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ABSTRACT: Metal halide perovskites represent a flourishing area of research, which is

driven by both their potential application in photovoltaics and optoelectronics and by ™

y
L TR

the fundamental science behind their unique optoelectronic properties. The emergence
of new colloidal methods for the synthesis of halide perovskite nanocrystals, as well as
the interesting characteristics of this new type of material, has attracted the attention of
many researchers. This review aims to provide an up-to-date survey of this fast-moving
field and will mainly focus on the different colloidal synthesis approaches that have been
developed. We will examine the chemistry and the capability of different colloidal
synthetic routes with regard to controlling the shape, size, and optical properties of the
resulting nanocrystals. We will also provide an up-to-date overview of their postsynthesis
transformations, and summarize the various solution processes that are aimed at
fabricating halide perovskite-based nanocomposites. Furthermore, we will review the
fundamental optical properties of halide perovskite nanocrystals by focusing on their
linear optical properties, on the effects of quantum confinement, and on the current
knowledge of their exciton binding energies. We will also discuss the emergence of nonlinear phenomena such as multiphoton
absorption, biexcitons, and carrier multiplication. Finally, we will discuss open questions and possible future directions.
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1. INTRODUCTION

Metal halide perovskites (MHPs) were first reported in 1893,"
but it was not until the 1990s that they began to attract the
attention of the scientific and engineering communities.
Initially, there was a focus on light-emitting devices and
transistors due to their intriguing optical and electronic
properties. However, it took until 2012 for the real potential
of these materials to be discovered. MHPs were originally used
as sensitizing materials in dye-sensitized solar cells, but it was
rapidly determined that, in addition to boosting the absorption
cross section of the resulting device, they also exhibit
impressive charge transport properties.” > These findings
have generated much interest in halide perovskites, and the
efficiency of single cell perovskite-based photovoltaic devices
has exceeded 23% over a relatively short period.®”*
Interestingly, despite being counterintuitive, perovskites
were proved to be good not only for separating charges and
creating electricity but also for bringing charges together to
create light.”™"" In addition to their relatively low nonradiative
recombination rates, their high color purity makes them
interesting candidates for light-emitting diodes (LEDs) and
lasers."” Unfortunately, bulk perovskite structures seem limited
with regard to their photoluminescence quantum yield
(PLQY) and this is mainly due to two key limiting factors:
(i) the presence of mobile ionic defects, which are
characterized by a low formation energy and (i) a small
exciton binding energy in MHPs, which results in low
electron—hole capture rates for radiative recombination.
Moreover, in MHP films that are prepared from precursor
solutions, dominant intrinsic defects are not as benign as was
initially thought."> This was demonstrated by a grain-to-grain
variation in the PL intensity; it was discovered that the grain
boundaries were normally weakly emissive and exhibited faster
nonradiative decay.'* Consequently, researchers turned their
attention to perovskite nanocrystals (NCs), with the intention
of not only boosting the PLQY of conventional semi-
conducting materials, but also accessing the quantum-confine-
ment size regime, which could be used as an additional method
for tuning the emission of such materials. The first perovskite
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NCs were synthesized in 2014,"° and since then, research on
these compounds has virtually exploded. In the preparation of
MHP NCs, organic capping ligands enable the growth of
crystals in the nanometer size range, and they actively passivate
surface defects in a similar way to the synthesis of more
traditional NCs. It is also possible to finely tune the size and
shape of the NCs, so that one can prepare either bulklike NCs
(i.e., particles that are large enough to exhibit optical properties
similar to those of bulk crystals or films) or nanostructures like
nanoplatelets (NPLs), nanosheets (NSs), nanowires (NWs),
and quantum dots (QDs). The sizes of these nanostructures
can be controlled down to a single perovskite layer, and,
consequently, significantly below the exciton Bohr radius
(hence in the strong quantum confinement regime).ls_19 The
composition, structure, and size of the NCs can be tuned not
only during the synthesis, but also via postsynthesis trans-
formations, for example through ion exchange or exfolia-
tion.”"~**

The peculiar nature of the band structure of MHPs is such
that defect states tend to be either localized within the valence
and conduction bands or to be essentially “inert”, resulting in
perovskite NCs with a high PL efficiency. Consequently,
perovskite NCs are often referred to as being “defect-tolerant”.
This does not mean that they do not have any defects which
induce nonradiative recombination, but rather that the need
for extensive passivation (as in metal chalcogenide NCs, for
example) is less demanding. Over the past few years, MHP
NCs have been optimized toward having emission wavelengths
that are tunable throughout the entire visible spectral range
(and beyond), and their quantum yields (QYs) have
approached 100%.”**° Nearly five years have passed since
the pioneering colloidal syntheses of MHP NCs.">*° Since
then, countless innovations in their synthesis and processing
have delivered materials that have been tested in solar cells
(both as active materials®’~>° and as downconverters’®), solar
concentrators,”’ visible light communications,®” electrolumi-
nescent diodes,”** photodetectors,® and photocatalysis.*®
Among the different members of the vast perovskite family,
lead-based halide perovskite (LHP) NCs have been found to
be great alternatives to well-established II-VI, III-V, and IV—
VI QDs. Here, we direct the readers to recent reviews for a
comprehensive comparison of LHP NCs with more traditional
QDs. 7~

Despite such rapid advancements in material syntheses and
device applications, studies on the optical properties of
perovskite NCs have significantly lagged behind. Many
questions pertaining to halide perovskites in general remain
unanswered,**™** and this is also the case of perovskite NCs.
For example, it is has now been well-established that the PLQY
of LHP NCs varies depending on the synthetic approach, and
that even small modifications to a given synthetic protocol can
strongly influence their optical properties. The reasons behind
such a wide variability in their optical properties is that these
properties strongly depend on the stoichiometric ratios of the
ions in the perovskite structure,* as well as on the types of
coating ligands and on how the surface is terminated in
general. " However, the investigation into these aspects is
still in its infancy.

Several review articles on the chemistry and optical
properties of MHP NCs have been published in the last
couple of years.**™>* This review article seeks to summarize
the recent developments in colloidal synthetic methods for the
preparation of MHP NCs and their postsynthesis treatments,
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in order to analyze the strengths and weaknesses of each
method. It then gives a snapshot of the current knowledge on
their optical properties. Our review is structured into four main
sections: (i) a brief introduction to MHP NCs will be given in
order to provide an understanding of their nature, crystal
structures, and optical properties. (ii) We will then present a
detailed explanation and analysis of the most recent trends in
the colloidal synthesis of MHP NCs. Our intention is to
provide a comprehensive overview of the different synthetic
routes for MHP NCs, highlighting how size and shape control
can be achieved. (iii) We will give a broad summary of
postsynthesis modifications of MHP NCs, which are applied to
either manipulate their optical properties or to increase their
stability. (iv) The last section will deal with recent progress in
understanding the optical properties of MHP NCs, such as
their linear and nonlinear optical features, quantum confine-
ment effects, and exciton binding energies. We will end the
review with our vision for the future of this field.

2. BRIEF INTRODUCTION TO MHP NCS
2.1. History of Colloidal Synthesis of MHP NCs

Interest in semiconductor NCs was generated by the discovery
of quantum-size effects in the optical spectra of nanometer-
sized semiconductors in the early 1980s.°°° Notably, the
quantum confinement effect in MHPs (i.e, CsPbX;) was
reported long before widespread attention was paid to bulk
crystals and thin films of these materials.”’~>” We direct the
readers to recent reviews for a more detailed historical
background of MHPs NCs.””*® Parallel to the work on classic
colloidal semiconductor NCs, a seminal paper was published in
2011 on methylammonium (MA) lead iodide (MAPbL;) in the
form of nanometer-sized crystals as a promising PV material.”’
That work captured the attention of the colloidal chemistry
community, which started to conduct research on this
interesting class of medium-bandgap semiconductors. The
first solution-based colloidal approach to produce MHPs NCs
was published some years later, when Schmidt et al. were able
to prepare MAPbBry; NCs (for more information, see section
3.2.11) with a PLQY of 20%"° at the end of 2013. Soon after
(in 2015), Protesescu et al. reported a colloidal synthesis of
monodisperse CsPbX; NCs; they adopted the standard hot-
injection method™ that is typically employed for classic
colloidal QDs (such as CdSe and PbSe) to fit the requirements
of the new chemicals and solvents needed to prepare
perovskite NCs.”® The prominent work of Protesescu et al.
evidences that LHP NCs have three remarkable properties: (i)
a high PLQY (up to 90%), which can be reached without
having to conduct any specific postsynthesis treatment; (ii) a
PL with a narrow full width at half- maximum (fwhm), namely
below 100 meV; (iii) and a PL that is tunable across the entire
visible spectral range by simply varying the nature and ratio of
the halide ions in the structure.”® The ease by which these NCs
could be synthesized, their interesting properties, as well as the
many questions that have arisen in light of these initial reports
have been the main attractions for researchers from various

fields.
2.2. Crystal Structure, lonic Nature, and Defect Tolerance

“Three-dimensional” (3D) perovskite structures are formed by
three primary ions, and they have an ABXj; stoichiometry
(Figure 1, panels a and b). For all-inorganic halide counter-
parts, the monovalent A-cation is cesium or rubidium, the
divalent B-cation is lead, tin, or germanium, and X is a halide
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Figure 1. Schematic representations of (a) an ideal 3D cubic
structure, as observed in a-FAPbL;; (b) an orthorhombically distorted
3D structure, typically reported for CsPbBrs; (c) a one-dimensional
(1D) hexagonal lattice, found in the yellow phase of FAPbL;; and (d)
a 1D orthorhombic structure, found in the yellow phase of CsPbl;.
(e) Reported 3D and 1D structures of different all-inorganic and
hybrid organic—inorganic ABX; MHP compounds. The light blue
squared area represents the region in which stable compounds are
located. The tolerance and octahedral factors were mainly taken from
the report of Travis et al®® All panels are reproduced from ref 67.
Copyright 2017 American Chemical Society.

ion, namely chlorine, bromine, iodine, or a combination of
them.”" Organic—inorganic perovskite compounds, however,
have either methylammonium (MA) or formamidinium (FA)
as the A cation.”” The A and B cations coordinate with 12 and
6 X anions, respectively, forming cuboctahedral and octahedral
structures. Notably, the Goldschmidt tolerance factor, t, has
been used extensively to predict the stability of perovskite
structures based only on the chemical formula ABX; and the
ionic radii, r;, of the ions (A, B, X):

(t = ry + r¢//2(rg + 1) ).% In general, stable 3D perovskite

structures are formed when the tolerance factor is within the
range of 0.76—1.13, while other perovskite-related structures
are stable outside this range.”* For this reason, only a limited
number of A-cations (Cs, MA, and FA) can give rise to stable
structures in the case of LHP perovskites. Other possible
candidates are either too small (Na, K, and Rb) or too large
(imidazolium, ethylamonium, and guanidinium).65 Perovskites
at the edge of the tolerance factor requirement, such as FAPbI;
(t ~ 1) and CsPbl, (¢ ~ 0.8), easily undergo a phase transition
at room temperature (RT) to more stable hexagonal and
orthorhombic phases (Figure 1, panels ¢ and d), respectively.
These are also referred to as “yellow phases”.”® Perovskite
structures are further constrained by the octahedral factor, 4,
which is defined as ¢ = rg/rx. The p describes the stability of
the BX,>™ octahedra, and it depends on the radii of both the B
and X ijons. The stability range for y is between 0.442 and
0.895.°° The tolerance and octahedral factors are currently
used to predict the stability of novel possible perovskite
combinations (see Figure 1e).67’68

Perovskite compounds are mostly held together by ionic
bonding, and this is one of the reasons for the ease by which
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highly crystalline NCs can be fabricated even at low
temperatures.”” One of the key features of MHPs that has
been ascribed to their success as high-performance semi-
conductors is their defect tolerance, which is an ability to retain
the electronic structure of the pristine material even in the
presence of a large concentration of defects. The reported
defect-tolerance of MHPs is corroborated by first-principles
density-functional theory (DFT) calculations of the formation
energy of point defects and their effect on the electronic
structure.”” For perovskites, the defect chemistry and physics is
still not well-understood, but vacancy-related defects are
considered to have energies close to, or within, the energy
bands (see the section “optical properties” for further
details).**%

2.3. Different Phases (3D, Two-Dimensional (2D),
Zero-Dimensional (0D), and Double Perovskites)

So far, most research on lead halide perovskite NCs has
focused on NCs with a 3D APbX; crystal structure and
composition, but the general reactivity of this class of halide
perovskites and their intrinsic toxicity has also stimulated
research in various directions. First, the high ionicity and
structural instability of LHP NCs, which limits their ability to
be used in a range of applications, can actually be considered a
positive feature, since the APbX, lattice can be easily
reorganized into other phases. This has triggered an extensive
investigation into NCs with other structures and compositions,
also defined as “perovskite-related structures”, such as Cs,PbXg
and CsPb,X; (so-called 0D and 2D structures, respectively).
While a 3D APbX; structure is characterized by corner sharing
[PbX4]*" octahedra with the A" cations filling the voids created
by four neighboring PbX¢*~ octahedra (resulting in a cubic or
pseudocubic structure, see Figure 2a,b), the PbX,*™ octahedra
in A,PbX4 structures are completely decoupled in all
dimensions and the halide ions are no longer shared between
them (Figure 2, panels c).”” Recently, layered perovskites have
come under immense scrutiny. CsPb,X; have emerged as a 2D
version of lead halide perovskite materials with a tetragonal
phase which consists of alternating Cs* and [Pb,X;]”

Figure 2. Schematic representation of different metal halide
structures: (a) cubic-phase ABX; (3D); (b) pseudocubic ABX,
(3D); (c) ABX, (0D); (d) AB,X; (2D); (e) A;BX, (2D); (f)
A,BX, (0D); (g) A,B'B*X, (3D); and (h and i) A;B,X, (2D).
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polyhedron layers, similar to that of layered double hydroxides
(Figure 2d).”" Another type of 2D perovskites is the A,PbX,
phase, which is made of alternating layers of corner-sharing
[PbX4]*" octahedra and bulky cations (Figure 2e).?

The toxicity of lead (and its biocaccumulation in the
ecosystem) is the major limitation of APbX; NC systems,
and this has urged researchers to look into alternative materials
with com7parable optoelectronic properties, such as Cs,Snl
NCs.”>~”” However, there has been very limited success to
date. Cs,Snly crystallizes in the face-centered cubic (fcc)
structure. The unit cell is composed of four [Snlz]*~ octahedra
at the corners and at the face centers and eight Cs* cations at
the tetragonal interstitials (Figure 2f). A Cs,Snl, structure is a
perovskite derivative, and it is obtained by removing half of the
Sn atoms at each center of the [SnI®] octahedron at regular
intervals.”® For this reason, the structure is also referred to as a
“vacancy ordered double perovskite”. In the search for lead-
free metal halide compounds, two main strategies are currently
being pursued: a “simple” substitution of Pb** cations with
other less toxic divalent metal ions from the same group IV,
such as Sn or Ge,”® or a replacement of every two divalent Pb**
ions with one monovalent M* and one trivalent M** cations
(ie, 2Pb> — B* + B*), generating quaternary A,B'B**X
systems (also named “double perovskites”, Figure 2g).”” The
diversity of halide materials related to LHPs is explored by
introducing other transition or post-transition metals, such as
Fe’* and Bi**.*7*" Cs;M,X, (M = Fe®', Bi*") crystallizes in
the hexagonal space group P6;/mmc. This consists of isolated
clusters, each made of two face-sharing octahedra, and having
M,Br,®~ formula, with Cs* serving as bridging ions between
the clusters (Figure 2h). Conversely, antimony-based halide
compounds crystallize in a layered structure in which each
Sb,Bry>~ cluster shares corners with 3 octahedra (Figure2i).”

3. COLLOIDAL SYNTHESIS METHODS

To prepare high quality MHP NCs in terms of having control
over the size, shape and quality of their optical properties,
much effort has been devoted to developing reliable and
straightforward synthetic strategies. These approaches can be
classified either as “top-down” or “bottom-up”. Top-down
strategies comprise a fragmentation and structuring of
macroscopic solids, either mechanically (e.g, ball-milling in
the presence of surfactants®) or chemically (e.g, chemical
exfoliation,* etc.), whereas the bottom-up routes start with
molecules and ions and proceed via gas- or liquid-phase
chemical reactions. It has been proven that, among all bottom-
up approaches, the liquid-phase one is the best for the
fabrication of well-defined colloidal MHP NCs (Scheme
1).*%% In this review, we will focus on the two most
developed liquid-phase methods for the synthesis of colloidal
MHP NCs: the hot injection (HI) method and the ligand-
assisted reprecipitation (LARP) method.*”*” In short, the HI
route requires high temperatures and an inert atmosphere,
which inevitably increases the cost and could limit the output
in mass production.”® To overcome these two potential
limitations, the LARP method can be employed as a more cost-
effective alternative, as it delivers high quality perovskite NCs
in an ambient atmosphere at RT (see section 3.2).*

3.1. Hot Injection Strategy

The first HI method was developed two and half decades ago
for the synthesis of cadmium chalcogenide NCs.”” This
approach is based on the rapid injection of a precursor into a
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Scheme 1. Outline of the Various Methods Employed in the
Synthesis of MHP Nanocrystals

Halide perovskite
nanocrystals

Bottom-up methods
Top-down methods (non-templated)
Wet ball-milling Gas phase
Exfoliation Liquid phase
Hot
Solvothermal LARP
P:
Mi Emulsion LARP
Heat up
Mi alsion

Microfluidic

Ultrasonication Pscr*

"Polar solvent controlled ionization.

hot solution of the remaining precursors, ligands, and a high
boiling solvent.”’ ™" The HI method generally enables the
synthesis of small NCs with a narrow size distribution by
attainin§ a separation between the nucleation and growth
stages.”” Immediately after the injection, a rapid nucleation
burst occurs with a simultaneous formation of small nuclei. A
rapid depletion of monomers terminates the nucleation stage,
after which the nuclei continue growing (with ideally no new
nuclei forming). Over time, this leads to the evolution of a
NCs’ population, which is characterized by a narrow size
distribution. This happens if the reaction is stopped when it is
still in the size-focusing regime (i.e., when there are still plenty
of monomers in the growth environment).”> The key
parameters that enables to control the size, size-distribution,
and shape of colloidal NCs synthesized by the HI method are
(i) the ratio of the surfactants to the precursors; (ii) the
injection temperature of the cation or anion precursor; (iii) the
reaction time; and (iv) the concentration of the precursors. In
2015, Protesescu et al. extended the HI approach so that it
could be used for the colloidal synthesis of cesium LHP NCs
(CsPbXs, X = CI, Br, and 1).”° CsPbX; NCs were obtained by
injecting Cs-oleate into a hot solution (140—200 °C) of PbX,
(X= CI, Br, 1) salts, which served both as the Pb** and X~
source, dissolved in octadecene (ODE), carboxylic acids, and
primary amines (see Figure 3). They observed that equal ratios
of amines and acids resulted in the formation of monodisperse
NCs whose size could be adjusted by varying the reaction
temperature. Mixed-halide perovskite NCs could also be
conveniently synthesized by simply adjusting the ratios of
lead halide salts (PbCl,/PbBr, or PbBr,/Pbl,). The PL
emission of the resulting NCs could be finely modulated
across the entire visible spectrum (410—700 nm) by varying
the halide composition or by tuning the size of NCs.
Subsequently, the HI method was further extended to
MAPDX; (X = Br, I) NC systems by replacing Cs-oleate
with a methylamine solution.”® MAPbBr; and MAPbI, NCs
were successfully obtained by varying the relative amount of
oleylamine (OLA) and oleic acid (OA) capping ligands.

