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Strongly-confined colloidal lead-halide perovskite
quantum dots: from synthesis to applications

Junzhi Ye, (22 Deepika Gaur,” Chenjia Mi,© Zijian Chen, 2 ¢ lago Lépez Fernandez,”
Haitao Zhao,” Yitong Dong,“ Lakshminarayana Polavarapu*® and
Robert L. Z. Hoye (2 %@

Colloidal semiconductor nanocrystals enable the realization and exploitation of quantum phenomena in
a controlled manner, and can be scaled up for commercial uses. These materials have become
important for a wide range of applications, from ultrahigh definition displays, to solar cells, quantum
computing, bioimaging, optical communications, and many more. Over the last decade, lead-halide
perovskite nanocrystals have rapidly gained prominence as efficient semiconductors. Although the
majority of studies have focused on large nanocrystals in the weak- to intermediate-confinement
regime, quantum dots (QDs) in the strongly-confined regime (with sizes smaller than the Bohr diameter,
which ranges from 4-12 nm for lead-halide perovskites) offer unique opportunities, including polarized
light emission and color-pure, stable luminescence in the region that is unattainable by perovskites with
single-halide compositions. In this tutorial review, we bring together the latest insights into this
emerging and rapidly growing area, focusing on the synthesis, steady-state optical properties (including
exciton fine-structure splitting), and transient kinetics (including hot carrier cooling) of strongly-confined
perovskite QDs. We also discuss recent advances in their applications, including single photon emission
for quantum technologies, as well as light-emitting diodes. We finish with our perspectives on future
challenges and opportunities for strongly-confined QDs, particularly around improving the control over
monodispersity and stability, important fundamental questions on the photophysics, and paths forward
to improve the performance of perovskite QDs in light-emitting diodes.

1. Size- and shape-controlled synthesis, from 3D nanocrystals to 0D quantum dots, including traditional batch-based methods, and emerging data-driven high-

throughput approaches.

2. Fundamental optical properties of strongly-confined 0D quantum dots, as compared to bulk-like 3D halide perovskite nanocrystals, including polarized light
emission and exciton fine structure splitting.

3. Size-dependent exciton relaxation/recombination properties of quantum dots in terms of dark and bright excitons.

4. Single-particle optical properties of quantum dots in terms of spectral line widths, photoluminescence blinking and single-photon emission.

5. Development of perovskite quantum dot LEDs, and strategies to improve efficiency and stability.
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1. Introduction

Colloidal nanocrystals (NCs) have played a key role in the
emergence and commercial applications of nanoscience and
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controlled size, shape, and composition.>™ By reducing the size
of these nanocrystals below a critical value (Bohr diameter), the
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Technology, Chinese Academy of Sciences, Shenzhen, 440305, China bulk material) to discrete (Fig. 1(a)), with electrons and holes
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more strongly confined spatially, changing free carriers or
weakly-bound excitons into strongly-bound excitons.>® As such,
nanocrystals have been described as ‘artificial atoms’,> and
offer a facile way to realize the effects seen in quantum
mechanics (e.g., ‘electron in a box’, or quantum confinement)
in practice. But the implications go well beyond fundamental
studies. Quantum confinement in colloidal nanocrystals
enables high photoluminescence quantum yields (PLQYs),
along with size-dependent tuning of the emission energy and
exciton binding energy.” Colloidal nanocrystals are therefore
widely used in optoelectronics, for example, as the downcon-
verter in ultrahigh definition displays, and in light-emitting
diodes (LEDs), lasers, photocatalysis, photovoltaics (PVs) and
photodetectors (PDs).® Colloidal nanocrystals emitting in the
short wavelength infrared range (SWIR, 1000-2000 nm) can be
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made with high quantum yields, making them suited for bio-
medical applications.’ Furthermore, colloidal nanocrystals can
be deposited onto flexible polymer substrates by low tempera-
ture solution processing, which is appealing for thin film
transistors'® and flexible radiation detectors for wearable
medical imaging devices."

Historically, colloidal NC research has focused on chalco-
genides, oxides, III-V semiconductors, as well as metals.*?
In the optoelectronics community, lead-halide perovskites
(LHPs) are a recent addition, but have rapidly risen to promi-
nence owing to their exceptional performance.>>*” LHPs have
the general formula APbX;, in which Pb*" cations are octahed-
rally coordinated with X species (halide anions: CI7, Br™ or I").
These PbX, octahedra share corners to form a 3D symmetric
unit cell (cubic, tetragonal or orthorhombic), provided that an
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A-site monovalent cation of the right size (e.g., methylammo-
nium) fits into the cuboctahedral hole. Although the work on
LHPs began as early as the 1800s,>® these materials were only
demonstrated for solar cells and reported in 2009, and their
potential for achieving efficient PVs was not appreciated until a
couple of years later.**>" These early works on PVs focused on
LHPs in thin film form, and thin film perovskites were also
used in the first demonstration of light-emitting diodes (LEDs)
operating at room temperature in 2014.%> It was not until 2014/
2015 that the first reports of highly luminescent LHP colloidal
NCs were made.'®”? Since these early demonstrations, there

have been an exponentially growing number of reports on the
size- and shape-controlled synthesis of LHPs of a variety of
compositions, along with investigations into their charge-
carrier kinetics, and applications in optoelectronics. There have
been many reviews covering LHP nanocrystals, some of which
are ref. 7, 27 and 34-36. However, the majority of research
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papers and reviews thus far have focused on LHP nanocrystals
in the weak- to intermediate-confinement regime, where the
size is above the Bohr diameter. Many more exciting properties
and opportunities can be accessed if we reduce the size below
the Bohr diameter, ie., in the strong confinement regime.

The Bohr diameter is twice the Bohr radius (a,), which is
defined as the distance between the electron and the hole in
ground state excitons.’” For LHPs, the Bohr diameter is typi-
cally estimated by theoretical calculations using the effective
mass model (eqn (1)):

8mh2en

m*e?

2(10 = (1)
In eqn (1), &, is the electronic dielectric constant, and m* is
the reduced carrier (electron and hole) effective mass. For
example, the Bohr diameter is in the range of 5-12 nm for
CsPbX; (where X = C17, Br~ or I") and 4-10 nm for MAPbX;
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(a) lllustration of how the band structure of materials changes as quantum confinement increases due to reductions in nanocrystal size below the

Bohr diameter. Image of nanocrystals obtained from ref. 12. Copyright 2020, Elsevier. (b) Variation in the energy between the ground state and first
excited state with the size of CsPbXs (X = Br, I) nanocrystals. Data obtained from ref. 13-18. Model fit is based on an empirical effective mass

approximation model.°

The Bohr diameters (i.e., twice the Bohr radii, ag) of CsPbBrsz and CsPbls are indicated.'*=2 (c) Scope of this tutorial review,

covering size-controlled synthesis, optical properties (steady-state and kinetics), single photon emission and applications of strongly-confined lead-
halide perovskite quantum dots. The figures used inset are reproduced with permission from ref. 22-24. Copyright 2022, The American Association for
the Advancement of Science. Copyright 2022, The Author(s), under exclusive license to Springer Nature Limited. Copyright 2018, American Chemical

Society.

(X =17, Br ).">" When the size (edge length or diameter) of the
LHP is smaller than the Bohr diameter, the nanocrystals are
considered to be strongly confined and are often referred to as
zero-dimensional (0D) quantum dots (QDs). The exciton Bohr
diameter can be determined experimentally by observing how
the absorption or photoluminescence spectra of the QDs
change with size. When the size of the QD exceeds its exciton
Bohr diameter, there will be negligible changes to the photo-
luminescence peak center.*® This is an effective and simple
experimental method to determine the exciton Bohr diameter
of the materials. Furthermore, by reducing the size of the
inorganic nanocrystals, but still using the same long-chain
organic ligands, the electric field lines of the charges extend
into the organic shell. The significantly lower dielectric con-
stant of the organic layer than the inorganic core results in
reduced screening. This results in stronger electrostatic attrac-
tion between the electrons and holes, leading to further
increases in the exciton binding energy.’® This is known as
dielectric confinement.

Strongly-confined perovskite QDs have many important
applications in next-generation ultra-high definition displays,
optical communications, bioimaging, quantum computing,
and more.**** This is because of the many important and
intriguing phenomena that are opened up through strong
quantum and dielectric confinement, which enable properties
that are not obtained in the weak-to-intermediate confinement
regime. A common phenomenon is the increase in the energy
splitting between the ground state and the first excited state of
the exciton. The ability to blue-shift the emission of LHPs
(Fig. 1(b)) by simply reducing the size enables the realization

8098 | Chem. Soc. Rev., 2024, 53, 8095-8122

of nanocrystals emitting in the UV, blue, or orange/red wave-
length ranges without having to use mixed anion/cation com-
positions that would phase-separate under light illumination or
with an electric field, and this is important for display and
lighting applications.***® Strongly-confined perovskite QDs can
also enable greater color saturation, which can lead to displays
that cover a wider color gamut than weakly-confined
emitters.’”"’ ! Strong confinement also leads to enhanced
splitting of the dark singlet and bright triplet excitons, which,
if coupled with an anisotropic structure, can lead to polarized
light emission, which is important for optical communications,
bioimaging, and 3D displays.”” Furthermore, size confinement
enhances exciton-exciton annihilation, which increases the
likelihood of achieving single photon emission and could lead
to the application of these materials in quantum computing.
Over the past two years in particular,>® there have been many
advances in the development, synthesis, and applications of
strongly-confined perovskite QDs, and it is important to cap-
ture the progress, challenges, and future opportunities of this
growing area, especially recent efforts to realize applica-
tions that go beyond what could be achieved with weakly-
confined NCs.

In this tutorial review, we will discuss the latest insights into
the challenges of reliably achieving ultrasmall perovskite QDs
with high monodispersity, and the advances in synthesis
methods realized to overcome these challenges, along with
their optical properties and applications to LEDs (overview in
Fig. 1(c)). This includes colloidal synthesis as well as our
perspectives on how machine learning and high-throughput
methods (including flow synthesis) could be used to accelerate

This journal is © The Royal Society of Chemistry 2024
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the optimization of QD synthesis. Next, we discuss how chan-
ging the confinement regime of the nanocrystals influences the
steady-state optical properties and the kinetics of both hot
carriers and cold band-edge charge-carriers. We follow this
with a discussion of the latest advances in applying these
strongly-confined QDs in single-photon emitters and LEDs.
Finally, we discuss the key challenges in this growing field,
and how they could be addressed.

2. Size-controlled synthesis of
colloidal metal-halide perovskites from
bulk-like or weakly-confined
nanocrystals (NCs) to strongly-
confined QDs

A key cornerstone in the development of colloidal NCs is rea-
lizing their synthesis using facile methods,® bringing together
inorganic materials synthesis with organometallic chemistry. A
wide variety of colloidal synthesis methods have been devel-
oped, which were also adapted for LHP NC synthesis over the
past decade. The vast majority of these approaches are batch
synthesis methods, namely ligand-assisted reprecipitation
(LARP; Fig. 2(a)), or hot injection (HI; Fig. 2(b)). This section
discusses how these synthesis methods have been adapted
to reliably obtain strongly-confined LHP QDs, as well as the
potential to apply continuous flow synthesis methods and data-
driven approaches to accelerate their development.

