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Abstract

Quantum emissions, such as single photon emission (SPE) and superradiance (SR), are fundamental ingredients of quantum optical technology.
The quest for efficient, controllable, and scalable quantum emitters is crucial for successfully implementing various quantum technologies, such as
quantum computing, secure quantum communication and high-precision metrology. Recently, perovskite quantum dots (PQDs) have emerged as
highly efficient sources of quantum emission due to their excellent optical properties, including near 100% quantum yield, high optical absorbance,
and tunable bandgaps covering the entire visible range. This Prospective introduces the principles of quantum emissions, including SPE and SR, and
summarizes recent progress in exploring quantum emissions in PQDs. We focus on the prospects, advantages, and challenges associated with the

quantum emissions from PQDs. This Prospective concludes with an outlook on PQDs in advancing future quantum technologies.

Introduction

Quantum emission serves as a foundational element for devel-
oping and advancing quantum technologies with applications
ranging from secure communication to powerful quantum com-
putation and high-precision metrology.l'* SPE and SR stand
as two important pillars within the domain of quantum emis-
sion. SPE refers to the emission of one photon at a time into
a specific spatiotemporal mode, where all emitted photons are
identical. On the other hand, when a group of emitters interact
coherently through a shared light field, their collective behavior
can diverge significantly from that of individual constituents.
Following the coherent excitation of such an ensemble, the col-
lective coupling leads to a many-body quantum phenomenon
known as SR, resulting in brief and intense bursts of light.
This collective emission of photons is one of the most remark-
able demonstrations of quantum optical effects, which was
proposed theoretically for the first time in a seminal paper by
Dicke (1954).1!

The search for optimal quantum emitters has driven
researchers to study a broad range of materials in the past. Until
now, scientists have found SPEs in materials of different dimen-
sions: zero-dimensional materials, such as GaAs and InAs
QDS[6’7]; one-dimensional materials, such as carbon nanotubes
and InP nanowiresl®!; two-dimensional (2D) materials, such
as hexagonal boron nitride (hBN) and transition metal dichal-
cogenides (TMDs)!!'% and three-dimensional (3D) materials,
such as diamond and GaN.['! SR has also been observed in a
couple of physical systems, including molecular aggregates and
crystals,!'?] nitrogen-vacancy centers in diamonds,!'3! and epi-
taxially grown QDs.!'¥ In both SPE and SR, optical properties

such as brightness, quantum yield, spectral linewidth, and sta-
bility are key metrics.

Most recently, halide PQDs have emerged as a distinctive
class of quantum emitters, characterized by their impressive
optical properties such as remarkably high photolumines-
cence quantum yield (PLQY) near 100%, sharp and bright
PL, and tunable bandgaps spanning the entire visible spec-
trum (Fig. 1).l'>1%] In the last few years, several reports have
been published on the SPE and SR properties of perovskite
nanocrystals (NCs) and QDs, proving them to be unique can-
didates for quantum emission.l'”'8] Therefore, it is necessary
to summarize and outline the single-photon and superradiant
emission from colloidal PQDs and discuss recent advances in
this emerging field.

Herein, we introduce the detailed background and mecha-
nism of the SPE and SR. The structure, optical properties, and
a brief outline of synthesis procedures are discussed. Recent
advancements, challenges, and prospects in this field are also
addressed.

An overview of single photon
emission and superradiance

Single photon emission

Single photons represent individual excitations of electro-
magnetic field modes, acting as solutions to Maxwell’s equa-
tions.['”) Their versatility is evident in metrology, quantum
computing, imaging, and quantum communication applica-
tions.?%?!1 The state characterizes an ideal single photon |1,
where k specifies the field mode in which the photon resides.
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Figure 1. Schematic representation showcasing the unique fea-
tures of PQDs as an efficient source of quantum emission.

‘ Hanbury Brown and Twiss (HBT) interferometer

Coincidence
Counting
electronics

Coincidence

Beam splitter Counting
electronics

Delay ©

Pump

‘ Hong-Ou-Mandel (HOM) interferometer |

o ()]
Time (ns) Time (ns)
(b) (c)

Figure 2. Mechanisms and measurement characteristics of

SPE and SR. (a) Schematic representation of an HBT and HOM
interferometer. Reproduced with permission.?® Copyright 2023,
American Chemical Society. The second-order autocorrelation
measurement results for (b) SPE and (c) SR phenomena.

Photons emitted by an optimal single-photon source exhibit
a quantum nature, most notably photon antibunching.**!
This ensures that the time delay between successive pho-
tons never falls below a specific minimum value. As shown
in [Fig. 2(a)], the experimental verification often involves
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the Hanbury Brown-Twiss (HBT) interferometer, where a
50:50 beam splitter is used to direct incident photons to two
identical optical paths, each ends with an avalanche photo-
diode.?*! Time-stamped counts are repeatedly measured by
the two detectors to generate a second-order autocorrelation
histogram of photons detected at different time delays. SPE
exhibits a distinct notch around the zero delay, indicative of
antibunching behavior, as shown in [Fig. 2(b)].