The HI protocol was further developed for the synthesis of
perovskite-related lead halide based materials. For instance,
Cs,PbX; (X = Cl, Br, I) NCs were successfully prepared by
working under Cs* and OLA-rich conditions compared to
those used in the conventional CsPbBr; NCs synthesis.”” The
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Figure 3. (a) Sketch of the HI method used for the synthesis of
colloidal MHP NCs. (b) A typical TEM image of CsPbBr; NCs
obtained using the hot injection (HI) strategy. (c) Colloidal
perovskite CsPbX; (X = Cl, Br, I) NC dispersions (in each vial, the
NCs have a different halide composition) in toluene under an

ultraviolet (UV) lamp (4 = 365 nm). Panels (b) and (c) are adapted
from ref 26. Copyright 2015 American Chemical Society.

resulting NCs were nearly monodisperse, and their size could
be further tuned from 9 to 37 nm.”” Various other groups have
reported the synthesis of CsPb,Brs NCs using octylamine and
OA as surfactants in an excess of the PbBr, precursor.”®

In order to gain insight into the growth kinetics of CsPbX;
NCs that are produced via the HI approach, Lignos et al.
employed a droplet-based microfluidic platform.””"® Follow-
ing the in situ absorption and photoluminescence of CsPbX;
NCs, they revealed that the entire nucleation and growth took
place in the first 1—35 s of the reaction, highlighting the fact that
these NCs have extremely fast reaction kinetics. Slightly
different results were reported by Koolyk et al, who
investigated the growth kinetics of CsPbBr; and CsPbl; NCs
by taking aliquots at different stages of the reaction and
analyzing them by transmission electron microscopy
(TEM)."”" They observed that the size focusing regime in
CsPbl; NCs lasted for the first 20 s, and that it was followed by
a subsequent size defocusing regime. However, they found that
the growth of CsPbBr; NCs was not characterized by any size
focusing regime; instead, it was characterized by a broadening
of the size distribution from the very beginning, and this
persisted during the whole reaction time of 40 s.'% Later,
Udayabhaskararao et al. monitored the growth of CsPbX; NCs
at different stages using electron microscopy, and they
eventually proposed a two-step growth mechanism.'’” During
the first step of this mechanism, Pb® NCs form, and these act
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as seeds onto which CsPbX; NCs nucleate. In the second
stage, the NCs grow through self-assembly and oriented
attachment. However, these authors did not provide any
evidence of the initial formation of Pb® NCs. Furthermore, it
has now been well-established that Pb° clusters on the surface
of NCs are formed by the electron beam irradiation when they
are observed under an electron microscope.'**'** Therefore,
this mechanism can be dismissed.

Overall, the large variability in the quality of the
manufactured MHP NCs reported in literature reveals that,
in contrast to classic colloidal heat-up or hot-injection
techniques that are used to produce II-VI (e.g, CdTe,
CdSe, CdS, and HgS), IV=VI (e.g, PbSe), III-V (e.g, InP
and InAs), or ternary I-III-VI (e.g, CulnS,) QDs, the
research community still does not fully understand the MHP
NCs nucleation and growth processes. The fact that the
nucleation and growth steps of MHPs NCs are fast and hardly
separable in time is likely due to the extreme ease by which
these ionic crystals are formed in solution. The challenge in
controlling the nucleation and the growth with a high
ensemble uniformity has been one of the major obstacles
impeding the exploration and the utilization of the properties
of CsPbX; NCs.'” However, a recent study has demonstrated
that this challenge can be overcome by working under
thermodynamic equilibrium instead of kinetic control.'*

An important weakness of colloidal MHP NCs (and of
halide perovskites in general) is their high solubility in polar
solvents. This means that they have a poor stability under
ambient atmospheric conditions (with variable humidity, heat,
and/or light), and this causes a drop in their PLQY.*” An
example of this can be seen in Yuan et al.’s work,'"” in which
they demonstrated that perovskite NCs are particularly
sensitive to the antisolvents that are used in their cleaning.
Starting from CsPbBr, I, NCs, they found that different
antisolvents, like isopropanol, n-butanol, or acetone, can
change the halide composition of the NCs and, thus, their
overall optical properties."”” The Surface, Shape, and Phase
Postmodifications section of this review will focus on this
aspect of postsynthesis treatment. For now, we will discuss the
works that have taken the instability issue into account at the
synthesis stage and that have attempted to adapt counter-
measures. In order to counterbalance the stripping of halide
ions, which accompanies the use of polar antisolvents, Woo et
al. found that the stability of CsPbX; NCs can be considerably
enhanced, without a drastic drop in the PLQY, by working
under halide-rich conditions.'®® In that work, ZnBr, was used
as an extra source of Br ions in addition to the PbBr, precursor.
The resulting NCs had more halide-rich compositions
(Cs:Pb:Br = 1.0:1.2:3.4) than those synthesized in the absence
of metal bromide (Cs:Pb:Br = 1.0:1.0:2.8). This approach was
defined by the authors as the first successful attempt to
stabilize CsPbX; NCs (where X is Br or I) in situ by inorganic
passivation.108 The term “inorganic passivation” is, however,
not entirely accurate, as the NCs were still passivated with
organic molecules.

One major drawback of the HI methods described so far is
that they rely on the use of metal halide salts as both a cation
and an anion precursor, and this limits the possibility of
working with the desired ion stoichiometry.”*'”” In order to
overcome such restrictions, Liu et al. developed the so-called
“three-precursor” HI approach for the synthesis of CsPbX; (X
= Cl, Br, or I) NCs.'"” Their novelty consisted of using NH,X
(X = Cl, Br, or I) and PbO as sources of halide and lead ions
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separately, instead of conventional PbX, (X = Cl, Br, or I)
salts."'” As had already been stated by Woo et al,'"® the
CsPbBr; NCs that had been synthesized under Br-rich
conditions (that is, by employing an excess of NH,Br) had
better optical properties and a remarkably better stability than
the standard NCs, as they endured the purification step.' "’

Yassitepe et al. further developed the three precursor HI
approach in order to synthesize OA-capped CsPbX; NCs by
eliminating alkylamines from the synthesis."'' In their
approach, Cs-acetate and Pb-acetate were reacted with
quaternary alkylammonium halides, such as tetraoctylammo-
nium halides (TOA-X), which cannot form protonated
ammonium species even when protons are present. It was
observed that the absence of oleylamine considerably speeded
up the growth kinetics, enabling the synthesis of CsPbX; NCs
at a lower temperature (i.e., 75 °C). The CsPbBry NCs that
were obtained by this approach exhibited PLQYs up to 70%, as
well as an enhanced colloidal stability. This method, however,
failed to produce CsPbl; NCs of a similar quality and
stability."'" The three-precursor HI approach was later
adopted and modified by Protesescu et al. for the colloidal
synthesis of FAPbX; NCs.°”''>'"* In short, FAPbBr, NCs
were prepared by reacting FA and Pb acetates with oleic acid in
ODE and, subsequently, injecting oleylammonium bromide.
The final product contained also a 5—10% of NH,Pb,Br;
byproduct that might have formed upon the thermal
decomposition of FA" to NH," during the synthesis.'"
Phase pure FAPbI; NCs with a better optical quality were
successfully synthesized in 2017 by the two precursor HI
method by reacting FA-oleate with a Pbl, complex in the
presence of oleic acid and olegrlamine in ODE with an excess of
FA (FA:Pb = 2.7) at 80 °C.””

Although the three-precursor HI approach allows one to
work with the desired stoichiometry of ions (since the halide
and the metal cations sources are no longer linked), its
potential versatility is limited by a series of disadvantages. First,
the fact that a synthesis of CsPbl;, CsPbCly, and MAPbX, (X =
Br, I) NCs has not yet been reported using this strategy
suggests that the halide precursors react poorly under the
reaction conditions of this zip})rozich.67’ll 1'% Moreover, a
considerable amount of undesired secondary phases, which are
ascribed to the decomposition of the alkylammonium halide
precursor, were found in the synthesis of FAPbX; NCs.'" In
order to compensate for the limitations of the three precursor
HI approach, new methods have recently been reported by
Imran et al.*’ and by Creutz et al.'"> Both these strategies are
based on the use of highly reactive halides as anion precursors,
which can be conveniently injected into a solution of metal
carboxylates. Upon injection, the NCs immediately begin to
nucleate and grow. Imran et al. demonstrated how benzoyl
halides, which are employed as a halide source, can be used to
prepare an entire family of all-inorganic and hybrid lead halide
perovskite NCs (CsPbX;, MAPbX;, FAPbX;; X = Cl7, Br~, I7)
with good control over the size distribution and phase purity. "
Similarly, Creutz et al. used silyl halides to synthesize
Cs,AgBiX; NCs (these materials will be covered in the Pb-
Free Metal Halide Perovskite NCs section).'"> Of particular
relevance is that these strategies enable one to work with
desired cation/anion ratios, and, more specifically, in a halide-
rich environment. In some systems, this was observed to
strongly increase the PLQY of the resulting NCs: for instance,
CsPbCl; NCs synthesized with either the LARP or the two-
precursor HI approach were characterized by significant
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Scheme 2. Shape and Size Control of CsPbBr; NCs in the HI Approach”
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excess of benzoyl chloride (halide-rich conditions) boosted
their PLQY up to a record value of 65%.*

3.1.1. Size and Shape Control of Lead Halide
Perovskite NCs by the HI Approach. Size and shape
control is made possible in the HI strategy mainly by varying
the ligand combinations and ratios as well as the reaction
temperature. As a general trend, the use of OLA and OA at low
reaction temperatures (in the range of 90—130 °C) tends to
encourage the NCs to grow anisotropically, producing quasi
2D geometries, which are usually referred to as “nanoplatelets”
(NPLs)."'® On the other hand, high reaction temperatures
(i.e, 170—200 °C) and long reaction times lead to nanowires
(NWs).""? In order to investigate the effect of ligands on the
morphology of CsPbBr; NCs, Pan et al. carried out a
comprehensive study by systematically varying the chain
length of the alkyl amines and carboxylic acids used in the
reaction.'”® In one series of experiments, while keeping the
amount of OLA fixed, they added different carboxylic acids (at
170 °C). An increase in the average edge length of CsPbBr;
nanocubes, from 9.5 to 13 nm, occurred when the chain length
of the carboxylic acids was shortened. Furthermore, working
with OA and lowering the reaction temperature to 140 °C,
NPLs with a thickness of 2.5 nm and a width of 20 nm were
formed (see Scheme 2). In a second series of experiments, the
amount of oleic acid was fixed, and different alkylamines were
tested at 170 °C. In every experiment, the authors observed the
formation of NPLs, except when OLA was used, which could
still lead to the formation of NPLs at lower reaction
temperatures (140 °C).

While many work attempts have been made to control the
lateral size of lead halide based nanocubes, some efforts have
also been dedicated to synthesizing anisotropic nanostructures,
such as NPLs and NWs, with control over their dimensions.
Song et al. reported a HI synthesis of atomically thin CsPbBr;
nanosheets (NSs) with a thickness of 3.3 nm and an edge
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length of about 1 pm using dodecylamine and oleic acid and
prolonging the reaction time up to 3 h (see Figure 4a).'”" The
same year (2016), Shamsi et al. reported the synthesis of
CsPbBr; NSs with tunable lateral dimensions from 200 nm up
to a few micrometers while keeping their thickness to few unit
cells (see Figure 4b)."*” This was achieved by employing short
chain ligands, namely octylamine and octanoic acid, in addition
to the conventional OA and OLA. In parallel, another work by

Figure 4. (a) Scanning electron microscopy (SEM) and (b) low-
magnification transmission electron microscopy (TEM) images of
CsPbBr; NSs. (c) Low- and (d) high-resolution TEM micrographs of
CsPbBr; NWs. (a) is reproduced with permission from ref 121.
Copyright 2016 Wiley-VCH. Panel b is reproduced from ref 122.
Copyright 2016 American Chemical Society. (c) is reproduced from
ref 123. Copyright 2016 American Chemical Society. (d) is
reproduced from ref 124. Copyright 2016 American Chemical
Society.
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(XRD) patterns; and (e—k) TEM images. All panels are reproduced from ref 10S. Copyright 2016 American Chemical society.

Imran et al. demonstrated the synthesis of CsPbBr; NWs with formation of nanocubes (Figure 5). This proves that
a tunable width down to a few unit cells (see Figure 4c) via the oleylammonium species, and primary alkyl ammonium species
HI approach.'”’ Green-emitting CsPbBr; NWs with a width of in general, are able to compete with Cs* ions for the surface
10—20 nm (hence they are nonconfined) were prepared by passivation of the NCs, generating platelet-shaped particles or
employing octylamine and OLA only (no carboxylic acid was even layered structures. The same study reported that the
used).'”* The diameter of the NWs could be decreased from Ostwald ripening could be suppressed by reducing the
10 to 3.4 nm by introducing a short chain carboxylic acid concentration of ligands (to the minimum amount needed to
(octanoic acid or hexanoic acid).'* Zhang et al. later reported solubilize PbBr, at a given temperature). As a result, CsPbBr;,
a synthesis strategy to prepare thin'>* and ultrathin'® CsPbBr, nanocubes from 4.0 to 16.4 nm with narrow size distribution
nanowires (with a width of 2.2 + 0.2 nm and length of up to (8 to 15%) could be prepared (Figure S). In addition to
several microns Figure 4d). The NWs were prepared by using varying the length of the ligands and the ratio of amine to acid,
OLA, OA, and dodecyl amine as a ligand via the HI approach, control over the size of CsPbBry NCs can also be achieved by
and a stepwise purification was carried out to enhance the employing extra halide sources such as alkylammonium
yield."® bromide or ZnBr, salts."’'** In the first case, the size of the
To better elucidate the way alkylamines and carboxylic acids CsPbBr; nanocubes could be finely tuned from 17.5 to 3.8 nm
interact with each other before and during the HI synthesis, by varying the amount of OLA-HBr but keeping the reaction
Almeida et al. conducted an in depth investigation into the temperature and the ligand concentration fixed.'””> In the
interplay between oleylamine and oleic acid, and they studied second case, Dong et al. demonstrated excellent control over
the effects of the relative concentration on the size, size the size and size distribution of CsPbX; NCs by adjusting the
distribution, and shape of CsPbBr; NCs.'" They found that, reaction temperature and the ZnX,/PbX, ratio in the reaction
by increasing the concentration of ligands, the precipitation mixture.'*® Tt is particularly interesting that, in this latter case,
temperature of PbBr, could be significantly enhanced from 195 an excess of ZnX, was found to strongly influence the surface
to 290 °C, allowing syntheses of CsPbBr; NCs to be passivation of the resulting NCs, eventually leading to a high

conducted at higher temperatures. It was revealed, by Nuclear PLQY.
Magnetic Resonance (NMR) analysis, that the concentration A disadvantage of the HI method is that Cs/FA-oleate
of oleylammonium species could be increased not only by precursors, which have to be prepared in a separate flask before
increasing the concentration of oleic acid, but also by lowering the actual reaction, are solid at RT, therefore they often require
the reaction temperature. The concentration of oleylammo- a preheating step (up to 100 °C) prior to their injection. It is
nium species was found to determine the shape of the final also known that it is not easy to up-scale this strategy since the
NCs: a high concentration of oleylammonium species (which injection of large quantities of a precursor at a high
is achievable in a highly acidic environment) causes the NCs to temperature results in a remarkable drop in the temperature
grow anisotropically, whereas a low concentration leads to the as well as an inhomogeneous nucleation. Consequently, this
3303 DOI: 10.1021/acs.chemrev.8b00644
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method cannot be used for large scale production.”® To

overcome these limitations, different groups have developed
alternative routes which rely on the same precursors, ligands,
and solvents that are used for the HI route, but they mix all the
chemicals together in one-pot and react them either by using a
heating mantle (heat-up or solvothermal agproaches) or by
ultrasonication or microwave irradiation.””'" /129139133134
Chen et al. reported a solvothermal synthesis of both
CsPbX; nanocubes and NWs."*® In short, CsPbX; nanocubes
were synthesized by directly mixing precursors (such as cesium
carbonate and lead halide salts) together with ligands, and the
resulting mixture was heated up in an autoclave at the desired
temperature for a certain amount of time. Ultrathin CsPbBr,
NWs were obtained when predissolved precursors (such as Cs-
oleate and lead halide dissolved in ODE by using OA and
OLA) were used. In 2016, Tong et al. first reported a single
step ultrasonication-assisted synthesis to produce CsPbX; NCs
with a tunable halide composition, thickness, and morphology
(Figure 6).""” The same authors later extended the procedure,
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Figure 6. Single step ultrasonication method: (a) schematic
illustration of a CsPbX; NC synthesis; (b) colloidal dispersions of
CsPbX; NCs with different halide compositions in hexane under
room light (top) and UV light (bottom, A, = 367 nm); (c)
photograph (under UV light) of CsPbBr; and CsPbl; NCs solutions
obtained by scaling up the reaction; and (d) PL decay curves of the
samples shown in panel (b). All panels are reproduced with
permission from ref 117. Copyright 2016 Wiley-VCH.

prolon§ing the reaction time in order to produce CsPbX,
NWs.'*” Similarly, CsPb(Br/I); nanorods (NRs) were also
prepared by adjusting the ratios of ligands (OLA/OA) and the
reaction temperature.128