2.1. Tuning reaction parameters in batch synthesis to control
the size-dependent properties of perovskite QDs

Over the years, a wide range of synthetic methods have been
developed for colloidal halide perovskite NCs of different
morphologies and compositions. For more details, interested
readers are referred to previous reviews.?”**>3°%°%3 Among all
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synthesis methods, HI and LARP have been the most widely
used in the size- and shape-controlled synthesis of halide
perovskite NCs. In particular, HI synthesis offers better shape
control and size distribution of LHP NCs compared to
LARP.””** The HI method was initially used for the synthesis
of monodisperse colloidal CdE (E = sulfur, selenium, tellurium)
QDs in 1993 by Bawendi and co-workers.? This involved the
rapid mixing of precursors in air- and moisture-free conditions
to induce supersaturation and the formation of NCs at a
controlled temperature, before terminating the growth in all
directions by using long-chain organic ligands.® Later, this
synthesis approach was extended to a variety of other colloidal
nanocrystals including lead chalcogenides, gold, silver,
etc.,>**** and recently to LHP NCs as well.'*"*** Using this
approach, Protesescu et al. ' first demonstrated the synthesis of
monodisperse CsPbX; (X = Cl, Br or I) NCs with size tunability
in the range of 4-15 nm. But instead of varying the growth time
(as generally used for metal chalcogenide QDs), the reaction
temperature was varied in the range of 140-200 °C.**°® Later,
this approach was also applied to the synthesis of FAPbBr; NCs
in the size range of 5-12 nm.>”®” As the reaction temperature
decreases, the size of the CsPbX; NCs decreases, and thus the
emission spectra blue shifts, and this enables the exploration of
quantum size effects in CsPbX; NCs.'® For instance, as the size
of CsPbBr; NCs approaches its exciton Bohr diameter (~7 nm),
the bandgap slightly increases (emission peak blue shifts) in
comparison with its bulk counterpart, and increases nonli-
nearly as the size further decreases below its Bohr diameter
due to strong quantum confinement of excitons (Fig. 1(b))."
In addition, the exciton peaks of the NCs gets sharper as their
size decreases down to the strong confinement regime, which
is similar to the behavior of II-VI and III-V colloidal QDs.
However, tuning the size of APbX; NCs in the strong confine-
ment regime without affecting the morphology is extremely
challenging because HI synthesis often results in the formation
of 2D nanoplatelets at reduced temperatures.*®*>°® For

(b)
z 80-200 °C
)
g Cs
©
s — (1 (2)
2@ PbBr, Pb-acetate
= Benzgyl Ligands  Cs,CO,
bromide (znBr,)  OLPA

Fig. 2 Size-controlled synthesis of APbXs QDs (A = CL, Br, I A = MA, FA, Cs) by (a) room temperature crystallization,?® where the size of the QDs
decreases with a decrease in the concentration of the precursors (e.g., Cs-DOPA and PbBr,) or ligands (e.g., TOPO), and (b) hot injection synthesis, where
the size of the QDs decrease with increasing halide/Pb ratio,®*>* increasing alkylammonium halide concentration,®® decreasing reaction time,*’
or decreasing reaction temperature >°¢%” Cs-DOPA: cesium-diisooctylphosphinate; TOPO: trioctylphosphine oxide; ODE: octadecene; OLPA:
oleylphosphonic acid.
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instance, Bekenstein et al®® found that the morphology
changes from cubic to nanoplatelets as the temperature in
the HI synthesis reduced from 150 to 130 °C. The thickness
of the nanoplatelets is tuneable down to one unit cell thickness
by further decreasing the reaction temperature. Thus, HI
synthesis yields either 0D nanocubes or 2D nanoplatelets at
relatively low temperature, however, their precise selectivity (2D
vs. 0D QDs) is yet to be fully understood.>”***° A recent report
by Otero-Martinez et al.>® demonstrated that the morphology of
CsPbBr; initially changes from bulk-like 3D nanocubes to
strongly-confined 0D nanocubes by decreasing the reaction
temperature from ~175 to 100 °C, while the reaction yields
2D nanoplatelets at temperatures below 100 °C. On the other
hand, the size of FAPbBr; is precisely tunable in the size range
of 14-3 nm (exciton Bohr diameter of FAPbBr; is ~7 nm®®) by
decreasing the reaction temperature in between 200-50 °C,
whereas nanoplatelets were observed in room temperature
synthesis.”® It should be noted that HI synthesis at intermedi-
ate temperatures often results in the formation of a mixture of
0D nanocubes and nanoplatelets and their separation requires
further purification steps. In contrast to typical HI synthesis, all
the precursors can also be mixed in octadecene and heated
to 143 °C to obtain strongly-confined ~3 nm CsPbBr; QDs

View Article Online

Chem Soc Rev

emitting at ~460 nm wavelength with a PLQY of 68%. How-
ever, size control was not demonstrated by this approach.”®
To achieve better size control in the quantum confinement
regime of LHP NCs, HI synthesis has been altered by reagents
and ligands to have better control over nucleation and growth,
which is critical in determining the final morphology. In this
regard, Dong et al.>* reported a robust approach for preparing
strongly-confined 0D CsPbBr; QDs with excellent control over
their size and ensemble uniformity based on the thermody-
namic equilibrium of Br rather than reaction kinetics. This is
one of the most widely used methods in the literature for the
preparation of strongly-confined CsPbBr; QDs.'®>*7%7> The
thermodynamic equilibrium between the Br in the QD lattice
and the reaction medium can be controlled by varying the ratio
of Br/Pb (for fixed concentrations of Cs and Pb) with the
addition of ZnBr,, and through the reaction temperature
(Fig. 2(b)). A negative correlation between the bromide concen-
tration [Br™ ] in the reactant mixture vs. QD size was observed
(Fig. 3(a)-(e)). This is consistent with the relative increase of
Br~ concentration on the surface with a decrease in the size of
the NCs, as they possess PbBr, surface composition.”* The size
of the NCs decreased also as the reaction temperature was
reduced. Thus, to obtain strongly-confined QDs, the increase of

a Br/Pb=2s| P Br/Pb=10| © gr/b=10| @ Br/Pb=10
g T=190°C g T=160°C| Y T=140°C| Y T=80°C
5 H g 5
< Mn=a98nm| £ M=492nm| A=481nm| 5 Ae=467 nm
3 b n a
2 2 < <
of----——-- of--——---- 0 - 0

200 500 600 400 500 600 400 500 600 400 500 600

Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
QD size (/) determined by
e f Mo o[BI =Ry oo(0T)
190 -
5 /
. HarollT) :
&

o G
T 160 = _
5 g o
& ) ) < 3
g mmmm) increasing Br/Pb g 8
£ . . © 2
g 140k ) increasing T § £
S 2
t )
3
o

80f

1 1 1 >
2 10 20 25
Br/Pb ratio in the reactant

Fig. 3
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(a)—(d) Absorption and PL spectra of CsPbBrs QDs obtained at different ratios of Br/Pb and at different reaction temperatures. The PL spectra

blueshifts due to a decrease in QD size, and therefore stronger confinement. The combination of high Br/Pb ratio and low reaction temperature results in
strongly-confined QDs. (e) The evolution of colloidal NCs from bulk-like 3D nanocrystals to strongly-confined QDs with Br/Pb ratio and reaction
temperature. The average sizes of the QDs are provided on the TEM images. (f) A theoretical model illustration based on the equilibrium of Br~
concentration [Br~] between the QD lattice and solution medium for the determination of the QD size ({) for a given ([Br~]) and temperature (T), where
the chemical potentials of Br~ in the QD (ug,~, QD, horizontal lines for different {) and in the reaction medium (ug,-, sol, black curve) are equal.
Reproduced from ref. 24. Copyright 2018, American Chemical Society.
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Br~ concentration should be accompanied by a lowering of the
reaction temperature.

Thus, CsPbBr; QDs with a size range of 6.2-3.7 nm can be
synthesized by varying [Br'] and reaction temperature
(Fig. 3(a)—(e)). It should be noted that the QD size increases
with increasing reaction temperature for a fixed Br/Pb ratio
(Fig. 3(a)-(e)). In addition, the uniformity of the QDs increases
as the size decreases with an increase in [Br™]. Furthermore, it
was found that the 0D QDs exhibited XRD patterns that were
nearly identical to those of 3D NCs prepared without ZnBr,,
apart from the expected broadening of the peaks for small
QDs.>* The size control of the QDs was attributed to the
thermodynamic equilibrium between the [Br™] in the reaction
medium and QD lattice. Time-dependent PL measurements
revealed that in the presence of excess [Br™], the redshift of PL
with reaction time saturates much faster as compared to the
case without ZnBr, (1 s vs. 25 s). The emission wavelength
remains unaltered when the Br~ equilibrium controls the
terminal QD size. However, the PL intensity keeps increasing
with the reaction time until the reaction is quenched. This
suggests that the particle size is independent of growth time
and that the number of particles of the same size increased over
time. Based on these experimental results, a theoretical model
was proposed based on the [Br~] equilibrium (in terms of
chemical potentials, ug-) between the QD lattice and reaction
medium to determine the size of the QDs, which is illustrated
in Fig. 3(f). According to this model, the control of QD size (/)
with the [Br~] satisfies the chemical potential equilibrium
equation provided in Fig. 3(f). The theory is consistent with
the negative correlation between [Br~| and QD size, and is
consistent with the higher uniformity in QD size when there is
excess [Br] (see the circled area in Fig. 3(f)).**

Besides, a few other approaches have been found to be
effective in controlling the size of strongly-confined CsPbBr;
QDs.2>”*>74776 1n particular, alkylammonium bromide-assisted
size tuning enabled the synthesis of CsPbBr; NCs in the size
range of ~17.5-3.8 nm with ~1 nm precision in the size simply
by changing the concentration of added alkylammonium bromide
without having to adjust the reaction temperature.”® Increasing the
concentration of alkylammonium bromide results in a decrease in
the size from 17.5 nm 3D NCs to strongly-confined 3.8 nm QDs,
and thus the emission of CsPbBr; NCs is tunable from 510 nm to
465 nm. This approach was further extended to size tuning of
CsPbCl; NCs in the size range of 25-6 nm. However, the mecha-
nism behind this excellent size-tuning is yet to be clearly under-
stood. It was found that the increase of PbBr, in the reaction
medium does not affect the size of the NCs, therefore, the authors
of this work proposed that the alkylammonium cations bind
strongly to the surfaces by replacing Cs" atoms and thus restricting
the growth to obtain QDs at higher alkylammonium bromide
concentrations.>® However, it should be noted that the alkylam-
monium bromide is also a source of Br, but the effects of an
increase in the chemical potential of Br on size-tuning are unclear.
In contrast, a report by Almeida et al.”> showed that increasing the
concentration of the alkylammonium cation in the HI synthesis of
CsPbBr; NCs results in the formation of strongly-confined NPLs
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rather than QDs. The concentration of the alkylammonium cation
is controllable by the acid-base chemistry of oleylamine (OLm)
and oleic acid (OA), leading to the formation of oleylammonium
and oleate. Therefore, the concentration of the ammonium cation
functional group increases not only with increasing OA concen-
tration but with also a lowering of the reaction temperature.
At higher temperatures, the deprotonation of the ammonium
cation results in an increase in the concentration of the reactants.
Thus, HI synthesis yields NPLs at higher OA concentration and
lower temperatures, whereas it yields strongly-confined QDs at
lower OA concentration. A size range of 16.4 to 4 nm was achieved
for CsPbBr; NCs by varying the ligand concentration and
temperature.”” These studies suggest that the morphology control
from NPLs to QDs is very sensitive to reaction parameters, there-
fore, future studies should be focused on in-depth understanding
of the role of ligands in shape control.

