum acquired by integrating the recorded hyperspectral image from an individual hBN flakel®?. Copyright 2016, American Chemical Society.

the visible spectral range. Computational analysis of the simplest
twelve carbon-containing defect species suggests the negatively
charged V3Cy defect as a viable candidate.

To sum up, even though research into hBN SPEs has been
expanding rapidly in the last decade, the defects causing these
SPEs and the sources of the defects are still under debate. In
particular, some new technologies, such as nanobeam electron
diffraction[26], high-angle annular dark-field imaging, and
CL + HBT system!®?, are quite helpful for relevant research.

3. Fabrication and Regulation of Quantum Emitters
in hBN

As discussed before, hBN is considered a promising candidate
for hosting bright, linearly polarized, and optically stable quan-
tum emitters operating at room temperature and under harsh
chemical conditions with high photon purity. However, the

emission wavelength of fluorescence defects in hBN is uncon-
trolled yet, with ZPL energies widely distributed over a wide
spectral range (hundreds of nanometers), hindering the poten-
tial development of related devices and applications. Besides, as
they are located in atomically thin 2D materials, these SPEs have
the unique potential to be solidly coupled to electronic and opto-
electronic devices. To reliably integrate these SPEs into the
hybrid devices, there is an urgent need for nanomanufacturing
methods that control the generation and location of SPEs
in hBN. In this section, different approaches to the fabrication
and regulation of SPEs in hBN are introduced. On the one
hand, growth techniques of hBN, such as CVD, are optimized,
and a series of processing methods are employed, such as elec-
tron beam irradiation, annealing treatment, plasma etching,
chemical etching, ion irradiation, proper surface passivation,
laser processing, and UV ozone processing. On the other hand,
external fields can be introduced for engineering SPEs in hBN,
such as stress field, electrostatic field, and magnetic field.
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3.1. Fabrication and optimization of SPEs in hBN

3.1.1. Chemical vapor deposition growth method

In a recent investigation of CVD, a bottom-up fabrication of
hBN using low-pressure CVD (LPCVD) is proposed®*. This
technique can be used to prepare centimeter-scale, few-layer
hBN films that host a high density of bright, uniform, and pho-
tostable SPEs on copper (Cu), nickel (Ni), and iron substrates.
The emitters exhibit a narrow, uniform distribution of ZPLs at
(580 £ 10) nm. Schematics of the LPCVD setup are shown in
Fig. 3(a). In short, under the condition of an ultra-low partial
pressure of H, gas ~0.05% and a relatively low gas flow rate
of 50 sccm, the growth process was carried out in a quartz tube
furnace with ammonia borane (BH;NHj3) as the precursor and
Ar/H, as a carrier gas at the temperature of 1030°C. This
method opens up more possibilities for the engineering of
hybrid quantum nanophotonic and optoelectronic devices
based on quantum emitters in hBN. Although this technique
solves the problem of top-down CVD that cannot control the
energy distribution of the ZPL, it is only applicable to quantum
emitters operating in the range of 550-600 nm.
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Cu with hBN

Quartz Tube
. To pump

@ Boron
@ Nitrogen
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Based on that, a further study puts forward an effective
method to produce quantum emitters in hBN with the de-
sired emission properties in different spectral regions by B dif-
fusion through Cu via B during atmospheric pressure CVD
(APCVD)!, Figure 3(b) shows a schematic of the APCVD
setup used for hBN growth on Cu foil. By controlling the con-
centration of B atoms supplied from Cu catalysts, defect forma-
tion in hBN can be controlled to produce SPEs with widespread
predictable ZPL energies (x1.6-2.4 eV). Reliable positioning of
spectral properties paves the way for SPEs in hBN with custom-
built optical properties across a wide spectrum.

Besides, a recent investigation demonstrated that the CVD
process based on Pt catalyst can realize the controlled growth
of large monolayer hBN and can also peel off the grown films
directly from the catalyst to realize the cleaning process'*”).
An integrated CVD process, also known as a sequential step
growth (SSG), is designed, consisting mainly of two coupled bor-
azine exposures at different pressures, as shown in Fig. 3(c). This
approach can achieve precise control of hBN thickness, which is
quite difficult in the mechanical exfoliated method. This advan-
tage makes it easier to integrate hBN monolayers into related
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Fig. 3. Schematics of optimized CVD growth methods. (a) Schematics of low-pressure CVD setup and hBN film on cu, Copyright 2019, American Chemical
Society. (b) Schematic of atmospheric pressure CVD of hBN on Cu foil resting on quartz (Cu/quartz) or Ni (Cu/Ni) support substrate. The “standard” samples
consisted of a piece of Cu foil being placed on a quartz backing, and the "gettered” samples consisted of a piece of Cu foil, which was backed with a piece of Ni foil.
Quartz as the inert control substrate and Ni as the absorbent substrate have different effects on Cu. During the growth of CVD, the Ni is used as a B getter
substrate on the back of the Cu foil. A gettering mechanism is proposed that B atoms preferentially diffuse into the Ni foil rather than into the Cu or remaining on
the backside, as the precursor accumulates at this interface, namely the backside B gettering (BBG) process[""]. Copyright 2019, Wiley-VCH. (c) Diagram of

integrated CVD growth and transfer process[“5]. Copyright 2019, American Chemical Society. (d) Schematic illustration of SPEs localized by silica pillars®®".

Copyright 2021, American Chemical Society.

[46]
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devices of 2D layered materials. Subsequent further exploration
revealed that SPEs are selectively incorporated only in hBN
grown on (001) Ni, although hBN grows on all aligned Ni
foils'*”). The origin of the effect is likely to be the variations
in the diffusion and subsequent supply of atomic species during
growth, since this parameter varies with the grain orientation of
the Ni catalyst. Interestingly, controlling these diffusion effects
at the nanoscale becomes a feasible way to achieve spatial control
of the SPEs in hBN during growth.

Another recent study demonstrates a positive approach to
spatially control generation of hBN SPEs and provides an effec-
tive way to create large-scale SPE arrays'*®). Specifically, hBN is
directly grown onto dielectric nanopillars by the CVD growth
method. It demonstrates that the pillar diameter is critical for
isolating individual SPEs, and diameters of around 250 nm pro-
duce an approximate unit yield of an SPE per pillar location, as
shown in Fig. 3(d). The origin of this phenomenon may be that
hBN nucleates preferentially at the edge of the pillars, thus
affecting the formation of defects. Adjusting the number of
nucleation sites to regulate the number of defects incorporated
during growth provides an adaptive mechanism for spatially
controlled SPE generation. It is also possible that it is simply
a process of spatial sampling, used to isolate specific emitters
in hBN film. Although the underlying mechanism of spatial
localization is still unknown, this research represents an impor-
tant advance in the control engineering of hBN SPEs. All of this
work shows that material fabrication is a key factor in improving
the purity and spectral control of SPEs in hBN. Hence, the explo-
ration and optimization of CVD growth progress are worthy to
be studied for the modulation of the SPEs in hBN.