In 2017, Pan et al. introduced the microwave irradiation
strategy for the synthesis of CsPbX; NCs with tunable
morphologies.'””” In the same year, Shamsi et al. modified
this approach to produce quantum-confined blue-emitting
CsPbBr; NPLs with a unimodal thickness distribution.'*" In
this method, a certain amount of isopropanol can trigger the
nucleation of otherwise unreactive precursors at RT. The
NPLs were then grown by simply heating the solution in a
%% Recently, Liu et al. further optimized the
microwave-based strategy by introducing diethylene glycol

microwave oven.
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butyl ether along with ODE in order to enhance the absorption
capacity of the microwave irradiation. In this approach, the
dimensionality of CsPbBr; NCs could be tuned from cubes to
NRs or NSs by adjusting the relative amounts of ligands,
solvents, and PbBr, salt."”’ Liu et al. and Long et al. later
adopted the same strategy to prepare CsPbX; NCs."*"** Ye et
al. proposed alternative one—steg approaches for the synthesis
of inorganic CsPbX; NCs:''”"** in short, PbX, and CsCO,
precursors were added to the mixture containing ODE, OA,
and OLA, and the reaction mixture was heated up to 100 °C
for 15—30 min. In the same year, Yang et al.reported a heat-up
approach for a large scale synthesis of ultrathin CsPbBr; NPLs
with tunable dimensions by varying the reaction kinetics.'*®
The thickness of the CsPbBr; NPLs was increased from 1.3 to
3.1 nm by increasing the temperature from 100 to 180 °C. In
2017, Zhai et al. adopted the solvothermal approach,'*® and
they were able to transform CsPbBr; NPLs into Cs,PbBrg
NCs."*

All approaches discussed so far mainly rely on a binary
ligands system that is composed of carboxylic acids (mainly
OA) and alkyl amines. It is has now been well-established that
the surface of LHPs NCs is dynamically stabilized with either
oleylammonium halide or Cs oleate.'”>** However, the final
ligand’s composition strongly depends on the processing
conditions. For instance, upon the use of polar solvents during
washing cycles, the ammonium ligands are more prone to be
detached from the surface than carboxylate groups are, and this
eventually modifies the final PLQY.'” To address this issue,
Krieg et al. proposed a new capping strategy based on long
chain zwitterionic molecules (i.e., 3-(N,N-
dimethyloctadecylammonio ) propanesulfonate).'*” These mol-
ecules bind strongly to the NC surface, and this improves the
chemical durability of the material. In particular, this class of
ligands allows for the isolation of clean NCs with high PLQYs
(above 90%) after four rounds of precipitation/redispersion,
along with much higher overall reaction yields of uniform and
colloidal dispersible NCs."*”

3.1.2. Mixed A/B Cations Engineering of ABX; NCs by
HI. Inspired by the opportunity to produce LHP NCs with a
mixed halide composition, which allows for the tunability of
their resulting band gap, various groups started to explore the
possibility of preparing ABX; NCs using mixed A and B
cations. For instance, in 2017, Amgar et al. and Wu et al
reported the synthesis of Cs,Rb,_BX; by adjusting the Cs*
and Rb* precursor ratios in the HI synthesis.'*®""’
Interestingly, NC samples with a higher fraction of small Rb*
ions had a higher band gap. In the same year, Wang et al.
reported that a partial substitution of Pb** with Sn*" ions not
only enhanced the stability of the NCs, but also their optical
properties."* Protesescu et al. and Wang et al. reported an HI-
based synthesis of mixed organic inorganic FA,Cs, .PbBr;_ I,
and FA,Cs,_Pbl; (0 < x < 3) perovskite NCs, NSs, and
NWs.*”'*! Both reports concluded that the introduction of FA
cations along with Cs ions in the A sites considerably enhances
the stability of these compounds. Vashishtha et al. demon-
strated that conventional monovalent A cations, such as Cs,
Rb, MA, and FA, could be replaced by TI** ions. T1;PbX; NCs
(X= Cl, Br, I) and TIPbl; NCs were prepared using the
standard HI approach by replacing Cs-oleate with Tl-oleate."**
The HI of Tl-oleate into the PbX, solution (130—175 °C)
resulted in faceted spheroidal TL,PbX (X= Br, I) NCs with an
orthorhombic crystal structure, whereas TL;PbCl; NCs
crystallize in the tetragonal phase.'*
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By making simple modifications to the standard HI
approach, lead halide based NC systems were successfully
doped with either Mn**, Bi**, or rare earth (RE) ions in order
to alter their optical properties. > ~'*® Liu et al. and Parobek et
al. almost simultaneously reported an HI synthesis of Mn**
doped CsPbCl; NCs with fine control over the doping content.
In both cases, the incorporation of Mn>" ions was achieved by
simply employing MnCl,, in addition to PbCl, in the
conventional HI method that had previously been reported
for the synthesis of CsPbX; NCs (Figure 7, panels a and

Mn/Pb Ratio (by mole):

Mn Pb Br Cs OA/Olam ',l*'f,/,,/
PbBr X ’ »
) AT ‘
©120°C \a{f ,;‘, 4,200 °C ’ Supernatant
MnBr, > r, >
. InODE Cs-oleate
Her ® 5 D
OA/Olam Precnpltate

Figure 7. Illustrations of the HI approaches used for the preparation
of (a) Mn-doped CsPbCly and (c) Mn-doped CsPbBr; NCs. (b)
Photograph of Mn doped CsPbCl; NCs with different Mn-contents,
illuminated by a UV lamp (365 nm). (a) is reproduced from ref 150.
Copyright 2016 American Chemical Society. (b) is reproduced from
ref 149. Copyright 2016 American Chemical Society. (c) is
reproduced from ref 152. Copyright 2018 American Chemical
Society.

b)."**'%° Later, Das Adhikari et al. further optimized the
inclusion of Mn®" ions in CsPbCly NCs by using RNH;Cl in
addition to the MnCl, salt."**'*! The authors claimed that the
alkyl ammonium chloride precursor could allow the morphol-
ogy to be precisely controlled and could enable Mn to be
incorporated into CsPbCl; NCs. The following year, a similar
strategy was adopted and slightly modified by Parobek et al. for
the synthesis of Mn-doped CsPbBr; NCs.">* Instead of using
an alkyl ammonium halide precursor, the authors employed
HBr, which was initially mixed with PbBr,, MnBr,, OA, and
OLA to form L,[Pb,_ Mn,]Br, (L = ligand) organometallic
complexes. Such compounds, which exhibit a strong Mn
fluorescence, were subsequently transformed into Mn-doped
CsPbBr; NCs by 1n]ect1ng the Cs precursor at a high
temperature (Flgure 7¢). BTt s particularly interesting that
doping CsPbX; NCs with Mn*" ions increased their stability
under ambient conditions and against thermal anneahng 153,154
Similarly, heterovalent dopants, such as Ce®* and Bi** ions,
were introduced into CsPbBr; NCs.'">'*° Milstein et al.
recently reported ytterbium-doped CsPbCl; NCs by means of
an HI synthesis following thelr previous three-precursor
approach for double perovskites.'”

3.1.3. Pb-Free Metal Halide Perovskite NCs. The first
colloidal syntheses of lead-free perovskite NCs via the HI
approach were reported in 2016 by Jellicoe et al.”® and Wang
et al."*® The former group was able to prepare CsSnX; NCs by
reacting SnX, salts, which were dissolved in tri-n-octylphos-
phine (TOP) and injecting the resulting solution into a
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mixture of CsCO;, OA, and OLA at 170 °C.’® Wang at al.
fabricated Sn*'-based perovskite NCs, with a Cs,Snlg
composition, which exhibited a PL peak around 620 nm (2.0
eV) and a full width at half-maximum of 49 nm (0.16 eV)."*
The variation in the reaction time enabled the size and shape
of Cs,Snlg NCs to be tuned so that spherical quantum dots,
NRs, NWs, nanobelts, and NPLs could be selectively prepared
(Figure 8)."°® The HI synthesis of Sn-based compounds was

.5 Cesium tin halide perovskite
Tin(IV) lodide
Oleylamine/Oleic acid
Cesium Oleate

Octadecene
2% l \ e
B - all / I y ‘
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% j
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Figure 8. Scheme showing the synthesis of perovskite Cs,Snls NCs,
with corresponding photographs of the as-prepared Cs,Snl4 samples
under UV light and TEM images of Cs,Snls NCs with different
shapes. Reproduced from ref 158. Copyright 2017 American
Chemical Society.

later modified slightly to access different shapes.'®”>"** For

example, Wong et al. synthesized 2D CsSnl; NPLs, with a
thickness of less than 4 nm,"® by using a combination of long
and short chain amines (OLA and octylamine) and a short
chain carboxylic acid (octanoic acid). In 2018, Wu et al.
reported a znthesis of ternary CsGel; NCs by means of an HI
approach.””” The NCs were synthesized by simply injecting
Cs-oleate into a solution of Gel, which had been dissolved in
ODE, OA, and OLA."”

Many attempts have been made to prepare Pb-free
perovskite NCs by simply substituting Pb** ions with ternary
cations, such as Bi** or Sb**, forming Cs;M,X, compounds, or
by the so-called “cation transmutation” strategy, namely, the
replacement of two Pb** ions with one monovalent M* ion and
one trivalent M*" ion, forming a A,M*M**X¢ double-perovskite
structure (see section 2.3). Examples are Cs,Sb,I, and
Rb;Sb,I;, NCs that have been prepared with different
morphologies using the HI synthesis route.'"”'*> Also, in
2018, “double-perovskite” Cs,AgBiX, (X = Cl or Br) NCs were
synthesized by means of HI approaches.*”"'>'**'** Double
perovskites in the form of NCs were reported by two groups
using two different HI synthetic routes. Creutz et al.''’
employed, for the first time, trimethylsilyl halides which were
injected at 140 °C into a solution of metal acetate precursors
(i.e., silver acetate, cesium acetate, and bismuth acetate). The
solution was then dissolved in ODE, OA, and OLA, which
immediately triggered the nucleation and growth of the NCs
(Figure 9). Around the same time, Zhou et al. were the first to
prepare a solution of AgNO;, BiBr;, ODE, OA, OLA, and HBr,
followed by an injection of Cs oleate at 200 °C to synthesize
lead-free Cs,AgBiBr, NCs.'

3.2. LARP Approach
The supersaturated recrystallization process dates back more

than 5000 years, when salt was recrystallized in clay pots in
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Figure 9. (a) The structure of a double perovskite crystal (e.g.,
Cs,AgBiBr). (b) Scheme of the HI synthesis of Cs,AgBiXs NCs and
(c) their postsynthesis anion-exchange reactions using trimethylsilyl
halide reagents. TEM images of (d) Cs,AgBiClg and (e) Cs,AgBiBr;
NCs. All panels are reproduced from ref 115. Copyright 2018
American Chemical Society.

South Poland in 3500 BC.'®® This simple process consists of
dissolving the desired ions in a solvent, reaching an equilibrium
concentration, and subsequently moving the solution into a
nonequilibrium state of supersaturation. The supersaturated
state can be reached, for example, by varying the temperature
(cooling down the solution), by evaporating the solvent, or by
adding a miscible cosolvent in which the solubility of the ions
is low. Under such conditions, spontaneous precipitation and
crystallization reactions occur until the system reaches an
equilibrium state again. This technique was also successfully
extended, in the nineties, to prepare organic nanoparticles and
polymer dots.'°*'®” If this process is carried out in the
presence of ligands, hence the name “ligand-assisted
reprecipitation” (LARP), the formation and growth of crystals
can be controlled down to the nanoscale, allowing for the
fabrication of colloidal NCs (Scheme 3).

The LARP technique, when applied to perovskite systems,
simply consists of dropping the desired precursor salts,
dissolved in a good polar solvent, such as dimethylformamide
(DME), dimethylsulfoxide (DMSO), etc., into a poor solvent
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Scheme 3. LARP Synthesis Approach
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(such as toluene or hexane) in the presence of ligands. The
salts that are typically used in the LARP approach are MX, (M
= Pb, Sn, etc.), CsX, MAX, and FAX, where X = Cl, Br, and 1.
The mixture of the two solvents induces an instantaneous
supersaturation, which triggers the nucleation and the growth
of perovskite NCs. It is straightforward to understand that,
being the LARP synthesis carried out in air using a quite
simple chemical apparatus, differently from the HI techniques,
it can be easily scaled up, allowing for the large-scale
production of MHP NCs, up to the gram scale."*”'**'% As
in the case in the hot-injection or heat-up methods, that are
described in the previous sections, nucleation and growth
stages in the LARP approach cannot be separated in time.””
The first reports on LARP syntheses of hybrid organic—
inorganic lead halide based perovskite NCs date back to 2012
when Papavassiliou et al. solubilized MAPbX,;, (MA)-
(CH;C¢H,CH,NH;),Pb,X;, or (MA)(C,HyNH;),Pb,X; (X
= Br, Cl or I) salts in DMF (or acetonitrile) and dropped the
corresponding solutions in toluene (or in a mixture of toluene
and PMMA). ”® They observed the formation of luminescent
NCs, with sizes on the order of 30—160 nm, and PL intensities
much higher than those expected for the bulk MAPbX;
counterparts. It took a few more years before the LARP
procedure was finally developed to synthesize organic—
inorganic MAPbX; NCs, and then it was extended to ABX;
NC systems (A = MA, FA, or Cs; B = Pb, Sn, Bi, or Sb; X = Cl,
Br, or I). In the following sections, we will briefly describe the
LARP approaches that have been proposed so far for each
system, illustrating how composition, size, shape, and phase
control have been achieved in MHP NCs.

3.2.1. MAPbX; NCs. The first LARP approach to organic—
inorganic MAPbBr; NCs was demonstrated and systematically
studied in 2015 by Zhang et al,'”' who prepared a clear
precursor solution by dissolving PbBr, and MABr salts in alkyl
amines, carboxylic acids, and DMF. A fixed amount of this
solution was then dropped into toluene at RT under vigorous
stirring to form colloidal NCs. In order to understand the
specific role of alkyl amines and carboxylic acids, different
amines (hexylamine, octylamine, dodecylamine, hexadecyl-
amine) and acids (OA, octanoic acid, or butyric acid) were
tested. Interestingly, the formation of MAPbBr; NCs could be
achieved even without the use of amines, but there was no
control over the size of the crystals. On the other hand, the
exclusion of carboxylic acids from the synthesis resulted in
aggregated NCs. On the basis of these control experiments, the
authors concluded that the role of amines was to regulate the
kinetics of the crystallization, and thus the NCs’ size, while the
organic acids were thought to suppress NC aggregation. In the
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years that followed, this same approach was exploited and
further optimized by different groups.'”>~'"* Huang et al,, for
example, demonstrated that the size and size distribution of
MAPDbBr; NCs could be better controlled by introducing OLA
together with OA and varying the reaction temperature (by
heating toluene up to 60 °C)."”* Arunkumar et al.
demonstrated that it is possible to dope MAPbX; NCs with
Mn?* simply by adding MnCl, to the precursor solution.'”

Other ligands were subsequently proved to work efficiently
in the LARP synthesis of MAPbBr; NCs. Gonzalez-Carrero et
al. showed that OLA and OA could be replaced by 2-
adamantylammonium bromide as the only capping ligand to
improve the optical properties of the final NCs. Luo et al.
produced size tunable MAPbX; (X = Cl, Br, or I) NCs by
employing two branched capping ligands, (3-aminopropyl)
triethoxysilane (APTES) and polyhedral oligomeric silses-
quioxane (POSS) PSS-[3-(2-aminoethyl)amino]-
propylheptaisobutyl-substituted (NH,-POSS)."”> The authors
proposed that, compared to straight-chain ligands, APTES and
NH,—POSS offer greater control over the NCs’ size, as they
are able to protect the formed NCs from being dissolved by
DMEF.** Veldhuis et al. introduced the use of benzoyl alcohol
as an auxiliary ligand (together with octylamine and OA),
which was found to accelerate the reaction kinetics and to
improve the optical properties of the resulting NCs.'”® Luo et
al. employed peptides, namely 12-aminododecanoic acid, as
the only ligand in the synthesis of MAPbBr; NCs. Peptides,
which have both —NH, and —COOH groups, enabled a good
control over the size of the resulting NCs.'”” Minor
modifications to the LARP process were also proposed in
order to further optimize the process. Shamsi et al, for
example, devised an alternative LARP approach in which PbX,
salts are dissolved in N-methylformamide (NMF), rather than
in the typical DMF, together with OLA and OA. The solution
is heated up to 100 °C for 10 min and eventually added
dropwise at RT to a poor solvent (such as dichlorobenzene or
chloroform).'”® The advantage of this approach is that MA*
ions are formed in situ during the heating step (by a
transamidation reaction), therefore there is no need to
previously synthesize MAX salts.'"”® Tt is worth mentioning
that the same approach could also yield bulk crystals at RT
with no need for an antisolvent (Scheme 4)."”*

Dai et al. mixed both good solvents and poor solvents by
means of a spray, producing MAPbBr; NCs with a good size
distribution."” In this particular approach, the precursor’s
solution (MABr, PbBr,, OA, octylamine in DMF) was sprayed
onto a poor solvent (toluene). The micrometer-sized droplets

Scheme 4. Two Different Synthetic Routes, Both Employing
NMF as the Source of MA* Ions, To Produce Either
Perovskite NCs or Bulk Crystals®

Bulk

’NCs

“Reproduced from ref 178. Copyright 2016 American Chemical
Society.

PbX,+ H*

/

— CH, (NMF)

\

PbX,+ OA +
OLA

H
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of the sprayed solution are believed to provide a large contact
surface area between the two solutions, allowing for a more
homogeneous mixing.

3.2.2. Size and Shape Control over MAPbX; NCs. Soon
after the development of the LARP synthesis of MAPbX; NCs,
efforts were made to optimize the PL of the materials and to
control their size and shape. In 2015, Sichert et al. were the
first group to report a LARP synthesis of MAPbBr; NPLs in
which no carboxylic acid was employed; only octylammonium
and MA" ions were used as ligands.'” The systematic increase
in the octylammonium/MA" ratio caused a reduction in the
thickness of the resulting NPLs. The exception to this was the
use of octylammonium only (octylammonium/MA* — o),
when “single layered” NPLs were observed, similar to what was
reported in the studies on layered perovskite macrocrystals.'*’
Analogous results were achieved in 2016 by different groups.
Kumar et al, for example, demonstrated that they could
control the thickness of MAPbBr; NPLs down to one
monolayer when they worked with OA and octylamine.*
Cho et al,, on the other hand, conducted a systematic study on
the LARP synthesis of MAPbBr; NPLs in which they used OA
and tested many alkylamines with different chain lengths (such
as butylamine, hexylamine, octylamine, dodecylamine, and
OLA)."®" They revealed that both the chain length and the
concentration of alkylamines played a fundamental role in
determining the thickness of MAPbBr; NPLs. In detail, a high
concentration of alkylammonium cations can efliciently
passivate the surface of MAPbBr; NCs, precluding their
growth along the vertical direction and yielding NPLs with
tunable thicknesses. In this context, the amines with a longer
chain have a better electrostatic interaction with perovskite
NCs, providing, thus, a stronger passivation. In 2017, Levchuk
et al., working with OLA and OA, achieved a good control over
the thickness of MAPbI; NPLs by introducing chloroform as
the bad solvent.'®® Ahmed et al. proposed using pyridine,
together with OLA and OA, as an effective coligand for finely
tuning the thickness of MAPbBr; NPLs (Figure 10)."® Their
DFT calculations revealed that pyridine molecules are able to
bind to the Pb** ions that are present on the surface of the
growing nanostructures, forming dative N — Pb bonds and
slowing down the vertical growth rate, thus leading to the
formation of 2D nanostructures.'®

It should be noted that no control over the lateral
dimensions of the NCs was demonstrated in any of these
works. With the aim of addressing this problem, Kirakosyan et
al. revealed that the way the precursor solution (ionic salts
dissolved in DMF) is added to the bad solvent influences the
size and shape of the final NCs.'®* By varying the amount of
added precursor solution (from 1 to 8 drops at a constant rate
of ~45 drops/min), they could tune the lateral size of
MAPDbBr; NPLs from ~3 to 8 nm, while the thickness
remained unchanged (2.5—3 nm). In the same year, Huang et
al. performed a systematic study on how the amount of ligands
(OLA and OA), the precursors/ligands ratio and the reaction
temperature affect MAPbBr; NCs.'®> Similar to what was
reported by Cho et al,'®" they observed that a fine-tuning of
these parameters resulted in a control over the size, and, thus,
of the quantum confinement of MAPbBr; NCs. More in detail,
working with a high ligand/precursor ratio, they observed the
formation of small NCs, while a high precursor/ligand ratio
produced polydisperse micro- and NCs. At intermediate
ligand/precursor ratios, the nucleation and growth of the
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Figure 10. (a) Schematic illustration of a LARP synthesis of MAPbBr; nanostructures using oleic acid (OA), oleylamine (OLA), and pyridine as
ligands. Representative TEM images of MAPbBr; NCs synthesized (b—d) without and (e—g) with pyridine at different precipitation temperatures:
(be) 0 °C, (cf) 25 °C, and (d,g) 60 °C, respectively. All panels are reproduced from ref 183. Copyright 2017 American Chemical Society.