SPEs can be quantified through several key metrics, includ-
ing purity, brightness, indistinguishability, and decoherence.
Purity is a crucial parameter, demanding a two-level quantum
system with a ground state and an excited state that an external
perturbation can influence to emit a single photon at a time.
The second-order autocorrelation function obtained through
the HBT measurements quantifies purity, g*(t=0), which
measures the probability of emitting multiple photons simul-
taneously.”¥ For a SPE, a value of g?(t=0)<0.5 at zero delay
time (1=0) is required. Brightness in the context of a SPE is
directly associated with a higher photon count. This high pho-
ton count is achieved when the excited state of the SPE has
a short lifetime, indicative of a high radiative decay rate. In
optimal scenarios, the SPE should maximally emit in the zero
phonon line (ZPL).[>>) The ZPL refers to the emission solely
attributed to electronic transitions without the involvement of
phonons. The Debye—Waller (DW) factor is used to assess the
level of electron—phonon coupling, defined as the ratio between
the intensity of the ZPL and that of the total emission.**! A
high DW factor is crucial for applications that demand precise
and uncontaminated photon emission. The indistinguishability
of photons implies minimal spectral diffusion or, in simpler
terms, a small spectral linewidth.”?”! The spectral linewidth of
an SPE should ideally be as low as the Fourier transform of its
excited state decay, also known as the emitter’s lifetime. The
two-photon Hong—Ou—Mandel (HOM) interference [Fig. 2(a)]
serves as a powerful tool for detecting the well-defined spatial
and temporal modes characteristic of a high-quality SPE.[**! In
this measurement, when two indistinguishable single photons
are directed into a 50:50 beam splitter, with one in each input
port, they invariably exit the beam splitter together in the same
output modes. This is a consequence of destructive interference,
leading to zero probability for both photons to exit separately.
As a result, the coincidence count of exiting photons at zero-
time delay is ideally zero, showcasing the precision and relia-
bility of the SPE in generating indistinguishable single photons.
Another critical consideration for SPE is achieving minimal
decoherence,?®! which requires defect levels to be isolated in
energy from the host semiconductors’ band edges. Additionally,
these defect levels should exhibit real-space localization for
effective decoherence mitigation, indicating a smaller defect
Bohr radius. This spatial confinement minimizes interactions
with the surrounding environment, preventing unwanted influ-
ences that could lead to decoherence. In addition to defects,
electron—phonon interactions also have a nontrivial contribution
to the decoherence.**!
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Superradiance
SR, first described by Dicke in 1954, is a quantum emis-
sion phenomenon that has attracted considerable atten-
tion in theoretical and experimental research.l®! Dicke first
described the phenomenon when researching the radiative
decay of N closely confined two-level atoms. When the two-
level atoms are noninteracting, their spontaneous emission
intensity increases proportionally to the number of two-level
atoms or emitters with the radiative decay lifetime of a single
atom. However, when these atoms are confined to a volume
V'<A3, where ) is the emission wavelength of the atoms, they
exhibit unique characteristics. The dipole oscillations of the
interacting atoms will become phase-locked, forming a giant
dipole. This build-up of the individual dipole coupling in the
giant dipole results in the emission of an intense and short
coherent pulse. The decay rate of the macroscopic dipole
increases by a factor of N, resulting in Tgg ~N x 1,,, !, where
T,,q 18 the spontaneous radiative decay lifetime of a single
atom. The intensity of the coupled pulse becomes /gy o< N/T,
where T is the pulse duration and 7 oc N!, resulting in Iz
o N?. These intense and short emission characteristics are
hallmarks of Dicke SR.**% Dicke first studied SR in two-
level atomic systems. Later on, considerable experimental
research has been focused on solid-state systems and molecu-
lar aggregates.l'>*132] These systems also exhibit SR as the
properties developed for two-level atoms translate well to
other two-level systems of dipoles, usually relying on the
relaxation of excitons for emission. This makes exciton
delocalization an essential component when studying SR in
solid systems.[**32] Many factors can affect the SR response
of a system. For example, radiation decay must be the fast-
est decay mechanism to achieve SR. Limiting factors of SR
decay are primarily inhomogeneous (static) and homogenous
(dynamic) dephasing. These dephasing mechanisms can limit
the exciton delocalization and coherence of the SR emission,
ultimately leading to quenching. Various factors can lead to
inhomogeneous dephasing, such as the dipole position and
differences in emission energies, while homogeneous dephas-
ing typically arises from exciton-phonon coupling.3%32734
Dephasing has been studied in several different systems, with
most using low temperatures to mitigate the effects of pho-
nons and highly structured systems to avoid any factors that
could limit electron delocalization and coherence.!!3-3%-32]
Several methods have been used to quantify the SR effect
in a system of emitters. These approaches typically leverage
the phenomena initially explored by Dicke to demonstrate
the presence of SR emission. The most common method
involves time-resolved PL (TRPL), which captures emission
dynamics. Researchers often compare PL spectra from a low
concentration of emitters to that of samples undergoing SR
emission, observing an increase in emission intensity and a
faster radiative decay rate. This approach has been employed
for several decades due to its clear experimental proce-
dures, which closely align with the original characteristics

outlined by Dicke.[!*?] Other techniques aim to quantify
exciton delocalization and coherence length within a system
to evaluate the SR efficacy.*>*%] While these methods pre-
dominantly rely on classical emission features, recent stud-
ies have increasingly utilized photon-statistics to gauge SR
effectiveness. Similar to the study of SPE, SR can also be
investigated using the HBT interferometer. However, unlike
SPE, which typically exhibits antibunching or g*(0)~0 at
the zero-time delay, in SR, bunches of photons are emitted,
leading to a g*(t) peak at zero-time delay, a phenomenon
known as bunching. This approach to studying SR has been
adopted by researchers, who also utilize the bunching peak
to assess the strength of SR coherence.*”*® The so-called
bunching behavior in superradiant emission observed through
the photon-statistics is schematically shown in Fig. 2(c). SR
has been observed in several materials systems, such as epi-
taxial QDs, quantum wells, and molecular aggregates.['3’34]
Recently, PQD has emerged as a new material system to
exhibit SPE and SR, with favorable features such as high
brightness, high QY, narrow spectral width, etc.