3.1.2. Electron beam irradiation

The use of electron beam irradiation to fabricate and locate SPEs
is attractive because this process does not require annealing and
irradiation of 15 keV electrons in H,O vapor, resulting in little
damage to the surrounding crystallography environment. It was
reported that SPEs in hBN could be made from electron beam
irradiation®”**), A recent study demonstrated the possibility of
using the electron beam of a commercial scanning electron
microscope to localize the activation of SPEs in high-purity
hBN to sub-micrometric precision'*®), as shown in Fig. 4(a).
Compared with previous work on 2D materials, the SPE showed
a strong reduction in ensemble linewidth and demonstrated
superior photophysical properties, especially high stability of
fluorescence intensity and central wavelength fluctuations.
This accessible process is ideal for potential large-scale or indus-
trial applications. The optical physics of the SPEs is advanta-
geous and is essentially replicable.

3.1.3. lon irradiation and neutron irradiation

Ion implantation was explored using B, B nitrogen (BN) com-
plexes, silicon (Si), and O ions. B and BN were chosen to deter-
mine whether the probability of forming native defects would
increase because these atoms mainly produce vacancies and

Chinese Optics Letters

interstitials. Si and O were selected to test whether the emission
source is related to common foreign impurities such as O.
Figure 4(b) shows the PL spectra of hBN flakes implanted with
B, BN, O, and Si ions, respectively[3 3l The spectra are similar in
all cases, with a ZPL at about 600 nm and a weaker second peak
at 650 nm, indicating that all SPEs have similar structures in the
hBN lattice. Therefore, it is concluded that implantation can be
used to increase the probability of SPEs formation and the sta-
bility of the emitters. Similarly, another study showed that ion
irradiation with nitrogen and helium on multilayer hBN resulted
in high-density SPEs, highlighting the effect of inelastic colli-
sions (vacancy generation) on emitter formation in hBN"%.,
In the area irradiated by helium, optical measurements sug-
gested that hBN material was more uniform, and the density
of fluorescence defects was lower'*®). The experimental results
showed that the PL intensity of the irradiated region is five times
lower than that of the non-irradiated region. With the decrease
of PL background, the emitters are more likely to show bright
quantum emission. Nevertheless, when it comes to neutron irra-
diation, it induces a previously unknown paramagnetic defect
with optical absorption in the visible spectral range!®?!. To date,
it remains unknown whether these emitters were created or acti-
vated during irradiation.

3.1.4. Plasma etching

The reported manufacturing techniques prove that O plasma
etching can form color centers in the peeling multilayer hBN.
To maximize the yield per flake of the SPEs and optimize the
spectrum characteristics, plasma power and plasma time were
changed. Figure 4(c) shows the functional relationship between
the linear density per unit edge length and plasma power'*”). The
linear defect density increases linearly with the plasma power,
which is explained by the fact of the greater plasma density at
higher power, resulting in more defects. When the plasma power
is kept constant at 100 W, and the plasma time is changed, as
shown in Fig. 4(d), the linear defect density remains approxi-
mately constant!*®). The reason is the etching effect in the O
plasma, which not only causes the defects but also etches the
hBN flakes layer by layer. However, most SPEs found after
the plasma etching were not stable, and there is a need for
annealing treatment to stabilize the emitters. A similar conclu-
sion was drawn in another work using Ar plasma etching!®*..
Plasma processing increases the number of emitters by a factor
of three in this particular scan, and some of the new emitters are
present away from the edges of the flakes'>*). The work also sug-
gests that the emitters produced by Ar plasma treatment may be
attributed to O-related vacant complexes.

3.1.5. Chemical etching

Two methods of chemical etching are introduced here®"). The
first method is to use peroxymonosulfuric acid (H,0,:H,SOy)
by changing the ratio and etching time to achieve a slow rate
etching of hBN. The second method is based on the first one
but adds the steps of phosphoric acid (H;PO,) and sulfuric acid
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Fig. & Engineering of quantum emitters in hBN. (a) Confocal map of the irradiated zone on a high-purity hBN flake of about 15 pm x 20 pm and 60 nm thickness,
with eight irradiation spots (orange dashed lines)™ e, Copyright 2021, All Rights Reserved. (b) PL spectra from hBN flakes implanted with B, BN, 0, and Si ions. The
(7 functions demonstrate that the emitters are single-phaton sources’®!, Copyright 2016, American Chemical Society. (c) The linear defect density increases
linearly with the plasma power. For fair comparison, the average linear density of emitters per edge length p = N/L is defined, since the defects were produced
mostly at the edges of the flakes. Therefore, a crystal with the same area, but larger boundaries (so the area is distributed differently), can host more emitters,
independently of the plasma parameters. The plasma time was 1 min“®. Copyright 2018, American Chemical Society. (d) The linear defect density remains
approximately constant when varying plasma times, at a constant plasma power of 100 wil, Copyright 2018, American Chemical Society. (e] Corresponding
optical emission spectra to location P1 and spectral trajectory of type Il emission in hBN. Spectral trajectories have been taken for the type Il emission for
the cases where hBN is located directly on a Si0, substrate and located on top of an ALD-grown Al,Os spacer layer with a thickness of 2 nm, Copyright
2017, American Chemical Society. (f) A focused ion beam (FIB) is used to mill an array of patterned holes into hBN. Confocal spectra for quantum emitters made

with various FIB parameters'™. Copyright 2013, American Chemical Society.

(H,SO,). These extra steps thin down the hBN flakes at a slow
and controlled rate. The density of SPEs was significantly
increased when hBN flakes were treated by chemical etching.
For chemical methods using H,0,:H,SO, and additional
H,SO,4 + H;PO,, the number of emitters found in each confo-
cal region increased to 0.09 and 0.54 per pm?, respectively.
Defects resulting from chemical etching further demonstrate
the exterior surface action for SPEs in hBN. The results show
that the thinner and sharper the sheet material, the higher the
density of the SPEs. Because it can be more easily adjusted to
a slower rate, chemical etching is an easier method than ion irra-
diation to produce SPEs in multilayered exfoliated hBN.

3.1.6. Proper surface passivation

A recent work explored a novel method based on atomic layer
deposition (ALD) of a 2 nm thin Al,O; spacer layer between
SiO, and the hBN, ameliorating the problem of blinking and
spectral diffusion in narrowband quantum emitters”>"), In this
work, it is focused on individual type II SPEs in hBN, which is
energetically spread over a broader range between 1.5 and 2.2 eV
and displays relatively narrow ZPL line width as compared to the
type I emitters with values down to 0.4 meV at cryogenic tem-
peratures and 1.2 meV as well as significantly reduced PSB cou-
pling, as shown in Fig. 4(e). It is demonstrated that type II SPEs
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in hBN are spatially correlated with structural defects and can
display an ultranarrow ZPL width down to 45 peV, correspond-
ing to a dephasing time of 32 ps. The best line widths are three
orders of magnitude narrower compared to type I defect centers
in the same sample and one order of magnitude narrower when
compared to previous reports on type II emitters.

3.1.7. Focused ion beam

As mentioned above, SPEs tend to occur randomly at edges'>*).