NCs could be better controlled: the synthesis under such
conditions produced small NCs that grew over time.

At this stage, we can tentatively summarize that the control
over the size and thickness of MAPbBr; NPLs in the LARP
approach can be achieved by using a sufficiently high ratio of
long chain alkylammonium ions (or pyridine)/precursors. In
this way, alkylammonium ligands (or pyridine) can signifi-
cantly passivate the surface of MAPbBr; NCs, preferentially
slowing down the vertical growth rate and allowing NCs to
grow only along the lateral directions.

The LARP procedure, initially developed for MAPbX; NCs,
was soon extended to all-inorganic CsBX; (B = Pb**, Bi**, and
Sb**), Cs,PbX, CsPb,Brs, and organic—inorganic FAPbX; NC
systems. We will discuss the achievements in the synthesis of
each system in separate sections.

3.2.3. FAPbX; NCs. In 2016, Weidman et al. were the first
to report a LARP synthesis of both all-inorganic and organic—
inorganic ABX; (A = Cs, MA, or FA; B = Pb or Sn) NPLs with
1 or 2 monolayer thicknesses.'®® In their work, the precursors
(AX and BX, salts) were dissolved in DMF together with
octylammonium and butylammonium halides (used in a 1:1
ratio). The precursor solution was added dropwise to toluene
under vigorous stirring at RT to trigger an immediate
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formation of NCs. To achieve colloidal stability and thickness
homogeneity, an excess of ligands was used (in a 10:2:1
Iigands/BXz/AX).186 A few months later, Perumal et al
reported the synthesis of FAPbBr; NCs. The focus of their
work was mainly on achieving a bright PL emission rather than
having tight control over the particle shape.'”” In their
approach, FABr and PbBr, were dissolved in DMF and added
dropwise to a solution consisting of toluene, butanol,
octylamine, and OA under constant stirring.

The first LARP report on FAPbX; (X = Cl, Br, or I) NC
systems was reported by Levchuk et al., who applied the same
synthesis scheme that they had used for making MAPbX; NCs
(which they had published some months before),"®* but with
some minor modifications."** The synthesis relies on the rapid
injection of a precursor solution, which is prepared by
dissolving PbX, and FAX (X = Cl, Br, or I) salts in DMF,
OA and OLA into chloroform at RT (Figure 11, panels a and
b). With dependence on the OLA/OA ratio, the authors could
produce either nanocubes or NPLs with control over their
thickness (ranging from 2 to 4 monolayers, Figure 11, panels ¢
and d). Interestingly, it was discovered that toluene prevented
the formation of FAPbI; NCs, and it led to the immediate
agglomeration of FAPbBr; or FAPbCl; NCs.
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Figure 11. (a) Photograph of FAPbX; NC dispersions under UV-light
and (b) the corresponding PL emission curves. (c) Theoretical
effective mass approximation and experimental band gaps of FAPbBr;
NPLs as a function of their thickness. (d) TEM characterization of
vertically stacked FAPbBr; NPLs. All panels are reproduced with
permission from ref 188. Copyright 2017 American Chemical Society.

Around the same time, Minh et al. reported the synthesis of
FAPbX; nanocubes, introducing PbX,—DMSO complexes as
novel precursors.'® In their approach, all the precursors (the
PbX,—DMSO complex and FAX) were dissolved in DMF
together with OLA, and the corresponding solution was added
to a mixture of toluene and OA. In this case, the formation of
FAPbX; NCs is believed to occur via an intramolecular
exchange reaction in which alkylammonium halides can replace
DMSO molecules in the starting PbX,-DMSO complex. Good
control over the size distribution of the NCs was rendered
possible by varying the relative amount of OLA.'® Kumar et
al. reported a slightly modified LARP procedure to create
FAPDbBr; NPLs with a very high PLQY which could be used in
LED devices.'” The difference here is that FABr and PbBr,
salts were dissolved in ethanol and DMF, respectively, to form

two different polar solutions, which were then added
simultaneously to a mixture of toluene, OA, and octylamine.190

3.2.4. All-Inorganic CsPbX; NCs. Until 2015, all-
inorganic CsPbX; NCs could only be synthesized using the
hot-injection approach.26 However, in 2016, Li et al. showed
that all-inorganic perovskite systems in the form of colloidal
NCs could also be produced using the LARP approach at RT.
Their synthesis resembles the one used for the organic—
inorganic MAPbX; NC systems, with the only difference bein,
that CsX is used rather than MAX in the precursor solution."’
Moreover, in this case, the inorganic salts (CsX and PbX,) are
dissolved in DMF together with OLA and OA. They are then
added to toluene, which results in an instantaneous formation
of NCs. A few months later, Seth et al. further engineered this
approach to achieve control over the morphology of CsPbX;
NCs.'” They found that the shape of the NCs could be
controlled by varying the bad solvent (from toluene to ethyl
acetate), the relative amount of ligands, and the reaction time:
the use of ethyl acetate promotes the formation of quasi-cubic
QDs, NPLs, or nanobars, while toluene can be used for the
preparation of nanocubes, NRs, or NWs."”? The authors
tentatively attributed these different morphologies to the
different ligand/nonpolar solvent interactions. Since ethyl
acetate is more polar than toluene, it can act both as a solvent
and a nucleophile, causing some OLA molecules to detach
themselves from the surface of the growing nuclei, which, thus,
undergo an oriented attachment (Figure 12a). In toluene, if
the concentration of OLA is high enough, the NC surfaces
become more protected in all directions, which consequently
prevents both their attachment/merging and growth. However,
if only a small amount of OLA is used in toluene, the NCs can
grow anisotropically at longer reaction times, in the form of
NRs and NWs, most likely as a consequence of an incomplete
surface passivation of the facets (Figure 12b).

In 2017, Kostopoulou et al. reported a LARP synthesis of
CsPbBry NWs with micron-sized lengths.'”® The key feature of
their approach is that they use anhydrous solvents and a low
temperature: the precursor solution (CsBr, PbBr,, DMF, OLA,
and OA) is dropped into anhydrous toluene, which is kept in

WWA Oleic acid

wwwan Oleylamine (OLA)

© Ethylacetate

Figure 12. Sketch of the mechanism proposed for the formation of (a) NPLs (cyan) and nanobars (green) in ethyl acetate and (b) larger
nanocubes, nanorods, and NWs from smaller nanocubes in toluene. (a—b) are reproduced with permission from ref 192. Copyright 2016
Macmillan Publishers Limited. (c—e) TEM images of CsPbBr; NWs at (c) 0 days, (d) 1 day, and (e) 7 days after leaving the colloidal toluene-
based solution at RT without stirring. (c—e) are reproduced with permission from ref 193. Copyright 2017 Royal Society of Chemistry.
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an iced water bath. Immediately after the injection, the
resulting product consists of small-length, bullet-like NRs,
which evolve into NWs with a width of 2.6 nm after 24h at RT,
and to thicker NWs with a diameter of 6.1 nm after 1 week
(Figure 12, panels c—e). Eventually, in 2018, Zhang et al.
deliberately introduced water to the LARP synthesis of
CsPbBr; NCs, demonstrating its influence on the growth
rate and the shape of the resulting crystals.'”* The authors
suggested that both H;O" and OH™ may act as surface ligands
with a higher activity than those of oleylammonium and oleate
species. Consequently, this caused the perovskite NCs to grow
in different directions.'”*

3.2.5. Mixed A-Cations APbX; NCs. With the aim of
tuning the spectral response (i.e., the bandgap) of APbX; NCs,
various groups started not only to vary the halide composition
of those materials but also the A cations’ composition.”*'”
There have been several reports on the synthesis of LHP NCs
using the LARP method, with control over the composition of
the A site. Mittal et al, for example, successfully tuned the
bandgap of APbBr; NCs from 2.38 to 2.94 eV by varying the
composition of the A site from pure MA to pure ethyl-
ammonium (EA) [i.e., they synthesized (EA),(MA),_,PbBr,
NCs].'”° In 2017, two different groups reported the synthesis
of Cs,_,FA PbX; NCs."””"”® Xu et al. mixed Cs and MA ions
to form MA,_,Cs,PbBr; NCs,"”” while Zhang et al. reported a
LARP synthesis of mix-organic-cation FAMA, ,PbX; NCs,

achieving a continuously tunable PL emission from 460 to 565
200
m.

3.2.6. CsPb,Brs NCs. In 2016, Wang et al. reported the first
colloidal synthesis of perovskite-related CsPb,Brg NPLs,'®
adopting the LARP approach that was proposed by Sichert et
al.'"” In Wang et al’s work, two different precursor solutions
were prepared in DMF: one containing PbBr, and
hexylammonium bromide, and one containing CsBr. These
solutions were added to toluene to trigger the formation of the
final NCs.'® The authors also reported that such a synthetic
procedure could not be used for the preparation of pure phase
CsPb,Cly and CsPb,I; NCs by substituting bromide salts
(PbBr,, CsBr, and HABr) with the corresponding chloride or
iodide ones."®’

Ruan et al. subsequently optimized the LARP strategy in
order to control the morphology of CsPb,Bry NCs.””" This
was achieved by introducing alkyl thiols (octanethiol) as
ligands together with either alkylamines (OLA) or carboxylic-
acids (Figure 13).”°" More precisely, under their experimental
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Figure 13. LARP synthesis of CsPb,Brs; NWs and NSs. Reproduced
with permission from ref 201. Copyright 2017 American Chemical
Society.
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conditions, CsPb,Br; NWs were obtained by employing
octanethiol and OLA, while CsPb,Brg NSs required the use
of alkyl-thiols and carboxylic-acids.””" The following year, the
same authors demonstrated that their approach could be used
for a direct synthesis of tetragonal CsPb,X; (X = Cl, Br, or I)
NWs, even in mixed halide compositions.”’

3.2.7. Pb-free perovskite-related NCs. Compared to the
high number of works that report a colloidal synthesis of lead
free perovskite NCs using the HI approach, there are very few
examples of these compounds being produced by the LARP
strategy. In 2016, Leng et al. proposed a LARP synthesis of
MA,Bi, X, (X = Cl, Br, or I) perovskite-related NCs,*** and,
recently, of Cs;Bi,Xy (X = Cl, Br, or I) NCs.*”** In their first
work, octane was employed as the bad solvent, while DMF and
ethyl acetate were used as good solvents for MAX and BiX;
salts, respectively.”” In their second work, they used DMSO to
solubilize both CsX and BiX; salts and ethanol to trigger a
recrystallization (Figure 14, panels a and b).** As in the case of
Pb-based perovskite NCs, the amount of surfactants (octyl-
amine and OA) was observed to play a major role in
controlling the LARP synthesis of Cs;Bi, Xy NCs. Interestingly,
the use of toluene as a bad solvent, instead of ethanol,
produced unstable NC solutions. In 2017, Zhang et al. adopted
the LARP method to prepare blue-emitting Cs;Sb,Bry NCs.
They dissolved SbBr; and CsBr salts in either DMF or DMSO
in the presence of OLA to form a clear precursor solution,
which was then dropped into a mixture of octane and OA
(Figure 14, panels ¢ and d).”®

3.2.8. Disadvantages of LARP. Although it enables a
direct synthesis of many different perovskite systems at RT
under air, the LARP method also has some weak points.
Perovskite NCs are very sensitive to polar solvents, therefore
the polar solvents that are normally used in the LARP
synthesis, for example DMF, can easily degrade and even
dissolve the CsPbX; NCs, especially the CsPbl, ones.'*%'”">%*
Precursor-polar solvent interactions, indeed, were observed to
play an important role in the formation of defective perovskite
NCs. To elucidate this so-called “solvent effect”, Zhang et al.
investigated the effects of using different polar solvents on the
crystallization of MAPbI,; NCs.””® They proved that Pbl,
generates stable intermediates in coordination solvents like
DMSO, DMF, and tetrahydrofuran (THF), but it does not
form complexes when it is dissolved in noncoordinating
solvents, like y-butyrolactone and acetonitrile.”*”

These different binding motifs have, in turn, different
impacts on the crystal structure of the synthesized NCs: the
strong bonding between Pbl, and the coordinating solvents
leads to the formation of defective MAPbI; NCs that contain
residual solvent molecules on the surface and iodine vacancies
in the bulk; when noncoordinating solvents are employed, Pbl,
units are able to crystallize into defect free MAPbI; NCs
(Figure 15). Furthermore, DMF and DMSO, which are the
typical polar solvents that are used in this approach, have a
high boiling point and are toxic, therefore they are not suitable
for large-scale production.

3.2.9. Alternative Approaches. While “typical” LARP
syntheses rely on the use of miscible polar and nonpolar
solvents, emulsion techniques are based on the use of
nonmiscible liquids. The precursor’s salts are dissolved in
two different immiscible solvents with ligands and mixed
together to form an emulsion. The reaction does not occur
until later, when a demulsifier (which is miscible with both the
two previous solvents) is added, immediately driving the
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Figure 1S5. Effects of the solvents on the crystal structure of
CH;NH;Pb, NCs: the use of coordinated solvents (top) leads to the
formation NC defects, which are prone to degradation under
humidity; noncoordinated solvents (bottom) allow for the formation
of “defect-free” and stable NCs. Reproduced with permission from ref
20S. Copyright 2017 American Chemical Society.

system into a state of supersaturation, causing the precipitation
and nucleation of the APbX, NCs.”"***” Henceforth, we will
refer to this process as an “emulsion LARP”. It is known that
ligands in the polar-non polar systems can self-assemble into
ordered structures called micelles.”’**"” In the microemulsion
technique, such micelles are used as nanoreactors in which the
precursors can diffuse and locally react to form the NCs. The
process can be called a “microemulsion approach” if the
micelles form within a bulk polar phase, where the hydro-
phobic carbon chains are turned inward to help stabilize the oil
phase. However, the process can be called a “reverse
microemulsion” approach if the main solvent is nonpolar and
the micelles form with the hydrophilic head groups turned
inward to help stabilize the aqueous phase (reverse
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micelles).”” In such syntheses, NC nucleation and growth is
controlled by the diffusion of the precursors from the main
phase into the micelles.””® Once the NCs are formed inside the
micelles, a demulsifier is added, enabling the product to be
precipitated and cleaned. It should be noted that, in some
cases, the difference between emulsion LARP approaches and
the microemulsion (or inverted microemulsion) approach is
very subtle. Indeed, if the emulsion is not properly
characterized before the addition of the demulsifier, it is not
always clear if the NCs nucleate inside the micelles before
being precipitated or if their formation takes place in the very
same moment that the demulsifier is added to the solution.

3.2.10. Emulsion LARP. In 2015, Huang et al
demonstrated that the emulsion LARP strategy could be
used for the synthesis of MAPbBr; NCs.”"” They first prepared
a solution of MABr and PbBr, in DMF, and then they mixed it
with hexane, OA, and octylamine to form an emulsion. The
subsequent addition of tert-butanol or acetone, which act as
demulsifiers, initiated the recrystallization process with the
formation of the NCs (Scheme 5).

Scheme S. Emulsion LARP Synthesis”

(ii) QDs solution

Demulsion ! jiE Purification
.
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(iii) QDs powder

.

“(i) Formation of the emulsion, (ii) demulsion by adding a
demulsifier with the concomitant formation of perovskite NCs, and
(iii) purification of the NCs. Reproduced from ref 209. Copyright
2015 American Chemical Society.
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The following year, both Li et al. and Sun et al. reported the
emulsion LARP synthesis of CsPbX; NCs.'”"*'" They
employed a solution of Cs-oleate, which had been dissolved
in ODE, and added it to a solution of PbX, in DMF together
with an alkylamine and a carboxylic acid. Such an emulsion was
then added dropwise to toluene to start the nucleation process.
In particular, Sun et al. tested different combinations of
alkylamine and carboxylic acids and found that a systematic
variation in the length of both the amine’s alkyl chains and the
carboxylic acid’s alkyl chains resulted in a variation in the NCs’
shape/ size,210 similar to what observed for organic—inorganic
systems.'®" The use of hexanoic acid and octylamine produced
spherical QDs, oleic acid and dodecylamine shaped the NCs
into nanocubes, acetate acid and dodecylamine promoted the
formation of NRs, while OA and octylamine produced NPLs
(Figure 16). Akkerman et al. synthesized CsPbBr; NPLs using

ts
T

Nanorods

B+

Figure 16. Differently shaped CsPbB; NCs, which can be achieved via
an emulsion LARP approach at RT by varying the amount of organic
acid and amine ligands. Reproduced from ref 210. Copyright 2016
American Chemical Society.

a similar approach, but they made some modifications: they
solubilized Cs-oleate in ODE together with OA, OLA, and
HBr, while PbBr, was dissolved in DMF. The two solutions
were mixed together, consequently forming an emulsion. This
emulsion was inert until acetone (which is miscible with both
of the previous solvents) instantaneously induced the
formation of perovskite NPLs." Interestingly, the thickness
of the NPLs could be finely tuned, down to only 3-5
monolayers, by varying the amount of HBr. A similar approach
was then used to produce CsPbBr; NC inks for high-voltage
solar cells.”®

The same strategy was then used to synthesize ultrathin
CsPbBr; nanowires and MAPbX; nanostructures.”’'*'> The
latter were synthesized by Liu et al, who prepared an oil phase
solution by mixing OA, ODE, and hexadecylamonium halide
and an aqueous phase by dissolving MAX and PbX, in different
volumes of DMF. After mixing the two phases at RT,
chloroform or acetone were used as demulsifiers, to quench
the reaction and to collect the resulting nanostructures.
Interestingly, the amount of DMF used in the aqueous phase
dictated the shape of the final nanostructures (Figure 17).21%
In 2017, Kim et al. extended the emulsion LARP approach to
make FAPbBr; NCs. This was achieved by dissolving FABr and
PbBr, salts in DMF to form a precursor solution which was
then added to a mixture of a desired alkylamine, OA, and
hexane, yielding a milky emulsion.”’” The subsequent addition
of tert-butanol to the emulsion solution caused the formation
of perovskite NCs. The OA was observed to improve the
stability of the FAPbBr; NCs, suppressing their reaggregation,
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Figure 17. Schematic representation of the emulsion LARP synthesis
of shape-controlled MAPbI; perovskites by employing hexadecyla-
monium (HA) and varying the DMF volume, together with (b—d)
the corresponding SEM pictures. All panels are reproduced with
permission from ref 212. Copyright 2017 Elsevier.

while the amine ligands could prevent the formation of large
crystals (>micrometer) by controlling the crystallization
kinetics. More specifically, FAPbBr; NCs that were synthesized
using n-butylamine had a diameter of ~10 nm, but those that
were synthesized using n-hexylamine and n-octylamine had a
smaller diameter (d < 10 nm).