An overview of perovskites

In the past decade, perovskites have captured significant atten-
tion for their remarkable performance in solar cells, LEDs, pho-
todetectors, and lasers.?**!1 Recently, perovskites have gained
massive interest in quantum optical technologies for exhibiting
unique optical and quantum properties such as high QY, bright-
ness, pure SPE, and robust SR. Perovskites generally have the
chemical structure of ABX; where A is an organic or inorganic
cation (e.g., Methylammonium: MA; Formamidinium: FA;
Cesium: Cs), B is a metal ion (e.g., Pb, Sn, Bi), and X is a
halide anion (e.g., I, Br, C1).1?1 The properties of perovskites
can be tuned by adjusting the composition of the A, B, and C
components. A schematic of the crystal structure of CsPbBr; and
its transmission electron microscope (TEM) image are shown
in [Fig. 3(a) and (b)], respectively.l*3] Halide perovskites are
generally direct-bandgap semiconductors with bandgaps across
the visible spectrum. The bandgap can be tuned by adjusting the
composition and size of the QDs [Fig. 3(c)—(e)].1*¥) The direct
bandgap of perovskites lends itself to a very high, near-unity
PLQY.[**! The brightness of their emission can also be char-
acterized by sharp PL linewidths, fast radiative lifetimes, and
a large oscillator strength.[*>* The high oscillator strength in
lead halide perovskites is attributed to a bright triplet state with
orthogonal dipole orientations.'*”! The orthogonal dipole orien-
tations can facilitate omnidirectional coupling between nearby
QDs, making perovskites a promising material for collective
emissions, such as SR.[*?! The bright triplet characteristic also
explains the fast emission rates of perovskites, which are sig-
nificantly faster than semiconductor NCs. The coherence times
of CsPbBr; QDs emission have recently been demonstrated to
be 80 ps.[*¥! This combination of fast emission lifetimes and
long coherence times makes PQDs extremely promising for SPE
and SR applications. Additionally, perovskites have remarkable
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Figure 3. Structure and band gap tunability of lead halide perovskites. (a) Schematic of the cubic ABX; (X=Br) perovskite lattice. (b)
Corresponding TEM image of the PQD. (c), (d) Optical images of colloidal solutions of different perovskite compositions and sizes under
ambient light and a 365 nm UV lamp. (e) PL spectra of halide PQDs. Reproduced with permission.*3l Copyright 2017, Elsevier.

light absorption properties. For example, MAPbI; has shown an
absorption coefficient of up to~103 cm™', which outperforms
semiconductors such as Si and GaAs.[*! Most importantly,
unlike most semiconductor QDs, the desirable optical proper-
ties of perovskites can be observed at room temperature. This
operation at room temperature is attributed to the defect toler-
ance inherent in perovskites. Defect tolerance refers to struc-
tural defects, such as vacancies or surface defects, in perovskites
residing near the band edges rather than deep within the band-
gap. This results in the absence of mid-gap states, which could
be detrimental to band gap emission; therefore, PQDs do not
require any surface passivation to achieve high PLQYSs, unlike
conventional semiconductor QDs such as Si, CdSe, or GaAs. !

Studies using perovskites for quantum emissions, such as SPE
and SR, have used hybrid organic—inorganic lead halide compo-
sitions and all inorganic perovskites. The history of perovskite
materials traces back to 1893, marked by the synthesis of bulk
lead halide perovskite.’'] Almost a century later, Weber et al. syn-
thesized hybrid organic—inorganic perovskite MAPbX; (X=Cl,
Br, 1).52] The desire to combine the exciting optical properties
of perovskites with the quantum confinement and processibil-
ity benefits of colloidal NCs drove significant research efforts
toward synthesizing PQDs. In 2015, Protesescu et al. were the
first to demonstrate colloidal CsPbX; NCs using a facile syn-
thesis technique.[*’] CsPbX; NCs were synthesized by react-
ing Cs-oleate with a Pb(II)X, in boiling octadecene solvent at
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140-200°C. To solubilize PbX, and stabilize the NCs, a mixture
of oleylamine and oleic acid was added to the octadecene. The
size of the CsPbX; NCs was found to be easily tunable in the
range of 4-15 nm by adjusting the temperature of the reaction.
This tunability of size resulted in the wide color range of emis-
sion for the NCs, which was found to span the visible region
of 410-700 nm. Lead halide perovskites are highly ionic com-
pounds. Thus, they easily form highly crystalline NCs at room
temperature and can crystallize into orthorhombic, tetragonal, and
cubic polymorphs. Around the same time in 2014, the first colloi-
dal synthesis of organic—inorganic MAPbBr; was demonstrated
by using alkyl ammonium bromide with a medium-sized chain to
stabilize crystals in a wide range of solvents.>3 Later, the same
group went on to improve the stability of MAPbBr; by using a
quasi-spherical shaped 2-adamantylammonium bromide (ADBr)
as a capping ligand. In this work, they also showed a QY of up to
100%.54 Zhong’s group followed this work by using a ligand-
assisted reprecipitation (LARP) technique to synthesize MAPbX,
with a tunable bandgap by varying the halide elements.[>!