Despite significant progress in size-controlled synthesis, the
OLm and OA ligands binding to LHP NCs are highly dynamic
and detach from the surface during antisolvent-induced
purification.*>”””® Various ligands that strongly bind to LHP
NC surfaces have been exploited to obtain stable NCs by in situ
synthesis, as well as post-synthetic ligand exchange. For
instance, the native OLm-OA ligands of CsPbBr; QDs synthe-
sized with excess ZnBr, were replaced with didodecyldimethyl-
ammonium bromide (DDAB) by post-synthetic surface treat-
ment, and this is known to be a strong binding ligand.*’ The
resultant QDs showed excellent monodispersity and were self-
assembled into large-area QD superlattices with unusual rhom-
bic packing.*® Stable LHP QDs can also be directly synthesized
using ligands that bind strongly to the surfaces. In this regard,
oleylphosphonic acid (OLPA) was shown to enable the size-
controlled synthesis of CsPbBr; NCs in the size range of 9.2 to
5 nm with over 80% PLQY."” The size tunability was achieved
through growth time (45 to 600 seconds at 100 °C) rather than
reaction temperature or ligand concentration that were used in
other methods discussed above. This suggests that the crystal
growth is rather slow in the presence of OLPA as compared to
the OLm-OA ligand pair. The OLPA-capped QDs are colloidally
stable at ambient conditions even at very low concentrations
(1 nM). The stability was attributed to the high solubility of
OLPA in apolar solvents, and thus it prevents NC aggregation
through reversible binding/unbinding to/from the NC surface.
Moreover, the OLPA-capped QDs exhibit quasi-spherical poly-
hedral morphology (truncated octahedron) in contrast to
the typical cubic morphology of OLm-OA capped NCs. Inter-
estingly, the OLPA-capped spherical QDs exhibit peaks at
higher energy excitonic transition, similar to that of II-VI
colloidal QDs."”

Furthermore, a recent study demonstrated control over
nucleation and growth of CsPbBr; perovskite QDs at room
temperature using trioctylphosphine oxide ligands that solubi-
lize the PbBr, and Cs-DOPA (diisooctylphosphinate acid) pre-
cursors. The reaction kinetics of both nucleation and growth
can be substantially slowed down from <1 s (using OLm-OA
ligands) to ~30 min by varying the equilibrium between the
PbBr, precursor and the Cs[PbBr;] in the reaction medium
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order excitonic peaks. (c) Ex situ absorption spectra of a series of purified CsPbBr; QDs with sizes ranging from ~3-13 nm. (d) HAAD STEM images of
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ranging from 6-11 nm. Reproduced from ref. 23. Copyright 2022, AAAS.

(Fig. 4(a)). This enables the spectral evolution of CsPbBr; NCs
to be monitored as they grow from 3.1 nm QDs to 13 nm bulk
NCs (Fig. 4(b)-(d)). Thus, monodisperse CsPbBr; NCs can be
isolated from different times during synthesis, and the parent
ligands can be exchanged with lecithin to obtain stable colloi-
dal QDs with spherical-like morphology similar to that of OLPA-
capped QDs. The size of the CsPbBr; NCs is tunable either by
dilution (concentration of Cs-DOPA) or TOPO as they control
the rate of reaction and terminal size. These results reveal that
the size of NCs decreases and reaction speed increases upon
dilution, whereas decreasing the TOPO concentration results in
a decrease in the size of the NCs, but the reaction rate remains
unchanged. This approach is also applicable to hybrid perovs-
kite QDs (Fig. 4(e) and (f)). The 0D QDs prepared using
trioctylphosphine oxide ligands exhibit several higher-order
excitonic transitions in their linear absorption spectra, which
are similar to that of classical chalcogenide QDs. Such clear
higher energy optical transitions were not observed in strongly-
confined cubic shape QDs. This was attributed to the perturba-
tion that coupled the spherical states of different angular
momenta in cubic symmetry.”® This leads to splitting of the
higher-order absorption states, which result in flat absorption
spectra at higher energy.

2.2. High-throughput synthesis using robotic workstations
and microfluidic platforms

As discussed in the batch synthesis section above, there are
many parameters that can influence the final shape and quality

8102 | Chem. Soc. Rev, 2024, 53, 8095-8122

of the QDs. The experiments to optimize these interrelated
synthesis conditions, including reaction time, temperature and
precursor types and ratios, as well as discovering new ligands,
can be very intuitive and slow. At the moment, there is growing
interest in the wider perovskite community in applying artifi-
cial intelligence (AI) to high-throughput materials synthesis
and characterization.”””®> Al-assisted high-throughput synth-
esis generally follows the following four steps: (1) data mining
to identify the synthesis parameters that need to be optimized
(Fig. 5(a)); (2) conducting high-throughput synthesis using
either automated robotic-arm platforms (high-throughput
batch synthesis) or automated microfluidic platforms (high-
throughput flow synthesis) (Fig. 5(b)); (3) examining the quality
of the synthesized QDs via in situ characterization to provide
feedback data to optimize the synthesis conditions (Fig. 5(c));
(4) achieving inverse design so that the AI platform can synthe-
size desirable QDs automatically when entering the QD para-
meters that needed to be synthesized, such as their PL
wavelength, sizes and shapes (Fig. 5(d)). These approaches have
gradually been applied to optimize the synthesis of weakly-
confined NCs,*"*>** but has not yet been widely explored for
strongly-confined perovskite QDs, and so we here discuss the
potential advantages, as well as some of the challenges that
may need to be overcome in the near future.

2.2.1. Data-mining-guided rational design. In the traditional
scientific method, a researcher would manually read through
published papers, patents and reports, before using parameters
obtained from the literature, and their own intuition, to devise

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Data-driven perovskite materials innovation (a) Data mining of key synthesis parameters for double-perovskite NCs. (D4 is the well in column 4
and row D in the 2nd plate shown in the tables). Reproduced under the terms of the CC-BY license from ref. 82. Copyright 2023, The Authors.
(b) lllustration of high-throughput experimental platform and screening process for perovskites with different structures. (b1) Schematic illustration of the
automated and modular microfluidic platform with the three-port translational flow cell.®* (b2) Schematic illustration of the automated workstation
platform with pipetting robot.®2 (b3) Common screening contents in high-throughput perovskite synthesis experiments, leading to different
dimensions.®® (c) In situ characterization of perovskite materials, such as color (c1),8® absorption (c2) and SAXS (c3), etc. Reproduced with permission
from ref. 23. Copyright 2022, The American Association for the Advancement of Science. (d) Inverse design facilitated by machine learning models.
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selecting appropriate experimental conditions.

experimental methods to test and optimize for synthesizing
colloidal quantum dots. This would be an iterative approach that
is time-consuming and tedious. Such cycles can be significantly
accelerated by using data mining to rigorously and rapidly extract
valuable information from vast literature databases (Fig. 5(a)).
This allows researchers to gain insights into key synthesis para-
meters, such as additives, solvents, anti-solvents, etc., which can
significantly contribute to the rational design of materials, as
well as strategies to synthesize these materials.’”*® Natural
language processing (NLP) techniques are employed to parse
and analyze the textual content of research papers, extracting
relevant data to guide subsequent high-throughput experi-
ments.*? However, not all identified parameters can be realized
easily into automated systems. Hence, despite the potential to
enhance the efficiency of materials development by providing
guidance on the selection of suitable precursors and synthesis
conditions, this approach currently is still limited by translat-
ing the identified parameters into physical experiments at
extreme conditions, such as high hot injection temperatures
using automated robotic systems, and its accuracy for conduct-
ing experiments and analyzing results.®**°

This journal is © The Royal Society of Chemistry 2024

2.2.2. High throughput experimentation, guided by in situ
characterization. After identifying synthesis parameters using
data-mining for information extraction from the literature and
experiment design, the next key component is the optimization
of synthetic protocols for high throughput experimentation.
This includes two methods: (1) robotic workstation platforms to
accelerate batch-based processes for perovskite QDs synthesis,
and (2) microfluidic platform using flow synthesis. Robotic
workstation platforms can enable the automated handling of
perovskites precursors,”’®* and recent systems for perovskite
nanocrystal synthesis typically include a liquid handling arm,
liquid dispensers, and a liquid storage system. The liquid
handling arm is the core component of pipetting robots, which,
through programming, can rapidly transfer liquids between
designated areas, such as test tubes, well plates, and reagent
reservoirs. The end of the liquid handling arm can be equipped
with a single-channel or multi-channel liquid dispenser,
depending on experimental requirements. Therefore, its design
focuses on the precise, automated, high-throughput handling
of the distribution, transfer, and mixing of large volumes of
liquids. As is shown in Fig. 5(b), the platform is integrated with
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synthesis and characterization modules, and equipped with a
pipetting robot and collaborative arms to conduct more than
1000 experiments to obtain the targeted double perovskites.
In addition, it is capable of executing tasks such as solution
mixing and undergoing optical characterization facilitated by a
mobile camera.®” Currently, the robotic workstation platforms
are built based on LARP synthesis methods for weakly-confined
NCs,%>%% where the experimental conditions do not need an
inert atmosphere or high reaction temperatures. To our knowl-
edge, there is no work yet focusing on strongly-confined QDs.
To build a high-throughput system for synthesizing strongly-
confined perovskite QDs, integrating the workstation with an
automated centrifugation system would be necessary, so that
both LARP and HI methods can be used to prepare small QDs.

On the other hand, microfluidic platforms, namely flow
reactors, are comprised of narrow channels that liquid precur-
sors are mixed into, where nucleation and growth take place. By
providing greater control over the volumes mixed together, the
degree of mixing (mixing index), and type of flow during
synthesis (laminar, turbulent or mixed, while avoiding dead
zones), flow reactors could enable greater reproducibility over
batch reactors. Importantly, this high level of control can be
maintained when the reactor is scaled up for industrial nano-
crystal synthesis, whereas batch reactors would have signifi-
cantly different mixing profiles when the size is changed.®**>**
Flow synthesis has been investigated for perovskite nanocrystal
synthesis,®>*>"7 but has not yet been thoroughly investigated
for the synthesis of strongly-confined perovskite QDs. Recently,
Zhang et al achieved the synthesis of strongly-confined
CsPbBr; perovskite nanoplatelets through flow synthesis, emit-
ting at 472 nm, with a thickness of 2.2 + 0.3 nm,’® which is a
promising step towards the ultimate goal of making small,
strongly-confined LHP QDs. Achieving fine control over the
thickness of the nanoplatelets required tuning the degree and
nature of mixing during the nucleation and growth stages, and
this in turn required in situ characterization to enable the real-
time observation of the reaction process. An important advan-
tage of microfluidic systems is that they can easily be integrated
with optical cells for in situ absorption and PL measure-
ments.?*% Synthesizing strongly-confined (<7 nm diameter)
LHP QDs with narrow size distribution will be more challen-
ging, and will require the in-depth mechanistic insights gained
from in situ measurements to optimize the parameters (e.g.,
channel diameter, length and shape) in a flow reactor.

In situ characterization has also become a critical compo-
nent of data-driven optimization in the batch synthesis of
perovskite nanocrystals. For instance, as shown in Fig. 5(c),
Zhao et al.®*®° utilized measurements of rapid optical changes,
such as PL wavelength, to monitor the evolution of perovskite
crystals in real time with a time resolution of a few seconds.
Min et al.*® applied in situ spectroscopy to reveal that the rapid
aggregation of grains during the initial growth stage (10 s) of
perovskite thin films is the main reason for the formation of
defect states. Akkerman et al?>’ probed the size dispersion
(8.1%) and isotropic spheroidal particle shape by in situ syn-
chrotron small-angle X-ray scattering (SAXS) measurements,
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which provide valuable insights into reaction kinetics, crystal
growth, and phase transitions. However, the reaction time
window for perovskite NCs is typically much shorter than this,
with the nucleation step typically complete well within 1 s.
A detector with short time resolution is therefore needed. The
detectors need to be able to be integrated with automation
control, but also small enough or flexible enough to be able to
put into an inert atmosphere, such as inside a glovebox.
Another approach would be to slow down the reactions for
small QD synthesis using either robotic workstation or micro-
fluidic reactors in an interconnection closed system for in situ
synthesis and characterization, so that the current time resolu-
tion of commonly-used detectors is able to capture the reaction
kinetics.”?

