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An introduction to the Nanoscale themed collection on halide perovskite nanomaterials for opto-

electronic applications, featuring a variety of articles that highlight the latest developments to address

ongoing challenges in the field.

Over the last decade, halide perovskites
(HPs) in the form of thin films and col-
loidal nanocrystals (NCs) have emerged
at the forefront of materials science due
to their promising optical and electronic
properties along with solution-processa-
bility and expected low-cost.1–3 Along
with high absorption cross section, long
charge carrier diffusion length, high
photoluminescence quantum yields
(PLQYs) (in the case of 2D perovskites
and colloidal NCs), and tunable emis-
sion across the visible to the near-IR
region of the light spectrum, HPs exhibit
uniquely high tolerance to crystallo-
graphic and other defects, which makes
them promising for optoelectronics,
especially for solar cells and LEDs.2,3

Although HPs have been known since
the late 19th century,4 their potential
for solar cells was first realized by
Kojima et al. in 2009,5 and the sub-

sequent breakthrough power conversion
efficiencies (PCE) in 20126,7 has attracted
researchers of various disciplines. Since
then, we have witnessed tremendous

progress in HPs in the fields of solar
cells, LEDs, lasers, photodetectors, field-
effect transistors, photocatalysis, and
beyond.
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Intense research on perovskite solar
cells across the globe has resulted in a
meteoric rise in PCE from 3.8% to over
26% in just over a decade, approaching
now their power conversion theoretical
limit (33.7%).8 On the other hand, the
external quantum efficiency (EQE) of
perovskite-based red and green LEDs
has surpassed 26% and continues to
rise.9 Despite rapid progress in the
efficiency of perovskite optoelectronic
devices, their real-world applications are
hampered by the issues associated with
long-term stability. Currently, research is
being carried out to improve the stability
(shelf-life) and performance by optimiz-
ing both the chemistry of perovskites
and the device engineering. The
addition of long-chain alkyl cations in

the precursor solution of perovskite
leads to the formation of 2D
Ruddlesden–Popper perovskites (also
called layered perovskites) with improved
long-term stability against moisture and
other environmental factors.10 The long-
chain organic cations act as spacer layers
between quasi 2D perovskite sheets of
controllable thickness. The sheet thick-
ness is, in principle, controllable by
varying the ratio between the long-chain
organic cations and the typical A-cations
(MA or FA) in the perovskite precursor
solution. However, in reality the mixing
of long and short-chain organic cations
results in the formation of layered per-
ovskites of mixed phases (2D and 3D),
while the use of long-chain organic
cations only results in layered perovs-

kites of higher bandgap. The mixed 2D
and 3D perovskites can be engineered
with additives to exhibit interesting
photophysical properties with some-
times improved PLQY due to passivation
or efficient energy funnelling that can be
used to fabricate LEDs or solar cells with
improved efficiencies.11,12 Significant
efforts have been devoted to the develop-
ment of mixed 2D layered perovskites
and have succeeded in achieving long-
term stability while achieving over 20%
PCE.12

On the other hand, the synthesis of
ligand-capped colloidal perovskite NCs
leads to near-unity PLQYs, significantly
reducing the nonradiative channels that
exist in bulk perovskite films.13,14 The
halide composition, and thus the emis-
sion color, is easily tunable by solution-
phase halide exchange. In addition, the
emission color is also slightly tunable by
accessing quantum confinement effects
through size control. Unlike the classical
II–VI and II–V colloidal core–shell QDs,
halide perovskite NCs exhibit extremely
high PLQYs without a high bandgap
shell on their surface.15 This is due to
the defect-tolerant nature of HPs, in
which the surface traps are shallow
states (i.e. the states that are close to the
band edges). Over the years, we have wit-
nessed tremendous progress in the
shape-controlled synthesis and self-
assembly of perovskite NCs along with
spectroscopic investigation.3 A wide
range of morphologies including nano-
cubes, hexapods, nanorods, nanowires,
nanoplatelets, and nanosheets have
been reported. In addition, synthetic
methods have been developed to control
not only the shape but also the size that
enables the tunability of emission color
by quantum confinement effects.16