Thus, SPEs can be deterministically placed by using a gallium
focused ion beam (FIB) patterned milling of hBN to create
edges'®!), as shown in Fig. 4(f). By optimizing milling and
annealing parameters, a 31% yield of SPEs is obtained. The
results of the atomic force microscope (AFM) measurement
show that smooth and uniform milling holes are the best choice
for SPE forming. Meanwhile, the measurement results show that
FIB processing does not lead to high curvature, which indicates
that the process of SPE formation through edge creation is
a unique way of SPE generation. It may be caused by the dis-
placement of the local band structure resulting from strain or
edge relaxation, or it may be caused by the Stone-Wales defect
with optical activity resulting from high strain or edge allowing
local reconstruction of hBN. Given the mechanism of SPE for-
mation in hBN, more attention should be paid to the combina-
tion of high-resolution optical images and topographical images
[i.e., the use of scanning near-field optical microscope (SNOM)
or co-positioning optical/AFM]. This FIB-based manufacturing
approach meets the critical need to create and control SPEs in
hBN, thus being able to integrate these SPEs into chip-scale plas-
monic, photonic, and optomechanical devices for quantum
information applications at room temperature, greatly expand-
ing the potential applications of SPEs.

3.1.8. Ultraviolet ozone processing

The low-temperature ozone treatment also can be used to gen-
erate high-quality SPEs in hBN effectively. Ozone processing
is an applicable low-temperature choice when some on-chip
devices are not manufactured in a manner compatible with
high-temperature annealing[54]. This approach provides a new
solution for the fabrication and cleaning of hBN grown by
CVD after transferring, which is essential for the manufacture
of SPEs-based equipment in hBN.

3.2. Introduced external fields to regulate the quantum
emission of hBN

3.2.1. Strain engineering

Strain engineering is used to regulate the physical properties
of materials by controlling the elastic strain fields applied to
them!®®). Superior high mechanical strength and flexibility of
hBN allow tuning physical and optical properties by strain engi-
neering effectively”®7).
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Because of the strong in-plane atomic bonds in 2D materials,
external strains can be applied to change the electronic energy
levels of fluorescent defect states. For instance, the biaxial strain
affects the electronic properties of carbon defects in hBN mono-
layers. When either B or nitrogen is replaced with a carbon atom,
donor and acceptor states, respectively, are induced. By applying
tensile strain and compression strain, the ionization energy of
the donor and acceptor states can be controlled”. Another
theoretical work also pointed out that the bandgap of hBN
was adjustable by applying strain because the interlayer distance
between two layers in the hBN double layers could be changed
under the applied strain. The bandgap decreases with the
increase of strain. Especially for the most stable stacking bilayer,
tensile strains can transfer from an indirect-gap to a direct-gap
semiconductor®®), The structure deformation caused by uni-
axial strain can change the shape of the 2D Brillouin zone
and thus change the energy band structure, which depends on
the direction in which the strain is applied. When it comes to
uniaxial tension (for two to four layers of hBN flakes), large
shifts and splitting of the E,; phonon are observed, and the pho-
non shift rates are sensitive to strain®”). For hBN with two to
four layers of thickness, phonon shift rates are similar. This is
in stark contrast to graphene, where, even with two-layer gra-
phene, the shift rate of simple supported graphene with a few
layers begins to decrease. This demonstrates the potential of
hBN as an alternative to graphene in devices such as composites
or strain sensors'"”,

Bending of a flexible substrate is a common technique to
induce strain. After post-growth processing (irradiation and
annealing), hBN films are transferred onto a 1.5-mm-thick poly-
carbonate beam to control strain'?®!, as shown in Fig. 5(a). As
illustrated in Fig. 5(b), when the strain is changed, the maximum
spectral tunability of hBN SPEs can reach more than 6 meV. The
excellent elasticity of 2D materials ensures that the tuning of
SPEs in hBN is reversible within the appropriate strain range.
DFT in the Perdew Burke Ernzerhof approximation'®® is used
to model the strain-induced energy shift of the hBN quantum
emitters and confirm the non-monotonic behavior of the ZPL
energy under the effect of the strain. Interestingly, when the
pressure-dependent PL spectra of hBN flakes are measured at
low temperatures, three different types of pressure responses
can be found, namely redshift (negative pressure coefficient),
blueshift (positive pressure coefficient), and sign change from
negative to positive!®), as shown in Fig. 5(c). DFT calculation
indicates that for the NyVy defects of monolayer hBN, the
intralayer interactions are dominant, leading to blueness defects,
while for defects of bilayer hBN, the interlayer interactions are
dominant, leading to redshift peak energy. Moreover, there is a
competition between the contributions of intralayer and inter-
layer interactions, which leads to different pressure-dependent
behaviors of PL peak displacement.

Lately, new advances have been made in applying tensile
strain to SPEs embedded in several layers of hBN films and
achieving both red and blue spectral shifts with tuning ampli-
tudes up to 65 meV>®. Since tensile strain is applied mainly
along the intralayer axis of hBN in this work, it means that
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Fig. 5. Strain engineering of SPEs in hBN. (a) Experimental scheme used to apply strain to hBN flakes sitting onto a bendable polycarbonate (PC) beam clamped at one
edge. When the vertical force is applied to the free side, the color shows the simulated strain strength along the length (top panel) and width (bottom panel) of the
beam. When tensile strain is generated in the length direction (xaxis), the compressive strain is generated in the beam width direction (yaxis) due to the PC Poisson's
ratio of 0.377%. Copyright 2017, The Authors. (b) The curve shows the scaled energy shift as a function of applied strain to the bendable substrate for three emitters
with different tunability of —3.1 meV/% (green), + 3.3 meV/% (yellow), and + 6 meV/% (red). Inset shows a sketch of a quadratic energy shift A£for the single-photon
emission induced by intrinsic strain®®!. Copyright 2017, The Authors. (c¢) Schematic diagrams for the strain applied in monolayer (upper part) and bilayer (lower part)
geometries and the pressure-dependent PL spectra of hBN flakes at low temperatures by using a diamond anvil cell device!®. Copyright 2018, American Chemical
Society. (d) Schematic illustration of hBN film displaying a defect wavefunction. In the experiments, the strain is applied exclusively in the intralayer domain'®".
Copyright 2020, Wiley-VCH. () A simplified model showing the ground-state (Ig)) and excited-state (le)) levels for an atomic defect in hBN®". Copyright 2020,
Wiley-VCH. (f) A wet transfer using a ~20-nm-thick flake of hBN on a nanostructured silica substrate®®. Copyright 2018, Optical Society of America. (g) The relationship
between the energies of the emitted single photon and the external forces imposed on the (7,0) NgVy at BNNTI?, Copyright 2019, American Chemical Society.