The facile synthesis methods of PQDs, along with their
wide color tunability covering the entire visible spectral region
(400-700 nm), make these materials of great interest for a vari-
ety of optical applications. The room temperature narrow spec-
tral widths, high PLQY, fast radiative rates, and long coherence
times are particularly promising for quantum optical technolo-
gies employing SPE and SR.
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Single photon emission

from perovskite quantum dots

Over the last decade, substantial efforts have been dedicated
to advancing the utilization of halide perovskites in the field
of quantum optics. However, these emitters faced limitations
such as photobleaching and blinking. Subsequently, extensive
research has been conducted on SPE from various composi-
tions of perovskites, including all-inorganic cesium lead hal-
ide CsPbX; (X=Cl, Br, I) and hybrid organic-inorganic lead
halides perovskites.

This section primarily examines recent advancements in
SPE based on both all-inorganic and hybrid perovskite NCs/
QDs. Notably, the all-inorganic perovskite, CsPbX; (X=CI,
Br, 1), has received considerable attention for exhibiting pure
SPE due to its remarkable stability, brightness, and elevated
QY. While few studies have focused on cryogenic tempera-
tures,*®3% PQDs are renowned for showing SPE at room tem-
perature. The following discussion mainly focuses on their
performance at room temperature.l'®°71 In 2015, Park and col-
leagues achieved a noteworthy milestone by demonstrating the
first-ever perovskite-based SPE, utilizing all-inorganic CsPbl,
(X=I, Br) QDs.’”) They demonstrated that such QDs acted
as excellent quantum emitters with an average g(0) value of
0.057. In perovskite systems, antibunching is attributed to the
rapid Auger recombination, effectively suppressing the emis-
sion from biexcitons and other higher-order multiexcitons.
However, their study also showed photodegradation of QDs,
particularly in CsPbBr; and mixed halide perovskites. The PL
intensity of the PQDs was found to decrease over time, pos-
sibly due to the formation of surface states that induce nonra-
diative recombination. The size and composition of individual

perovskite NCs have been identified as significant factors influ-
encing the purity of SPE. In this context, Zhu et al. investigated
the size and composition-dependent quantum confinement
effect in the PQD system, exploring its impact on single-photon
purity.!'8! Single CsPbX; (X=Br, I) QDs of different composi-
tions and sizes down to 6.6 nm were synthesized. Figure 4(a)
displays the PL spectra of all samples, with an inset showing a
TEM image of the 6.6 nm CsPbI; QD.!"® The optical absorp-
tion and emission spectra of colloidal CsPbX; NCs are widely
recognized to be tunable across the entire visible spectral region
through the adjustment of their composition (ratio of halides in
mixed-halide NCs) and particle size, leveraging quantum-size
effects. Although CsPbl; QDs suffer from fast photodegrada-
tion and short shelf life, the authors used epoxy-encapsulation
to obtain spectrally stable PL, free of photodegradation. The
intensity time trace and histogram reflect that the QDs remained
in their bright emissive state, with a count rate of around 700
counts per 10 ms, over a long time range [Fig. 4(b)].l'*! Finally,
they performed second-order autocorrelation measurements for
different sizes and compositions of PQDs. However, it has been
observed that CsPbl;, with the smallest size of 6.6 nm, showed
high single photon purity with g?(0)~0.02 [Fig. 4(c)].l'8 Auger
recombination between generated excitons was crucial in deter-
mining the purity of SPE in such QDs. A recent study by Iga-
rashi et al. further explored the relationship between the SPE
behavior and the size (5 to 25 nm) of CsPbBr; QDs to elucidate
potential size thresholds.*®! To do so, the authors synthesized
different sizes of PQDs covering the range from firm to no
quantum confinement with relative sizes of 0.36 Bohr radius
(5 nm) and 1.785 Bohr radii (25 nm) and studied their opti-
cal response. The authors also found that a single QD within
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Figure 4. SPE from PQDs. (a) PL spectra from an ensemble of 10 nm CsPbBr; QDs, 10 nm CsPbls, and 6.6 nm CsPbls, all dispersed in
toluene. Inset: TEM image of the 6.6 nm CsPbl; QD. (b) Time series measurements from a single 6.6 nm CsPbl; QD in an inert atmos-
phere showcasing the stability of the QDs in the entire illumination period. (c) g*(r) function of a single 6.6 nm CsPbl; QD. Reproduced
with permission.['® Copyright 2022, American Chemical Society. (d) Tunable fluorescence of the Cs,_FA,PbBr; QDs ensembles (x=0, 0.6,
0.8, and 1). (€) The measured g2(0) values for the mixed cation PQDs: CstBrf (blue), Csq ,FA, gPbBr; (green), and FAPbBr; (yellow) as a

function of their central emission wavelength. Reproduced with permission.'”

Copyright 2023, American Chemical Society.
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the size regime, showing a size-dependent PL spectral shift
(quantum-confined QDs smaller than approximately 10 nm),
exhibited a high probability of SPE. This probability gradually
decreased with an increase in QD size.

