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Abstract: Ten years after the discovery of colloidal lead halide perovskite nanocrystals (LHP NCs), the field
has witnessed substantial progress in synthetic methods, understanding of their surface chemistry and unique
optical properties, precise control over NC size, shape, and composition. Ligand engineering, particularly with
cationic and zwitterionic head groups, massively enhanced NC stability, compatibility with organic solvents, and
photoluminescence efficiency. These breakthroughs allowed for the self-assembly of monodisperse NCs into
complex long-range ordered superlattices and enabled the exploration of collective optical phenomena, such as
superfluorescence. The development of low-cost scalable approaches like microfluidic systems and mechano-
chemical synthesis paved the way for the commercialization of LHP NCs, particularly for the down-conversion
films in blue-backlit LCDs and as thermally-efficient color converters in pixelated displays. This review aims to
trace the journey of these advancements, focusing on contributions from Switzerland, and outline future direc-
tions in this rapidly evolving field, such as quantum light sources, photocatalysis, etc.
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1. Discovery of Lead Halide Perovskite Nanocrystals
The rapid rise of lead halide perovskites (LHPs) in photovolta-

ics began between 2009 and 2012, driven by seminal works of T.
Miyasaka, H. Snaith, and M. Grätzel, which demonstrated LHPs
potential as highly efficient light absorbers with clean electronic
behavior.[1]Over the next three years, the efficiency of LHP-based
solar cells increased at an unprecedented rate, capturing wide-
spread attention in the scientific community. It became evident
that LHPs represented a distinct class of semiconductors with re-
markable properties motivating the synthetic efforts towards de-
veloping LHP colloidal nanocrystals (NCs); in particular, of the

size comparable to the exciton dimensions or smaller – quantum
dots (QDs). Colloidally stable, brightly emissive CsPbX

3
(X=Cl,

Br, I) QD solutions were successfully obtained through the reac-
tion of cesium salts and lead halides, solubilized with oleate and
oleylammonium counterions (Fig. 1a).[2] The size of CsPbX

3
NCs

was tuned within the 4–15 nm range by adjusting the reaction
temperature. Besides quantum confinement, the energy bandgaps
were tuned by producing mixed-halide LHPs – CsPb(Cl/Br)

3
and

CsPb(Br/I)
3
. Additionally, the halide content could be modified

post-synthetically, readily at room temperature, by adding an ex-
cess of the corresponding halide.[6] Later on, the group further
expanded the compositional diversity of LHP NCs to hybrid
organic-inorganic APbX

3
(A= Cs, methylammonium (MA), for-

mamidinium (FA), or aziridinium (AZ)).[7]
The facile synthesis, compositional tunability, and bright pho-

toluminescence (PL) of the obtained NCs sparked significant at-
tention and marked a milestone in colloidal QD research. The
facile anionic exchange was new to this field, as well as unusual
structural softness and high entropy. LHP NCs possess not only
a dynamic structure allowing substantial compositional changes
(Fig. 1b),[3,8] but also dynamic surface chemistry (Fig. 1c),[4]
maintaining colloidal stability and avoiding deep trap states de-
spite numerous structural defects. What made LHP NCs most in-
triguing was the combination of bandgap tunability with high PL
quantum yield (PL QY). The latter typically requires epitaxial
overcoating with wide-bandgap shells for electronic passivation
of more conventional QD materials (chalcogenides, pnictides). A
similar behavior was observed in bulk MAPbI

3
, where its ability

to maintain a low number of trap states despite a high defect den-
sity was attributed to defect tolerance (Fig. 1d).[5] In LHPs, defect
tolerance refers to their unique electronic structure, where defects
like vacancies or interstitial atoms do not create charge-trapping
states within the bandgap. This is due to the valence band com-
prising antibonding orbitals between lead and halide ions, pre-
venting common defects such as halide vacancies from forming
mid-gap states. Instead, defects typically create resonances within
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The soft nature of LHPs, ease of crystallization, defect tol-
erance, and bright PL, even in the weak confinement regime,
suggested the viability of top-down approaches such as mecha-
nochemistry (Fig. 2e),[11] which is of particular practical value.
The method involves mechanically grinding bulk APbX

3
or AX

+ PbX
2
mixtures in a solvent and ligands. Scalable quantities of

FAPbBr
3
and CsPbBr

3
NCs were produced, albeit with a broader

size distribution than those from HI. They nevertheless still ex-
hibit PL spectra (22-30 nm) and high PL quantum yields (QYs)
of up to 80%.