3.2.11. Reverse Microemulsion. The first reported
approach for the synthesis of perovskite NCs in the form of
MAPbBr; QDs was a reverse microemulsion technique
developed in 2014 by Schmidt et al.'® In their synthesis,
octylammonium bromide was dissolved in a warm mixture (80
°C) of OA and ODE, followed by the addition of MABr and
PbBr, which had previously been dissolved in a small amount
of DMF. The mixing resulted in the formation of a reverse
microemulsion in which NCs nucleated and grew. Eventually,
the product NCs were precipitated and cleaned by adding
acetone.'> The same procedure worked for the synthesis of
MAPbI; NCs, even though there was less control over the
quality of the final NCs (in terms of size distribution and
optical properties). In a subsequent work, the same group
further improved the optical properties of these QDs by
avoiding the use of OA and by finely adjusting the molar ratio
between the bromide salts and the amount of nonpolar solvent
(ODE).”"* Tyagi et al. adopted the same method to produce a
mixture of NCs and NPLs, from which they could selectively
precipitate and analyze MAPbBr; NPLs.”"> The following year,
this approach was optimized so as to produce MAPbBr; with
different morphologies. Yuan et al,, for example, demonstrated
that MAPbBr; NCs can be synthesized with control over the
thickness down to one monolayer.”'® They prepared a
transparent precursor solution by dissolving PbBr, and the
desired amount of ammonium salts (methylammonium and
alkylammonium bromides) in DMF. Next, they injected the
solution into hexane, which was vigorously stirred at RT,
leading to the formation of the NCs. These NCs were
eventually precipitated and washed by the addition of
acetone.”'® In this case, control over the size of the NCs was
achieved by using different ligands: benzylamonium ions were
employed to make confined NPLs (1 or 2 monolayers), while
thicker nanostructures were obtained using octadecylammo-
nium bromide. Teunis et al. synthesized MAPbBr; nano-
clusters”'” and NWs*'® by adding a solution of MABr in DMF

DOI: 10.1021/acs.chemrev.8b00644
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Figure 18. Shape control in the reverse microemulsion synthesis of colloidal MAPbBr; NCs. By controlling the nucleation and growth parameters
(solvents, surface ligands, and temperature), the shape of the NCs can be systematically changed. Oleic acid is present in each synthesis. (a—d)
TEM images of the corresponding nanostructures are also reported. The scale bars are S0 nm. All panels are reproduced from ref 219. Copyright
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and, in a second step, a solution of PbBr, in DMF to a hot (90
°C) mixture of ODE and alkylammonium bromide salts. The
reaction was then allowed to run for a specific amount of time
(3 or 4 min) to produce the NCs, which were precipitated and
collected by the addition of acetone. In order to acquire
nanoclusters, the alkylammonium bromide ligands used were
hexylamine and diaminododecane,”'” while NWs were
produced using octylammonium bromide only.”'* The
following year, the same group demonstrated good shape
control over MAPbBr; NCs via the reverse microemulsion
approach.”" In that work, a systematic variation in the solvent
of the oil-phase, the temperature, and the ligand environment
resulted in the formation of NPLs, NSs, nanocubes, or
spherical nanoparticles (Figure 18).*"

In 2016, Chen et al. reported a reverse microemulsion
synthesis of 0D Cs,PbBry microcrystals employing DMF and
n-hexane as the “aqueous phase” and the “oil phase”,
respectively:>>° PbBr, and CsBr were dissolved in DMF
together with OLA and OA. This solution was then added to
hexane under stirring, leading to the formation of the Cs,PbBr,
microcrystals over time (Figure 19).220
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Zhang et al. used the same strategy and revised it in order to
provide better control over the size distribution and, more
importantly, over the optical properties of 0D Cs,PbBrg
NCs.””" In their new approach, a solution of PbBr,, hydrogen
bromide (HBr) in DMF, OA, and OLA was injected into a
solution of cesium oleate in hexane and OA under stirring. The
introduction of HBr as an extra source of Br~ ions helped to
better control the anion/cation ratio in the synthesis.””'
Moreover, the separation of the Pb and Cs precursors in DMF
and hexane, respectively, allowed for control over the
nucleation rate of the NCs. Indeed, the nucleation rate is
limited by the slow release of Cs* ions from the oil to the
aqueous phase.””' Importantly, control over the size of the
NCs was possible by tuning the micelle size, which, in turn,
depends on the amount of OA that is used to stabilize the
microemulsion.””" Thanks to the versatility of this approach,
the same group extended it to the synthesis of 3D (CsPbBr;)
and 2D (CsPb,Br;) NC systems (Figure 20).*> The key
parameter for being able to fine-tune the stoichiometry and,
thus, the crystal structure of the final NCs was the Cs:Pb:Br
feed ratio.
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Figure 20. Illustration of the micelle structure that is formed in the
reverse microemulsion process, which comprises an “oil” phase with
n-hexane, and an “aqueous” phase with DMF. TEM images of
Cs,PbBrg, CsPb,Brg, and CsPbBr; perovskite NCs formed with the
different Cs:Pb:Br feed ratios. Reproduced from ref 222. Copyright
2017 American Chemical Society.

3.2.12. Polar Solvent Controlled lonization. The polar
solvent controlled ionization (PCI) can be seen as the
“opposite” of the LARP technique.””” In the LARP strategy,
the starting precursors are dissociated into ions in polar
solvents from the beginning of the synthesis (state C in
Scheme 6). The polar solvent is then transferred into a large

Scheme 6. States Which Characterize the Polar Solvent
Controlled Ionization and LARP Approaches”
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“Reproduced with permission from ref 223. Copyright 2018 Wiley-
VCH.

amount of nonpolar solvent (state B), which inhibits the
solubility of the ions and, thus, induces a rapid crystallization
due to supersaturation (state D).”** On the other hand, in the
PCI method, none of the precursors are initially dissociated;
they are in the form of metal oleates or alkylammonium halides
dispersed in a nonpolar solvent (like hexane) (state A).

The subsequent addition of a polar solvent can induce the
dissociation of the precursors (state B) until reaching a critical
concentration of ions in solution, which results in the
precipitation of the final NCs (state D). The main advantage
of this method is clear: it uses a minimal amount of polar
solvents. In 2018, Fang et al. demonstrated the synthesis of all-
inorganic CsPbX; NCs via the PCI strategy.223
3.3. Alternative (Indirect) Synthesis Approaches
In addition to the synthetic approaches discussed so far, there
have been a few two-step syntheses of LHP NCs in which the
nucleation of LHPs take places within starting colloidal
seeds.”””****> For example, presynthesized Pbl, NCs were

3314

used as a colloidal template to form 2D and 3D LHP NCs
when they were reacted with alkyl ammonium iodide or
MAL*** Also, CsX NCs, which are easy to synthesize and for
which size tunability is straightforward, were employed as
monodisperse colloidal precursors to make LHP NCs (Figure
21).2%° Interestingly, it has been demonstrated that, when CsBr

Figure 21. (a—c) TEM images of CsBr NCs of three representative
sizes (top panels) and the resulting CsPbBr; NCs (bottom panels)
that were obtained after the addition of Pb-oleate. Scale bars
correspond to 50 nm in all panels. All panels are reproduced from ref
225. Copyright 2018 American Chemical Society.

NCs react with Pb-oleate, the CsBr — CsPbBr; transformation
goes throu§h CsBr/CsPbBr; core/shell NCs as intermediate
structures.”” The ternary 0D compound (e.g., Cs,PbBrg NCs)
is another colloidal candidate that transforms into the LHP
NCs (e.g., CsPbBr; NCs) when it is reacted with PbBr,
(dissolved in toluene/OLA/OA).”’

A potential advantage of such indirect syntheses is that
control over the size of LHP NCs is possible by tuning the size
of the parent NCs. Also, monodisperse colloidal NCs can, in
principle, serve as precursors for LHP NCs with more complex
morphologies.

3.4. Summary of the Synthesis Approaches

Overall, from the colloidal chemistry point of view, the two-
step standard HI technique has reached its maturity and it can
now be used to produce nearly monodisperse LHP NCs, with,
at the same time, an excellent control over the shape of the
NCs, allowing for the production of QDs, NRs, NWs, NPLs,
and NSs (see refs 16, 26, 43, 105, 106, 118—123, 125, 127,
131, and 226). However, this route has been mainly developed
for CsPbBr; NCs, and it seems to be limited in producing
MA-, FA-, or I-based NCs®?%''? with good control over the
shape or optical properties, in terms of fwhm and PLQY. Also,
as mentioned in section 3.1, this technique has some
restrictions imposed by the use of metal halide salts as both
metal and halide precursors. In order to circumvent this issue,
the newly developed benzoyl or silyl halides based HI
methods, in which any desired metals/halide precursors ratio
can be employed, allow for a precise compositional control
over the resulting NCs. Indeed, these new colloidal approaches
yield not only APbX; (A = Cs, MA, or FA; X = Cl, Br, or I)
NCs with a very good control over the size distribution and
high PLQYs (which result as a consequence of the halide rich
environment in which they are synthesized),""'>**° but also
: 115,227

complex quaternary or quinary DP NC systems.

While the aforementioned HI techniques are particularly
appropriate for producing MHP NC samples with a high
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degree of control, they have two main drawbacks: the synthesis
needs to be performed in air-free conditions (air sensitive
precursors); it is hard to scale up these techniques and,
consequently, to employ them for a large-scale production.
These problems can be avoided by employing alternative
synthesis routes, such as the LARP*¥'9%19%176219 4 d the heat-
up “related”"*>"** approaches, which can yield MHP NCs in
gram scale even under air atmosphere. More in details, the
heat-up, solvothermal, ultrasonication, and microwave techni-
ques can easily be used to produce mainly CsPbX; NC systems
in large quantities and with high PLQYs.''”!>*!?%130132135
On the other hand, these techniques require a heating source
and they are based on the same chemicals and solvents
employed in the two-precursors HI methods, thus suffering
from poor tunability of the metal/halide precursors ratio. Also,
if compared to HI methods, the heat-up “related” techniques
yield LHP NCs with much lower size and shape control, which
might require different size selection steps.'" ">’

Conversely, a better versatility has been demonstrated for
the LARP-related procedures, including the emulsion LARP,
the reverse microemulsion, and the polar solvent controlled
ionization. In fact, LARP-related techniques allow for the
synthesis of all the APbX; (A = Cs, MA, or FA; X = Cl, Br, or
I) NC systems at RT with a modest control over the shape of
the NCs, which include, for example, MAPbBr;, MAPbI;,
FAPbX; NPLs, and CsPbX; NPLs, NRs, and
NWs, '178179182,188,210219.228  (jpfortunately, LARP-related
procedures rely on metal halide salts as precursors, thus they
provide a limited control over the composition of product
NCs. Additionally, they are based on polar solvents which
might eventually degrade or even dissolve the produced MHP
NCs. Hence the NCs made with this method tend to have

: : .o 168,171,204,205
poor optical properties and stability.

3.5. Complex Morphologies

A possible approach to improve the stability of MHP NCs is to
grow a protective shell in order to isolate them from the
environment. Unfortunately, the labile nature of LHP NCs
makes them unsuitable for the fabrication of more complex
morphologies, such as core—shell NCs and other NC
heterostructures. However, due to their aforementioned
defect-tolerance, such complex morphologies have been less
in demand for MHP NCs than for more traditional NCs, for
which core—shell geometries are indeed needed to achieve
high PLQYs.”****

The simplest approach to accommodate MHP NCs (i.e.,
LHP NCs) into a heterostructure is using halide perovskites as
inorganic capping ligands for PbS NCs.”>'~*** This strategy
enables to modify the surface of PbS NCs and grow LHPs as
shell via an approach that is similar to the LARP one,*****
reduc'n7g the rate of Auger recombination in infrared-emitting
NCs.”*” Recently, a few strategies have been proposed to grow
metal or semiconductor domains onto LHP NCs under mild
conditions. In a very simple approach, the surface capping
ligand (ie., OLA) acts as a reducing agent for Au(III) cations
(which are previoulsy introduced to the LHP NC solution by
adding AuBr; salt), consequently forming Au’ onto the
CsPbBr; NCs.”*® In such hybrid structures, the absorption
spectrum shows little dampening of the excitonic band, and the
absorption tail extends to longer wavelengths (similar to the
modification of CdSe NCs with Au nanoparticles”). In
addition, it has been observed that the PLQY decreases (e.g.,
from 80% to 60%) after the formation of Au domains, possibly
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due to an excited-state interaction between LHP and Au NCs
(the Au domains serve as charge recombination sites).”** As
the corner facets are expected to be less passivated than the
lateral ones, Au domains grow mainly at the corners of LHP
NCs (Figure 22a). In contrast to what was reported by
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Figure 22. (a) Influence of ligands on the reduction of Au(III) at the
surface CsPbBr; NCs to form Au-CsPbBr; hybrid structures.
Reproduced from ref 238. Copyright 2017 American Chemical
Society. (b) PL spectra of CsPbBr; NCs (a) before and after the
sequential addition of (b and d) AuBr; and (c and e) 1-dodecanethiol.
(c) Photographs depicting the modulation cycles of the system under
room light and UV light, respectively. Reproduced with permission
from ref 240. Copyright 2018 The Royal Society of Chemistry.

Balakrishnan et al.,**® Chen et al. have observed the complete
quenching of the PL of CsPbBr; upon the heteronucleation of
Au® domains.”*’ Interestingly, in this case the addition of a
proper amount of 1-dodecanethiol can remove Au segments
and consequently restore the PL of LHP NCs.”** As is shown
in Figure 22b, the consecutive modulation of CsPbBr;/Au
heterostructures by the addition of AuBr; and thiol ligands is
reflected in the alternating weak and strong PL emission.”*’

It is worth noting that the addition of Au(III) to a LHP NC
dispersion does not always result in the formation of Au-LHP
heterostructures.”>®**" In fact, the addition of AuBr,
solubilized in EtOH/toluene to LHP NCs results in a Pb*"
— Au®* cation exchange reaction, producing Cs,Au'Au™Bry
NCs with a tetragonal crystal structure and a band gap of about
1.6 ev."

Unlike the previous cases, a significant PL enhancement was
reported when Ag domains were grown on CsPbBr; NCs.***
Ag nanoparticles display a strong local surface plasmonic
resonance absorption at ~410 nm (higher than the absorption
onset of CsPbBr;), therefore they can enhance the UV light
absorftion and further enhance the PL of the perovskite
NCg 242243
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In order to improve the stability of LHP NCs, different
attempts to cover them with inorganic shell materials have also
been reported.”** By adding proper amounts of zinc stearate
and 1-dodecanethiol at a high temperature (e.g, 120 °C) to
presynthesized CsPbX; NCs, ZnS domains could be grown on
their surface, boosting their photostability.”**

While 3D LHP NCs (e.g, CsPbBr; NCs) are extremely
sensitive to water, treating Cs,PbBrs NCs dispersed in a
nonpolar solvent with water can trigger a 0D — 3D
transformation.”* This indirect method was then exploited
in a new sol—gel approach for the surface modification of
CsPbBr; NCs at a single particle level.*** This method starts
with a Cs,PbBry NC/hexane solution, to which tetramethox-
ysilane is added as a silica precursor. The addition of a small
amount of water triggers two processes: (i) a large fraction of
Cs* and Br™ ions are stripped from the NCs so that the 0D
NCs are transformed into 3D CsPbBr; NCs and (ii) OLA/OA
is removed from the surface of the LHP NCs that are in
contact with the water/hexane interface (Figure 23). After the
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Figure 23. TEM images of the CsPbBr;/SiO, Janus NCs obtained at
different reaction times: (a) 0, (b) 0.5, (c) 2, and (d) 12 h. (e)
Schematic illustration of the formation process. Reproduced from ref
245. Copyright 2017 American Chemical Society.

ligands have been removed, the silica can be deposited onto
LHP NCs via a sol—gel method, resulting in highly stable
CsPbX;/oxide Janus-like NCs.”*® The same strategy has been
used for the synthesis of CsPbBrs/Ta,05 NCs.”*®

Although such hybrid structures were characterized by an
improved stability against degradation by air, water, and light
irradiation, a core—shell architecture would be more favorable
for a complete protection of LHP NCs from the environment
(moisture, air, etc.). Octylammonium lead bromide,**’
amorphous CsPbBr,,”** TiO,,**” and recently SiO,”° have
been reported as shelling materials for LHP NCs. The TiO,
shell not only efficiently protects the NCs from degradation
but also facilitates a charge carrier transfer.”* As a result, the
TiO, layer coated CsPbBr; NCs exhibit excellent water
stability for at least three months, and their size, structure,
morphology, and optical properties remain unchanged.**’
CsPbBr;/TiO, core/shell NCs (Figure 24) can be simply
synthesized by dissolving titanium butoxide in a CsPbBr; NC
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toluene solution, followed by a calcination process at 300
0C. 249
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Figure 24. (a) Sketch of the fabrication process employed in the
production of CsPbBr;/TiO, core/shell NCs. TEM images of (b)
CsPbBr; NCs and (c) CsPbBr;/TiO, core/shell NCs after calcination
at 300 °C for S h. Reproduced with permission from ref 249.
Copyright 2018 Wiley-VCH.