2.2.3. Machine-learning-facilitated inverse design. Improve-
ments in machine learning (ML) techniques have significantly
enhanced the field of perovskite materials research, particularly
in the context of inverse design, where the ability to specify
desired perovskite materials properties upfront and then deter-
mine the corresponding structure has been significantly empow-
ered. In addition, ML serves as a powerful tool for tasks like
property prediction,'”" optimization,'®> and more. For instance,
as shown in Fig. 5(d), Wu et al.®® performed ML modelling to
establish the correlations between the precursor volume ratios
and PL emission intensity for property prediction of LHPs. Zhao
et al®® established the morphology-oriented inverse design
between morphologies of tunable perovskite nanoparticles and
key synthesis parameters by using a regression model. Recently,
the rapid development of large language models (LLM) has
brought transformative changes in the realm of materials
science, %1% accelerating the pace of inverse design for perovs-
kite materials. Wang et al.'® conducted fine-tuning training on
the open-source model LLaMA2-7B and successfully developed
MatChat, which focuses on predicting the synthesis path of
inorganic materials. As LLM advance, they are set to revolutio-
nize perovskite materials development, enabling accurate per-
formance prediction, streamlined parameter optimization, and
innovative approaches to inverse design. However, the database
for strongly-confined NCs is not currently large enough to
establish a reliable AI model for the inverse design of the
synthesis of small perovskite QDs. Moreover, there are huge
potentials of ligands and precursors for the synthesis of strongly-
confined perovskite QDs with narrow size distribution. There-
fore, high-throughput experimental results are needed for the
strongly-confined QDs synthesized at different conditions with
different ligands and precursors, so that there is enough data
machine learning to facilitate inverse design in the near future.

3. Optical properties and
charge-carrier kinetics

Having discussed how to synthesize LHP QDs with fine control
over the size, this section covers the effect of size reduction

on the charge-carrier dynamics of perovskite nanocrystals,
including the influence on steady-state absorption properties

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Top panel, illustration of the effect of size on the exciton binding
energy. Bottom panel, schematic of the charge carrier distribution in the
valence (VB) and conduction band (CB) of an arbitrary semiconductor with
a narrow band gap. Bottom panel: When in equilibrium (1), charge carriers
are excited into the bands and have the same temperature as the lattice.
Photoexcitation upon absorption promotes an excess number of electrons
into the CB and holes into the VB (2). Ultrafast elastic carrier-carrier
scattering will set in (3) and transform the non-equilibrium carrier distribu-
tion to a thermal distribution of hot carriers in the CB/VB (3). Carrier
cooling (4) will equilibrate the temperatures before eventual carrier
recombination (5). Produced with inspiration from ref. 106.

(Fig. 6, process 2), relaxation processes (thermalization and hot
carrier cooling, Fig. 6, processes 3 and 4) and recombination
processes (radiative and non-radiative recombination, Fig. 6,
process 5).

3.1. Light absorption

Quantum size effects in III-V and II-VI semiconductor QDs
have been extensively studied over the past three decades, and
these findings have been instrumental in understanding size
effects in LHP QDs.* LHP NCs exhibit either bulk-like or
strongly excitonic properties, depending on their size.>® When
the characteristic diameter of a LHP NC is comparable to its
exciton Bohr diameter (e.g., ~7 nm for CsPbBr; and FAPbBrs;,
~12 nm for CsPbl;, ~10 nm for FAPbI;), the material enters
into the regime of quantum confinement, in which the electro-
nic wavefunction is confined within the particle’s geometry.
The material then exhibits very different linear and nonlinear
optical properties compared to their bulk counterparts. The
strength of quantum confinement depends on the size of the
NCs with respect to the exciton Bohr diameter of the material.
In this size regime, the energy of the electrons and thus the
bandgap changes according to the nanocrystal size (Fig. 7(a)
and (b)). As the size decreases, the HOMO-LUMO gap increases,
and thus the emission wavelength decreases. For instance, the
emission color of Br-based perovskites changes from green to
violet via blue with decreasing particle size. Similarly, the emis-
sion of I-based perovskites changes from near-IR to green via
red, orange, and yellow with increasing quantum confinement.
Table 1 summarizes the size-dependent emission wavelengths
for CsPbBr;, CsPbl;, and FAPbBr; NCs.
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Another important feature of QDs is their discrete energy
levels which have a profound effect on the optical absorption
spectra (Fig. 7). The quantum confinement effects result in a
change in the continuous density of states of bulk materials
into discrete atomic-like quantized energy states that can be
classified with two quantum numbers: L (angular momentum
quantum number (symmetry), with a letter S for L = 0, P for
L=1,D for L =2, and so on) and N, the number of the state in
the series of states of a given symmetry, i.e., 1 refers to the
lowest-energy state (Fig. 7(a) and (b)).'°®*''" As shown in
Fig. 7(a) and (b), the lowest energy states (both in valence and
conduction bands) in order of increasing energy are 1S, 1P, and
1D. Thus, the absorption spectra of spherical QDs exhibit
several discrete higher energy absorption bands (1P(e)-1P(h),
1D(e)-1D(h), and so on) in addition to band edge absorption
(1S(e)-1S(h)), whereas bulk semiconductors (or 3D NCs) exhibit
continuous absorption spectra (Fig. 7(b)-(d)). However, in
the case of band mixing, the multi-subband character of the
valence band is typical for many semiconductors, including
CdSe. In this case, the valence band energy levels can be
classified with the total angular momentum quantum number
F, where F is the Bloch-function angular momentum (/) +
angular momentum quantum number (L).'°®™" Accordingly,
the valence band energy levels can be labelled as nLg, and thus
the three lowest energy levels (hole states) calculated for CdSe
QDs are 1S5, 1P5),, and 2S;,,.""> The optical transitions related
to these states were well-resolved in the linear absorption
spectra of high-quality colloidal CdSe QDs (Fig. 7(c)). Similarly,
for LHP QDs, the shape of the absorption spectra (especially,
higher order absorption bands) strongly depends on their shape,
where the spherical-like QDs exhibit well-resolved higher energy
excitonic transitions as compared to those in cuboidal QDs
(Fig. 7(d)).>® However, further in-depth experimental and theo-
retical studies are needed to better understand the absorption
spectra of LHP QDs.

3.2. Charge-carrier relaxation

The mechanism of hot carrier relaxation in LHP materials
includes two processes, thermalization and cooling. First, the
free electrons and holes with a non-equilibrium distribution of
excess energies generated from photo-excitation undergo ther-
malization through rapid (0.01-0.1 ps) carrier-carrier scattering
events to establish an equilibrium distribution characterized by
an effective hot carrier temperature. Subsequently, the therma-
lized hot carriers exchange energy with the lattice on a 0.1-1 ps
timescale via carrier-phonon interactions, and eventually cool
down to the lattice temperature. Herein, the relaxation time
constant refers to the change of hot carrier density over time
when the hot carriers interact with surrounding species, includ-
ing charge-carriers and phonons. Due to the polar nature of
LHP semiconductors, the dominant pathway for relaxation is
considered to be the Frohlich interaction between hot carriers
and longitudinal optical (LO) phonons, which ceases once
the excess energy of the hot carriers falls below that of the
LO phonon energy gap. Thereafter, the emitted LO phonons
decay into sub-level longitudinal acoustic phonon branches
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Fig. 7 (a) Energy band diagram of a bulk semiconductor vs. QD. The bulk semiconductor has continuous valence and conduction energy bands
separated by an energy gap ‘Eq4 (bulk)’. The energy gap is an intrinsic quantity of a material. Normally, all of the states in the valence band are filled with
electrons whereas the conduction band states are empty. On the other hand, the QD has discrete atomic-like states, where the energies of these states
depend on the QD diameter. The discrete energy states of QDs can be labeled with atomic-like notations, such as 1S, 1P, and 1D. The electronic
transitions related to these energy states can be seen in absorption spectra. (b) Schematic illustration of the continuous absorption spectrum of a bulk
semiconductor and the discrete absorption spectrum of a QD that has several higher order transitions. Figures a & b are reproduced in the terms of the
CC-BY license from ref. 107. Copyright 2003, The Author. (c) A linear absorption spectrum of CdSe NCs with a mean size of 4.1 nm. Arrows indicate the
positions of four well-resolved higher order electronic transitions. Reproduced with permission from ref. 108. Copyright 2000, American Chemical
Society (d) Linear absorption spectra of CsPbBrz, FAPbBr3, and MAPbBrz QDs with a size of ~7-nm, where the X-axis is the absorption energy—energy of
the first excited state (obtained by matching 1s—1s transition energy). Reproduced with permission from ref. 23. Copyright 2022, The American
Association for the Advancement of Science.

Table1l Comparison between the size of the nanocrystal and the PL peak
position for different LHP materials

strongly affected by the surface chemistry, potentially resulting
in a higher trap density per unit volume due to the higher
surface area to volume ratio. A higher trap density could

Size (nm) CsPbBr; (nm) CsPbl; FAPbBr;

3537 pySmp—yEy 29057 increase the rate of hot carrier relaxation. The overall relaxation

i 476-481257° 623% 484-49g57109  constant can be influenced by three key factors (Fig. 8(b)):

5-5.6 490-495>433473 630-642"7"* 500,"% (1) the intrinsic materials properties, which are affected by
24 54 67 . . . .

6-6.2 498 648 515 the QD size (as explained above) and composition, which

7.5 505-510°%7° 663°* 521'% . ) . :

8.6-13 514-51623:56:75 672-6835456 53057:110 determine their electronic structures and carrier-phonon cou-

16.4 518”° pling strength, (2) the measurement conditions, including

20 520°°

pump energy and fluence, and (3) the surface conditions of
the QDs, particularly the trap density.
Given the interplay between multiple factors on the relaxa-

(Klemens decay), which leads to the thermal energy of charge-
carriers being spread across the thin film macroscopically.
Based on these two relaxation processes (Frohlich coupling
and Klemens decay), there are two possible ways in which size
affects the hot carrier relaxation kinetics. First of all, the
discrete electronic structure that results from quantum con-
finement (Fig. 7(a) and 8(a)) leads to slower hot carrier relaxa-
tion, ie., intrinsic phonon bottleneck, which is usually
explained as the large reduction of the relaxation rate due to
the inefficient phonon scattering in quantum dots with dis-
crete electronic energy states. Secondly, smaller QDs are more

8106 | Chem. Soc. Rev,, 2024, 53, 8095-8122

tion constant of hot carriers, there have been many different,
and sometimes apparently contradictory, trends in the relaxa-
tion constant with QD size (Fig. 8(c)). For example, Dai et al.
observed an increase in the relaxation time constant with a
reduction in FASnI; NC size.'™* Similar trends were reported by
Li et al.'*® for MAPbBr; NCs at low measurement fluences''®
and Yu et al. for CsPbl; NCs.''” This can be explained by the
intrinsic photon bottleneck of the materials as the electronic
structure becomes more discrete with increasing quantum
confinement."**"'® For example, Dai et al. performed density
functional theory (DFT) calculations on 12.1 nm and 8.5 nm

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Effect of perovskite nanocrystal size on the relaxation kinetics. (a) Schematic diagram to illustrate the relaxation pathway in a strongly-confined
(excitonic) system vs. in a weakly-confined (free-carriers) system. The «, ¢, and y are the hot—cold carrier, carrier—phonon, and hot exciton cooling
coefficients, respectively. (b) Scheme of the factors that could influence the final relaxation time constant, i.e., the time it takes for the hot carriers to relax
to the band edge with the carrier temperature matching the surrounding lattice temperature. (c) Comparison of reports showing the influence of QD size
on the relaxation time constant. The data included in panel c is from ref. 16 (CsPbBrs NCs), 114 (FASnl3 NCs), 115 and 116 (MAPbBrz NCs), 117 (CsPbls NCs),
and 118 (CdSe QDs). (d) Hot phonon bottleneck parameters (f) for all CsPbBrs systems with different sizes and exciton binding energies, compared to a
2D (PEA),Pbl, thin film. A larger 8 value implies a more pronounced hot phonon bottleneck and slow hot carrier relaxation. Error bars correspond to a
99% confidence interval. The black dotted curve is the hot phonon bottleneck behavior as a function of E,, predicted by the kinetic model described in

the main text. Panels a and b are inspired by ref. 113.