the in-plane strain tensors will dominate the resulting optical
response. An applicable theoretical model of strain interaction

strain susceptibility parameters kyx and xyy can be determined
experimentally. However, strain transfer from polydimethylsi-

in hBN is established. When tensile strain is applied, Vgqin»
the energy levels of the defect are modified, changing the emis-
sion energy of the defect ZPL by +/ — AE according to
AE = e(kxx cos® ¢ + ky sin® ¢), as shown in Figs. 5(d) and 5(e).
In principle, if the values &, ¢, and AE are resolved, the linear

loxane (PDMS) to 2D materials is low. The size of the transfer
strain is related to the size of the 2D flake. For flakes with a large
area of CVD growth, the transfer strain of different emitters
varies greatly. Thus, this uncertainty prevents accurate determi-
nation of ¢ in the current work.
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In addition to tuning the ZPL spectrum of hBN, strain engi-
neering can also be used to determinatively activate SPEs in
the hBN®!, Defects are activated by nanoscale strain engineer-
ing of several atomic layers of hBN flakes (about 20 nm thick)
using nanopillar substrates. The schematic diagram of the hBN
flake covering nanopillar is shown in Fig. 5(f). The hBN flake is
attached to the nanopillars by van der Waals force, resulting in
obvious local strain near the edges. The confocal and optical
images at room temperature show that the strain regions of
the flake and the SPEs correspond almost perfectly. This work
sets a foundation for the realization of room-temperature
single-photon source arrays by combining strain and external
electrostatic potential. Meanwhile, similar works of asso-
ciating strain engineering with the preparation of hBN SPEs
provide plenty of novel bright spots for the explorations
of hBN quantum emission mechanisms, as mentioned in
Section 2.2.

It has been reported that the density of SPEs in hBN is related
to the perimeter, so quasi-one-dimensional B-nitride nanotubes
(BNNTSs) with rich curvature have received much attention!®*.
The perfect single-walled BNNTs were first constructed by
repeating eight primitive unit cells along the axial direction.
For BNNTSs, we consider zigzag (1,0), armchair (n,1), and chiral
(n1,1,) BNNTs!®*!. By removing a nitrogen atom and replacing
B with a nitrogen atom, an Ny Vy defect is introduced, and then
defective N3V at BNNTSs is obtained. The quantum emission
properties of BNNTSs also change when the diameter is changed.
Specifically, SPE with the energy of 1.45-2.29 eV can be gener-
ated in Ny Vy at BNNTS of sizes ranging from (5,0) to (10,0)¢%,
Since BNNTS are elastic in the z direction and inelastic in the
x or y direction, only axial pressure/tension force is considered
to be introduced, as shown in Fig. 5(g). It also shows a linear
relationship between the energies of the emitted single photon
and the external forces imposed on the (7,0) NpVy at
BNNTs. Therefore (7,0) NV at BNNTS can be used as an ideal
high-precision force detector.

3.2.2. Acoustical modulation

Lately, the effect of surface acoustic waves (SAWs) on light emis-
sion from the defect center in the hBN was investigated'®®!. For
hBN flakes, it is demonstrated in the modulation of emission
lines by alternating acoustic fields and estimating a deformation
potential for defects of about 40 meV/%. For hBN films grown
by MBE, acoustic-induced broadening cannot be observed due
to weak emission line strength and strong spectral diffusion.
However, the presence of the SAW field inhibited the spectral
fluctuation, resulting in the improvement of the optical stability.
It is shown that tuning SAWs is an effective way to regulate and
control the electronic states of 2D materials.

3.2.3. Electrical control

The Stark effect, which describes the regulation of the emitted
photon energy via shifting the electron energy level by an exter-
nal electric field, is easily integrated into a quantum system,
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which has advantages over other tuning methods such as strain
field. However, since most emission sources, such as quantum
dots, atomic emitters such as Vy centers in diamond and
SPEs in layered WSe,, usually produce single photons only at
low temperatures, the effect is too weak to be observed at room
temperature, so most previous attempts have been made at
liquid helium temperatures. For practical applications, a room-
temperature solid platform is urgently needed.

As mentioned above, due to high internal quantum efficiency,
the hBN SPEs can work at room temperature with high bright-
ness and light stability. Besides, the layered structure of the hBN
may result in an in-plane dipole moment, which enables the
applied in-plane electric field to be well aligned with the dipole
direction. Based on that, a nanoscale four-electrode device is
designed, which can not only control the direction of the electric
field but also achieve an unprecedented in-plane field on the
order of 0.1 V/nm, orders of magnitude higher than previous
reports using a similar in-plane electrode design'®”), as shown
in Fig. 6(a). The Stark effect was studied by applying voltages
of 100V between electrodes A and B. The PL emission spec-
trum is collected at each voltage. Figure 6(b) plots the ZPL PL
intensity as a function of photon energy and applied voltage.
The large Stark displacement of 31 meV is observed, four times
wider than the room-temperature line width. This work also
mentions a rotational field method to verify the existence of
an electric permanent dipole of the hBN SPEs by characterizing
the angular dependence of the Stark effect. The electric per-
manent dipole moment corresponds to the asymmetric charge
distribution of the hBN SPEs. This discovery opens up more
options for the field of room-temperature quantum commu-
nications and computing. Similarly, in the van der Waals
graphene/hBN/graphene heterostructures, the single-photon
emission of atomic defects in hBN can be electrically controlled
by the Stark effect°®!. HBN flakes (100-200 nm) are sandwiched
by the top and bottom few-layer graphene, as shown in Fig. 6(c).
Graphene with similar thickness is selected as symmetric gated
electrodes, and a vertical electric field (E) is applied to the emit-
ters by applying a voltage (V) between the Au electrodes touch-
ing the top and bottom of graphene. According to the Lorentz
local-field approximation, the actual field can be expressed as
E= (EBN:%, where epy and ¢ denote the permittivity and thick-
ness of hBN, respectively. Figure 6(d) shows the PL spectrum of
the emitters measured at 10 K and room temperature. When a
varying vertical electric field is applied to the device, a shift in the
center wavelength can be observed at both 10 K and room tem-
perature. This phenomenon indicates that the electric dipole
outside the plane can be present in the hBN SPEs, so SPEs
can be tuned by inducing the Stark effect. Through the first prin-
ciple density functional theory analysis, it reveals an out-of-
plane inclination of atomic bonding angle in SPEs and the
relationship between the destruction of mirror symmetry in
SPEs and its optical properties. In addition to the energy transfer
caused by the electric field, it is possible to modify the charge
state of the defects. Overall, both of these investigations demon-
strate the tunable potential of hBN solid-state emitters at room
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Fig. 6. Electrical control of SPEs in hBN. (a) Device of the Stark effect in hBN SPE at room temperature. A, B, C, and D (yellow) denote the four Au electrodes where
voltages are applied to generate external electric fields!®”. Copyright 2019, American Chemical Society. (b) ZPL spectra of the hBN SPE as a function of the voltage
applied to electrodes A and B (inset) with equal magnitude but opposite signs“m. Copyright 2019, American Chemical Society. (c) Device schematic of multilayer
hBN sandwiched by the top and bottom few-layer graphene and PL spectrum of the emitter shown in (b) measured at 10 K and room temperature. In the inset is
the second-order correlation [¢?(A )] function of the emitter showing single-photon purity of ¢?(0) = 0.3, Copyright 2018, American Chemical Society. (d) The
center wavelength shift of the emitter at 10 K (red dots) and room temperature (blue dots) under varying electric fields!®®! Copyright 2018, American Chemical
Society. (e) Schematic representation of the experiment. An hBN flake is located on an ITO-covered glass substrate®!, Copyright 2019, American Physical Society.
(f) Measured spectra and corresponding fits of the unshifted emission in blue (left peak] and shifted in orange (right peak), taken with an integration time of 25's
and binned to 1 nm bins!®!. Copyright 2019, American Physical Society. (g) hBN-ZPL spectra recorded while the electric-field strength between the tip and ITO
layer is lowered and increased again (from left to right, in 1V steps). Spectra are recorded while a voltage of 20 V is switched on and offl®e!, Copyright 2019,

American Physical Society.

temperature and contribute to applications in photonic quan-
tum information processing.