Most studies on colloidal LHP NCs have focused on larger
sizes (≥8 nm) due to their soft, ionic structure, contrasting with
the covalent and rigid nature of conventional QDs like CdSe or
InP. This structural softness and fast ionic coprecipitation kinet-
ics complicate the precise size control needed for small LHP
QDs, limiting the exploration in strong quantum confinement
regime. Achieving monodispersity and shape uniformity in the
sub-10-nm range requires a scalable synthesis method for slow,
controlled NC growth. We hypothesized that achieving a mutual
chemical equilibrium between the precursor, monomer, and NC
nuclei, mediated by a weakly binding complexing agent, could
allow for controlled growth without interference from strong-
binding ligands. Trioctylphosphine oxide fulfilled this role by
solubilizing the PbBr

2
precursor, binding to Cs[PbBr

3
] mono-

mers, and weakly coordinating to the NC surface. This enabled
room-temperature synthesis, with 3–13 nm large monodisperse
NC formation occurring over 30 minutes (Fig. 2f).[12] This meth-
od also enabled the first synthesis of monodisperse FAPbBr

3
and

MAPbBr
3
QDs with tunable sizes down to 4-5 nm. The slow

growth of NCs in the presence of only a weakly binding ligand
allowed the introduction of a stronger one – lecithin – at the
end of the synthesis, effectively separating the growth and pas-
sivation steps.

3. Surface Chemistry of LHP NCs
Dynamic surfaces and defect tolerance in LHP NCs provide

a versatile platform for ligand engineering. Recent advancements
in ligand design for LHP NCs are organized here by separately
considering the head group and the tail (Fig. 3a).

The head group primarily determines surface passivation ef-
ficiency and NC stability against polar moieties. Early studies
with oleylammonium and oleate ligands revealed two kinds of
instability: their simultaneous desorption and the deprotonation
of oleylammonium, which led to the loss of the ligand shell
(Fig. 1c).[4]This resulted in poor surface passivation, weak PL, and
limited colloidal stability and structural integrity. Two strategies
were developed to address stability issues (Fig. 3b). The first in-
volves using cationic ligands that resist deprotonation, such as qua-
ternary dimethyldidodecylammonium bromide (DDAB)[14] or ole-

the conduction or valence bands. The tolerance of optical proper-
ties to structural defects, combined with low formation energy
and dynamic surface chemistry, opens up diverse synthetic pos-
sibilities. These factors have shaped the group’s three key research
areas for LHP NCs in the coming years. The following chapters
explore how these preliminary observations led to: (i) exploration
of synthetic possibilities (and challenges) enabled by structural
dynamics and low formation energy; (ii) advancements in surface
chemistry through a diverse library of ligands with tailored bind-
ing groups and functionalities; and (iii) a deeper understanding of
LHP NCs’ optical properties.

2. Diverse Synthetic Approaches to LHP NCs
The first synthetic approaches to LHP NCs employed either

hot-injection (HI) or antisolvent-induced ligand-assisted repre-
cipitation (LARP) reactions (Fig. 2a). LARP had initially gained
popularity for its simplicity, scalability, and low-temperature pro-
cess but faced challenges in controlling NC size and shape, result-
ing in broader size distributions. Additionally, LARP-produced
NCs were less stable due to insufficient surface passivation and
residual impurities from polar solvents. In contrast, the HI method
offered superior control over NC quality, yielding improved opti-
cal properties and long-term stability.