4. ANION EXCHANGE

The major contribution to the valence band maximum (VBM)
of LHP materials comes from the halide orbitals.*® Thus, a
systematic variation in the halide composition of such
compounds allows for a fine adjustment of the VBM (Cl—
Br— I or I»> Br— Cl). One of the most effective ways to
change the halide composition of preformed LHP NCs is to
perform a postsynthetic anion-exchange (AE) reaction (Figure
25, panels a and b), which has been shown to be a versatile
tool to tune the optical properties of both bulk and nanoscale
LHPs.>*'~*** Differently from what observed in cation
exchange reactions in II-VI colloidal semiconductor NCs,
the AE process in LHP NCs is completely reversible,
suggesting that the solvation energy of the exchanging ions
does not drive the process.””*"****>> Also, the fast AE rate
that is observed in such systems is indicative of the high
mobility of anions in MHPs, which, indeed, are known to have
high ionic conductivities.”*® In general, the presence of two
types of mobile ions, namely the A-cations and halide anions,
in both organic and inorganic lattices gives rise to a broad
spectrum of lattice dynamics.”>”>*® A key factor that affects the
mobility of halide ions (as the main ionic carrier) is the high
intrinsic concentration of halide vacancies in such materials,”’
and the associated high mobility of the halide ions, which is
ultimately responsible for the hysteresis in the current—voltage
curves from films of these materials.” The activation energies
ascribed to the ion/defect migration have been experimentally
determined, and they range from ~0.1 eV to ~0.6 eV.*****" In
addition, it is well-documented that, among the various ions
and defects,”®* halides and halide vacancies are the fastest
migrating species.””® These two intrinsic factors (the low
defect formation energy and the fast ion/defect motion)
facilitate the halide exchange reaction, which, in turn, can be
easily exploited to tune the LHP NCs’ emission spectra (in the
range from 1.8 to 3.0 eV, Figure 25c) by simply exposing the
NCs to specific amounts of the desired halide precur-
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Figure 25. (a) Scheme of the AE reaction involving CsPbX; NCs. (b)
XRD patterns and (c) PL spectra of CsPbX; (X = Br, Cl, or I) NCs
prepared by AE from CsPbBr; NCs. Reproduced from ref 21.
Copyright 2015 American Chemical Society.

sor. 01269265 Interestingly, AE enables the PL to be tuned
from blue (410 nm) directly to red (690 nm) or red to blue
(Cl> I or I> Cl) without going through the intermediate
colors. This can be explained by the large difference between
the ionic radii of the CI” and I anions, which does not
promote the stability of CsPb(Cl/I); solid solutions.”"

In practice, one of the simplest approaches consists of
mixing two different preformed CsPbX; NC solutions that
have different halide compositions: the two populations of
NCs tend to blend, forming a homogeneous (Br/I) or (Br/Cl)
composition in between the two parent NCs.>” The most
accurate way to control the extent of the AE in LHP NCs is to
start with preformed NCs (CsPbBry NCs) and to expose them
to different types of halide sources, such as OLA-X, PbX,, or
SnX, (dissolved in OLA/OA/solvent), benzoyl halides,
etc.”*2972%% QOverall, the size and shape of the parent
LHP NCs are preserved, while their compositions are
successfully tailored in a desired range.

The in situ synthesis of halide anions via a reductive
dissociation of the solvent molecules (e.g., dlhalomethane) is
another less common approach to perform AE reactions.”®” In
this technique, the reaction begins with a photoinduced
electron transfer from CsPbX; (X = Cl, Br) NCs to
dihalomethane solvent molecules, producing halide ions via a
reductive dissociation (Scheme 7).

The halide ions generated in situ near the surface of the NCs
drive the AE reaction efliciently, as long as the CsPbX; NCs
are photoexcited above the bandgap. The extent of the anion-
exchange reaction can be precisely controlled by adjusting
either the photon dose or the wavelength of the excitation light
that self-limits the reaction when the light becomes off-
resonant with the absorption of the NCs. Salts added to the
NC solutions can also act as halide sources. Some salts, such as
PbX,*%and LiX,,””" lead either to a slow and incomplete
exchange (the resulting NCs have a broadened PL spectra),
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Scheme 7. Proposed Mechanism for the Photoinduced AE
Process of Perovskite NCs in the Presence of
Dihalomethane as the Solvent”
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“Reproduced from ref 269. Copyright 2017 American Chemical
Society.

while other salts, such as ZnX,, trigger a fast (reversible)
exchange at RT.”""*7

It was initially hypothesized that the NCs produced by AE
possessed a homogeneous composition, at least in the case of
the CsPbBr; — CsPbl; transformation, and the intermediate
steps of the transformation were CsPb(Br/I); homogeneous
alloys (Scheme 8, path A).*"*”* However, further optical®®’

Scheme 8. Different Possible AE Pathways for a CsPbBr,
NC and Iodide Anions”

PathA i
—>

CsPb(Bry/ly.,)3
Path C

CSpb(Bf)Jll_x)s

CSPb(ny/ll,y)s CSPb[3

“Paths A + C describe the CsPbBr; — CsPbl; conversion having as
intermediate CsPb(Br+1); alloyed structures. In the transformation
that is depicted in paths B + D1 + D2, core@graded-shell
heterostructures form as intermediate steps, and CsPblj; is the final
product. Reproduced from ref 274. Copyright 2018 American
Chemical Society.

and quantitative X-ray photoelectron”’* spectroscopy analyses
indicated that the intermediate exchanged structures have
radial gradient compositions, and the concentration of the
iodide ions was higher at the surface (Scheme 8, path B).
AE reactions can also be performed in the solid state by
immobilizing LHP NCs on fine KX (X = Cl, Br, or I)
powders.””> This was achieved by Guhrenz et al,, who first
added pure KX salts to LHP NC solutions in hexane and
subsequently removed the solvent under vacuum. Upon the
evaporation of the solvent, the resulting AE took place entirely
in the solid state.””* Even sintered NC thin films can undergo a
halide exchange when they are submerged in a heated lead
halide solution,”’® a process that can greatly facilitate a
postsynthetic tuning of the optical properties of the LHP NCs
for applications. AE can also take place at the solid/gas
interface by treating NC thin films with volatile halide
precursors. Organic ammonium halides with low molecular
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weights (such as methylammonium halides or butylammonium
halides) are normally used for this treatment because they
slowly evaporate (decomposing to amine and hydrogen
halides) under mild heating (~100 °C).”?

A striking application of the AE has been demonstrated in
the fabrication of multicolor CsPbX; (X = Cl, Br, I, or alloy of
two halides) NW heterojunctions with a pixel size down to 500
nm and a PL that is tunable over the entire visible spectrum
(Figure 26a).”” After transferring an individual CsPbBr; NW
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Figure 26. (a) Confocal image of a three-color heterojunction NW.
Blue, green, and red represent the PL emissions at 410—450, S00—
550, and 580—640 nm, respectively. Reproduced from ref 277.
Copyright 2017 National Academy of Sciences. (b) Band edge
energies of CsPbX; NCs extracted from cyclic voltammetry data.
Reproduced from ref 279. Copyright 2016 American Chemical
Society.

to a clean SiO,/Si substrate, a thin layer of poly(methyl
methacrylate) (PMMA) was spin-cast. A selected area of the
PMMA was removed by e-beam lithography in order to expose
a specific part of the NW. Next, the substrate was dipped into
an OLA-X (X = Cl or I) solution. During the reaction, the
PMMA layer remained intact. After the AE reaction, the
PMMA layer was completely removed by washing with
chlorobenzene and hexane.””’

Very recently, a further step forward in controlling AE
reactions was made by Ravi et al., who demonstrated that AE
can be suppressed on CsPbX; NCs that have been passivated
with PbSO,-oleate.””® This kind of protection could be utilized
to deposit LHP NCs with different compositions as tandem
layers to engineer an effective harvesting of light.”’® Finally, it
is also worth mentioning that supplementary cyclic voltam-
metry studies showed that the conduction band minimum
(CBM) also undergoes slight changes over a halide exchange,
and it shifts systematically with the halide composition (Figure
26b), though the shift is small (0.19 eV).””” This indeed
highlights the dependency of band edge states on the halide
composition of CsPbX; NCs, demonstrating that appropriate
interfaces need to be designed both in new heterostructured
materials and in optoelectronic devices.
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5. CATION EXCHANGE

Cation-exchange (CE) reactions, in which the cations of
preformed NCs are substituted with new cations in solution,
have emerged as particularly powerful tools that can achieve
precise control over NCs composition and access novel
nanostructures.”>* Such transformations allow one to use
NCs that are synthesized by conventional methods as
templates for the production of nanoheterostructures or
alloyed NCs while preserving the size and shape of the parent
crystals.”®® In principle, both the A and B-cations in LHP NCs
can be partially or totally replaced via CE reactions.’”**' =%

The band gaps of LHPs weakly depend on A-cations as they
do not contribute significantly to the density of states near the
Fermi level. However, the nature of the A-cation might play an
important role in determining the symmetry of the LHP’s
compounds. For example, organic cations (e.g., MA* or FA")
are more dynamic than inorganic cations (e.g., Cs*), and they
are able to bind [PbBr]*” octahedra through hydrogen bonds.
Therefore, when organic cations replace inorganic ones via CE,
they can induce symmetrical changes in LHP NCs, ultimately
changing the vibrational modes.®® Furthermore, exchanging
the A cations in LHP NCs can lead to a variation in (I) the
tolerance factor and consequently the stability of NCs, (II) the
PL peak position (due to the tilting of the B-X-B bond) and
lifetime, and (III) the dimensionality of LHPs. For example,
Cs* ions in CsPbl; NCs can be partially or fully exchanged
with FA* cations (by using FA-oleate as a precursor), which
leads to the production of NCs with long-term stability and a
near-IR emission.” Similarly, FAPbX; NCs can also be
obtained through a solid—liquid—solid CE reaction by adding
a FA-acetate salt to a solution of MAPbX; NCs.**' Starting
with 2D perovskites, replacing octadecylammonium (OA*)
with Cs* or FA" in OA,PbBr, microplatelets leads to a
reorganization of the lattice. In this process, [PbBr¢]*"
octahedra become corner-sharing; they form green emitting
sheets with a 3D LHP phase, and they have both a high degree
of crystallinity and excellent optoelectronic proper-
ties.”*>*****> The reason behind such a 2D — 3D trans-
formation, in which A-cations replace organic cations in the
layered structures, is still not known, but its driving force is
believed to be the formation of an extended 3D octahedral
network.

The band gap of MHPs is known to widen when the
electronegativity of both B and X atoms is increased, and the
unit cell volume is decreased.”*® Therefore, a postsynthetic B-
cation exchange can be used as an alternative route to tune the
optical properties of LHP NCs. Considering that Pb*" ions are
surrounded by 6 halide anions (forming [PbX,]*~ octahedra)
which are enclosed by 8 A-cations, it is easy to understand that
a CE of the B cations in LHPs is rather difficult to achieve.
However, a partial CE between the LHP NCs (e.g,, CsPbBr;
NCs) and different metal cations has been observed when
employing MBr, solutions (i.e, SnBr,, ZnBr,, or CdBr,
dissolved in OLA/toluene).283 The resulting alloyed
CsPb,_,M,Br; NCs show a blue-shift in the absorption and
emission spectra, but the high PLQYs (>50%) and narrow PL
line widths (80 meV) of the parent NCs remain intact. The
observed blue-shift was explained as being a result of a lattice
contraction induced by “guest” MBry octahedra, which are
electronically decoupled from the PbBrg framework. The
contraction of the PbBrg octahedra leads to shorter Pb—Br
bonds and, therefore, to stronger interactions between Pb and
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Br orbitals. Since the CBM is composed of antibonding
combinations of Pb(6p) and Br(4p) orbitals, a stronger
interaction between the two atoms results in a shift in the
CBM to higher energies, which, in turn, widens the band gap.

Similar to the AE process, the CE one was tentatively
explained as being facilitated by the presence of halide
vacancies in the parent CsPbBry NCs.”* Briefly, the exchange
between M** and Pb** ions takes place through a halide
vacancy-assisted migration (i.e, OLA molecules in solution
remove Br~ ions from the NCs’ surface and PbBr, units one
after another), leaving vacancies behind. Subsequently, MBr,
species occupy the vacant sites and diffuse inside the lattice.”*
A schematic representation of such a mechanism is given in
Scheme 9.

Scheme 9. (a) Partial Pb**— M>* (M= Sn, Cd, or Zn) CE in
CsPbBr; NCs and the (b) Corresponding Proposed
Reaction Mechanism®
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“Reproduced from ref 283. Copyright 2017 American Chemical
Society.

CE can also be employed as an alternative approach to
produce alloyed CsPb,Mn,_,Cl; perovskite NCs that have the
same shage and crystal structure as the parent CsPbCl,
NCs.”*”** Interestingly, the exchange between Pb** and
Mn?* is almost completely reversible’®’ by treating “as
prepared” CsMnCl; NCs with a PbCl, solution that has
been dissolved in OLA/OA/ODE, following the reaction:

CsMnCl, + xPb™* < CsPb Mn, _ Cl, + xMn®>*

However, it is not possible to obtain pure CsPbCl; via CE
from CsMnCl;. This is perhaps related to the balance between
the inward diffusion of Pb** and the outward diffusion of
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Mn?*.**” These alloyed NCs severely suffer from photo
oxidation. Interestingly, to protect such systems from photo-
oxidation and thermodegradation, a one-step dual ion
exchange reaction was proposed by Xu et al,, who prepared
CsPb,Mn,_,Cl; NCs embedded in a KCl matrix. In their
approach, preformed CsPbBr; NCs underwent both a cation
and an anion exchange when they were exposed to MnCl, and
KCl salts.”*® In such transformations, a partial exchange of Pb
and Mn is likely to occur as a result of opening the rigid halide
octahedron structure around Pb during the halide exchange.
This unique exchange feature results in a series of unusual
phenomena, including long reaction times, intermediate
core—shell structures with triple emission bands, and dopant
molecule composition-dependent doping processes (Figure
27).%*" Since the diffusion of large MnCl, species from the
surface to the core of the NCs is quite difficult, the exchange
requires extremely long reaction times (e.g.,, 40 h).
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Figure 27. (a) Temporal evolution of the PL emission of CsPbBr;
NCs after the addition of MnCl,, together with (inset) the
corresponding photographs taken under an UV lamp (365 nm). (b)
Schematic representation of the ion exchange process from pure
CsPbBr; NCs to Mn-doped CsPb(Cl/Br); NCs obtained by the
addition of MnCl,. Reproduced with permission from ref 289.
Copyright 2017 Wiley-VCH.

In a similar fashion, homogeneous Cs(Pb,Mn,_,)(Cl,Br;_,);
NCs can be synthesized via a postsynthetic cation—anion
cosubstitution reaction by mixing preprepared colloidal
CsPbBr; and CsPb,_Mn,Cl; NCs in hexane.””® The AE
rate, which is much faster than that of the CE, can promote the
Mn?* substitution in Cst(ClyBrl_y)3 systems that are rich in
Br.”! Following a similar rationale, white light emitting
Cs(Pbl_x_ZZnZ)(ClyB1‘1_},)3:an2+ NCs were obtained by a
controlled mixing of as-prepared CsPb;, ,Mn,Cl; NCs and
ZnBr, (dissolved in OLA/hexane).””!
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6. SURFACE, SHAPE, AND PHASE
POSTMODIFICATIONS

In addition to AE and CE reactions, several postsynthetic
treatments have been investigated in order to modify the
optical and the structural properties of LHP NCs and to
increase their performance once they are implemented in
devices. These modifications, which are “chemically” triggered,
can be classified into three categories: surface, shape, and phase
(and/or mixed) post-modifications.

6.1. Surface Chemistry of MHP NCs

Surface post-treatment is a convenient method to enhance the
optical properties as well as make LHP NCs more robust
under ambient conditions.””>**® Similar to the internal
bonding in LHPs, the bonding of ligands to the surface has
a strong ionic character, and in solution, it is highly dynamic,
resulting in a facile desorption of surface-capping molecules
during the isolation and purification steps. In addition, the
proton transfer between the oleate species in solution and
oleylammonium capping ligands can neutralize surface-bound
oleylammonium species, which will subseqluently leave the A-
site position on the surface of LHP NCs.""" To prevent such a
ligand loss, the surface of LHP NCs can be opportunely
modified either in solution®”*™*°® or via a solid-state
process.””>*”” Before discussing these surface treatments in
detail, we will first summarize the main features of the possible
surface terminations that characterize MHP NCs. As shown in
Scheme 10 (panels a and b), MHP NCs can be terminated by

Scheme 10. Schematic Hlustration of CsPbX; NCs That
Have Been (a) CsX or (b) PbX, Surface Terminated; (c) the
Dynamic Surface Stabilization of a CsPbBr; NC by
Oleylammonium Bromide (OA is Not Part of the Ligand
Shell); and (d) LHP NC That Has Been Passivated by OLA*
Ions, Which Replace Surface Cs* Ions”
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?(c) Reproduced with permission from ref 301. Copyright 2016
American Chemical Society.

either AX*7*?% or MX,*"*” rich surfaces. It is worth
mentioning that the different electronic and optical properties
of MHPs correspond to specific surface-terminations.””” For
instance, a theoretical investigation indicated that a Csl-
terminated y-CsSnl; material exhibits a higher electron
mobility than its Snl,-terminated counterpart, thus highlighting
the importance of surface termination in MHPs.’*’ Regarding
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CsPbBr; NCs, such as those reported by Protesescu et al.,” it
was initially assumed that the oleylammonium cations bind to
surface bromide anions, presumably through a hydrogen bridge
or via electrostatic interactions. On the other hand, surface
cesium or lead ions can be passivated only by bromide or
oleate anions, resulting in a NC(X), binding motif.*"!
However, De Roo et al. demonstrated via nuclear Overhauser
effect spectroscopy (NOESY) NMR analysis that OA does not
bind to CsPbBr; NCs, therefore an oleylammonium oleate
termination is not possible. Consequently, oleylammonium
bromide was proposed as a capping layer (Scheme 10c)*”!
since highly ionic CsPbBr; NCs prefer ionic ligands over those
that bind with a more covalent character, such as lead oleate.
However, further experimental works evidenced that the Cs/
Pb ratio in CsPbBr; NCs is typically lower than 1 (especially in
confined systems),'”*°” suggesting that the surface of small
NCs is terminated by PbBr, and that surface Cs* cations are
replaced by oleylammonium ions (Scheme 10d).>*

Furthermore, DFT calculations showed that such a OLA*—
Cs" substitution does not require much energy, and it stabilizes
the system by forming three hydrogen bonds between the
—NH;" moiety and the surrounding Br™ ions on the surface of
the NCs.”” In such a system, the occurrence of Br vacancies
may leave naked Pb atoms on the surface of the NCs. These
Pb atoms act as surface traps which may be responsible for the
lower PLQY.>”

The addition of PbBr, (dissolved in both an amine and a
carboxylic acid) to as-prepared LHP NCs induced a strong
ligand binding at the surface””°" and introduced an excess of
Br.”® These two effects essentially promote surface defect
passivation and, consequently, result in a substantial enhance-
ment of the PLQY.” Interestingly, the nonradiative pathways
of carrier recombination can be effectively reduced by
passivating the under-coordinated Pb ions with small
molecules such as thiocyanate, leading to LHP NCs with
near-unity PLQYs.”” It should be noted that the size and
shape of the parent NCs are preserved in all these post-
treatments.