Besides, a method of effectively introducing electrostatic field
and realizing large and reversible Stark-shift tuning of SPEs in
hBN is introduced'®”. The schematic diagram of the experimen-
tal device is shown in Fig. 6(e). The hBN flake is sandwiched
between a conductive AFM tip and a conductive indium tin
oxide (ITO) coating coverslip. By applying a voltage between
the two, a large reversible spectral shift of (5.5 +0.3) nm per
GV/m is observed, as shown in Figs. 6(f) and 6(g). On this basis,
the applied voltage can be converted into a vector electrostatic
field near the SPEs in hBN by determining the direction of the
SPE dipole, the approximate position relative to the AFM tip,
and the electrostatic field distribution, which is beneficial for
further understanding the physical origin of SPEs in hBN.
This method of individual control and reversible adjustment
of SPEs in hBN using a high-resolution conductive AFM tip
can be applied to accurately determine the SPE position. Because
when the dipole direction and Stark effect shift associated with

the electric field are determined, it is possible to calculate at
which lateral tip SPE displacement the highest Stark shift is
found. Real-time monitoring of Stark shift and sample morphol-
ogy by scanning the tip enables accurate positioning of the SPE.

3.2.4. Temperature dependence

Figures 7(a)-7(d) show the temperature dependence of the spec-
tral ZPLs caused by point defects in multilayer hBN. Although
the ZPL transition energies differ by about 340 meV, they all
redshift in a similar manner with temperature increase. The
measured linewidth increases exponentially, and the relative
strength of each ZPL decreases exponentially with temperature.
A lattice vibration model that considers piezoelectric coupling
to in-plane phonons can well explain these phenomena””). In
this case, hBN defects may either be excited by direct phonon-
mediated absorption or indirectly by cross relaxation. The effect
of substrate selection on hBN emission has been mentioned pre-
viously, but the role of the substrate in determining spectral line
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2020, American Chemical Society. (f) Temperature measurement for the three positions in (€] as the current through the circuit is increased. Temperatures are
estimated from the calibrated shift in the emitters' ZPL"". Copyright 2020, American Chemical Society.

width has not been clarified. Recent studies have discussed the
temperature dependence of the broadened homogeneous and
inhomogeneous components and demonstrated that the spec-
tral emission linewidth of CVD-grown and exfoliated crystals
on conductive ITO decreases with temperature relative to those
seen on SiO, substrates!”?. The results show that the inhomo-
geneous linewidth can be suppressed by 45% by using a conduc-
tive substrate. This study found that the emitter line width is
both temperature-dependent and temperature-independent,
which are attributed to thermal phonon interactions and spec-
tral diffusion, respectively, which are responsible for ZPL emis-
sion broadening. In both regimes, spectral diffusion-limited
linewidths dominate at low temperatures and are independent

of temperature, while thermal phonon interactions dominate
at temperatures close to room temperature and increase with
the power law of temperature, with power close to unity. By
using a conductive substrate, the inhomogeneous linewidth can
be significantly reduced by increasing the carrier density in the
local environment of the emitter. This makes sense for all appli-
cations that aim at spectral stability of single-photon sources
based on color centers.

Based on the sensitive temperature correlation in hBN,
a deterministic optical temperature measurement technique
based on SPEs in hBN is proposed in the subsequent
research”!). These nanothermometers exhibit better perfor-
mance in sensitivity and wide operating temperature range than
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other optical nanothermometers. Taking the chromium micro-
circuit in Fig. 7(e) as an example, the function of monitoring
temperature at multiple target locations can be achieved by
measuring the PL of three hBN nanoflakes transferred to it.
By monitoring local temperatures at specific locations in a vari-
ety of custom microcircuits, this work offers more possibilities
for nanoscale temperature measurements and heat flow research
in micro and nano-integrated devices.

3.2.5. Magnetic field dependence

The magneto-optical effect is the main method to solve single
spin and coupling to light. Electron paramagnetic resonance
is known for bulk hBN!7>7#, Recently, it has been reported that
individual SPEs with spin-dependent optical properties in hBN
can be identified and characterized”*. As illustrated in Fig. 8(a),
the direction of any field can be explored by rotating the sample
around the optical axis. Figure 8(b) shows PL varying with sam-
ple orientation when 890 G magnetic field is applied along the .
The emission of SPEs increases and decreases with the direction
of the in-plane field, and the change in both directions is more
than 50%. Also, the 90° modulation period is roughly aligned
with the optical dipole direction, so that the PL is brighter
(darker) when the magnetic field is aligned or perpendicular
to the absorptive (emissive) dipole, independent of the magnetic
field strength. This work demonstrated that the SPEs in hBN
show the room-temperature and magnetic field associated PL
properties, which are consistent with the spin-dependent inter-
system crossing transitions, paving the way for the development
of 2D quantum spintronics. However, field-dependent emission
seems to be relatively rare for visible SPEs in hBN, with only
a few percent of the points appearing in this work, and the
potential differences between field-dependent and non-field-
dependent SPEs remain unknown. Further experiments are
needed to explore the confusion.
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3.2.6. Photoinduced modification

Two recent studies on optical tuning hBN quantum emission are
presented. The work of optical doping by using ionic liquid devi-
ces is first introduced . Figures 9(a) and 9(c) show schematic
diagrams of the electrical devices based on two different electro-
lytes, poly(ethylene oxide) mixed with lithium perchlorate
(PEO:LiClO,4) and 1-butyl-3-methylimidazolium hexafluoro-
phosphate (BMIM — PF), respectively. PEO:LiClO, is widely
used in 2D material systems because of its excellent properties
and the existence of a double layer of charge, resulting in a strong
electric field at the interface. BMIM — PFq can effectively medi-
ate photocarrier transfer without any bias. When the applied
voltage changes from —6 V to +6 V, the SPEs in hBN can
show a continuous ZPL shift of more than 15 nm, as shown in
Fig. 9(b). Unlike the former, gate bias is not required to modify
the SPEs in the BMIM — PF case. As shown in Figs. 9(d) and
9(e), a blueshift of 17 nm and a redshift of 15 nm from SPEs
are observed under 532 nm excitation (200 pW) and zero gate
bias. These shifts occurred much faster than those in the
PEO:LiClO, device, in just over 20 s. However, these emitters
tend to fade rapidly. The different responses of the two devices
account for the tuning differences caused by pure optical doping
and field-assisted optical doping. The second work achieves a
controlled optical switch between the light and dark states of
the color centers that are emitted at about 2 eV. Green excitation
is used to study such defects that are in common. The addition of
the blue re-excited laser can significantly increase the PL yield
of some color centers'”®). Two defects are studied in detail using
PL and PL excitation (PLE) spectroscopy, as shown in Fig. 9(f).
[luminating the color center on or near the resonance causes the
color center to darken. The second laser with the photon energy
exceeding the specific threshold of the defect can repump the
color center to the bright state. Besides, the PLE spectrum shows
a sharp absorption resonance with energy of around 400 meV.