Motivated by the challenges of both methods – especially the
rapid NC formation kinetics – the group engaged in collabora-
tive efforts on microfluidic synthesis for LHP NCs (Fig. 2b).[9]
Unlike traditional batch reactions, which struggle to adequately
control fast nucleation and growth, microfluidic systems afford
millisecond rates for reagent mixing. Each droplet can be adjust-
ed to have different precursor ratios or concentrations. Combined
with in-line PL and absorption measurements, microfluidics af-
fords rapid mapping of the parametric space. Mixed CsPb(Br,I)

3
NCs were found not to form directly, but through the transient
monohalide NCs exchanging and homogenizing their content at
a later stage;[9a] FAPbBr

3
grew via intermediate nanoplatelets, un-

like FAPbI
3
, which directly formed cubic near-infrared-emitting

NCs.[9b]
The facile formability of LHP NCs was harnessed for their

synthesis in confined spaces of mesoporous silica templates
(Fig. 2c).[5] Although such templates have already been used for
conventional QDs like CdSe and CdS, achieving efficient PL in
those systems is challenging due to the need for proper surface
passivation to prevent deep trap states. In contrast, LHPs’ defect
tolerance bypassed this limitation, allowing bright PL without
NC surface passivation. We thus were motivated to explore the
heterogeneous nucleation for LHP NCs further. LHPs of various
compositions can be heterogeneously grown on salt carriers while
exhibiting bright, narrow-band PL despite the broad NC size dis-
tributions (Fig. 2d).[10]

Fig. 1. The first examples of CsPbX3 NCs, including their facile compositional and size-tunability of PL peak wavelength (a). The APbX3 compounds
are characterized by complex lattice (b) and surface (c) dynamics, and unusual electronic structure (d) tolerant to common structural defects.
Adapted with permission: (a) from ref. [2], (b) from ref. [3], (e) from ref. [4], (f) from ref. [5].



864 CHIMIA 2024, 78, No. 12 Materials CheMistry

phosphocholine-, and phosphoethanolamine-based ligands ren-
der LHP NCs sufficiently stable to withstand multiple cycles
of precipitation with polar solvents for purification or size se-
lection (Fig. 3d),[15] and yield highly dilute (4 ng/ml) yet stable
solutions.[23,24]

To compare the stabilization effects of various ligands, a sys-
tematic study was conducted on anion exchange rates in CsPbX

3
NCs (Fig. 3e).[16] The results indicated that anion exchange is fa-
cilitated by surface capping ligands, which form a counter pair
with desorbed anions and diffuse to other NC surfaces to initiate
the exchange. Zwitterionic ligands significantly slow anion ex-
change compared to the alkylammonium/oleate pair, with leci-
thin-capped NCs showing the highest stability among tested. To
further explore lecithin’s binding and its effect on the CsPbX

3
(X = Cl or Br) core-to-surface structure, solid-state NMR with
dynamic nuclear polarization (DNP) and atomistic molecular
dynamics (MD) simulations were employed.[17] These analyses
confirmed the direct binding of phosphate groups (-PO

4
-) to sub-

surface Pb atoms and revealed the presence of -N(CH
3
)
3
+ groups

near the surface 133Cs atoms. Based on these findings, a model is
proposed where the CsPbX

3
NC surface is terminated by a CsX

layer, with partial substitution of Cs+ and X– ions by ligand head-
groups -N(CH

3
)
3
+ and -PO

4
- (Fig. 3f).

These findings indicate significant variation in ligand bind-
ing dynamics to the NC surface among common ligands used
for LHP NCs (Fig. 3g). At one end, the alkylammonium/oleate
pair exhibits highly dynamic binding, while phosphocholine –
and likely phosphoethanolamine – shows more static binding.
These differences underscore the importance of selecting ap-
propriate ligands to optimize NC stability for specific applica-
tions.

ylguanidinium bromide with high pK
a
.[19] DDAB-capped CsPbBr

3
NCs demonstrated superior stability, maintaining a high PL QY of
up to 95–98% even after multiple purification cycles (Fig. 3c).[14]
High PL QY is attributed to the halide-rich environment favored
by cationic ligands, restoring the damaged PbX