FASnI; NCs, and showed that more energy states (and therefore
more loss channels for hot carriers) are available above the first
excited excitonic state in the larger NCs than in the smaller
NCs. The relaxation lifetime for hot carriers from the second to
first excited state increased from <0.5 ps for 12.1 nm NCs to
15 ps for 8.5 nm NCs, and this led to the first observation of a
phonon bottleneck effect in strongly-confined QDs, with the
measured relaxation time 15 ps.'**

It is worth noting that the relaxation time constant is very
fluence-dependent for strongly-confined systems. Increasing
the pump fluence will reduce the relaxation time constant
due to increasing multiexciton generation, leading to increased
annihilation between excitons, which results in a loss in energy
as heat. This contrasts to the behavior of bulk or weakly-
confined NCs, where an increase in pump fluence usually leads
to reduced relaxation time constants due to the hot phonon
bottleneck effect, phonon reabsorption (at carrier densities
~10" em™?), or Auger reheating effects (at carrier density
above 10" cm™®). For example, Li et al. showed that the
relaxation time of MAPbBr; NCs increased as the size decreased
at low fluences (carrier density ~10"” cm ™), but obtained the
opposite trend at high fluences (carrier density ~10'® cm™%)."*°

This journal is © The Royal Society of Chemistry 2024

This phenomenon has also been reported for CsPbBr; NCs'®
and CdSe QDs.''®

Carwithen et al. studied the effect of confinement, or the
size of the exciton binding energy, on hot carrier relaxation,
especially on the hot phonon bottleneck effect at high excita-
tion fluence.'® They described the relaxation time using the
following equations (eqn (2) and (3)):

drnpo -

dt = —0hpotHcold — @Nphonon eXP(— VAnhot) — XNHX (2)
(ot —m1x)” 1 g sar
hot - PHRJ _ _ o—Ev/ks 3)
NHX ).3

where ny,, is the hot carrier density, n.,q is the cold carrier
density, Nphonon is the phonon density, V is carrier-phonon
interaction (polaron) volume, A is the thermal de Broglie
wavelength and nyx is hot exciton density. The coefficient, o,
¢, and y are the hot-cold carrier, carrier-phonon, and hot
exciton cooling constants, respectively. The density of excitons
and free carriers are governed by the modified Saha-equation
shown in eqn (3), in which the size of the particles is inversely
related to the exciton binding energy, E,. Based on this model
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and the pump-push-probe transient absorption measurements
for bulk perovskites, NCs with different sizes, nanoplatelets
and monolayer thin films, Carwithen et al. observed that
the relaxation time is less influenced by pump fluence when
the dimensionality or size of the materials decreases, i.e., in the
high exciton binding energy regime. Exciton-dominated sys-
tems are less influenced by the hot phonon bottleneck effect
because of the presence of multiexciton effects. This is consis-
tent with the positive slope observed in Fig. 8(c). The positive
slope is also sometimes explained by an increase in non-
adiabatic loss channels (exciton interactions with surface
ligands or traps) when making the QDs or NCs smaller.'®'"®
Smaller QDs have higher surface area to volume ratio and
potentially a higher density of surface traps due to ligand
detachment or the easier formation of halide vacancies at the
surface.*>”® The presence of more surface traps could provide
additional energy loss pathways for hot carriers,"'*"*° espe-
cially for wider-gap materials that are more prone to deep traps,
such as Br- or Cl-based NCs."*" For example, Dai et al. reported
the manipulation of thermalization processes in perovskites for
the first time by decoupling hot carriers from traps states. This
introduces a novel avenue for controlling the non-equilibrium
process and preserving hot carrier energy."”® High surface
defect densities would diminish the effect of the hot phonon
bottleneck and Auger reheating effects. Therefore, when con-
sidering the effect of size on the hot carrier relaxation time
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constant, it is important to consider both intrinsic and extrinsic
factors.

3.3. Charge-carrier recombination

As alluded to in Section 3.2, hot or cold carriers can release or
lose energy when the electron and hole, created through
photoexcitation, come back together (i.e., recombination). For
a free-carrier system (i.e., bulk or weakly-confined NCs), the
energy can be released as a photon (k,, bi-molecular radiative
recombination), heat through phonon emission (k;, mono-
molecular defect-assisted non-radiative recombination), or as
kinetic energy to anther free carrier (k;, tri-molecular non-
radiative Auger Recombination) (Fig. 9(a)). In contrast, in
exciton-dominated systems (i.e., strongly-confined QDs),
recombination can be in the form of monomolecular trap-
assisted non-radiative recombination (kry.p) or monomolecular
radiative recombination (kraq). The bimolecular process is non-
radiative exciton-exciton annihilation (kann), as shown in
Fig. 9(b). The recombination rate equations for free-carrier-
and exciton-dominated systems are given in eqn (4) and (5),
respectively, where n is the population of photogenerated free
carriers and 7., is the population of excitons.

dn 2 3
4 = ~hn(0) — kan()* ~ksn() (@)
b
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Fig. 9 The effect of size on the recombination kinetics LHP NCs. (a) Recombination process for bulk and weakly-confined free carrier systems.
(b) Recombination process for strongly-confined excitonic systems. (c) Photoluminescence lifetime for NCs with different compositions and degrees of
confinement. Figure made with inspiration from ref. 122. (d) Biexciton radiative and Auger lifetimes, with data obtained from ref. 123-126.
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driex
dt

1
= _kTrapnex(t) - kRadnex(t) - ikAnnncx(l)2 (5)

The effect of size on recombination mainly arises from the
relative ratio of free carriers and excitons that contribute to the
recombination process. Again, the Saha equation can be used,
but this time, we can write it in the form shown in eqn (6) to
focus more on carriers that undergo recombination process.

3
I’l2 ,ukBT 2 _ .
Mo (2nh2> e ©)

The PL lifetime increases with a decrease in size for NCs in
the weak- to intermediate-confinement regimes (Fig. 9(c); black
and orange diamonds). In these regimes, free carriers domi-
nate, and the low exciton binding energy results in a low chance
of collision between electrons and holes, hence a slow process
for bimolecular recombination. As a result, larger NCs usually
have longer PL lifetimes as the free carrier radiative recombina-
tion process is usually less efficient than excitonic systems.
As the NCs become exciton-dominated, the PL lifetimes instead
decreases as the size decreases because exciton recombination
makes the radiative process much more efficient, as shown in
the strongly-confined regime in Fig. 9(c). For example, Nagha-
deh et al. observed that when the size of the CsPbBr; NCs
decreased from 9.3 nm to 5.7 nm to 3.1 nm, the PL lifetime
decreased from 19 ns to 7.5 ns to 4.7 ns,"*’ as the radiative
process is more efficient for excitonic systems in small NCs.
The shorter PL lifetime for smaller NCs here was not due to the
presence of more defect states as the PLQY increased from 54%
to 91% and 76%. Similar trends were reported in MAPDbBr;
systems.*® Again, we would like to emphasize that it could be
deceiving to only judge the recombination process based on the
trends in PL lifetime, since the role of defects also needs to be
factored in. More precise understanding of the mechanism of
recombination requires fluence-dependent measurements and
fitting the rate equations given in eqn (4) and (5).>>"*°

Biexciton emission and Auger (annihilation) recombination
are also important processes for strongly-confined QDs at high
excitation fluence, and the reported values for these processes
in LHP NCs are compared in Fig. 9(d)."**"*® The biexciton state
is a single state composed of two electrons and two holes,
where additional interactions make it energetically favorable to
form than two single excitons. The biexciton radiative lifetime
(Twiexraa) can be modelled by eqn (7) (dashed black line in
Fig. 9(d)):

Tpiex,rad = To + aVa (7)

where 7, a and o are fitting parameters and V is the volume of
the NCs. The biexciton radiative lifetime decreases as the size of
the NCs becomes smaller. On the other hand, the biexciton
Auger lifetime (Tpjex auger) is governed by eqn (8) (dotted red line
in Fig. 9(d)):

vy
Thiex,Auger — bVﬁe<V0> (8)

This journal is © The Royal Society of Chemistry 2024
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where b, f3, y and V, are fitting parameters. For ultrasmall QDs,
the § term and the exponential term equal to 1, and the fitted
curve shows a linear relationship between the NC volume and
Auger lifetime."** The overall biexciton lifetime is then inver-
sely proportional to the sum of the reciprocal of Tpjexraa and
Thiex,auger- 1N summary, the recombination kinetics in these
smaller QDs can be influence by many factors simultaneously,
including surface conditions, exciton and biexciton binding
energy, future investigations are required to unveil the full
picture of the recombination kinetics of these small QDs and
isolating the contribution of each factors.

Apart from the effect of size on the relaxation and recombi-
nation processes in LHP NCs, there are other important ways
in which the NC size influences charge-carrier dynamics.
For example, Wu et al. studied the effect of size on the spin
flip lifetime, which is the time of an electron either spin up or
spin down changes to an opposite spin due to strong
spin orbital coupling, for CsPbl; (4.2-8.3 nm) and CsPbBr;
QDs (3.5-7.5 nm).”* In all cases, the spin flip lifetime decreases
with the size.>*

4. Single-particle spectroscopic
properties of perovskite QDs

In this section, we will discuss the spectroscopic properties of
single perovskite QDs and their application as single photon
emitters (SPEs). SPEs are essential elements for photonic networks
that can potentially enable quantum communication, quantum
simulation and photonic quantum computing. Unlike conven-
tional light emitting diodes that emit photons in a stochastic
pattern, SPEs deliver photons in a clocked manner, with each
emission event containing exactly one photon that is indistin-
guishable from other photons in the stream (Fig. 10(a)). For a
material to emit single photons, individual emission centers
with discrete energy levels are always required. For example,
cold ions, or crystal defects that act like atoms, have been
demonstrated to emit single photons. However, it is very
difficult to trap or locate individual atoms, or a defect in a
crystal. Additionally, photoexcitation of these materials is inef-
ficient due to their small absorption cross sections, greatly
limiting the brightness of these SPEs.

