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This promising approach to cell barcoding and tagging,
however, suffers one important drawback. When using
WGM microlasers fabricated from planar semiconductor
materials such as InAlGaAs and InGaAsP wafers, which are
particularly suitable for developing these applications25, the
microdisk lasers provide laser emission only in the in-plane
direction of the disk, with no appreciable amount of emis-
sion expected in the out of plane direction for the transverse
electric (TE) modes of the disk. This leads to large fluc-
tuations and loss of the micro-disk laser tracking signals as
the microdisks adopt various different orientations inside
the cells over time.
Now, Tang et al.6 have found a compelling solution to

this problem. They demonstrated omnidirectional emis-
sion from semiconductor InGaAsP microdisk lasers by
incorporating light scattering into the cavity (Fig. 1b). For
this, two designs for introducing scattering nanos-
tructures have been explored: one introduces a boundary
defect (a 200 nm notch or a bump) into the 2 μm disk
cavity, and the other uses tiny nanoparticles sparsely
distributed over the disk resonators and added via the
spin-coating and PECVD techniques.
Despite introducing scattering, single-mode lasing was

possible with a low lasing threshold of 10 pJ, a narrow
linewidth of 0.25 nm (Fig. 1c, d) and with a minimum-to-
maximum ratio of the angle-dependent intensity
improving from 0.007 (−24 dB) to >0.23 (−6 dB), and
nearly independent of the orientation of the tiny semi-
conductor microdisk lasers (Fig. 1e).
The reliability of cell tracking with the nearly omnidirec-

tional emission provided by the laser disks was tested with
HeLa cells. The transfer of the disk to the inside of the cell
body is easy: this is accomplished by simply dispersing the
disks in cell culture medium from where they randomly
distribute and make contact with the cells. The disks were
taken up by a process called micropinocytosis. Using a
confocal microscope, lasing emission of the disks from
inside the cells is recorded on a spectrometer. For excitation,
a pump laser (1060–1070 nm, pulse duration 3 ns, repetition
rate 2MHz) was coupled to a side port of the laser-scanning
unit of the microscope. Confocal microscopy requires spatial
scanning of the excitation lasers which means that it takes
minutes to construct the image, depending on the volume of
the scan. The emission from the cells could be tracked
continuously for 2 h and reliable observed for particles in the
cytoplasm of cells without losing the signals. According to
the authors suggestion, to enable long-term operation in an
aqueous biological environment, semiconductor lasing par-
ticles may need an additional protective layer25.
Now that the problem of directionality of microdisk

laser tags is solved, further improvements of the techni-
que may focus on achieving more rapid and parallel
detection of disk barcodes, in real-world in vivo sensing

and tracking applications and to answer biological ques-
tions24. Furthermore, it would be intriguing to explore if
cell tracking and barcoding with WGM microdisk lasers
can be combined with sensing, perhaps even down to the
single-molecule level, by using the plasmonic nano-
particles as the scattering nanostructures.
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Entanglement goes classically high-dimensional
Qiwen Zhan 1

Abstract
Laser beams from a customarily designed resonator can produce vectorial structured light fields as classical analogs to
high-dimensional multipartite quantum entangled states.

Quantum mechanics is one of the greatest achievements
of the twentieth century and has fundamentally changed
the way we think about the physical universe. However, it
is also one of the most mysterious scientific theories. At
the core of this mystery is the so-called quantum entan-
glement. Measurement of this superposition of quantum
states shows that a strong nonclassical correlation can
exist between two distantly separated quantum systems,
leading to the so-called quantum “spooky action at a
distance”1. This represents one of the most striking out-
comes of quantum mechanics and serves as the most
fundamental quantum mechanical resource, playing an
important role in many quantum computing and quan-
tum information applications.
Entanglement used to be discussed strictly in the

quantum context. One of its key properties is nonlocality,
meaning that the measurement of one quantum system
appears to affect the state of an entangled quantum sys-
tem a certain distance away, seemingly contradicting
special relativity. This correlation is tested by Bell’s
measure2 to reject the local “hidden variable” argued in
the Einstein–Podolsky–Rosen (EPR) paradox3. Quantum
entanglement serves as the foundation of quantum com-
puting and quantum information. However, drawbacks in
the realization and application of these quantum entan-
gled states include the requirement of coincident “click-
ing” detection due to the low signal level and susceptibility
to degradation due to the environment. Recently, there
has been much interest in constructing entanglement
states using classical optical fields in the hope of retaining

some of the features that are analogs to quantum entan-
glement while avoiding the drawbacks and pushing the
quantum-classical boundary4–8. Entanglement prepared
with classical electromagnetic fields is consequently
referred to as classical entanglement.
There have been debates on the nomenclature regard-

ing whether we should associate entanglement with
classical fields9–11. Setting aside the physical quantity
involved, the consensus is that mathematically, they share
the same “nonseparable” characteristic. However, unlike
quantum entangled states, which often deal with the
entangled degrees of freedom (DoFs) of two different
particles (intersystem), classical entanglement deals with
different DoFs within the same optical field (intrasystem).
Hence, nonlocality is not an issue, and their correlation
should be purely classical in nature. Nevertheless, it has
been shown that Bell’s measure can still be defined in the
context of optical coherence12. Opposed to serving as an
indicator for the violation of local realism, Bell’s measure
for classically entangled states serves as a bound for the
degree of coherence that is accessible to a system12. Fra-
meworks developed in quantum computing, quantum
information, etc., can still be applied to classically
entangled fields and find applications in, e.g., imaging,
computing, information processing and metrology,
despite the lack of a quantum nonlocality feature13.
The most popular approach to creating classical