6.2. Ligand Exchange

Didodecyl dimethylammonium bromide (DDAB, which is
relatively shorter than OLA) has been reported as a promising
X-type ligand*** to replace OLA on the surface of LHP NCs,
leading to highly stable LHP NC films.””* In order to achieve
such an exchange, it is crucial to add OA, as it will protonate
OLA and thus promote its desorption, otherwise adding
DDAB directly to the purified NC solution would cause NC
degradation.”” Potassium-oleate (K-oleate) has also been
introduced to protect and passivate the surface of LHP NCs,
which leads to an enhancement of the optical properties and of
the photo- and thermal stability of LHP NCs.”"

In all these protocols, the presence of insulating long-chain
aliphatic molecules impairs the exploitation of such NCs in
optoelectronic applications. To overcome this issue, conven-
tional short-chain solid-state ligand-exchange procedures have
been proposed.’”® Unfortunately, the low stability of LHP NCs
(LHP NCs are not stable when they are exposed to many polar
antisolvents) in such processes limits their effectiveness. It has
been found that short aromatic ligands can trigger the
precipitation of LHP NCs in a proper solvent, such as
benzene.””” This could be attributed to the partial ligand
exchange on the surface, which results in a low steric repulsive
force and therefore a facile sedimentation. This observation

DOI: 10.1021/acs.chemrev.8b00644
Chem. Rev. 2019, 119, 3296—3348


http://dx.doi.org/10.1021/acs.chemrev.8b00644

Chemical Reviews

suggests that short aromatic ligands (e.g,, benzoic acid or 4-
phenylbutylamine) in an appropriate (co)solvent (e.g., octane
and benzene) can be utilized as a safe medium to remove the
long-chain aliphatic molecules that are present on the surface
of the as-synthesized NCs.*”’

6.3. Phase Transformations

The introduction of “new” ligands to as-prepared LHP NC
solutions not only modifies the surface of NCs, but also can
trigger their phase transformation. Typically, phase trans-
formations in LHP NCs are accompanied by shape evolution.
The most common example is the 3D — 0D (CsPbBr; —
Cs,PbBrg) NC transformation.”®”~*"" This is triggered by the
extraction of PbBr, from the 3D CsPbBr; perovskite NCs that
are operated by the excess amines.””*"” It has been reported
that, by adding alkyl-thiol ligands, the size uniformity and
chemical stability of the as-transformed Cs,PbBrs NCs can be
greatly improved.310 Intriguingly, the 3D — 0D transformation
can be reversed by various methods, such as the addition of
OA,*"® PbBrz,g7 or by a chemical reaction with Prussian
Blue.”'? These reactions are appealing for reversible pattern-
ing.””” Another example is the 3D — 2D (CsPbBr; —
CsPb,Br;) NCs phase transformation:*"*~*"” such a con-
version can occur either in PbBr,-rich conditions (CsPbBr; +
PbBr, — CsPb,Bry)*'"*"® or by destabilizing/removing
Cs"Br~ (2CsPbBr; — CsPb,Brg + Cs*Br™) from the starting
3D NCs.”'* In practice, it has been found that the latter goes
through a more complicated path when it is driven by
ligands.”"* As is illustrated in Scheme 11, when employing

Scheme 11. Transformation of Cubic CsPbBr; Perovskite
NCs into Tetragonal CsPb,Br; NSs Which Takes Place by
the Progressive Exfoliation of the Former”
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DDAB, such a phase transformation starts with a ligand
exchange step. Subsequently, the DDAB induces the initial
formation of [PbBry]” and [Pb,Bri]” complexes, as is
evidenced from the optical analysis of the exchanging solution:
absorption bands at 320 and 345 nm appear at the early stages
of the process. The interaction between DDAB and CsPbBr;
NCs results in a quick exfoliation of the starting material, in
which Cs* ions are exchanged with alkylammonium ions:”'*

(i) nCsPbBry + DDA"
— (n — x)CsPbBry + xDDA[PbBr]” + xCs*
(ii) 2xDDA'[PbBr3]” + «Cs*

— x[CsPb,Br;] + xDDA'Br~ + xDDA"
As the system equilibrates, the lead halide complexes
reorganize to form CsPb,Brs NCs in solution.”"*
Interestingly, the shape of the original 3D NC is completely
lost upon the phase transition, which, in fact, leads to the
formation of a 2D NS. In addition to ligands, other external
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agents can induce these shape/phase transforma-
tions.3® 1303187320 1t hag been demonstrated that heat,*'*?'S
light,*'® pressure,®*' and water’**'” can also cause perovskite
NCs in the solid state phase-change. For example, thermal
annealing facilitates a Cs,PbBrg — CsPbBr; transformation,
through physically extracting CsBr,>'” or a CsPbBr; —
CsPb,Br; transformation via a decomposition of the initial
material (which is triggered by the desorption of weakly bound
carboxylates).*'

6.4. Self-Assembly

Thanks to postsynthesis techniques, it is also possible to
induce a self-assembly of as-prepared NCs in which individual
components arrange themselves into an ordered structure.”*
Various methods lead to 1D or 3D LHP NC superlattices, such
as solvent/li§and—assisted,323’324 templated,”” and drying-
mediated®”**° self-assembly. Compared to the PL emission
of the starting NCs, the PL of the superlattices generally red-
shifts due to the cooperative emission of LHP NCs. Significant
features of the cooperative emission in such superlattices are
the modification of the radiative lifetime (e.g., from 148 to 400
ps for 3D superstructures of CsPbBr; NCs) and their
superfluorescence (short, intense bursts of light).326 It must
be noted, however, that the ordered assemblies of these
materials have yet to achieve the richness of structures that can
be created using conventional NCs. For example, multinary
superstructures have yet to be demonstrated.

7. COMPOSITES

Suffering from the poor stability, perovskite materials are
sensitive to moisture, light, and temperature due to their low
formation energy.”””**® This chemical instability limits all
technological applications in which the NC has to be processed
into a composite or layer or in which NCs are exposed to an
external source of energy for a long time.”*” Several chemical
methodologies have been reported to improve the stability of
LHP NCs by combining them with other classes of materials
such as different types of polymers,”*” ™" silica/alumi-
na,***7** Cs,PbBr,, %" graphene/2D materials,>” 3¢
and others.**™*"" Organic polymers with low levels of oxygen
and moisture transmission rates have been widely investigated
to serve as effective matrices for embedding LHP NCs.>**%*
The resulting nanocomposites can be fabricated mainly
through two routes: (i) an in situ preparation of LHP NCs-
polymer composites and (ii) a postencapsulation of LHP NCs
into polymers. The in situ fabrication strategy basically consists
of conducting a LARP or HI synthesis of LHP NCs and adding
extra polymerizabile species to the reaction mixture. For
example, poly(maleic anhydride-alt-1-octadecene)”*” or meth-
acrylic acid (MtA)** can be simply integrated into the
standard HI approach, resulting in polymer- or monomer-
passivated (encapsulated) LHP NCs. Such surface-modified
LHP NCs exhibit the same crystal structure, shape and
emission peaks as the NCs prepared under the same conditions
as those in the standard synthesis protocol, with no polymers
added.**”*** This approach may need further steps to
polymerize the capping monomers. For example, the addition
of 2,2-azobis(isobutyronitrile) (radical initiator) together with
methyl methacrylate and methacrylisobutyl polyhedral oligo-
meric silsesquioxane leads to the copolymerization of MtA-
LHP NCs under UV-light irradiation (Scheme 12).%%

More complex systems (e.g., ternary graphene oxide-
polymer-CsPbX; NC composites) can be achieved via the
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Scheme 12. Copolymerization of Chemically Addressable
NCs (Methacrylic Acid-Capped) with POSS-Appended
Methacrylate Monomer (MA-POSS) and/or Methyl
Methacrylate (MMA) to Produce Polymer Composites”
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“Reproduced from ref 343. Copyright 2018 American Chemical
Society.
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HI process by functionalizing the constituent monomers and/
or adding extra components (e.g., graphene, etc) so as to
deliver robust emissive materials.”’> Another example is to use
the LARP synthesis of LHP NCs with DMF as the solvent and
poly vinylpyrrolidone (PVP) as the only capping ligand.***
PVP can be physically adsorbed on the surface of the product
NCs, which not only protects them, but also makes them,
compatible with polystyrene to fabricate water-resistant
CsPbX;@microhemispheres.”** Recently, a universal “LARP
related” strategy has been proposed by Xin et al. to prepare
LHP NCs@polymer composites with many different polymers,
such as poly(methyl methacrylate), poly(butyl methacrylate),
and polystyrene in a one-pot chemical reaction.”*® In this
approach, all required precursors (PbX, and CsX) are
dissolved in DMF together with ligands (OLA and OA), and
a mixture of ethylene dimethacrylate, 2,2’-azobis(2-methyl-
propionitrile), and a chosen monomer was used as the bad
solvent (instead of toluene).”*® The as-prepared solutions
underwent UV or thermal polymerization, and the LHP NCs
did not require any tedious purification or separation steps
(Scheme 13).3%®

A very similar procedure was devised for preparing CsPbBr;
NCs/ethylene vinyl acetate composites in which a EVA/
toluene solution was employed as the bad solvent.*”*

LHP NCs have been also embedded into different polymer
matrices using two step approaches in which presynthesized
samples are exposed to desired polymers: poly(methyl
methacrylate)®**”** (insulating polymer), polystyrene®****!
(one of the most widely used plastics), poly(styrene-ethylene-
butylene-styrene)>** (which is highly ductile), poly(lauryl
methacrylate)”** (a highly viscous liquid), and poly(acrylic
acid)*”* (a weak anionic polyelectrolyte). The so-called
“swelling—shrinking” technique is one of the simplest strategies
to mix presynthesized colloidal NCs with the desired
polymers.”*" This approach is based on the fact that the
cross-linked polymers swell in a good solvent and shrink in a
theta solvent (a solvent in which polymer coils act like ideal
chains).””* For example, toluene and hexane are good solvents
and theta solvents for polystyrene, respectively. Thus, LHP
NCs@PS composites can be easily obtained, without having to
use inert gas or baking/heating operations, by simply
dispersing LHP NCs and polystyrene beads in toluene and,
subsequently, adding hexane in order to shrink the polymer.**!
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Scheme 13. One-Pot Strategy Used to Prepare Perovskite-
Polymer Composites (CsPbBr;-Polymer or MAPbBr;-

Polymer)“

& ®

: Precursor solution : Oleic acid and Oleylamine

. : CsPbBrs perovskite crystals ~~ :Polymer matrix

&) : Aggregated CsPbBrs perovskite crystals

“(a) Formation of perovskite crystals in liquid monomers. The digital
picture under room light illustrates a dispersion of CsPbBr; crystals in
styrene; (b) the subsequent UV- or thermal-initiated polymerization
leads to the formation of perovskite-polymer composites. Representa-
tive disks (under room and UV light) are shown in the photos.
Reproduced from ref 338. Copyright 2018 American Chemical
Society.

Air stability and water resistance are the most remarkable
characters of these reported perovskite@polymer composites.

Alternative matrices for stabilizing LHP NCs are oxide
materials, such as silicon oxide (silica,
§i0,),> 3 737330,352,333,3757377 titanium  oxide (titania,
Ti0,),** and aluminum oxide (alumina, ALO;),*****%*! a5
they present very low diffusion rates of ions or atoms
(environmental effects). In a straightforward method, a
precursor solution of LHPs (e.g, MAPbI; or CsPbBr;) was
found to directly fill the high-porous matrix of silica or
alumina, without the use of colloidal stabilization.****”* This
method normally requires a heating step to evaporate solvents
and, consequently, to form the LHP crystals. It is worth noting
that the pore size of the matrix determines the size and,
therefore, the optical properties of the LHPs.

The formation of LHP@MO, heterostructures can also be
achieved by using in situ (or one-step) approaches. For
example, a modified LARP method, in which (3-aminopropyl)
triethoxysilane (APTES) was added to the bad solvent (i.e.,
toluene), led to the encapsulation of MAPbBr;*’” or
CsPbBry@Cs,PbBrs*>* NCs in a silica matrix (Scheme 14).

APTES can also functionalize the surface of silica spheres
with amino groups, facilitating the nucleation and growth of
LHPs directly on the surfaces of silica particles.””®

With regard to postsynthesis approaches, Hu et al. observed
that adding an appropriate amount of a silica precursor (i.e.,
tetraethoxysilane, TEOS) to a solution of freshly synthesized
LHP NCs (prepared by the HI method) led to the formation
of micron-sized silica spheres in which LHP NCs are
embedded.”” However, it was observed that the NCs strongly
aggregated in the resulting spheres.””” Disec-butoxyaluminox-
ytriethoxysilane is an interesting precursor for fabricatin
silica/alumina monoliths via a sol—gel process in toluene.>*
This single molecular precursor contains two alkoxide
functionalities and a typical AlI-O—Si linkage. The compati-
bility of this molecule with toluene enables the incorporation
of presynthesized LHP NCs into silica/alumina monoliths,
resulting in highly stable and homogeneous systems (no
aggregation was observed).**¢ Polysilazanes (PSZs) are
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Scheme 14. Encapsulation of MAPbX; NCs in a Silica
Matrix Using a LARP-Based Approach Together with
Triethoxysilane (APTES)”
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“Reproduced from ref 377. Copyright 2018 American Chemical
Society.

classified as inorganic polymers in which Si and N atoms
alternate to form the basic backbone. The nitrogen-based
ligand groups of the PSZ matrix (—H,-SiNH—) can be used as
capping agents, and the remaining silazane moiety can be
reacted with water to induce a hydrolysis condensation
reaction which forms a PSZ inorganic matrix. LHP NCs@
PSZ nanocomposites can be synthesized simply by a hydrolysis
and condensation reaction of liquid PSZ precursors and a small
amount of water, as shown in Scheme 15.**°

Scheme 15. Sol—Gel Route (Moisture-Induced Hydrolysis),
Based On the Use of Liquid PSZ, Employed to Protect the
Surface of LHP with Either SiN,, SiN,0O,, or $iO,”

H;0,0;, H, NH,
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“Reproduced from ref 349. Copyright 2018 American Chemical
Society.

Thanks to this approach, a SiN,, SiN,O,, or SiO, surface
protection on LHP NCs can be selectively applied by
manipulating the moisture-induced hydrolysis temperature.”
Recently, a few groups have demonstrated other interesting
two-step strategies for preparing LHP composites..364’3’79 For
example, Zhang et al. used a Pb-based metal-organic
framework (MOF) as a starting precursor, which was then
reacted with a MABr/n-butanol solution to form NCs@Pb-
MOF composites (Figure 28).>””** This approach can be
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Figure 28. (a) Schematic representation of the conversion of a Pb-
MOF into a luminescent MAPbBr;/Pb-MOF composite. MAX is a
halide salt (CH;NH,X, X = Cl, Br, or I), and the green spheres in the
matrix are MAPbBr; NCs. The two black boxes show the crystal
structures of the Pb-MOF (left) and the MAPbBr; (right). (b and c)
Optical images of MAPbBr; NCs@Pb-MOF powder under (b)
ambient light and (c) a 365 nm UV lamp. (d) Hlustration of an inkjet
setup based on Pb-MOF, which can be used for information
encryption and decryption. Reproduced with permission from ref
379. Copyright 2017 Macmillan Publishers Limited.

exploited as a smart luminescent system for confidential
information encryption and decryption: the Pb-MOF, which is
transparent in the visible, can be easily printed and locally
converted into luminescent LHP NCs (Figure 28).>”° Almost
all LHP@oxide composites have a better thermal, photo, air,
and humidity stability than standard NCs as well as a bright
PL.

8. OPTICAL PROPERTIES OF HALIDE PEROVSKITE
NCS

8.1. Linear Absorption and Emission

Since the first demonstration of halide perovskite NCs by
Schmidt et al. in 2014 showing a remarkable PLQY of 20%,
many groups have focused on improving the optical properties
of these NCs for optoelectronic applications in terms of
tunability, PLQY, stability, and excitonic properties.'**" One
of the greatest advantages of MHPs is the ease with which the
individual components can be exchanged to tune the bandgap
of the resulting material (see previous sections). After the first
report on MAPbBr; NCs, which had an absorption onset and a
PL emission around 529 nm, it was quickly shown that
modifying the halide composition could shift the optical
properties of such NCs throughout the entire visible spectrum,
as had been previously observed for bulk perovskite thin
films.”*"*%* Protesescu et al. showed that the emission
wavelength for CsPbX; (with X = Cl, Br, or I) NCs could
be shifted from 410 nm (X = CI) to 512 nm (X = Br) to 685
nm (X = I), virtually going through all values in between by
using mixed halide components (Figure 29).%¢
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Figure 29. Bandgap tuning of CsPbX; NCs as a function of halide
content, as demonstrated by UV—vis and PL spectra. Reproduced
from ref 26. Copyright 2015 American Chemical Society.