Furthermore, the optical properties of
halide perovskite NCs are also tunable
by doping with different metal ions,
leading to new emission features via
exciton-to-dopant energy transfer.3,17

The easily tunable emission along with
the high PLQY of HP NCs makes them
promising light sources for LEDs, lasers,
and single-photons.3,18 In addition,
there has been growing interest in
exploring them as potential light absor-
bers for efficient and stable perovskite

Haibo Zeng

Haibo Zeng obtained his PhD in material
physics from the Institute of Solid State
Physics at the Chinese Academy of Sciences
in 2006. Following a stint as a visiting
scholar at the University of Karlsruhe (with
Professor Claus Kling Shirn and Professor
Heinz Kalt) and then postdoctoral work at
the National Institute for Materials Science
(with Professor Yoshio Bando and
Professor Dmitri Golberg), he joined the
faculty at Nanjing University of Science
and Technology in 2011 and initiated the
Institute of Optoelectronics &
Nanomaterials in 2013. His research inter-
ests are focused on the exploratory design
of semiconducting nanocrystals and 2D
crystals, with an emphasis on opto-
electronic applications.

Joseph M. Luther

Joseph Luther is a senior research fellow
within the Materials, Chemical, and
Computational Science directorate at
NREL. He began his research career at
North Carolina State University, and then
moved to NREL during his graduate studies
to develop solar cells using colloidal nano-
crystals, which exploit a phenomenon
where multiple excitons are generated and
harvested per incident photon. Luther was
then a postdoctoral scholar in Paul
Alivisatos’ group at the University of
California, Berkeley and Lawrence Berkeley
National Laboratory. In 2009, he rejoined
NREL as a senior research scientist. His
group’s research focuses on developing
optoelectronic technologies utilizing solu-
tion-processed materials such as colloidal
semiconductor quantum dots and halide
perovskite semiconductors.

Editorial Nanoscale

15076 | Nanoscale, 2023, 15, 15075–15078 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
5 

Se
pt

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 6
/2

4/
20

24
 6

:4
0:

29
 P

M
. 

View Article Online

https://doi.org/10.1039/d3nr90170j


solar cells, an efficiency of over 15% has
been achieved with mixed A-cation
systems.19,20 Besides, perovskite NCs in
combination with organic semi-
conductors have been shown to be excel-
lent light harvesters for photocatalytic
applications.21,22 The interaction
between perovskite NC and chromo-
phores has been studied by time-
resolved spectroscopies and it has been
found that both charge and energy trans-
fer occurs. In particular, chromophore-
functionalized perovskite NCs (also bulk
perovskites) have been proven to be
excellent materials for triplet sensitiz-
ation through the energy transfer
process.23 Furthermore, the surface
functionalization with chiral organic
molecules has been shown to induce
chirality in low-dimensional HPs, which
is another fascinating research direction
due to the enormous potential of chiral
perovskites for highly efficient and color
tunable chiral emission.24 Chirality has
been achieved in both 2D perovskites
and colloidal perovskite NCs either by
functionalizing with chiral molecules or
through self-assembly into chiral archi-
tectures using chiral templates. While
the structural origin of chirality in HPs
is being studied by researchers, the use
of chiral 2D perovskites as chiral filters
in the fabrication of spin LEDs has
already been demonstrated.25,26 There is
still significant room in the exploration
of chiral perovskites for diverse opto-
electronic applications, ranging from
chiral LEDs to photodetectors and
quantum optics, and beyond.