entanglement is to use the DoFs in spatial modes and the
angular momentum, including the spin angular momen-
tum (SAM, or polarization) and orbital angular momen-
tum (OAM). One example of this classical entanglement
with spatially variant polarization is illustrated in Fig. 114.
In this case, the spatial mode and the polarization bases
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cannot be separated mathematically. In other words, they
cannot be expressed as a product of the spatial modes
with the polarization bases. The classically entangled
states prepared in this way have been limited to two DoFs
and two dimensions as classical analogs to two-photon
qubits. The ability to access more DoFs for high-
dimensional state spaces would be very beneficial, offer-
ing access to many exciting applications.
Marked advances have been made in the generation of

vectorial optical fields. A variety of approaches to creating
complex vectorial fields, including intracavity and extra-
cavity methods, are now available14–16. The DoFs added
by these vectorial optical fields enable the generation and
manipulation of higher-dimensional classical entangle-
ments. In the work by Forbes et al., eight-dimensional
classical entanglement states are demonstrated17. Using a
cavity design and ray-wave duality to produce a paraxial
coherent spatial wavepacket, they exploit three DoFs
(position, direction of propagation, and polarization) in
the state design. Control over the position and direction
of propagation is realized with the cavity mirror
arrangement. Control over the polarization is realized
with a c-cut crystal in the cavity and angular-dependent
birefringence at a nonnormal incident angle. Each of the
DoFs could take two possible states. Hence, the system
provides 8-dimensional classical entanglement of three
partitions. The authors demonstrate the capability of their
approach through the generation of a complete set of
classical Greenberger–Horne–Zeilinger (GHZ) states
analogous to high-dimensional multipartite quantum
entangled states18. To test the fidelity of the generated
classical GHZ states, a tomography technique based on
the Bell projection is developed and implemented. These
GHZ states can be used for quantum simulation in a
classical optics framework.
The work also provides an expandable platform for

scaling up to even higher-dimensional states. For

example, the OAM DoF can be straightforwardly incor-
porated to form four-partite entangled states. In addition
to these DoFs that are already well known, recent
advances made in vectorial optical fields offer nontradi-
tional DoFs that could further increase the dimensionality
and number of partitions involved. For example, it has
been found that optical fields can carry transverse SAM
that is orthogonal to the propagation direction using
carefully designed vectorial optical fields19. Recently,
ultrafast spatiotemporal wavepackets carrying transverse
OAM that is perpendicular to the propagation direction
have been demonstrated20. Continuous development in
vectorial complex fields and spatiotemporally structured
light will continue to supply new tool sets that can be
exploited in classical entanglement studies and further
push the quantum-classical boundary.
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Fig. 1 Formation of radially and azimuthally polarized beams
using the linear superposition of orthogonally polarized HG
modes. The intensity distribution and the polarization pattern of
these kinds of beams are considered to be nonseparable or entangled
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Quasi-two-dimensional perovskite light emitting
diodes for bright future
Jin-Wook Lee1 and Nam-Gyu Park 2

Abstract
The fundamentals, promise and challenges of metal halide quasi-two-dimensional (quasi-2D) perovskites for a next
generation emitter in light emitting diode devices are systematically reviewed.

Display technologies have served as an effective medium
to deliver visual information to people in the Information
Age. Since the development of cathode ray tube (CRT) in
1897, the display technology has continuously evolved in
seeking better resolution, brightness, and color reprodu-
cibility with the longer lifetime and lower production cost,
resulting in the development of light emitting diodes
(LEDs) and liquid crystal displays (LCDs). With upcoming
4th industrial revolution, displays are becoming ubiqui-
tous across a variety of electronic and functional devices
with unconventional form factors.
Among various display technologies, LED technologies

have continued to improve, and is recently undertaking
the market share that was previously dominated by the
LCDs. In particular, the performance and lifetime of
organic light emitting diodes (OLEDs) developed in 1987
has been greatly improved with additional advantageous
features1; thin and flexible devices with a high resolution,
leading to great success in commercialization. Never-
theless, the OLEDs still face several challenges such as a
broad emission bandwidth hindering color purity, limited
brightness due to low carrier transport capability and
exciton recombination, and short operational lifetimes of
the device. As a result, consistent efforts have been
devoted for development of alternative emitter materials

for the next-generation display technology. Metal halide
perovskites (MHPs) have been under spotlight in the field
of optoelectronic devices since the first development of
solid-state MHP solar cells in 20122. The MHPs feature
superior optoelectronic properties beneficial for applica-
tion in LED devices, such as high photoluminescence
quantum yields (PLQYs), a narrow emission bandwidth,
and tunable bandgap. Since the first demonstration of
MHP LEDs (PeLEDs) by Tan et al. in 20143, the PeLEDs
have attracted significant research interests leading to
rapid enhancement in its performance to reach a record
external quantum efficiency (EQE) above 20%4,5.
The prototypical three-dimensional (3D) ABX3 MHPs

used for a photovoltaic application have high dielectric
constants (>10) and low exciton binding energies in the
order of few tenths of milli electron volts6,7. Conse-
quently, coulombic interaction between electrons and
holes are effectively screened, resulting in long diffusion
lengths and lifetimes of free carriers8,9. While these
properties are beneficial for facilitating charge collection
in solar cells, it hinders effective radiative recombination of
the injected charge carriers in the PeLEDs. The diffusive
charge carriers in polycrystalline MHP thin films can be
trapped at prevailing defect states to subsequently undergo
non-radiative recombination to reduce radiative efficiency
of the films and devices. Therefore, appropriate manage-
ment of carrier recombination dynamics was found to be
essential to achieve high-performance PeLEDs.
In attempt to promote radiative recombination, nano-

crystalline films of nano grains or crystals are fabri-
cated10,11. Confinement of charge carriers in the nano-
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