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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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sized crystals accelerates the radiative recombination of
charge carriers resulting in distinct enhancement in the
EQE of the PeLEDs. However, reducing the size of crystals
inevitably creates abundant surface states which limits
performance and stability of the PeLED12. Another pro-
mising approach is to utilize quasi-two-dimensional
(quasi-2D) MHPs13. The quasi-2D MHPs consist of
alternating planes of corner sharing octahedra (3D MHPs)
and bulky organic cations as shown in Fig. 1. Such a
structural feature enables formation of the inherent
quantum well structure with a large exciton binding
energy where the width of the quantum well can be tuned
by varying the number of 3D MHPs layers14. A publica-
tion by Zhang et al. now presents a comprehensive review
on inherent properties of quasi-2D MHPs materials as
well as methodologies for synthesizing high-quality quasi-
2D MHPs with targeted properties for realizing high
performance LEDs. Various approaches to achieve color-
pure emission of quasi-2D MHPs thin films are presented,
which is followed by introduction of strategies for opti-
mization of the LED devices based on the films. Perfor-
mance metrics of the reported PeLEDs based on the
quasi-2D MHPs are summarized where the record EQE
has exceeded 20%15.
Despite the rapid improvement in device performance,

however, there are still many challenges toward a practical
use of the PeLEDs based on quasi-2D MHPs such as
environmental toxicity of Pb-based MHPs, limitation in
large-scale fabrication, relatively inferior performance of
blue and red devices, and poor operational stability of the
devices. As suggested by Zhang et al. extensive explora-
tion of novel quasi-2D MHPs as well as a mechanistic
understanding of crystallization kinetics will be required
to resolve these issues. This seems to be a forthcoming

research direction in the field. On the other hand, there
are opportunities for broader applications of the quasi-2D
MHPs beyond conventional LEDs such as wearable elec-
tronics and foldable displays, and lasing devices.
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Fig. 1 Perovskite light emitting diodes (LEDs) based on quasi-two-dimensional (2D) perovskites. A schematic device architecture of the LEDs
(left) and crystal structure of the quasi-2D perovskites with the injected charges confined within three-dimensional perovskite slabs (right)
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Quantum optics with swift electrons
Nahid Talebi 1

Abstract
Stimulated and spontaneous interactions of electron wavepackets with optical near fields were explored with
complementary techniques. In striking agreement with theory, scientists have demonstrated the dependence of
spontaneous and stimulated quantum mechanical processes on the spatial distribution of optical modes.

The first quantum hypothesis reluctantly proposed by
Max Planck, in an effort to describe black-body radiation
in 1900, revolutionized the world of physics. The sub-
sequent interpretation of the photoemission effect by
Albert Einstein using Planck’s radiation theory initiated
the birth of quantum mechanics—the phrase proposed by
Max Born, Werner Heisenberg, and Wolfgang Pauli all at
the University of Göttingen. In 1923, Louis De Broglie
proposed that matters are waves, a contradictory
description of quantum mechanics; thus, physics had to
wait until the 1940s so that both quantum phenomena
could be unified within the framework of quantum elec-
trodynamics. Interestingly, a semiclassical theory, i.e., the
theory that constitutes the interaction between matter
waves, such as electron wavepackets and classical light
(described by Maxwell’s equations), gained importance
whenever spontaneous emission is negligible. However,
the latter phenomena cannot be neglected when a few-
photon process is considered: a situation that occurs
during the interaction of an electron wavepacket with
nanostructures to probe, for example, cathodolumines-
cence (CL) or electron energy-loss spectroscopy (EELS)
responses1.
In parallel to quantum mechanical developments, the

electron microscopy field emerged after the invention of
the first electron microscope by Ernst Ruska and Max
Knoll. Taking advantage of extremely short wavelengths
of matter waves, such as ultrafast electron wavepackets,
an ultimate resolution of a few tens of picometers is

theoretically achievable. Everyday, experiments with
electron microscopes, including recording diffraction
patterns2 and performing holography3, highlight the
unambiguous quantum nature of electrons as matter
waves, thus verifying semiclassical theories. However,
with the advent of ultrafast electron microscopy, which
synchronizes laser excitations with pulsed electrons
through the photoemission process, quantum electro-
dynamics experiments with an interplay between spon-
taneous and stimulated processes are becoming feasible.
The field of photon-induced near-field electron micro-
scopy (PINEM), invented by the late Nobel Laureate
Ahmed Zewail4, involves stimulated processes instead of
the spontaneous interactions of the EELS and CL spec-
troscopy techniques.
A recent publication by Liebtrau et al. reported exciting

first steps toward performing quantum electrodynamic
experiments with electron microscopy5. In an intelligent
experiment, EELS, CL, and PINEM spectra were acquired
and carefully analyzed. To conduct the experiments, a
gold nanostar structure was used that, thanks to its sharp
tips, hosts only single-mode dipolar resonances at its tips.
By controlling the polarization of the laser beams in the
PINEM experiment, it is possible to selectively excite
certain tips. Since sharp tips do not sustain higher-order
multipole resonances, both electrons and incident pho-
tons couple to the same mode when the light polarization
and the propagation direction of electrons and incident
photons allow for this. By carefully analyzing the spatial
dependences of the EELS, PINEM, and CL rates, Liebtrau
et al. showed the same spatial dependences for both sti-
mulated and spontaneous processes in good agreement
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