6
octahedra.[14,20]

Full restoration can be achieved through post-synthetic DDAB/
PbBr

2
treatment and in a direct synthesis with DDAB.[21] This

approach proved effective for fabricating LHP NC-based LEDs,
where shorter ligand chains and the absence of inactive additives
enable closer packing and improved charge transport.[21,22]

Zwitterionic ligands represent the second strategy for enhanc-
ing the stability of LHP NCs (Fig. 3b). Unlike traditional am-
monium and carboxylate ligands, zwitterionic ligands offer two
key advantages: they avoid mutual or external neutralization by
virtue of the Brønsted acid-base interactions and benefit from the
bidentate binding.[23] The first zwitterionic ligands introduced for
LHPNCs featured head groups like sulfobetaine, phosphocholine,
and γ-amino acid, all with quaternary ammonium cationic func-
tionality.[23] A significant improvement was attained by shifting
to synthetic phosphoethanolamines, owing to the better fitness of
the primary ammonium group to theA-site pocket on the NC sur-
face.[13] These NCs showed remarkable PL QYs (>96%) in both
solution and solid states, with minimal PL intermittency and a
high ON fraction (94%) for single-particle emission. Notably,
these ligands can be applied through post-synthetic exchange
and direct synthesis, offering broad potential for various applica-
tions. Aside from the anionic and cationic groups of zwitterionic
ligands, the bridge length between them can also be adjusted to
match the LHP lattice.[23]

Zwitterionic ligands changed the landscape for LHP NCs
stability, purification, and solvent compatibility. Sulfobetaine-,

Fig. 2. Diversity of synthetic approaches to LHP NCs. (a) Schematic of HI and LARP methods using metal halide or carboxylate precursors. (b) PL
spectra of CsPbX3 NCs obtained in microfluidic synthesis. (c) Photographs of the APbX3 NCs grown in the pores of mesoporous silica. (d) Confocal
microscopy image of NaBr microcarriers decorated with FAPbBr3 NCs and HAADF-STEM image of the same sample. (e) Schematics of the ball-
milling synthesis, photographs showing corresponding colloid of CsPbBr3 NCs and TEM image of the resulting NCs. (f) STEM image and absorption
spectra of CsPbBr3 NCs obtained by the low-ionic strength synthesis. Adapted with permission: (b) from ref. [9a], (c) from ref. [5], (d) from ref. [10], (e)
from ref. [11], (f) from ref. [12].
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sition of thick (up to 1.5 μm) NC film with maintained optical
clarity and bright fluorescence. More recently, we developed a
library of ligands with tailored tail functionalities enabling solvent
compatibility across a broad polarity range, from hydrocarbons to
alcohols (Fig. 3i).[13]

4. Superlattices of LHP NCs
Advances in controlling the synthesis and surface chemis-

try of LHP NCs have enabled solutions of highly monodisperse
NCs, with a standard size deviation below 5%, a key require-
ment for their self-assembly into long-range, single-component
superlattices (Fig. 4a). Furthermore, the cuboidal shape of
CsPbBr

3
NCs allows for facile ligand-deformability at the ver-

tices and edges, enabling denser packing than spherical NCs.
This has proven to be the key to obtaining binary and
ternary superlattices that differ significantly from all-sphere as-
semblies.[25]

Three of the structures obtained in small cube-large sphere and
small cube-large truncated cube mixtures are exclusive to the use

Beyond organic-ligand coating, we explored a distinct pas-
sivation strategy using ultra-thin metal oxide gel coatings.[18]
Sub-nanometer (<1 nm) coatings were applied to 5–14 nm large
CsPbX

3
NCs via non-hydrolytic sol-gel reactions, enabling dis-

persibility and stability in short-chain alcohols while maintain-
ing high PL QY of 70–90%. The thin coatings, with their high
dielectric constant, enabled electronic and excitonic coupling
in compact NC films, resulting in PL lifetimes extended to
400–700 ns – two orders of magnitude longer than those of
NCs with organic ligands or the same NCs dispersed in solution
(Fig. 3h). These properties make the coated NCs ideal for applica-
tions requiring efficient charge carrier delocalization or extraction.