Emissive dipole orientation, ¢ (deg)

90 180

45
Absorptive dipole orientation, « (deg)

135

Fig. 8. Magnetic-field control of SPEs in hBN. (a) lllustration of the coordinate system for magnetic fields concerning the microscope objective and sample.
B in the Xx-Zplane, defines the angle of the magnetic field concerning the sample plane, and « (&), in the X-yplane, denotes the absorptive (emissive) dipole

angle™

Copyright 2019, The Authors.

! Copyright 2019, The Authors. (b) PL variation as a function of the relative orientation between the SPE's optical dipoles and an in-plane B = 890 e

73]

032701-13



.20, No. 3| March 2022 Chinese Optics Letters

a) b)
/
H +6V
“'{"V\}O/N =PEO | 5320 L s"// ;
A \ | Excitation W_,/h\’\—\.._‘ N k5 .
2z 5
= g __...»//N\V\\"- P‘_h_‘_fy&
!
Polymer Electrolyte £ ov
PEO-LICIO, 3 3\,1_&‘;///\\“““«“\_2.\/__\,,
..... k< Y i . © SOV
R,
1 %
A .#’//\/w
610 620 630 640 650
) d) e) f) Wavelength (nm)
\ 532nm Excitation 8 . J7m 80 '-'
8 e e R S ?L 2R,
BMIMPF,= Y BMIM ® g m— o e 2
& e = £ p 3
I o PF, 26 LI et =
S Al el T 8 : 2
E /\//\\__‘/\ j:f 5 ,..f“‘ g
BMIM-F, K wE 4,,”/\ £
: £l 21| PSBy | PSB,
LYY ] & S & ﬁ_"‘L
2/_/\ 2 2 Psleee \u
‘———-”q\\ o
, 50, PR e | 22 24 26 28
No Voltage Applied 0 o 3 ; i PLE (eV)
560 580 600 620 640 600 640 680 720

Wavelength (nm) Wavelength (nm)

Fig. 9. Photoinduced modification of SPEs in hBN. (a) Schematic of the electrical PEO:LICIO, device used to modulate the single-photon emission®, Copyright
2019, American Chemical Society. (b) Normalized PL spectra of SPEs at gate voltages noted displaying a shift of 15 nm. Each spectrum is collected for 10 s; the
spectra are offset for clarity[z“]. Copyright 2019, American Chemical Society. (c) Schematic of the BMIM-PFg ionic liquid device®". Copyright 2019, American
Chemical Society. (d) A gradual 17 nm redshift is observed by 200 pW, 532 nm CW illumination to the sample; there is no gate voltage applied to induce this
effect. In this case, the electrons are liberated from the ionic liquid by the laser excitation alone using a Ay = 532 nm illumination source at 200 pW. The spectra
are collected for 10 s each during a time-resolved PL measurement and offset for clarity. The time axis maps the collection time of the spectra displayed”‘”.
Copyright 2019, American Chemical Society. (e) A redshift of 15 nm from another SPE is observed under the same experiment condition. All spectra are collected at
1's acquisition time, showing the rapid kinetics of the shift observed®, Copyright 2019, American Chemical Society. (f) Spatial maps of integrated PL emission
(spectral range from 2.06 to 2.15 eV) under green (532 nm, 2.33 eV only and green plus blue (450 nm, 2.76 eV) excitation. PLE spectra with blue CW excitation for PLE
laser polarization parallel (black squares) and perpendicular (red circles) to the emission from ZPL, for defect A. The inset to (f) shows a polar plot of the intensity
of the one phonon sideband of defect A as a function of the excitation polarization angle when resonant with ZPL; (2.167 eV, black squares) and ZPL, (2.556 eV, red
circles)™. Copyright 2020, American Chemical Society.

These results are beneficial to the experimental study of enhanc- ~ plasma resonators. In another work, similar conclusions are
ing the PL yields, especially under resonance excitation and can ~ obtained, and the good coupling between quantum emission
play an important role in the color center recognition of hBN.  in hBN and the surface lattice resonance (SLR) modes of Ag

nano-pillar arrays is also realized”®). The bright-field optical
microscopy image of the Ag pillar array in Fig. 10(b) enables

4. Integration and Application Based on hBN us to compare the optical characteristics of SLR before and after
the transfer of a 20-nm-thick sheet of hBN. Ag arrays with var-
4.1. Photonic and plasmonic nanostructures iable spacing and column diameters were fabricated, and it was

found that the Ag arrays with column diameters of 345 nm and
150 nm had the highest emission contrast on and off the SLR. In
addition to metal nanoarrays, the tip of an atomic for AFM can
be used to precisely locate the Au nanospheres next to SPEs!””),
as shown in Fig. 10(c). The controllable nanoscale assembly can
o also result in enhanced emission and reduced lifetime of the
to transfer a selected hBN flake from a thermal Si oxide substrate  ¢pg in hBN. On this basis, a scheme of embedding hBN SPEs
onto a plasmonic nanoparticle array using PMMA as the carrier. i the chip array of the metal-dielectric antenna is proposed,
Figure 10(a) shows the optical properties of emitters at room  \hjch can provide nearly uniform light collection efficiency; the

In the pioneering work of a hybrid quantum 2D material system
integrated with plasmonic nanocavity arrays, the quantum emit-
ters in the hBN were determinatively coupled to plasmonic Au
and Ag arrays with high quality, and the coupled emitters
showed better performance!””). A wet transfer process was used

temperature. After transfer to the top of the Au arrays, approx-  experimental value is up to 98%, which is seven times higher
imately two times PL enhancement and a reduction in the  than that of the bare SPEs®!. Figure 10(e) shows the schematic
lifetime of emitters were observed, demonstrating plasma-  of the on-chip metallo-dielectric antenna (MDA) device and

enhanced quantum emission. The shortened lifetime means that  spectrally integrated PL intensity versus pump power for the
the local density of optical states increases due to the higher = uncoupled and coupled states. The series of research results
intensity of the electric field around the emitters. The work paves ~ provide hope for the future use of SPEs in hBN to integrate
the way for planar quantum optics to mix with 2D materialsand ~ nanophotonic devices and plasma-based nanosensors. In the
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Fig.10. Optical coupling systems between SPEs and plasmonic nanostructures. (a) PL confocal map and PL spectra of a flake containing SPEs (red circled). Inset,
SEMimage of part of the flake on top of the Au plasmonic lattice!™. Copyright 2017, American Chemical Society. (b) Bright-field optical microscopy image of various
Ag pillar arrays on a glass substrate; (B) same as in (A) but after the transfer of a 20-nm-thick sheet of hBN"2L. Copyright 2019, The Authors. (c) Schematic
illustration of the movement of an Au sphere towards an SPE in hBN using an AFM tip and schematic illustration of the movement of the second Au sphere
to the same hBN flake®. Copyright 2018, The Royal Society of Chemistry. (d) Confocal luminescence image of hBN defects and the dipolar antennas, positioned
nearby a clean quartz cover glass, both plotted on the same intensity scale. Luminescence spectra on the same scale of both the hBN defect (blue) and antenna
(orange). Photon-arrival histograms for the hBN defect (blue) and the nanoantenna emission [orange][BD]. Copyright 2020, American Chemical Society.
(e) Schematic of the on-chip MDA device. Spectrally integrated PL intensity versus pump power for the uncoupled (blue data points) and coupled states
(red data points). Inset, emitter intensity over time showing excellent temporal stability without blinkingw”. Copyright 2019, American Chemical Society.