Although QDs can be considered to be artificial atoms, with
discrete energy levels, the size of the QD, is much larger (by ~ a
few thousand times) than an atom, making QDs stronger light
absorbers. Importantly, when multiple excitons are created in
a QD, they can undergo a very fast Auger-type non-radiative
recombination process, since the multi-exciton interaction is
greatly enhanced by strong quantum confinement in QDs.
Auger recombination annihilates multi-excitons, ensuring sin-
gle photon emission. These properties combined make indivi-
dual QDs natural SPEs. Among all different kinds of QDs,
perovskite QDs are uniquely suitable for SPEs for many unique
properties such as fast emission and high single photon purity.
We will discuss the properties and advances made in single
perovskite QD studies in this section.
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(a) Schematic illustration of a perovskite QD based single photon emitter. When the QD is photoexcited, an exciton will be created. When the

exciton recombines radiatively, a single photon will be emitted. Repeating this process will generate a stream of coherent single photons. (b) Illustration
of how quantum confinement by reducing the size of the QD increases the strength of the electron—hole interaction, causing a larger fine structure
splitting and extending the PL lifetime. (c) Schematic illustration of the exciton fine structure of perovskite QDs, where the bright triplet state is further
split into three sublevels due to orthorhombic distortion and shape anisotropy. Due to the Rashba effect, the energy levels between bright and dark states
are inverted. (d) PL decay traces of perovskite QDs at 4 K, showing emission lifetimes of 200-300 ps. Reproduced from ref. 130. Reprinted with
permission from AAAS. (e) Single perovskite QD PL spectra at 4 K showing three emission lines with orthogonal polarization, originating from the triplet
bright states. Reproduced from ref. 131. Copyright 2018, Springer Nature. All rights reserved.

4.1.
QDs

Band-edge exciton fine structure of lead halide perovskite

The brightness of an SPE is limited by the exciton emission rate
under saturated excitation rates. In QDs, the intrinsic exciton
emission rate is determined by its fine structure, which can
be affected by the degree of quantum confinement. Size-
dependent optical effects were firstly theorized by Efros
et al.™®® In their model, the optical transition probability of
the exciton is affected by the wavefunctions of both the electron
at the conduction band edge and the hole at the valence
band edge. Both the energy and the recombination rate of
these two charge carriers depends on their spin configurations
(Fig. 10(b)). In molecules and most traditional semiconductor
materials, the ground excitonic state has a triplet spin con-
figuration. Therefore, radiative electron-hole recombination
requires the spin of one carrier to flip to satisfy the Pauli
exclusion principle. Such spin-forbidden processes are
generally slow, and the triplet excitons are therefore “dark”
(emission rate is very low). On the contrary, singlet excitons will
emit photons rapidly and are therefore “bright”. In QDs,
although the strong spin-orbit coupling makes it only neces-
sary for the total angular momentum (spin and orbital angular
momentum) to stay conserved during exciton recombination,
the fine structure of the exciton is also found to split into
triplet and singlet states due to electron-hole exchange
interactions."*® In conventional QDs, the ground excitonic state
is a triplet dark state, while the singlet bright state(s) are of
higher energy (Fig. 10(c))."**

8110 | Chem. Soc. Rev, 2024, 53, 8095-8122

The energy gap between the optically bright and dark states
(also known as the fine structure splitting) is only a few meV in
QDs. At room temperature (where thermal energy is ~26 meV),
all of these states are populated, and the observed exciton
radiative recombination rate is a weighted average from
both bright and dark excitons. At low temperature, the dark
ground state is preferred, and PL emission slows down. In CdSe
QDs, PL lifetime can be a few ps at 4 K, much longer than that
at room temperature (tens of ns)."**'*> However, in perovskite
NCs (14 nm sized), the PL lifetime shortens with decreases
in temperature, reaching 200-300 ps at 4 K (Fig. 10(d))."*°
This is approximately 10 000 times faster than the PL lifetime
of CdSe QDs. Efros et al. suggested that the low-lying triplet
excitons in perovskite QDs are actually bright, due to the
unique band structure of lead halide perovskites and Rashba
effect (Fig. 10(c))."*" This is the first luminescent material
in which the ground state is found to be an optically bright
state. In cubic shaped perovskite QDs, the triplet bright
state is further split by the orthorhombic distortion in
perovskite QDs™*° into three sublevels due to their specific
Goldschmidt tolerance factors.'®” These sublevels have been
directly observed by measuring the polarization dependent
single QD PL spectra: up to three excitonic PL emission lines
with orthogonal polarizations were observed (Fig. 10(e))."*"
Although an alternative picture of the fine structure with a
singlet dark exciton being the ground state has been discov-
ered in FAPbBr; perovskite QDs"*® (9.2 nm, the exciton Bohr
diameter in FAPbBr; is estimated to be 7 nm'*°), it is generally

This journal is © The Royal Society of Chemistry 2024
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accepted that the inaccessibility of the dark state leads to the
unusually high emission rate in perovskite QDs,'*!38140:141
The high PL emission rate in perovskite QDs makes it possible
for excitons to emit a photon before interacting with lattice
vibrations and losing photo-coherence. As a result, the coher-
ence of single photon emissions from weakly-confined per-
ovskite QDs are promoted,'*>'**> which makes perovskite QDs
particularly interesting for coherent single photon source
materials.

In smaller QDs with strong quantum confinement, electron-
hole interaction is enhanced. Theoretical works have predicted
that the exciton fine structure splitting in perovskite QDs is
size-dependent.®*"**"'*3 Han et al. showed experimentally that
the exciton fine structure splitting can be increased by decreas-
ing the QD size for the CsPbI; QD system."** When the QD size
is sufficiently small (e.g., smaller than the 7 nm Bohr diameter
of excitons in CsPbBr;'?), the electron-hole interaction can
overcome the Rashba effect, resulting in the crossover of the
bright and dark states, and a dark ground excitonic state is
predicted.”*® However, the temperature-dependent emission
rate and exciton fine structure of perovskite QDs with sizes
<6 nm have rarely been studied at the single-particle level,
presumably due to the insufficient sample quality and stability.
Future studies on single strongly-confined perovskite QDs are
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still required to understand the exciton fine structure under the
influence of strong quantum confinement.

4.2. Spectral linewidth of single perovskite QDs

Although low-temperature single QD studies have demon-
strated fascinating optical properties of perovskite QDs,
room-temperature SPEs are still critical for scalable quantum
communication technologies. Ideally, SPEs should emit coher-
ent single photons, which have identical energy/wavelength,
i.e., a narrow emission linewidth is essential."** Realistically,
emitted photons have energy dispersions, which are usually
quantified by the full width half maximum (FWHM) of the
emission peak. The intrinsic emission peak broadening of
perovskite QDs is mainly a result of electron-phonon coupling
(Fig. 11(a)). It is important that the intrinsic FWHM should be
determined with single particle spectroscopy to avoid the
spectral broadening induced by ensemble size dispersions
(Fig. 11(a)).

Studying the optical properties of single QDs often requires
spatially separated and immobilized individual QDs. To pre-
pare single QD samples, colloidal QDs are diluted and sus-
pended into polymer solutions followed by drying. However,
the ionic perovskite QDs can lose surface ligands and ions
during dilution and drying processes, changing their optical
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Fig. 11

(a) lllustration of PL spectral line broadening at room temperature. The Fourier-limited natural PL linewidth of perovskite QDs is broadened

through exciton—phonon coupling, resulting in a Lorentzian shape. In the ensemble, this Lorentzian peak is further broadened by size/shape
inhomogeneity, resulting in a Gaussian line shape. (b) Ensemble (top) and single (bottom) QD spectra of ~ 4 nm (blue) and ~11 nm (red) CdPbBrs
perovskite QDs, showing PL line broadening with reduced size and with ensemble inhomogeneity. (c) Single QD (~16 nm) spectra of representative
perovskite QDs before (blue) and after (red) surface conditioning. Reproduced with permission under Creative Commons CC BY license from ref. 144.
Copyright 2022, The Author(s).
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properties. Due to the limited chemical stability of perovskite
QDs, an earlier study has adopted a solution-based photon-
correlation method to study single perovskite QDs in the
colloidal phase.'®® In this measurement, single QDs are not
surveyed one at a time. Instead, QDs are allowed to freely
diffuse through a focused laser beam. The photons emitted
by the diffusing NCs are parsed into pairs of photons originat-
ing from the same and different NCs. The coherent length of
these photon pairs can be then reconstructed to obtain the
emission spectral linewidth from a single NC in solution."*®

Recently, large perovskite QDs with different ligands that
can suppress surface ligand loss enabled spectral linewidth
studies using conventionally prepared perovskite QDs dis-
persed in polymer films.'*® The resulting single perovskite
QDs (~16 nm) shows a FHWM of ~90 meV. When perovskite
QDs becomes smaller, it was found that the PL emission
linewidth increases, due to the increased coupling between
the quantum confined exciton and low-energy surface phonons
(Fig. 11(b)). After changing the chemical composition of the
surface, the FWHM of single perovskite QD is reported to be
reduced to ~35 meV (Fig. 11(c)). This suggests that the natural
linewidth of perovskite QDs may be very narrow if decoupled
with surface phonons. However, to date, systematic studies on
the size-dependent linewidth in single perovskite QDs with
strong quantum confinement is still curtailed by their poor
stability. Future works focusing on improving the chemical and
photostability of individual perovskite QDs at room tempera-
tures are highly expected.

4.3. Biexciton emission in single perovskite QDs

Other than photon emission rate and coherence, one of the
most important characteristics of a SPE is its single photon
purity - the probability that the photon source emit only one
photon at a time. When a QD is photo-excited, there is a
probability that two or more excitons can be generated simulta-
neously and undergo a multi-photon cascade emission,'*’”
compromising its single photon purity. Fortunately, the size
confinement in QDs can enhance the coulombic interaction
between multiple excitons and in turn accelerate the nonradia-
tive exciton-exciton Auger recombination to annihilate the
multi-photon emissions."*® In a biexciton Auger recombination
process, one exciton recombines non-radiatively and give its
energy to any charge carriers in the other exciton (Fig. 12(a)).
The size-dependent rates of the biexciton Auger recombina-
tion in CsPbX; (X = Cl, Br, I) perovskite QDs were found to be
10-100 times faster than that of traditional CdSe QDs.'*'%°
Consequently, strongly-confined perovskite QDs can possibly
achieve high single photon purities at saturated excitation rates
for bright single photon sources.

The single photon purity of a single QD is evaluated using
second-order photon correlation (g®)) measurements. The g
measurements are typically performed using a Hanbury Brown
and Twiss (HBT) configuration: photon stream emitted from a
single QD is split by a 50/50 beam splitter and sent into two
single photon detectors (Fig. 12(b)).">® The detection events
from both detectors are time-tagged and correlated to generate
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Fig. 12 (a) Schematic illustration of Auger recombination annihilating

biexcitons. When a biexciton is created in QDs, one electron—hole pair
will recombine and pass its energy to a third charge carrier (can be either
an electron or a hole). This energy is then dissipated through thermal
relaxation, resulting in a single exciton. (b) Schematic illustration of an HBT
configuration and a g? interferogram generated under pulsed excitation.
The peak near zero delay time represents the events of multi-exciton
emission, while the side peaks represent the events of subsequent single
photons with intervals of repetition time. (c) g of a single CsPbls QD
(~10 nm) showing ~98% single photon purity. Reproduced from ref. 151.
Copyright 2021, American Chemical Society (d) Confinement-dependent
9@(0) of weakly-confined (~10 nm) and strongly-confined (~ 6.6 nm)
CsPbls QDs. Reproduced under CC-BY-NC-ND 4.0 license from ref. 152.
Copyright 2022, The Authors. Published by the American Chemical
Society. (e) g of a strongly-confined CsPbBrs perovskite QD (~ 5 nm)
showing ~73% single photon purity. Reproduced under CC-BY-NC-ND
4.0 license from ref. 43. Copyright 2023, The Authors. Published by the
American Chemical Society. (f) g of a strongly-confined CsPbBrz per-
ovskite QD embedded in phenethylammonium bromide matrix, showing
~95% single photon purity. Reproduced with permission from ref. 41.
Copyright 2023, American Chemical Society.

a g® interferogram (Fig. 12(b)). A single photon can only trigger
one of the two detectors. When two photons are emitted, there
is a certain chance that both detectors are triggered simulta-
neously. That is to say, the only events that can contribute to

This journal is © The Royal Society of Chemistry 2024
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the g® interferogram near zero delay time are the two photon
(or multi-photon) emissions. Mathematically, the second order
correlation function is defined and constructed as in eqn (9):
g(2)(r) _ <Il (I)IZ([ + T)) (9)
(h(O)(D(1+ 7))

where I,(¢t) and I,(¢) are the time-correlated signal intensities
reported by two detectors, and the brackets denote mean values
over the measurement time ¢. For single photon emissions,
there is a missing peak (in the case of uniformly pulsed
excitation) or a dip (in the case of continuous-wave excitation)
at zero delay time,"*"">* often referred to as photon antibunch-
ing. At low excitation rates under pulsed excitation conditions,
the relative peak area at zero-delay with respect to that of the
adjacent peak (one pulse interval away from zero), denoted here
as g?(0), represents the relative biexciton quantum yield (QY)
with respect to single exciton QY,"** as shown in eqn (10).