While the ligand head group primarily governs NC integrity
and chemical stability against polar environment, the ligand tail
dictates which solvents can dissolve NCs at high concentrations
and which act as antisolvents. Thus, natural lecithin ligands – with
their branched chains and polydispersity that enhance particle-
particle repulsion – enable highly concentrated solutions (over
400 mg/ml).[24] High concentration allowed a single-step depo-

Fig. 3. Versatile surface chemistry of LHP NCs. (a) Schematic of ligand engineering. (b) Library of ligand head groups applied to LHP NCs. (c)
Photographs of as-synthesized and purified DDAB-coated CsPbBr3 NCs under UV light. (d) size selective precipitation of CsPbBr3 NCs; the arrow
indicates a progressively increased amount of added polar antisolvent. (e) The ligand effect on the stability of CsPbBr3 NCs towards anion exchange
is illustrated as the PL peak position difference from the one stabilized at the end. (f) Lecithin binding to the surface of CsPbCl3 NCs as revealed by
NMR spectroscopy. (g) Three types of LHP NCs surface coating. (h) TRPL of alumina-gel-coated CsPbBr3 NCs in solution and compact film, illus-
trating coupling of NCs in the latter. Adapted with permission: (a, i) from ref. [13], (c) from ref. [14], (d) from ref. [15], (e) from ref. [16], (f) from ref. [17],
(h) from ref. [18].
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of cubes as the smaller component: AB
2
, b-ABO

6
, and b-ABO

3
(Fig. 4b).[25,27,28] These structures become accessible due to much
higher packing densities when using cubes instead of spheres.
Similar structures have been achieved using only LHP NCs of
varying sizes.[29] Two substrate-free methods for superlattice for-
mation were demonstrated: oil-in-oil templated assembly for bi-
nary supraparticles and self-assembly at the liquid-air interface
for extended thin films (Fig. 4c).[27,30]

5. LHP NCs as Classical and Quantum Light Sources
LHP NCs achieve near-unity PL QYs at room temperature

without the need for a passivating inorganic shell, setting LHP
NCs apart from earlier generations of colloidal QDs. Moreover,
LHP NCs maintain bright PL even for larger sizes exceeding this
material’s exciton Bohr diameter (6-7 nm). In such a weak-con-
finement regime, inhomogeneous broadening related to NC size
and shape distribution is much reduced, yielding narrow-band
ensemble emission with typical line widths of 70–90 meV
(ca. 20 nm) for large (>8 nm) CsPbBr

3
NCs.[31] These narrow

emission lines translate into a high color purity. Importantly, LHP
NCs offer superior color purity in green region, which, as the
central wavelength for human eye sensitivity, is the most critical
component for achieving a wide color gamut (Fig. 5a).Aside from
a costly combination of green CdSe with red InP QDs, LHP NCs
are the only RoHS-compliant QDs with a color gamut approach-
ing the Rec.2020 color space.[32]This combination of superior op-
tical properties, together with their accessibility via low-cost and
scalable microfluidic and mechanochemical synthetic approach-
es, makes LHPNCs appealing candidates for display applications.

LHP NCs are already produced by Avantama AG on an indus-
trial scale as luminophores for down-conversion films combined
with blue or magenta LED backlighting – so-called QD enchance-
ment films or QDEFs.[33] By combining the green LHP QD film
with a magenta backlight (blue LED + KSF phosphor) the QDEF-
based display reaches > 90 % Rec.2020 color space coverage
while surpassing the required 1000 hours stability threshold in the
common accelerated temperature, humidity and light flux stability
tests.[34] In QDEFs, the generated three-component light passes
through color filters, transmitting only the desired light compo-
nent (Fig. 5b). While this represents the state-of-the-art technol-
ogy, it has limited energy efficiency, as a substantial portion of
the generated three-component light must be filtered out by color
filters to display pure colors. The true potential of LHP NCs in dis-
play technologies may be realized in the next-generation displays,
where NCs are used not in combination with, but instead of, color
filters (Fig. 5c).[35] In this scheme, green and red light components
are produced by the full color conversion of blue light into green
and red using thick QD layers deposited directly onto the indi-