latest research, near-field coupling between hBN SPEsand ares-  single-photon source on a chip manufactured from the top
onant plasmonic nanoantenna is proposed®”). Scanning probe ~ down based on hBN defects coupled to a plasmonic nanoscale
microscopy was used to scan the nanometer antenna at a con-  antenna has the potential to be realized.

stant distance over SPEs by using sheer force distance control.
Figure 10(d) shows that the emission of Al nanoantenna is twice
brighter than that of the hBN-defect, which is not conducive to
the antenna coupling experiments. Therefore, selective detection ~ In this section, the progress made in integrating the hBN SPEs
of the spectrum is needed. As shown in Fig. 10(d), under the = with dielectric optical cavities and waveguides is briefly intro-
same scale, hBN defects and antenna PL spectra overlap a lot ~ duced. As shown in Fig. 11(a), an array of whispering gallery
and cannot be separated directly by a wavelength filter. The mode resonators in the form of Si nitride (Si;N,) micro-disks
luminescence signal of the antenna decays to zero after 2 ns,  is an overlay of 20-nm-thick hBN flakes'®*. These cavities are
whereas the hBN signal only drops by half. Therefore, the time  designed to maintain in-plane transverse electricity whispering

4.2. Dielectric optical cavities and waveguides

gate method can be used to separate each signal. A dipole nano-  gallery modes within the visible wavelength range of 550 to
rod antenna with an inclined geometry can limit individual hBN 650 nm, roughly matching the emission wavelength of hBN
emission sites to an area less than a few tenths of nanometers. =~ SPEs. The SPEs are mostly clustered around the strut position
Since this work quantifies the luminescence intensity and lumi- ~ and the resonators (especially the vertices of polygonal creases).
nescence lifetime associated with the antenna position (nano-  This phenomenon proves again that SPEs selective excitation

scale), it is possible to induce hBN defects deterministically =~ can be realized by local strain, without ion implantation or
at positions determined within the hBN layer. Therefore, a  high-temperature annealing. Based on this work, a follow-up
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Fig. 11. Optical coupling systems based on SPEs in hBN. (a) Confocal fluorescence image of an array of hBN/SisN,, 3.5-pm-diameter microdisk cavities upon 510 nm
laser excitation!®?. Copyright 2020, The Authars. (b) Schematic of the on-chip integration of hBN quantum emitters with photonic crystal cavities from Si nitride
(SizN4). PL spectra without normalization showing PL enhancement of the emitter(®], Copyright 2020, American Chemical Society. (c) The microcavity consists of a
hemispherical and flat mirror (only two stacks shown on either side). The quantum emitter hosted by hBN emits light confocally with the excitation laser(®]
Copyright 2019, American Chemical Society. (d) Schematic diagram of a device coupling a quantum emitter to an optical fiber. The setup consists of a home-made
beam scanning confocal microscope equipped with a spectrometer and avalanche photodiodes for photon correlation measurements. The hBN flakes are
connected to a tapered optical fiber (colored blue) with a radius of 320 nm using a piezo-driven triaxial manipulator (xyz) fitted. The microscope uses an objective
lens with an NA of 0.95. Raster scanning is realized by a scanning mirror assembly (SM). The emitter in hBN is excited using a pulse or CW laser with a wavelength
of 532 nm and detected by the back focal plane (BFP) of the objective or a CCD camera for imaging the sample. Light detection (Det) is accomplished through
interchangeable modules for recording intensity, spectrum, and intensity correlation'®, Copyright 2017, American Chemical Society. (e) Schematic design of
micro-resonator device. The planar resonator is composed of a macroscopic plane mirror and a glass fiber tip with a concave structure. The hBN film grown

by CVD is placed on the plane mirror to form a hybrid quantum emitter fiber-cavity system[%]. Copyright 2021, The Authors.

investigation proposes on-chip integration of hBN quantum
emitters with photonic crystal cavities from Si;N,. The
hBN/Si;N, hybrid cavities can achieve an experimentally mea-
sured quality factor of 3300 and the six-fold PL enhancement
of hBN single-photon emission at room temperature!®, as
shown in Fig. 11(b). However, further experimental work is lim-
ited by quantum emitter bleaching, and thus the follow-up
research should focus on how to improve the stability of hBN
quantum emitters. The coupling of another microcavity struc-
ture with hBN flakes can fully suppress the phonon sideband
and other non-resonant noises, as well as greatly enhance the
directivity and spontaneous emission rate of quantum emis-
sion!®, Figure 11(c) shows that the microcavity consists of a
hemispherical and flat mirror. The hemispheres are processed

using FIB milling for precise curvature at a small radius, leading
to an ultra-small mode volume on the order of 4;. Besides, the
Purcell effect shortens the excited-state lifetime by 2.3 times. The
emission of the cavity is linearly polarized and is stable over a
long period, with no signs of photobleaching or flickering.
Besides, the cavity also has a linearly adjustable PDMS spacer
between the two mirrors so that the single-photon line can be
adjusted in situ on the whole free-space ZPL. Moreover, the
microcavity can be easily adapted to other quantum emitters
in 2D materials and provides new hope for scalable quantum
information processing platforms.