_PLQYgx_.x

2
820) ~ i o (10)

where the BX — X subscript denote the first step of the cascade
emission from a biexciton (BX) state to a single exciton state (X).
The single photon purity is simply calculated by 1 — g®(0).
Under continuous-wave excitation conditions, g)(0) can be
obtained by fitting the normalized interferogram with eqn (11).

g0 =1~ [1 - g2(0)]exp(~k7)

where k, is the exciton radiative rate constant.

Many earlier works have used CsPbl; QDs for single QD
spectroscopic studies since they can better tolerate surface
defects."®® Additionally, their larger exciton Bohr diameter
compared to CsPbBr; or CsPbCl; makes quantum confinement
more accessible.”® At moderate excitation rates, quantum-
confined single CsPbl; (~10 nm) QDs show less than 3%
biexciton QY, which is equivalent to 97% of single purity.*>*
Two recent works also demonstrated that smaller (5 nm and
9.8 nm) single CsPbI; QDs can achieve a g®/(0) value as low as
2% (Fig. 12(c)).">>">> The higher single photon purity of smaller
QDs is attributed to the faster nonradiative Auger recombina-
tion rate promoted by stronger confinement. For example, the
average g?(0) of single CsPbl; QDs decrease from 18% (over
16 QDs) to 9.6% (over 77 QDs), when their average size reduced
from 10 nm to 6.6 nm (Fig. 12(d))."*>>

Compared with CsPbl; QDs, their bromide counterpart is
more susceptible to degradation during single QD sample
preparation and spectroscopic measurements. Pioneer works
on weakly-confined single CsPbBr; QDs at cryogenic tempera-
ture exhibits high biexciton emission probabilities from ~20%
to 100%."3%*>13>15¢ Given the lack of quantum confinement,
low single photon emission purity is expected. Strongly-
confined CsPbBr; QDs usually cannot survive intense laser
illuminations."* As a result, few studies focused on strongly-
confined CsPbBr; QDs with particle size smaller than 7 nm
(the exciton Bohr diameter in CsPbBr;) have been reported.
Advances on surface ligand exchange and polymer matrix have
been made to improve the surface passivation and photostability

(11)
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of small CsPbBr; QDs. For example, 5 nm CsPbBr; QDs can
remain photostable when passivated by DDAB.** However, the QD
showed a high biexciton emission probability of 27% (Fig. 12(e)),
close to the value obtained from weakly-confined CsPbBr; QDs.'*?
Most recently, single CsPbBr; QDs with size of 4 nm was success-
fully stabilized by a molecular crystal matrix made of phen-
ethylammonium bromide (PEABr) and showed a promising single
photon purity of >95% (Fig. 12(f)).*' The large variance of
experimentally measured biexciton QY in perovskite QDs suggest
that the exciton and biexciton recombination dynamics can be
strongly related to the surface structure and quality of the single
QD sample. Understanding the fundamental origins of such an
inconsistency will require future efforts.

4.4. PL blinking in single perovskite QDs

Single QDs are usually subject to PL stochastic intermittencies
(often referred to as “blinking”): the PL intensity switching
between a high intensity PL “ON” state and a low intensity PL
“OFF” state.”” This is only observable in single QD studies and
will be averaged out in ensembles. For single QD based SPEs,
blinking compromises the single photon emission brightness
and stability.

It is generally believed that the PL of a QD will be turned
“OFF” when it is charged. Like biexcitons, charged excitons
(usually referred to as trions) can also undergo fast Auger-type
non-radiative recombination. When the charge is removed, the
QD will be turned “ON” again.'*® Such a blinking mechanism
is called Auger blinking (Fig. 13(a)) and is arguably the most
generic blinking mechanism in QDs. Additionally, trap states
can also be photo-activated and add non-radiative recombina-
tion channels to the band-edge carriers. Such non-radiative
process is usually slower than Auger recombination. As a result,
the PL intensity will be attenuated but not completely turn
“OFF”, which is reflected as a “gray” state in blinking
measurements.™*® This kind of blinking is often referred to as
band-edge carrier (BC) blinking (Fig. 13(a))."*° Other blinking
models such as hot carrier trapping and charge transfer have
also been proposed."®® Generally speaking, these blinking
models are all related to the surface of QDs. Thus, exploring
the blinking behavior is crucial for understanding the surface
status and exciton recombination dynamics on single QD level
for developing QD based SPEs.

Lead halide perovskite QDs often experience more severe
blinking than core-shell CdSe QDs. Due to the unknown nature
of the surface (defect identity and density) of single perovskite
QDs, their PL intensity often show fast alternation between
“ON” and “OFF” states (also referred to as “flickering”,
Fig. 13(c)).*"*°®1%% significant efforts have been made to under-
stand the exciton dynamics in perovskite QDs. For weakly-
confined CsPbl; perovskite QDs, Auger blinking was mainly
observed. In FAPbBr; and CsPbBr; perovskite QDs, both Auger
and BC blinking were observed.’®*”'%* Efforts have also been
made to reduce PL blinking of perovskite QDs. For example,
charged excitons">*'®! in perovskite QDs can be suppressed by
surface treatments using NaBF,, which can passivate the halide
vacancies and in turn reduce blinking of CsPbBr; QDs.'®
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Fig. 13 (a) Schematic illustrations (left) and a representative blinking trace (right) of Auger and BC blinking mechanisms. In Auger blinking, when a
charge-carrier from an exciton is trapped at the surface, the remaining charge-carrier forms a trion with subsequently generated excitons, leading to
efficient Auger recombination to turn the QD "OFF" (blue strip on the blinking trace). In BC blinking, photo-activation of a nonradiative channel will
compete with exciton radiative recombination, reducing the PLQY of the QDs, and leading to a “grey” state (black strip on the blinking trace). Thresholds
can be drawn on the blinking occurrence histogram to give a fraction of each state. (b) A Blinking trace of a strongly-confined CsPbBr3 perovskite QD
(~5 nm) showing fast alternation between "ON" and "OFF" states. When plotted with a smaller bin time (bottom), the blinking trace exhibits binary
behavior. Reproduced from ref. 43. (c) Blinking trace of a strongly-confined CsPbBrz perovskite QD (~ 4 nm) embedded in an organic bromide salt
matrix, showing nearly nonblinking behavior at a low excitation rate (top, blue). The PL intensity starts fluctuating well above the "OFF" threshold when
the excitation rate increases (middle, blue). A similar PL intensity fluctuation is observed at a low excitation rate from a weakly-confined CsPbBrz NC
(~11 nm) dispersed in a polymer matrix (bottom, green). Reproduced from ref. 41. Copyright 2023, American Chemical Society.

Nevertheless, these studies are limited to weakly-confined (which is a typical sample preparation method for single QD
perovskite QDs. studies) exhibit similar PL intensity fluctuations as the strongly-
The blinking mechanism of strongly-confined QDs is rarely confined QDs, even at a low excitation rate (Fig. 13(c)). This newly
studied due to their insufficient stability. 6.6 nm CsPbl; QDs show observed blinking behavior is attributed to a slow Auger recombi-
frequent “OFF” states and PL intensity fluctuations at intensity nation in a biexciton-like state that consists of an exciton and a
levels between “ON” and “OFF” states.'””> CsPbBr; with size of trapped exciton.’ These studies suggest that tuning the surface
5 nm also shows severe PL intensity flickering even with improve condition of single perovskite QDs, especially when they are
surface ligand coverage (Fig. 13(b)).** A recent work*' found that  strongly-confined, is crucial to improving their photostability and
when CsPbBr; QDs (4 nm) are embedded in an organic salt matrix, controlling their exciton dynamics for single photon source
their photostability is significantly improved and their PL blinking developments.
can be almost completely suppressed at low excitation rates. In summary, perovskite QDs are promising quantum light
However, when the excitation rates are higher, the PL intensity source materials for their fast PL remission rate and increased
starts to fluctuate well above the off state. In comparison, weakly- coherent photon emissions with narrow spectral linewidth.
confined CsPbBr; perovskite NCs dispersed in polymer matrices To develop perovskite QD based quantum light sources with
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simultaneous high brightness and single photon emission purity,
strongly quantum confined perovskite QDs are needed. While the
single photon emission purity of perovskite QD can be enhanced
by reducing its size, the excitonic fine structure, PL linewidth, and
photostability are also affected. Studies on single perovskite QDs
with strong quantum confinement are challenging, and in parti-
cular are limited still curtailed by the insufficient chemical and
photo stability of individual perovskite QDs. There are many
possibilities that remain to be explored on understanding single
perovskite QD surface chemistry, and in fabricating single photon
emission devices based on perovskite QDs.

5. Progress in perovskite quantum dot
LEDs

Perovskite light-emitting diodes (PeLEDs) based on nanocrystals
have gained tremendous attention over the past decade. Despite
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the success in developing green, and near-infrared PeLEDs, deep-
blue (~465 nm) and pure-red (~ 630 nm) PeLEDs still suffer from
spectral instability at high operating voltages due to ion migra-
tion in mixed-halide systems.” Single-halide perovskites with
strong quantum confinement provides an alternative solution for
fabricating highly efficient and spectrally-stable blue devices
(Fig. 14(a)—(c)). In this section, we will discuss the recent progress
in strongly-confined QD PeLEDs, and provide future guidelines for
further improving the device efficiency and stability (Table 2).
Fig. 14(a)-(c) shows that the strongly-confined QD PeLEDs
(red and blue LEDs) can cover a larger part of the color gamut
than bulk or weakly-confined NC PeLEDs,>>™*7>1,°21677170,173,174
The white triangle represents the REC.2020 standard for achiev-
ing ultrahigh definition displays. Fig. 14(a) compares the bulk
film PeLED with the REC.2020 standard, where it can be seen
that PeLEDs based on bulk films cannot fully cover the entire
color gamut. This is improved when switching to weakly-
confined NC emitters, and is improved further when replacing
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Fig. 14 Strongly-confined perovskite QDs for LEDs. (a)—(c) 1931 Commission Internationale d'Eclairage (CIE) diagram for bulk thin films, weakly-
confined NCs and strongly-confined QDs in perovskite LEDs, respectively.?>*® The white triangle represent the color gamut for the REC.2020 standard
for ultrahigh definition displays, and the black triangle represents the color gamut obtained for different combinations of perovskite emitters. In all three
cases shown, we take the green point to be the green color coordinate of the REC.2020 standard,®® and focus our comparison on red and blue emitters,
which benefit from the effects of strong confinement. (d) Development in the EQE of perovskite LEDs based on strongly-confined QDs. A comparison
with the state-of-the-art performance from LEDs based on weakly-confined perovskite NCs (diamonds) and bulk thin films (open squares) are provided.
EQE vs. current density plots for bulk, weakly-confined NCs and strongly-confined QDs for (e) blue LEDs and (f) red LEDs. The red QD LED data are from
ref. 47—-50 while the blue QD LED data are from ref. 22, 30 and 51. The weakly-confined NC LED data are from ref. 167 and 168 and the thin film LED data

are from ref. 169 and 170.
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Table 2 Performance of red and blue perovskite quantum dot (strongly-
confined) and nanocrystal (intermediate/weakly-confined) LEDs