In addition to all inorganic (CsPbX;) PQDs, organic—inor-
ganic FAPbX; QDs have also been reported as efficient single
photon emitters.l>”] While these QDs frequently experience
greater photodegradation and fluorescence intensity intermit-
tency in contrast to all inorganic perovskites, they attract atten-
tion for their ability to demonstrate high-purity SPE. Recently,
Trinh et al. demonstrated individual FAPbBr; QD could act as
an excellent single-photon source, demonstrating a g*(0) value
of approximately 0.035.1°") Besides all organic and inorganic
halide perovskites, mixed cation PQDs have recently gained
interest for their enhanced photostability, compositional tun-
ability, and pure SPE. By adjusting the composition of the
A-site cations, it is possible to tune the emission wavelength of
the QDs over a relatively broad range while maintaining good
photostability.[*!! This concept has been successfully applied
in photovoltaic and light-emitting devices, leading to promis-
ing efficiency and brightness.[°>%*! In a recent study, D’ Amato
et al. added FA cation additives into CsPbl, at different ratios
to demonstrate color-tunable SPE.!'”) It has been observed that
adding FA cation as an additive to QDs can be utilized to finely
tune the emission wavelength across more than 30 nm in the
visible spectrum, all while retaining excellent single-photon
characteristics [Fig. 4(d)].l!")

The full width at half maximums (FWHMs) of the PL spec-
tra of individual Cs;_,FA PbBr; were found to be 69.16 meV
(~14 nm) to 79.78 meV (~16 nm) for x=0, from 69.65 meV
(~14.5 nm) to 82.45 meV (~18 nm) for x=0.8, and from
78.19 meV (~17.6 nm) to 88.24 meV (~19 nm) for x=1.
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However, a relatively higher level of photo instability was
observed in the organic—inorganic FAPbBr; perovskites com-
pared to the all-inorganic CsPbBr;, as well-documented in the
literature.!®*! Finally, the authors performed second-order auto-
correlation measurements to study the purity of the single pho-
ton emitters. As shown in [Fig. 4(e)], the majority of CsPbBr,
(56%), Cs ,FA sPbBr; (55%), and FAPbBr; (75%) QDs have
g%(0) values less than the 0.1 demonstrating high purity of
the SPE.['"! It has also been observed that emitters with rela-
tively smaller emission wavelengths exhibit improved purity
compared to those with the same composition. This improve-
ment is attributed to the higher quantum confinement effect
in the smaller QDs. In another study, Hsu et al. employed an
unconventional spray synthesis technique to produce CsPbl,
PQDs.[%! They not only observed a higher brightness of 9 x 10°
counts/s and a high purity (g%(0)=0.021) but also demonstrated
the PQDs’ high stability without any photobleaching for up to
24 h.

One of the significant limitations of PQDs-based quantum
emitters is blinking, the random fluctuation of the emitted
intensity of a QD. Such a behavior has been reported in quan-
tum emitters, including single molecules, Si NCs, and CdSe/
CdS colloidal QDs.[%7] Usually, the fluorescence blinking is
attributed to the trapping of charge carriers. In the conventional
blinking model [Fig. 5(a)], ON and OFF periods correspond
respectively to a neutral NC and a charged NC. Photo-assisted
charging/discharging induces random switching between these
two states. The dynamics of the bright state are primarily gov-
erned by the radiative recombination of the neutral exciton,
X°. Conversely, for a charged exciton (trion) X, three-particle
Auger recombination initiates a rapid, non-radiative channel,
resulting in a diminished PLQY.!%*! In particular, it has been
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Figure 5. Blinking of PQDs. (a) Schematic representation of a conventional (Type A) blinking model, ON and OFF periods correspond to

a neutral NC (X% and a charged NC (X"), respectively. (b) Time trace plot for PL intensity (upper graph) and corresponding lifetime (lower
graph) of a single QD. (c) Fluorescence lifetime-intensity distribution (FLID) images of a single emitter.®® Copyright 2020, American
Chemical Society. (d) Schematic representation of Zn?* ion doping at the Pb-site of CsPbBr, to enhance its stability. () PL intensity time
trace measurements for pristine (upper graph) and Zn-treated PQDs (lower graph), showing reduced blinking in treated QDs. Reproduced

with permission.[”®! Copyright 2023, American Chemical Society.
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observed that blinking occurs through two distinct mechanisms,
denoted as type A and type B. Type A blinking is generated due
to the transition between neutral (ON) and charged excitonic
(OFF) states, and the low fluorescence state is caused by recom-
bination due to the Auger effect. Type A blinking is prevalent
in PQDs, and most of the quantum emitters mentioned above
exhibit this kind of blinking. On the other hand, in type B blink-
ing, the charge can recombine non-radiatively, and the blinking
is due to fluctuations in the trapping rate. A well-established
method to experimentally distinguish between type A and type
B blinking is to examine the dependence of spontaneous emis-
sion lifetime on the emission intensity. In type A blinking, the
lifetime is expected to depend on the emission intensity, while
in type B, there is no such dependence.!®*! When the blinking
time is too short compared to the chosen binning of the time-
trace curve, it becomes challenging to fully distinguish between
ON and OFF states. In such cases, it is more appropriate to
describe the behavior of the emitter in terms of flickering. For
example, a clear blinking in the case of CsPbBr; nanocubes
could be observed through an intensity time-trace experiment,
where the emitted intensity is plotted as a function of time,
as shown in [Fig. 5(b)].[°) The mean lifetime versus time is
shown in the lower panel of [Fig. 5(b)], revealing a clear cor-
relation between the lifetime and emission intensity. This cor-
relation indicates the presence of Type A blinking for these
emitters. Another convenient tool for analyzing correlations
between fluorescence intensities and lifetimes is a fluorescence
lifetime—intensity distribution (FLID) representation. This rep-
resentation shows the probability of occupying a given state in
the two-dimensional lifetime—intensity space. An example of
type A blinking in FLID is illustrated in [Fig. 5(c)].[”!