In addition to the short waveguides on the nano- and micro-
scale mentioned above, the research on the integration of hBN
emitters with optical fibers has made great progress in recent
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years, which is more important for remote applications such as
quantum communication. The light emitted by an SPE into the
optical fiber can be collected effectively, and it is proved that
when the light is guided through the optical fiber, the quantum
properties of light remain unchanged®. The experimental
device is shown in Fig. 11(d). The coupling of a quantum emitter
in hBN to a tapered fiber was demonstrated, and the collection
efficiency of the system was 10%. In addition, due to the single-
dipole character of the emitter, the angular emission mode of the
coupled system can be analyzed through back focal plane imag-
ing. Good coupling efficiency with the tapered fiber even allows
excitation and detection in a fully fiber-coupled manner, result-
ing in a truly integrated system. The results demonstrate the fea-
sibility of effective integration of quantum emitters and
nanofibers in 2D materials. In subsequent studies, the quantum
emitters in hBN are coupled to a hybrid system based on an opti-
cal fiber-based Fabry-Pérot cavity'®. This hybrid platform
operates in a wide spectral range greater than 30 nm and can
be used to explore different coupling regimes. The cavities used
in this work exhibit a high fineness of up to 3000 and small
modal volume down to ~684* or lower for 4 = 600 nm, making
them ideal for coupling to hBN SPEs, and, most importantly,
these cavities offer unique advantages for the integration of
2D materials. In all three transverse sizes above a few microm-
eters (um), the complete tunability of the cavity allows not only
the simultaneous study of many SPEs within a single hBN film
(transverse tunability), but also the study of SPEs with different
emission energies (vertical tunability). High surface quality hBN
flakes with a thickness of less than 10 nm prepared by CVD are
also used to integrate into the cavity mode more efficiently. In
addition, the cavity-assisted PLE spectroscopy mentioned in this
work can be used to characterize mechanically isolated defect
centers in hBN at room temperature in the future with critically
enhanced photon flux. In practical quantum technology, how to
couple 2D materials to optical fiber-based cavities more effi-
ciently and stably is still a problem that needs to be focused on.

Recent progress of SPEs in an hBN monolayer provides a plat-
form for optomechanical experiments in which SPEs can be
coupled to the motion of a free-floating hBN membrane!®”58],
This study proposes a scheme to couple the electronic degrees
of freedom of an embedded color center to the motion of the
hosting hBN resonator through dispersion forces. The results
show that the coupling between the electronic states of the emit-
ter and mechanical oscillations of the hBN membrane exceeds
their dissipation rates and characteristic frequencies, reaching
an ultra-strong coupling regime. These are useful in ultra-
precision quantum imaging and metrology.

In addition to 2D material systems, there have been several
studies looking at lower dimensional systems. For example,
bright visible light SPEs have been found in a zero-dimensional
B nitride allotrope (the B nitride nanococoon, BNNC)®). These
new SPEs are optically active under ambient conditions, exhibit
stability over several days, and have been found in large isolated
BNNC and BNNC clusters. Although the lifetime, brightness,
and PL stability of this SPE are similar to those in 2D hBN, it
has a significant difference: the wavelength variation is five times
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smaller than that in 2D hBN SPEs. This discovery has led to the
development of super-bright, stable, solid-state single-photon
sources. In addition, a bottom-up technique for the fabrication
of sub-10-nm hBN nanoparticles hosting photostable bright
SPEs via a catalyst-free hydrothermal reaction between boric
acid and melamine is demonstrated'®”). Besides, a simple sol-
gel method can significantly improve the optical properties of
the SPEs, including reduction of line width and intensity fluctu-
ations. This study presents a promising strategy for the scalable,
bottom-up synthesis of high-quality SPEs in hBN nanoparticles.

4.3. Future applications based on hBN

Besides the sensing experiments mentioned in Section 3.2 above,
there is also some attractive work related to real quantum experi-
ments”"). Through quantum random number generation
(QRNG), the intrinsic randomness in the quantum mechanical
process can be used to create real, unpredictable random num-
bers!®*. At present, photons impinging on a beam splitter pro-
vide a simple method to generate quantum random numbers!*"/,
A recent work details the creation of single-photon randomness
of SPEs in hBN, which comes from the symmetry of the dipole
emission and the randomness of the spontaneous emission
process based on the principle of quantum mechanics'*?!. In this
way, QRNG with SPEs does not rely on any beam splitting
optics, and the rates could be increased by two times compared
to the beam-splitter-dependent architecture. It is attributed to
the collection efficiency being higher when the photons are col-
lected from both emission directions with the high NA objec-
tives. However, it is not clear why the rates can be increased
by extracting random numbers from the direction of the dipole
emission. It also shows that the random character persists in two
SPEs, which emits single photons independently from each
other. Therefore, SPEs in hBN flakes can be optimally installed
into optical devices for future application as QRNG devices. The
experimental method of AFM-based nanomanipulation used in
this work is also for reference. The optical properties of SPEs can
be maintained, while the nanomanipulation can further opti-
mize the absorption and emission polarization with respect to
the experimental setup. In the future, this scheme can be
extended to coherent QRNG, which has potential application
prospects in quantum communication.

Some of the fundamental principles of quantum theory, such
as Born’s rule, are based on postulates that need to be tested
experimentally. Any deviation from these postulates will show
up in the results observed in experiments'®*). A common prob-
lem with past experiments is that they require careful characteri-
zation of complex measuring instruments to achieve significant
accuracy. However, due to the quantum fluctuations of the light
source (shot noise) and the nonlinear response of photodetec-
tors, the error is inevitable!®*. A recent work uses a quantum
light source based on a color center in hBN coupled to a micro-
cavity to test higher-order interference!®”. It is proved that the
nonlinearity of the detector is completely avoided by using a
single-photon source, and the tight bounds of high-order inter-
ference are obtained. Such quantum light sources could also be
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used in other quantum theory tests. Avoiding detector nonlin-
earity and reducing intensity fluctuation can improve the accu-
racy of such measurements. In addition, since quantum photons
in hBN can be emitted at room temperature, this
provides a promising path to use the hBN platform as a light
source for phase-encoding schemes in quantum key distribu-
tion. In short, in the direction of photon quantum technology
and coherent control, the exploration work based on hBN
single-photon sources has gradually increased in recent years,
providing more possibilities for the realization of multifunc-
tional optical quantum technology in the future.

5. Conclusion

In this review, we focus on the progress of SPEs in hBN materi-
als. The measurement method of quantum emission and the
possible defects related to quantum emission in hBN are intro-
duced. The origin of hBN quantum emission is still under
debate. In actual scenarios, the heterogeneity of the hBN struc-
ture leads to the diversity of hBN defects, which makes it more
difficult to explore the emission mechanism of hBN. As the basic
unit of quantum information science, the regulation of hBN
SPEs is a thriving field. From the two directions of various physi-
cal and chemical fabrication methods and introduction to the
external field, the deterministic fabrication and effective engi-
neering of hBN SPEs at the present stage are introduced in detail.
In the future, more attention should be paid to how to adapt
SPEs in hBN to large-scale or industrial applications with more
accessible processes. On the technological side, methods need to
be worked out that allow each irradiation point to be determined
to obtain a single SPE*®!. The scheme of using dielectric pillars
is mentioned above, but the preparation process of such high-
precision dielectric pillars is quite difficult. Besides, hBN-based
coupling structures tend to have better optical properties, such
as narrower ZPLs, brighter PL intensity, and higher quantum
efficiency. To date, devices based on hBN SPEs have been able
to achieve some functions, such as precision optical tempera-
ture measurement, high precision, and high-sensitivity force
measurement. The development of physical principles and
phenomena in quantum emission in hBN is vigorous. With
the deepening of the research in hBN quantum optical proper-
ties, more and more chances for hBN-based hybrid integration
in quantum devices (photonic nanostructures, plasmonic nano-
structures, dielectric optical cavities, and waveguides) may
emerge, which may provide potential applications and utiliza-
tion in the future.
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