EL peak EQE
Materials centre (nm) (%) Size (nm) Year/Ref.
Red emitter
CsPbl,; QDs 678 5.92 5.38 2019
CsPbI; QDs 630 6.4 5 2021*
CsPbl; QDs 634 7.1 6.5 202248
CsPbI; QDs 650 18 5 2022%°
CsPbI;* QDs 679 20.8 6.5 2022%2
CsPbI; QDs 644 28.5 5.4 2024°°
CsPbl; NPL 634 5.3 2.6 (thickness) 2023'7*
CsPbl; NPL 609 2.7 2.5 (thickness) 2024°
MAPD(Br,I; _,); NC 620 20.3 12 20218
((PEA)NMA),CsPb,I, film 680 25.8 Quasi-2D 2022"7°
Blue emitter
CsPbBr; QDs 470 12.3 4.2 202072
CsPbBr; QDs 470 47 4 2021°"
CsPbBr;* QDs 465 10.3 3.5 202272
CsPbBr;* QDs 480 17.9 4.2 2022%2
CsPbBr; NPL 455 4.15 2 (thickness) 2023'7
CsPb(Br,Cly_,); NC 470 6.3 9.2 20207
CsPb(Br,Cl;_,); bulk film 483 18.65 Bulk 2023¢°

“ On substrate quantum-dot synthesis.

the blue and red emitters with strongly-confined QDs
(Fig. 14(b) and (c)). Importantly, strongly-confined QDs can
emit at similar energies as mixed halide perovskite NCs or bulk
films, and therefore does not suffer from halide segregation
issues during operation. For example, Yuan et al. fabricated
blue-emitting CsPbBr; and red-emitting CsPbl; PeLEDs using
the synthesis-on-substrate method, in which the PbX, and CsX
precursors are mixed with modified ligands and spin-coated
onto the substrates. Isolated and monodispersed QDs are
formed by changing the concentration of the ligands, the
functional group of the ligands used, and the reaction time
after initializing the crystallization process using antisolvent
dripping. As a result, they achieved stable electroluminescence
(EL) from 4 V to 6 V with record EQE for red and blue QD
PeLEDs (refer to Table 2).>> Despite the advantage of strongly-
confined QDs for PeLEDs in terms of color purity and spectral
stability, the larger weakly-confined NCs have the advantages of
better operational stability than smaller QDs because of a
smaller surface area for potential surface defect formation.
For example, Yang et al. reported the operational half-life of
large (18 nm) CsPbBr; NC LEDs to be 5-fold that of LEDs made
from smaller (13 nm) perovskite NCs."”> But this operational
stability challenge in small QDs can also be addressed by
affective nanosurface reconstruction of the QDs to reduce the
concentration of surface defects.’**® For example, Ye and co-
workers prepared 5.7 nm diameter CsPbl; QDs with diisooctyl-
phosphinic acid to reduce the surface defect density, thereby
increasing the operational half-life of the red perovskite LEDs
from 5.4 min for the pristine QDs to 30 h.*°

We and others have shown that the origin of the spectral
instability and halide segregation in colloidal systems is the
formation of surface defects, which, for example, can result
from ligands and surface halide detachment during the pur-
ification process.*>”® These challenges with labile ligands are
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still present in strongly-confined QDs. The ligands (e.g., OLm
and OA) are weakly bound to the NC surface, and can be
removed easily at high centrifugation speed or in a polar
environment. Therefore, it is desirable to use more tightly
bound ligands to improve the surface chemical stability and
PLQY of the strongly-confined QDs. For example, Chen et al.
used amino acids, such as cysteine or glycine, to replace OA and
OLm as the X-type ligands during the post-synthetic surface
treatment process.’® Resurfacing has also been used for blue
QDs with organic-halide salts, such as i-propylammonium
bromide (IPABr) and inorganic salts such as NaBr.*° The post-
synthetic surface treatment not only allows the passivation of
dangling bonds, but also replaces the residual long-chain OA/
OLm ligands with short-chain ligands, which is beneficial for
improving charge injection and overall device efficiency.

Apart from solution-phase ligand exchange, doping is
another commonly used method to improve the device opera-
tional stability of strongly-confined QD LEDs. For example, Mn
and Sr elements can be used to stabilize CsPbI, QDs,***757178
and Zn and Rb elements can be used to improve CsPbBr;
QDs.**'7® The operating half-lifetime (Ts,) can be increased
from a few minutes to more than 10 h for doped red QD LEDs,
and to approximately 1 h for doped blue QDs. The progress
made in these efforts to push the external quantum efficiency
(EQE) of the strongly-confined QD PeLEDs to approach the
EQEs of their weakly-confined NC and thin-film PeLED counter-
parts is shown in Fig. 14(d). Fig. 14(e) and (f) compares the EQE
vs. current density curves for strongly-confined QDs, weakly-
confined NCs and thin film PeLEDs. Both NCs and thin film
PeLEDs can reach current densities higher than 100 mA cm ™2,
but QD PeLEDs suffer from roll-off at relatively low injection
current densities. This implies that the presence of exciton-
exciton annihilation and poor heat management in these
strongly-confined QDs as limiting factors. Future studies are
necessary to overcome this early roll-off issue because the high
current density is needed for high brightness LEDs and lasing
applications. Key factors include effective surface reconstruc-
tion, appropriate doping strategies, and fine-tuning the thick-
ness of the injection layers to achieve charge balance.

6. Conclusion and perspectives

Halide perovskite nanocrystals exhibit either bulk-like optical
properties or quantum size effects, depending on their size and
shape relative to their exciton Bohr diameter. This tutorial
provides the fundamentals of 0D quantum-confined halide
perovskite quantum dots, discussing recent advances in their
synthesis, linear optical properties (size-dependent absorption
and emission), charge-carrier relaxation and recombination,
single-photon emission, and application to LEDs. Generally,
the size of the classical QD is tunable by growth kinetics.
However, applying this approach to halide perovskites is extre-
mely challenging due to their fast nucleation and growth.
In contrast, the size of halide perovskite NCs is controllable
by reaction parameters, such as temperature, precursor, or

This journal is © The Royal Society of Chemistry 2024
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ligand concentration (long-chain alkylammonium bromide),
the chemical potential of halides in solution, and by controlling
the depletion of precursors using specific ligands (e.g:, trioctyl-
phosphine oxide). Despite the recent advances in controlling
the size from weakly- to strongly-confined NCs, the level of size
control achieved is still far from what has been realized for
metal chalcogenide QDs. Moreover, the size-controlled synth-
esis of halide perovskite NCs has been achieved only for a
limited set of compositions, mainly inorganic halide perovskite
NCs, while future efforts should also be devoted to realizing
strongly-confined hybrid perovskite QDs. In addition, one of
the outstanding challenges that remains to be addressed is the
synthesis of strongly-confined lead-free perovskite QDs.
Although there are a limited number of reports demonstrating
the synthesis of CsSnX; NCs, the level of size-control achieved
for these NCs is far behind in comparison to that of CsPbX;
NCs."®® Another major challenge in the synthesis of halide
perovskite QDs is their selectivity against the formation of
quantum-confined nanoplatelets under similar reaction con-
ditions. For instance, the lowering of the reaction temperature
or precursor ratios, or the increase of the concentration of
alkylammonium halide ligands can result in the formation of
both QDs and 2D nanoplatelets with slight changes in other
reaction parameters. Therefore, improved synthesis methods
need to be developed for quantum-confined NCs with one
specific morphology and size. In addition, the mechanism of
size control is still not well understood for halide perovskites.
Although recent studies have demonstrated slow nucleation
and growth, it is still challenging to achieve size control
through size-selective precipitation methods that were pre-
viously successfully realized for metal chalcogenide QDs.
We believe that the exploration of different ligands that could
control the depletion of precursors, thereby decreasing the
reaction speed, could help to isolate halide perovskite QDs of
specific size by growth time. High-throughput synthesis,
including methods like flow synthesis or data-driven robotic
platforms, are emerging interdisciplinary approaches that
have the potential to speed up the exploration of new synth-
esis methods, new types of precursors, and ligands for
strongly-confined systems. However, we emphasize that these
approaches require in situ characterization to understand how
the synthetic method should be improved, which may ulti-
mately lead to inverse design approaches.

The improvement in synthetic methods to achieve mono-
disperse strongly-confined perovskite QDs has enabled more
in-depth investigations into the photophysics, but there is still
much that needs to be uncovered. Important areas of future
research include understanding how the hot carrier relaxation
process is influenced by changes in the electronic structure
(from continuous to discrete as the size of the QD reduces) and
coupling with phonons. Furthermore, the effects of surface
traps and ligands, as well as quantum and dielectric confine-
ment, on hot carrier cooling kinetics are not well understood.
Other interesting areas in the photophysics of strongly-
confined QDs may include their spin lifetime and the charge
transfer lifetime in the exciton fine structures.
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Importantly, approaches to obtain individual perovskite
QDs and improve their stability will be critical to push these
materials further for single photon emission. Strongly-confined
QDs benefit from having stronger absorption than atoms, but
still discrete energy states and high exciton-exciton annihila-
tion that enable single photon emission. However, the proper-
ties of individual QDs are strongly affected by ligand removal
and defect introduction, and these QDs have limited stability
under an excitation laser source. It will therefore be very
important to develop improved isolation approaches and
ligands, for example by incorporating QDs into a polymer
matrix. This advance will allow important fundamental inves-
tigations to be made, such as how the size, composition and
surface passivation influence the linewidth of emission
(through coupling with surface phonons), and the coherence
lifetime of non-degenerate triplet states. Ultimately, these could
enable improvements in single photon emission purity, and the
development of perovskite single photon emitter devices.

Although the excitonic properties in perovskite NCs in both
the weak and intermediate confinement regimes have been
studied both computationally and experimentally, accurate
determination of these properties in strongly-confined perovs-
kite QDs is still limited by their poor photostability. Efforts
should be made to improve the surface passivation and struc-
tural integrity of strongly-confined QDs. In the strongly con-
fined regime, excitons in perovskite QDs can be largely affected
by the surface structure, which can show different chemical
identities depending on the exposed surface facets. Synthetic
efforts on precisely controlling the surface facets, and spectro-
scopic studies on the corresponding excitonic properties for
strongly-confined perovskites, will benefit the development of
perovskite QD single photon emitters.

Finally, for device applications, strongly-confined perovskite
LEDs currently lag behind in terms of EQE compared to their
bulk thin film and weakly-confined NC PeLED counterparts.
Methods to realize reliable ligand exchange and improve the
thermal management in devices will be critical to overcome the
EQE roll-off, and improve the EQE and brightness of these
devices.

There is therefore ‘plenty of room at the bottom’, with recent
advances paving the way for greater activity in the strong-
confined regime for perovskite nanocrystals, from new syn-
thetic approaches, to fundamental investigations into the
photophysics, through to efforts to improve their performance
in advanced light emission devices.
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