In this context, considerable efforts have been employed to
suppress the blinking and to develop highly stable perovskite
systems with high PLQY and strong luminescence emission.
Various strategies have been used, including ligand passiva-
tion,[’”) surrounding shell growth,[’! and embedding NCs in
a protective matrix to shield them from moisture exposure.[?!
Another widely adopted approach involves B-site metal dop-
ing, where bivalent or heterovalent metal ions, such as Mn**,
Ni%*, Cu?", Ba*", Ce?", Sn**, and rare earth ions, are incorpo-
rated to stabilize the crystalline phases of perovskites and finely
tune their optical properties.l”*] Theoretical predictions sug-
gest that doping with smaller metal ions enhances the tolerance
factor, thereby improving the stability of the lattice structure.
Additionally, doping smaller foreign metal ions induces lattice
contraction, leading to shorter metal ion—X bonds, improved
short-range order, and reduced halide vacancies in the doped
perovskites.”*”>) The concept of doping has proven highly
effective in the development of robust quantum emitters as
well. For example, D’ Amanto et al. recently demonstrated
that doping Zn?" ions at the Pb-sites improved the stability of
diluted CsPbBr; QDs under illumination [Fig. 5(d)]."% The sta-
bility of the PQDs was further evaluated for different dilutions
at ambient conditions, which showed enhanced stability in the
case of Zn doping. Further investigations indicated a significant

reduction in blinking behavior for the Zn-treated CsPbBr,
QDs [Fig. 5(¢)]."" Photon antibunching measurements were
also carried out, demonstrating an increase in single-photon
purity after being treated with Zn. Until now, numerous efforts
have been made to mitigate blinking and degradation in PQDs
through various studies.!”””®) However, their potential as stable
and bright SPEs awaits further explorations.

Superradiance from perovskite
quantum dots

Successful demonstration of coherence in quantum optical sys-
tems has motivated significant research efforts over the past
decade. As outlined in a previous section, SR is a macroscopic
coherent state, which has been demonstrated in several systems,
such as molecular aggregates,['?! nitrogen-vacancy centers,”’!
and epitaxially grown QDs.!] Observing SR is difficult due to
inherent inhomogeneities and fast dephasing processes in solid
materials.?*3?] Recently, lead halide PQDs have come forth as
potential candidates for SR. This is due to their robust optical
properties, such as near unity PLQYSs, long coherence time,
extended exciton delocalization, and unique omnidirectional
coupling capabilities, as outlined previously.

In a recent study by Blach et al., SR was demonstrated in
CsPbBr; QDs arranged in superlattices (SL) at a low tempera-
ture (11 K).331 In the past, coupled emitters in SLs have been
employed for collective effects in semiconductor QDs.[3"!
Closely packed QD SLs with high ordering can facilitate coher-
ent quantum emission due to the coupling between individual
emitters. Another advantage of PQD SLs is the ease of assem-
bling the individual QDs into the ordered SL. The cubic PQDs
tend to be tightly self-assembled on a substrate into regular
geometric configurations.’®'! A slow and controlled vacuum
evaporation step then enables the QDs of similar size to aggre-
gate and align into SLs. The size selectivity of the self-assem-
bly method results in long-range and highly ordered SLs with
minimal defects.!*> Blach et al. used fast Fourier transforms
(FFTs) of high-angle annular dark-field imaging scanning trans-
mission electron microscopy (HAADF-STEM) images to con-
firm the ordering of their SLs. Figure 6(a) shows the HAADF-
STEM image of a CsPbBr; SL with the FFT in the inset.[*”!
Based on the positions of reflections from FFT images; the
researchers determined a length of 9 nm QD with 3 nm spac-
ings due to capping ligands for their SL. The spacing between
QDs was used to calculate the nearest neighbor dipole—dipole
coupling. The dipole—dipole coupling is proportional to the
SL-induced energy shift.®?! This was confirmed by measuring
temperature-dependent PL spectra of the SL. The authors found
the dipole—dipole coupling to be~16 meV, the same order of
magnitude as the PL peak shift at 11 K. Further evidence of SR
is observed by measuring the temperature-dependent PL of the
SL, as shown in Fig. 6(b).1*! The SLs have a red-shifted and
narrower PL emission at 11 K compared to isolated QDs, which
the researchers attributed to collective excitonic states. To give
more proof of SR, the researchers performed low-temperature
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Figure 6. Superradiant emission from perovskite SLs. (a) High-resolution HAADF-STEM image of a CsPbBr; SL fabricated through self-
assembly of QDs. Inset: FFT image to exemplify high ordering of the SL. (b) Temperature-dependent TRPL of an SL showing a fast lifetime
of superradiant emission. (c) Temperature-dependent calculated radiative rates of isolated QDs in a PMMA matrix (black data points) and
an SL (red data points). Reproduced with permission.*® Copyright 2022, American Chemical Society. (d) PL spectra of a CsPbBr; perovs-
kite SL at 4 K reveal high and low energy peaks attributed to isolated and coupled QDs in the SL, respectively. (e) TRPL traces at 4 K with
varying emission energies reveal that the low energy emission attributed to SR has a shortened lifetime. Reproduced with permission.!
Copyright 2023, Wiley-VCH. (f) The second-order autocorrelation function, g(1), taken for a CsPbBr; PQD SL at 6 K. The second-order
autocorrelation function, g2(t) observed at the high energy emission is shown above in blue, and the g2(1) for the redshifted lower energy
emission is shown below in red. The emission associated with the SL shows clear bunching behavior characteristic of correlated emis-
sion. Inset: An example of superbunching with g?(0)>2 from a single SL. Reproduced with permission.% Copyright 2015, Nature.