Despite the great achievements in
both thin film and colloidal NC perovs-
kite optoelectronics, the toxicity arising
from lead (Pb) is a major concern for
their commercial applications. To
address this issue, various Pb-free per-
ovskites have been developed by repla-
cing Pb with other metal ions.3 Among
them, Sn-based perovskites have received
special interest due to their lower
bandgap and interesting optical pro-
perties.27 However, their efficiency is still
inferior to that of Pb-based perovskites
and exhibits poor chemical stability. On
the other hand, although Pb-free double
perovskites exhibit higher stability, their
efficiency in optoelectronic devices is

even lower than Sn-based perovskites.28

Currently, research is being carried out
to improve the stability and efficiency of
Pb-free perovskite optoelectronics by
compositional engineering (doping or
alloying) and passivation of defects that
cause the degradation.29–31 Despite a few
challenges that are still being addressed
by researchers, the continued increase in
the performance and shelf-life of halide
perovskite optoelectronics is strongly
driving this field in terms of chemistry,
physics, optical spectroscopy, and device
engineering.

This themed collection comprises
reviews and research articles covering
recent advances in various aspects of
halide perovskites, crystallization control
(https://doi.org/10.1039/D3NR00177F;
https://doi.org/10.1039/D2NR06745E),
thin film and NC-based solar cells
(https://doi.org/10.1039/D2NR06976H;
https://doi.org/10.1039/D2NR06496K;
https://doi.org/10.1039/D2NR05043A),
indoor photovoltaics for the Internet of
Things (IoT) (https://doi.org/10.1039/
D2NR07022G), stability of solar cells by
atomic layer deposition of SnO2 (https://
doi.org/10.1039/D2NR06884B), anti-cor-
rosion strategies (passivation, surface
coating, interfacial engineering, etc.)
(https://doi.org/10.1039/D3NR00051F;
https://doi.org/10.1039/D2NR06290A;
https://doi.org/10.1039/D3NR01126G)
photodetectors (https://doi.org/10.1039/
D2NR07008A), transistors (https://doi.
org/10.1039/D2NR06496K), LEDs
(https://doi.org/10.1039/D3NR00087G),
memristor devices (https://doi.org/
10.1039/D2NR06370K), in-memory logic
operations (https://doi.org/10.1039/
D3NR00278K), photocatalysis (https://
doi.org/10.1039/D2NR06840K), printed
devices (https://doi.org/10.1039/
D3NR00565H), X-ray detectors (https://
doi.org/10.1039/D2NR07016B; https://
doi.org/10.1039/D3NR01196H), fluo-
rescence anti-counterfeiting (https://doi.
org/10.1039/D3NR00301A), 2D perovs-
kites (https://doi.org/10.1039/
D2NA00942K), chiral perovskites (https://
doi.org/10.1039/D2NR06751J), 0D metal
halides (https://doi.org/10.1039/
D2NR06975J), generation of triplet states
at the organic semiconductor/perovskite
interface (https://doi.org/10.1039/

D2NR05767K), degradation (https://doi.
org/10.1039/D3NR02003G), synthesis of
polymer coated NCs using flow reactors
(https://doi.org/10.1039/D2NA00744D),
growing perovskite NCs in zeolites
(https://doi.org/10.1039/D2NR06923G),
compositional tuning by anion exchange
(https://doi.org/10.1039/D2NR07091J),
self-assembly of NCs (https://doi.org/
10.1039/D3NR00693J), doped-NCs for
new emission features (https://doi.org/
10.1039/D2NR05478G), exciton dynamics
in doped NCs (https://doi.org/10.1039/
D3NR00241A), structural effects on
optical properties of NCs (https://doi.org/
10.1039/D2NR06345J), and a single par-
ticle study of NCs (https://doi.org/
10.1039/D2NR06427H).

We thank all the authors for their
high-quality and timely contributions
and hope that researchers across
different disciplines will enjoy reading
the articles in the collection. We also
thank the manuscript-handling editors,
reviewers, and editorial staff of
Nanoscale and Nanoscale Advances for
their support.
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