Fig. 4. (a) HAADF–STEM image of CsPbBr3 NC superlattice; inset shows
a magnified view of the boxed area, showing the individual NCs.(b) TEM
image of ABO3-type superlattice of CsPbBr3 and Fe3O4 NCs, along with
the corresponding small-angle electron diffraction pattern (inset). (c)
SEM images of supraparticles with CaC2-like structure assembled from
CsPbBr3 and NaGdF4 NCs. Reproduced with permission: (a) from ref.
[26], (b) from ref. [25], (c) from ref. [27].

vidual blue LED pixels. The main advantage of using QDs as color
converters is an improvement of up to 50% in energy efficiency
compared to current LCD (and QDEF) displays.[36] This technol-
ogy is best combined with small-pixel OLEDs (QD-OLED) and
microLEDs (QD-microLED). Combining QDs’ pure colors with
OLEDs’ superior contrast and wide viewing angles enhances the
viewing experience. QD-microLED, on the other hand, fulfills an-
other display niche by combining long lifetimes with nanosecond-
fast response times, which are critical for 3D/AR/VR displays.[37]

One major requirement for using QDs as color converters is
the ability to deposit them using photolithography or printing
– common methods for producing small, pixelated structures.
High-quality patterned LHPQD films, made using inkjet printing
(200-μm pixel pitch), photolithography (45-μm pixel pitch), and
electrohydrodynamic printing (12.5-μm pixel pitch), have been
successfully demonstrated.[38] Another requirement is that QD
color conversion layers must absorb 99% of the incoming blue
light, setting demanding criteria for absorption efficiency given
the technologically limited layer thickness. In this regard, LHP
QDs are particularly promising compared to InP QDs because
they have high absorption coefficients, do not require thick inor-
ganic shells, and thus utilize film space more efficiently, leading
to high optical densities (up to 2-3) in thin (3 to 4.5 μm) films.[38]

In addition to their outstanding optical properties as classi-
cal light sources, LHP NCs exhibit a highly unusual electronic
structure, which turned out to be a key factor in unlocking quan-
tum many-body phenomena both in individual NCs and in NC
superlattices. The fine structure analysis of low-temperature sin-
gle-NC fluorescence spectra of CsPbX

3
NCs revealed that, unlike

for organic semiconductors and any other known inorganic semi-
conductor, the emission in CsPbX

3
NCs is dominated by bright

Fig. 5. LHP NCs are efficient classical light sources with high color purity
for display applications. (a) The color gamut of LHP NCs (reproduced
with permission from ref. [2]). The operational principle of QDEF (b) and
pixelated QD color converter (c) displays.
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perior control over their quality, size, and composition. Ligand
engineering, particularly with cationic and zwitterionic ligands,
has dramatically improved the NC stability, enabling multiple
purification cycles, size-selective precipitation, and long-term
stability across a wide solvent-polarity range while maintaining
near-unity PL QYs. These advancements have also enabled the
self-assembly of monodisperse NCs into superlattices and a better
understanding of their surface chemistry and optical properties.
Nevertheless, these remarkable achievements brought a new set
of challenges, some of which are highlighted below:
1) The controlled synthesis of anisotropic LHP NCs, such as

nanorods and nanoplatelets, remains to be demonstrated.
While the synthesis of CsPbBr

3
nanoplatelets has been known

for several years, their stability is still suboptimal. Shape engi-
neering will be pivotal for adjusting the exciton fine structure
while maintaining fast radiative rates.

2) We anticipate that the slow, low-ionic strength reaction devel-
oped recently for LHP NCs[12] and phospholipid-capping[13]
will be highly instrumental for making NCs of other structural-
ly soft metal halides and, eventually, complex heterostructures.