TRPL measurements to compare the radiative rates of an SL SLs were further investigated by looking at TRPL at varying
to that of an isolated QD [Fig. 6(c)].?%! The radiative rates emission wavelengths using a confocal PL and TRPL setup at
were estimated by comparing the PLQY to the experimental 4 K [Fig. 6(e)].31 It was observed that the low energy peaks
PL decay time and were found to be approximately two times attributed to SR had much faster emission decay than those at
higher than the isolated QDs at 11 K. higher energies. Additionally, the authors found that the high

Recently, Adl et al. also showed evidence for SR in CsPbBr; energy peaks attributed to emission from isolated QDs in the
and CsPbl, SLs.[*! Using a similar approach, they compared SL behave similarly to emission from isolated QDs in film on
low-temperature (4 K) PL spectra of SLs and isolated QDs. a separate sample. PQDs have also shown evidence of super-
However, instead of seeing a single PL peak for the SLs fluorescence (SF), an enhanced emission state similar to SR
described in previous work, high-energy and low-energy peaks but excited by quantum many-body effects.>>7%%4 In 2018,
are visible, as shown in [Fig. 6(d)].13>% The appearance of two Raino et al. achieved SF from lead halide PQD SLs at 6 K.[%
peaks for PQD SLs has been observed before by Zhou et al., The authors performed second-order autocorrelation meas-
where a second narrower and red-shifted peak arises due to the urements to prove the SR effect in their system, as illustrated
superposition of the single QD’s excitonic wavefunctions in the in [Fig. 6(f)].%% 1t could be distinctly observed that the SF
SL."I The dynamics of the low and high energy peaks from band exhibits a g?(0) value exceeding 1, in contrast to the band
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associated with uncoupled QDs, which displays a consistent
flat line. Superbunching with g?(0) ~ 2 was also observed for
a single SL, as shown in the inset in [Fig. 6(f)]. A very recent
work in 2024 by Zhu et al. has taken a different approach to
achieving SR in PQDs.[®® In this study, the researchers took
advantage of the excitation delocalization of large QDs in the
weak quantum confinement regime due to the size being much
larger than the Bohr diameter. Lifetimes for various sizes of
PQDs were measured, revealing that at 4 K, the large QDs
(23 nm) exhibited enhanced radiative lifetimes attributed to
single-photon superradiance (SPS).

As mentioned earlier, much of the SR phenomenon in solid
materials depends on the relaxation of excitons. This makes
exciton delocalization an essential factor when considering the
possibility of SR in a potential emitter. While these materials
make promising candidates for superradiant emission, research-
ers have found similar limiting factors for other solid emitters.
As discussed in the earlier section, homogeneous or dynamic,
as well as inhomogeneous or static dephasing, are the main fac-
tors leading to the suppression of superradiant coherent emis-
sion. While this dephasing challenge persists across all super-
radiant solid systems, researchers have particularly focused on
addressing this issue for PQDs.>381:8487881 [t can be especially
difficult to experimentally explore the effects of spatial and
inhomogeneous dephasing due to the rigorous specifications
that can be required in systems. Computational simulations
and models, on the other hand, have been employed to study
dephasing. %7 Nguyen et al. used the tight-binding Hamilto-
nian to model lead halide perovskite NCs forming 2D and 3D
SLs to study the effects of static disorder and how they might be
optimized for SR.®! The researchers also tuned several factors,
such as the size and separation of nanoparticles, spatial disor-
der, etc. They discovered that perovskites with nearly identi-
cal characteristics exhibited a greater radiative enhancement
when compared to highly ordered SLs. They also found that
cubic SL arrays with more emitters experienced higher exciton
delocalization and enhancement of SR than SLs with fewer
emitters.®!] Mattiotti et al. simulated similar cubic structures
for the same size of emitters and found that tighter packing of
the PQDs led to enhanced superradiant emission.®”! Through
these simulations experimentalists can make highly coupled
and coherent SLs by bypassing the limitations of static dephas-
ing, which has continuously limited their use for application
processes. 3032818789

Other studies have focused on the dynamic dephasing of
the coherent superradiant emission in solid systems. A pri-
mary focal point of interest lies in thermal dephasing.[3433-83-87]
Superradiant emissions primarily operate within cryogenic tem-
peratures, presenting a barrier to their practical implementa-
tion.l*2) However, there has been some work to have coherently
coupled emitters remain in phase at room temperature. Recent
work on SR in J-aggregates has shown a short radiative lifetime
of 29 ps under these conditions.[*”) However, homogeneous
broadening still limits the exciton delocalization for perovs-
kites at room temperature.®*! Blach et al. employed TRPL to

quantify exciton delocalization at different temperatures in
cubic SLs of colloidal CsPbBr;, as described earlier in this
Section.[*>) TRPL carried out between 11 and 220 K revealed
an increased radiative rate at temperatures lower than 100 K, as
seen in [Fig. 6(c)].1*>! At lower temperatures, phonon scattering,
which usually localizes excitons, is suppressed, increasing their
range and ability to enter a cooperative emissive state.[3#83
They also extracted the phonon scattering strength after fit-
ting PL linewidth obtained from the temperature-dependent PL
data, which revealed that coupling of optical phonons domi-
nated the temperature-dependent profile over the acoustic ones.
Researchers such as Biliroglu et al. developed inventive ways
to overcome the obstacles associated with coherent quantum
emissions at room temperature.[® The group employed a
technique that they termed a quantum analog mechanism for
vibrational isolation (QAVI) to demonstrate room temperature
SF in a quasi 2D phenethylammonium cesium lead bromide
(PEA: CsPbBr;) perovskite thin film. These films went through
a phase transition in which polarons were formed that intrinsi-
cally acted as a spring isolator to phonon perturbations and
extended the electronic coherence length in the emission. The
coherence of hybrid perovskites has been shown to be less
affected by thermal noise than all inorganic perovskites.!!)
These promising findings from several studies on hybrid per-
ovskites indicate an exciting new opportunity for utilizing
hybrid PQDs in room temperature superradiant phenomena.
In this direction, Zhu et al. suggested a theory where the freely
rotating organic cation in hybrid perovskites can screen hot
carriers from scattering with longitudinal optical phonons.!*?)
In contrast, a study by Conibeer et al. found that the isolation
of carrier-phonon cooling in hybrid perovskite thin films was
due to an up-conversion of the acoustic phonon modes, which
leads to a recycling of energy and re-excitation of carriers, thus
elongating carrier lifetimes.””!! This was shown to occur due
to the presence of low-energy optical phonon modes from the
organic cation. Regardless of the origin of such thermal isola-
tion, this phenomenon has profound implications for possibly
demonstrating room temperature SR in PQDs.

Conclusion & outlook

The quest for an optimal quantum emitter for applications has
propelled numerous researchers in the past decades to explore
various materials. Indeed, several candidate materials, such as
atom-like defects in diamonds, hBN, 2D TMDs, fluorescent
dye molecules, and semiconductor QDs, have exhibited sin-
gle photon behavior. On the other hand, SR has been shown
in epitaxial QDs, quantum wells, and molecular aggregates.
However, the exploration of these materials has been hindered
by several challenges, including low emitter density, reduced
QY, uncontrollable defects, conventional fabrication processes,
and the necessity for low-temperature operability. However,
the diverse compositions of perovskite NCs and QDs have
recently generated considerable interest in advancing quantum
optical technologies driven by their unique properties. These
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properties are attributed to several factors, including their ease
of synthesis, remarkable brightness, tunable fluorescence, and
exceptionally high QY. Often, PQDs exhibit high-purity SPE
and robust SR, making them unique candidates for quantum
emission applications.

Despite having several unique properties, PQDs still face
several challenges. Namely, the stability of these materials is
a major roadblock. The decomposition of PQDs is acceler-
ated by ambient conditions such as moisture, oxygen, heat,
and light. Additionally, all lead halide perovskite NCs suffer
from instability in polar solvents and ambient atmosphere.
Since stability is one of the key parameters of any technol-
ogy, more studies should be conducted to develop a stable and
robust PQD-based quantum emitter. Although, several strate-
gies have been employed so far to increase the stability of the
PQDs. Still, significant room remains for enhancing the stabil-
ity of PQDs, a factor crucial to SPE and SR. Exploring the
impact of strain, electrical, and magnetic fields is imperative
to comprehensively understand quantum emission behavior.
While PQDs are renowned for their ability to produce highly
pure single photons, the journey toward on-chip integration of
single photons still requires substantial progress.

Despite the defect tolerance of perovskites contributing
to impressive SPE performance at room temperature, studies
on SR in PQDs have primarily been limited to low tempera-
tures.[>>798387] Thermal dephasing due to exciton-phonon cou-
pling leads to a broadening of the spectral linewidth, limiting
the coherent coupling of microscopic states. It has been pro-
posed, however, that hybrid organic—inorganic perovskites may
be protected from thermal dephasing due to large polarons that
isolate electronic excitations. The use of hybrid perovskites
for quantum emission is still open for many investigations and
might be an exciting topic for room temperature SR. More stud-
ies on modeling and simulation are needed to create a realis-
tic picture to better understand the dephasing process in such
systems. Additionally, most of the research works presented
so far show evidence of SR from PQD-based SLs by analyz-
ing PL spectra and TRPL. One experiment lacking so far is
the demonstration of photon statistics by using second-order
autocorrelation measurement employing HBT interferometer.

With the rapid development of artificial intelligence (Al),
machine learning (ML), including large language models
(LLMs), and automated robotics could also play a pivotal role
in driving significant advancements in this field.”*** The sta-
bility and purity of these PQDs are essential in determining
their efficacy in quantum technologies. In this regard, ML can
accelerate the discovery of stable PQDs through composi-
tional screening and learning the trends between compositional
ratios and responses to environmental stressors.[”>*) With the
increasing number of studies on PQDs, LLMs could be invalu-
able for gaining detailed insights into this class of materials.
LLMs can analyze vast amounts of scientific literatures, experi-
mental data, and research findings, helping researchers identify
key trends, emerging patterns, and novel hypotheses more effi-
ciently than traditional methods.””) Automated synthesis and
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characterization can also play a crucial role in the industrializa-
tion of PQDs in the field of quantum technologies. By using
advanced robotics and Al-driven systems, these processes can
be scaled up to meet industrial demands while maintaining high
precision and consistency. Automated synthesis could ensure
that the production of PQDs is both rapid and reproducible,
reducing variability and enhancing quality control.[®! Simi-
larly, automated characterization allows for real-time moni-
toring and analysis of PQD properties and characteristics to
quickly identify optimal synthesis parameters and ensure that
the produced materials meet the desired specifications.[*”]

Despite facing numerous obstacles, there is a growing inter-
est in advancing perovskite-based quantum emitters. With
ongoing advancements in synthesizing advanced PQDs and
device fabrication techniques, it is anticipated that PQD-based
quantum emitters could serve as a robust material platform for
future quantum optical applications.
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