3) Emitters with radiative rates exceeding decoherence rates are
highly desirable for quantum light applications, as they enable
coherent single-photon sources capable of producing indistin-
guishable photons.[41]LHPNCs have shown promising results,
achieving photon indistinguishability up to 56%.[43] Building
on these advancements, future research could unlock appli-
cations of LHP NCs as reliable and scalable quantum light
sources in quantum computing[44] and quantum imaging.[45]

4) Despite the promising combination of properties, the poten-
tial of LHP NCs for photocatalysis remains largely underex-
plored. This limited focus on photocatalysis is understandable,
given the demanding stability requirements for photocatalysts
and the common belief that LHP NCs lack sufficient dura-
bility. However, recent advancements in refining the surface
chemistry of these NCs present an exciting opportunity to real-
ize their potential for photocatalytic applications through both
energy transfer and direct photoredox catalysis. We anticipate
that future studies will concentrate on organic transformations
in mildly polar solvents. Energy transfer photocatalysis could
benefit from the high absorption cross-section of LHP NCs
combined with the long-lived triplet states of organic acceptor
compounds.[46]The direct photoredox catalysis with LHPNCs
could leverage the dynamic binding of ligands and surface la-
bility to drive halogenation/dehalogenation of small organic
molecules or other reactions for the substrates that readily ad-
sorb on LHP surface.
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triplet excitons (Fig. 6a,b).[40] The bright triplet character of the
exciton with orthogonal dipole orientations exhibits an unusually
high oscillator strength, yielding an ultrahigh radiative rate, 20
and 1000 times faster than in any other QD platform at room and
cryogenic temperatures, respectively. Recently, the origin of this
fast decay at cryogenic temperature was explained by the occur-
rence of single-photon superradiance (SPS).[41] In this case, the
exciton wavefunction delocalizes over a region larger than the
Bohr diameter. This enables all unit cells within the coherence
volume to cooperatively respond to excitation, forming a giant
transition dipole with enhanced oscillator strength. This collective
behavior results in excitonic SPSwith accelerated radiative decay,
where the maximum rate enhancement scales with the number of
unit cells participating in the exciton coherence volume. In 2024,
we reported SPS in individual 30 nm CsPbX

3
NCs, achieving

sub-100 picosecond radiative decay times, nearly matching the
exciton coherence times (ca. 80 ps for large CsPbBr

3
NCs owing

to reduced exciton-phonon coupling).[42] Size-, composition-, and
temperature-dependent studies further confirmed the formation of
giant transition dipoles. Unlike traditional methods that enhance
PL brightness via photonic state engineering, this work utilized
the collective behavior of weakly confined excitons.

The fast (down to ca. 100 ps) radiative recombination, on par
with long exciton coherence times observed in LHP NCs, sug-
gests the possibility of achieving collective optical phenomena in
NC superlattices (Fig. 6c,d). In 2018, our colleagues from IBM
Zürich reported superfluorescence in CsPbBr

3
NC superlattices.

Superfluorescence occurs when several neighboring NCs syn-
chronize their dipoles, forming a single giant dipole that produces
short, intense bursts of light proportional to the square of the num-
ber of coupled emitters. The PL spectrum of these superlattices
at cryogenic temperatures showed two distinct bands, with the
redshifted band corresponding to coupled NCs. Importantly, time-
resolved PL spectroscopy further revealed significantly faster ra-
diative decay for this lower-energy band, with radiative lifetimes
dropping to 20 ps under high excitation densities, suggesting the
involvement of more than ten coupled NCs (Fig. 6d).

6. Outlook
Over the past ten years, the synthesis and understanding of

LHP NCs have progressed at an extraordinary pace, enabling su-

Fig. 6. Schematic (a) and low-temperature PL spectrum (b) of a single
CsPbBr3 NC exhibiting bright triplet exciton states. The inset shows the
linear polarization of each of the spectral features. (c) Schematic of an
NC superlattice and (d) time-resolved PL decay for uncoupled NCs (blue
line) and coupled NCs (red line) in the superlattice. Adapted with permis-
sion: (a, c) from ref. [39], (b) from ref. [40], (d) from ref. [26].
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