The reason for this tunability lies in the nature of the
electronic structure of halide perovskites, as is reported in
Scheme 16. The conduction band forms from the antibonding

Scheme 16. Formation of Energetic Bands in a Lead Iodide
Perovskite Material through the Hybridization of Lead and
Iodide Orbitals

conduction band
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orbitals of the hybridization of the Pb 6p orbitals and the outer
p orbitals of the halide (Sp for I, 4p for Br, and 3p for Cl), and
it is mostly p-like due to the high density of states (DOS) from
the lead contribution. The valence band, on the other hand,
forms from the antibonding states of the hybridization of the
Pb 6s and the same halide p-orbitals.*®®

This is in stark contrast to conventional semiconductor
materials, such as gallium arsenide, whose bandgaps are formed
between bonding and antibonding orbitals. Accordingly, the
valence band edge shifts in energy as the halide component is
changed, while there are only small changes to the conduction
band edge.384 The A-site cation does not contribute
significantly to the conduction and valence bands in terms of
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density of states, yet it does have a significant effect on the
bandgap of the perovskite.”®* Three ions have been shown to
satisfy the Goldschmidt tolerance factor when incorporated at
the A-site of the perovskite crystal structure, namely inorganic
cesium (Cs*) and organic MA* and FA" cations. As the size of
the A-cation decreases (from FA to MA to Cs), the bandgap of
the corresponding LHP material blue shifts due to an increased
tilting angle of Pb-X-Pb bonds and the concomitant distortion
of the cubic crystal structure.**® Consequently, the emission
energies of MA-based perovskite NCs were shown to vary with
the halide content from 407 to 734 nm."”" In FA-based NCs,
the PL emission shifts further to the red with reported values
of 408 nm (Cl), 535 nm (Br), and 784 nm (I)."'*>''*'®’
Furthermore, the B-site cation can also play a role in dictating
the final optical properties of MHP NCs. For example, when
Pb** is replaced with Sn** (one of the elements of choice for
fabricating potentially environmentally friendly perovskites®®”),
the bandgap and the PL emission of the resulting MHP NCs
strongly red shift to 443 nm (Cl) and 953 nm (I), most likely
as a consequence of the higher electronegativity of the Sn** in
respect to Pb*.”* However, the stability of Sn**- and, similarly,
Ge’*-based perovskite compounds is extremely poor due to a
reduced inert electron pair effect, which corresponds to a
decrease in the stability of the divalent oxidation state.**
Consequently, only a single study on Ge-based perovskite NCs
has been reported to date.'>” Whether the NCs are synthesized
directly, or obtained through a subsequent anion or cation
exchange process, their final bandgap or PL emission
wavelengths depend only on their final stoichiometry for
comparable sizes and shapes.'**

Stokes shifts of LHP NCs are typically small, ranging from
20 to 85 meV.'?**"*%" Notably, the Stokes shift increases as
the size of the NCs is reduced. This was explained by the
formation of a confined hole state, which can delocalize across
the entire NC, therefore it has size-dependent properties.299
The PL line widths of MHPs are another critical parameter,
especially for light-emitting applications. In most reports, PL
spectra are displayed on wavelength scales, and their resulting
line widths strongly vary according to the halide component
(1012 nm for Cl-perovskites and up to 40 nm for I-
perovskites). However, as the wavelength of an energetic

L . . h
transition is related to the energy via the equation E = 75, one

should use an energy scale for comparing absolute values of
line widths. Indeed, one finds that the line widths are typically
on the order of 70—110 meV and do not vary noticeably in
relation to the halide content. These are extremely narrow and
comparable with the best CdSe-QD systems that are currently
being used in commercially available lighting technologies.”® In
NC ensembles, two effects lead to the observed line widths:
the homogeneous broadening, which is intrinsic to the
perovskite material, and the inhomogeneous broadening,
which depends on variations in the individual NCs. Two
methods can be used to probe the origin of the broadening of
absorption and PL line widths of NC ensembles, namely either
measuring individual NCs or the so-called “four wave mixing”
technique.391 It was determined that, for CsPbX; NCs,
inhomogeneous broadening only plays a minor role in shaping
the total line widths when these methods are used at RT (as is
shown in Figure 30a).*”" Rather, homogeneous broadening,
which is largely due to the strong electronic-phononic
coupling, is the predominant source of line width broad-
ening.””**> As the temperature is lowered, the number of
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Figure 30. (a) Broadening of the 1s exciton level (I’ fwhm of the
absorption edge) of bulklike MAPbI; NPLs as a function of the
temperature, together with the contribution of homogeneous and
inhomogeneous broadening. Adapted from ref 391. Copyright 2018
American Chemical Society. (b) Effective spectral line width (ESL) of
single nanocubes (PNC) as a function of their respective first
absorption peaks. Adapted from ref 392. Copyright 2017 American
Chemical Society.

occupied phonon modes decreases, leading to a reduction in
the homogeneous broadening. At very low temperatures, the
line widths are nearly exclusively inhomogeneously broadened.
The effect of line width broadening is even enhanced in NCs
that exhibit quantum confinement (Figure 30b).

In terms of PLQYs, LHP NCs typically exhibit extremely
high values, even without an electronic surface passivation with
wider-gap epitaxial shells, which is necessary for chalcogenide-
based QDs.'"” Both Cs- and MA-based lead halide perovskites
have been reported to have PLQY values of up to 80—95% for
bromides and iodides.”**>"'”*** These high values are a sign
of the strong defect tolerance of halide perovskite materials,
which arises as a result of their electronic structure and the
bandgap that forms between two antibonding orbitals. Indeed,
this characteristic, coupled with the fact that interstitial and
antisite defects require very high formation energies, leads to
the predominant formation of shallow traps.’”> FA-based NCs
are not far behind their Cs- and MA-counterparts, with PLQY
values of 70—90%. On the other hand, much lower PLQYs,
typically below 20%, were reported for APbCl; systems.*'*®
This is likely due either to the small size of the chloride anions
and their resulting effects on the crystal structure or due to the
fact that defects in Cl-perovskites are not as shallow as in their
Br and I counterparts, therefore they might act as electronic
nonradiative traps.

An additional method to manipulate the optical emission of
LHP NCs is by doping them with additional ions. This has
been investigated in many recent publications, which have
focused on the use of Cs-based Cl/Br perovskites. The
introduction of Mn** ions, which partially replace Pb** cations
in the LHP lattice, leads to a strongly Stokes-shifted emission,
with the bandgap given by the perovskite matrix and the
emission resulting from atomic states of Mn’* ions (Figure
31a). Thanks to such features, these systems are particularly
appealing for use in solar concentrators (Figure 31b).*" A fine-
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Figure 31. (a) Absorption and PL emission of Mn-doped CsPbCly
NCs: (b) the large Stokes shifts in these systems make them an ideal
candidate material for solar concentrators. Adapted from ref 31.
Copyright 2017 American Chemical Society. (c) PL curves of
CsPbCl; NCs doped with different lanthanide ions. Adapted from ref
143. Copyright 2017 American Chemical Society.

tuning of the Mn?* doping levels can also lead to a controllable
dual emission from both the localized Mn*" states and the
bandgap recombination.”””**® In contrast, doping CsPbBr;,
NCs with other divalent cations, such as Sn**, Cd**, and Zn**,
was shown to lead to a blue shift in the band edge and PL
emission.”®> In these cases, however, a significant fraction
(0.2%—0.7%) of the original Pb ions was replaced by new
metal cations, generating alloyed NCs. The blue shift in such
systems can be rationalized, considering that upon alloying, the
original perovskite lattice contracts, widening the bandgap.

The alloying CsPbBr; NCs with AI** jons (0.2% content)
were shown to have similar effects: the resulting NCs had a
blue-shifted PL emission centered at 456 nm and a surprisingly
high PLQY of 42%.””* In all of these cases, the perovskite NCs
serve as an absorbing host which excites the dopants through
energy transfer. Thus, even CsPbCl; NCs, which have very
large absorption cross sections, but typically very low QYs, can
be induced to emit strongly, provided that the energy transfer
efficiency to the dopant ions is high. Furthermore, by
specifically selecting the dopant atoms, the emission wave-
lengths of the resulting NCs can be easily tuned. As was
demonstrated in the case of doping with lanthanide ions, the
emission of CsPbCl; nanocubes could be shifted between 400
and 1000 nm with QYs in the order of 15—35% (as is shown in
Figure 31c).'*

8.2. Quantum Confinement

Regardless of the approach, the PLQY of blue-emitting
perovskite NCs still lags significantly behind those of their
red- and green-emitting counterparts. One additional method
to obtain blue-emitting LHP NCs, which is commonly used for
producing conventional semiconductive QDs, is the exploita-
tion of quantum confinement.*”* In this process, one or more
dimensions of a NC are shrunk down to or even below the size
of the excitonic Bohr radius. Under these conditions, the wave
functions of the charge carriers become confined, and,
consequently, the absorption onset blue shifts, as the electron
and the hole acquire confinement energies: E . = Eg + E, +
E,. Upon confinement, the PL of LHP NCs also commonly
exhibits a blue shift, although this shift is often not as large as
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that of the absorption onset.'” This is due to the interaction
energy of the electron—hole pair, also known as the exciton
binding energy, which leads to a modified optical transition
energy: Epp = Eq + E, + E, — Ex. The amount of binding
energy in quantum-confined nanostructures can be several
times higher than in bulk semiconductor materials.'” This is
due to changes in the dimensionality and the reduced
screening of the Coulomb interaction through the surrounding,
mainly weakly, polarizable ligands and organic media. In LHP
materials, the excitonic Bohr radii are extremely small: in
CsPbX;, they range from S nm (CsPbCl;) to 12 nm (CsPbl;),
while they are even smaller in their organic/inorganic hybrid
counterparts, in the order of 1.5—3 nm.”**** Consequently,
many of the reported LHP NC systems, even those with a high
aspect ratio, such as NPLs or NWs/NRs, display only a weak
quantum-confinement or no confinement at all.'>****"7

We will first discuss LHP NPLs, which can be considered
effective colloidal quantum wells. Thanks to the use of long
chain surfactants, which are too large to be incorporated into
the crystal structure, it is possible to template the growth of
LHP NCs, forming sheetlike morphologies with a high degree
of control over the NPLs thickness.””"''”"'** A reduction in the
NPLs thickness to below 4 or 5 monolayers leads to a quantum
confinement that can be observed in a strong blue shift of the
absorption onsets, as well as of the PL emission, by up to 0.8
eV, as is shown in Figure 32.'719156 In the case of MAPbI,
NPLs, this effect is quite striking: the bulk emission lies in the
near-infrared, while the PL of the NPLs can be tuned almost
throughout the visible range down to the green in the case of
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Figure 32. (a) PL and absorption curves of CsPbBrj thin films, cubic
NCs, and NPLs with different thicknesses. As the thickness is
reduced, pronounced quantum confinement effects can be seen in the
absorption and photoluminescence spectra. (b) TEM picture of 3 ML
thick NPLs. (c) Postsynthesis AE reactions performed on NPLs lead
to a wide tuning range of their PL, while retaining their size and
shape. Adapted from ref 19. Copyright 2016 American Chemical
Society.
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single-layered NPLs.”” For Cs-based tin halide NPLs, it was
demonstrated that the PL-emission can be tuned over a wide
range in the near-infrared, from 950 nm down to 710 nm.'®

Unfortunately, the high degree of tunability of the these
strongly confined nanostructures’ PL emission also has a
significant drawback in that most NPLs exhibit low QYs, in the
order of 5—20% when #n > 2 and only 1% when n = 1. This is
likely a side-effect of the reduced dielectric screening of the
electron—hole pair, which leads to an incomplete polaron
formation around the charge carriers, leaving them more
susceptible to scattering with defects and polar optical
phonons.”® However, recent publications have shown that
this may only be part of the reason and that it is possible to
mitigate some of the drops in the PLQY by limiting the
number of surface defects through adequate surface
passivation.””> Bohn et al., for example, recently showed that
the poor blue emission of CsPbBr; NPLs could be boosted by
a postsynthesis treatment with a PbBr,-ligand solution, and the
PLQY increased from ~7 to ~70%.>”® This work suggests that,
by carefully limiting the amount of surface defects (such as the
Pb and Br vacancies in the aforementioned example) in halide
perovskite NPLs, it is possible to obtain efficient blue-emitting
nanostructures which can be integrated into electrolumines-
cent devices.'*>*?***” Despite this, the QY is not constant for
all NPLs, but it actually increases as the thickness increases.
This is likely due to a dielectric screening effect of the charge
carriers.

Importantly, the PL and absorption of NPLs are quantized
according to the number of monolayers (n = 1, 2, 3,--) that
form the thickness of such nanostructures. Thus, if the
elemental composition is known, the optical features of a NPL
ensemble can be directly ascribed to those of a specific
thickness. When NPLs are dispersed in organic solvents, they
do not typically interact with each other. However, in the solid
state, they tend to stack together so that the wave functions of
neighboring NPLs (with a thickness lower than 4 monolayers)
can overlap, leading to electronic coupling and to the
formation of minibands, provided that the inorganic spacer
layer is thin enough (in the order of 1.5 nm)."””>*%

There have been far fewer publications on perovskite
quantum wires/rods and quantum dots than 2D nanostruc-
tures. This is likely due to the halide perovskites’ tendency to
form two-dimensional structures such as Ruddlesden—Popper
perovskites. Furthermore, it is difficult to obtain 1D and 0D
perovskite NCs with precisely tuned dimensions.*”’ One-
dimensional CsPbBr; NWs were first reported in 2016, and
clear quantum confinement effects were visible in NWs with a
diameter smaller than 10 nm (Figure 33).'° As for 2D NPLs,
typical colloidal approaches lead to NWs having a certain
thickness distribution, which, in turn, results in multiple
absorption and PL peaks.'®'”*"* 1t was found that the
quantum confinement in 1D NWs is stronger for each given
thickness than in their 2D counterparts. This is to be expected,
as the NWs are confined in an additional dimension, further
blue-shifting the PL and absorption onsets. PLQYs were also
observed to decrease when the diameter of the NWs was
reduced, an effect that was attributed to the higher
concentration of surface defects in thinner NWs.'® An
alternative explanation for this observation is that there is an
induced strain in NCs, which increases when the dimension-
ality is reduced and leads to the formation of defects inducing a
nonradiative recombination.”” It was also possible to tune the
PL emission of these NWs through subsequent halide ion
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. 16,126 .
exchange reactions. " ~° In colloidal form, NWs are unstable,

and they often merge together, as suggested by a subsequent
redshift in their PL emission.'””

In 2018, Protesescu et al. demonstrated that it is possible to
tune the size of perovskite nanocubes down to 3.8 nm, which
exhibited a noticeable quantum confinement (Figure 34,
panels a and b). As for 1D NWs, though, especially for the
smallest nanocubes, the increased width in the PL and
absorption spectra indicates that the ensembles comprised
nanocubes of various sizes, making it difficult to give a detailed
analysis of the quantum confinement effects on 0D NCs.*
Figure 35 depicts the quantum confinement for Cs—Pb—Br
systems of varying dimensionalities. Here, it becomes apparent
that, for a given size of the confined dimensions, there is an
increase in the confinement as the dimensionality is reduced
from 2D to 1D and, finally, to OD. To date, only a few studies
have focused on investigating the quantum confinement in
perovskite nanocubes. Unfortunately, while a significant
number of publications have been reported on perovskite
QDs, there are significant discrepancies between the observed
PL emission wavelengths and the size of the NCs. The reason
behind this was attributed to the fact that the NCs, which were
observed via TEM, were likely the degradation products of
larger perovskite NCs that had been formed during the
electron beam illumination.*®'***> While a monolayer
constitutes the extreme case of a 2D perovskite system, the
smallest possible 0D unit is a single [PbX4]*~ octahedron. In
solution, these octahedra exhibit moleculelike excitonic
absorption and emission spectra, with bandgaps far in the
UV between 3.38 eV for Pbly and 4.37 eV for PbCl. "’
Balancing a strongly negative charge in the solid state requires
a number of cations, for example Cs* ones, which would lead
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to a Cs,PbX phase in this case. In this phase, the octahedra no
longer share corners, but they are separated by cesium ions,
eight of which surround each octahedron. The resulting optical
properties do not differ much from those of the solvated
octahedra. Since the charges are highly confined in the
octahedra, A-cations play nearly no role in determining the
spectral position of the optical features, in contrast to the
halide ions. Additionally, as to be expected, Cs,PbX; NCs
show no size-dependence in their optical properties.””
Interestingly, some publications have reported green-emitting
Cs,PbBrg NCs, despite their strong absorption in the UV.”*'
While some works argue that such a green PL arises from
defect states or from self-trapped excitons, the spectral position
of the PL emission, its temperature-dependence, and, in some
studies, also a strong absorption in the green suggest that these
Cs,PbBrg crystals are actually “contaminated” with small
CsPbBr;, inclusions.**® Similar features were also observed in
intentionally synthesized Cs,PbBrs/CsPbBr; composite mate-
rials, in which the Cs,PbBrg perovskite acts as the strong
absorber and transfers the energy to emissive CsPbBr; NCs.**°
This issue cannot be settled at the moment, as no clear
evidence has been found that such CsPbBr; impurities are
always present in samples of green-emitting Cs,PbBrg
materials. In order to get further insights into this subject,
the reader is referred to recent articles focusing exclusively on
0D perovskites.”**74%%

One additional feature was observed in corrugated 2D, 1D,
and 0D microstructure assemblies (Figure 34, panels d and e).
In these microstructures, the individual quantum-confined
nanostructures are electronically separated by organic spacer
layers. Consequently, they retain the optical properties of their
respective building blocks. An additional featureless and
extremely broad PL emission, which was strongly red-shifted
with respect to the expected perovskite emission, was observed
and attributed to the formation and subsequent radiative
recombination of self-trapped excitons.””””*"" These are
produced through the excitation of a perovskite nanostructure,
which then undergoes a physical reorientation to minimize the
interaction energy with an adjacent nanostructure or within the
crystal lattice. This reorientation significantly reduces the
exciton energy, which is dubbed “self-trapped” as the radiative
recombination must naturally accompany the physical
reorganization of the perovskite structure. This consequently
leads to a long-lived emission.*'” Interestingly, some of these
structures are extremely efficient for light emission since they
have QYs that are approaching unity.'’ Yet, a deeper
knowledge still has to be acquired on the nature of the self-
trapping exciton and the resulting optical properties of the
nanostructured LHP material.

8.3. Exciton Binding Energies

The exciton binding energy is one of the most important
parameters for an optoelectronic material, as it governs
whether free electron—hole pairs or predominantly excitons
generate the response of such materials when they are optically
(or electrically) excited. Lately, many studies have focused on
determining the exciton binding energy in bulk LHP and
specifically in MAPDI,, as this material exhibits very interesting
properties in photovoltaic applications.” Generally, it has been
agreed that the binding energy of excitons in LHPs is small
enough (and the Bohr radius is large enough) that they can be
considered Wannier-Mott excitons.
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different CsPbBr; nanostructures: 2D, 1D, and OD. Data extracted
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This means that the wave functions of such excitons are
hydrogenic, and their respective Schrodinger equations can be
solved analogously. Unfortunately, despite the plethora of
studies on this issue, there are huge discrepancies on the
reported values which, in the case of MAPbI;, range from 2 to
60 meV at RT.*'* This is not due to the different methods that
are employed in the experiments, as even similar experimental
approaches have resulted in discrepancies. Additionally, some
methods are at best problematic and more likely not
applicable, as they deliver unreliable or even false values. For
example, the dielectric function in LHPs is generally accepted
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to be a function that strongly varies with the temperature and
frequency. As such, it is also unclear which value of the
function needs to be taken into account in order to obtain the
binding energy, as this also depends on the relationship
between the binding energy and the optical phonon energy of
the material.*'> The application of Elliot’s model to LHP
absorption spectra can encounter severe problems. With the
absorption features of a NC sample typically strongly
broadened, it is hard to distinguish the contributions of
excitonic and continuum absorption for small exciton binding
energies.'® Another commonly used method is to calculate
the exciton binding energy from the temperature dependence
of the PL intensity.*’” This model assumes that bound
electron—holes pairs are luminescent, whereas unbound pairs
recombine nonradiatively. Consequently, as the temperature is
increased, the thermal energy dissociates a larger fraction of
excitons, resulting in a quenching of the PL. However, it is
known that halide perovskites (e.g, MAPbI;) have quite an
efficient luminescence from free electrons and holes even at
RT. Hence, this method tends to lead to significantly higher
and unreliable values, such as 50 meV for MAPbI; or 75 meV
for MAPbBr;.

Unfortunately, there are far fewer studies on the exciton
binding energy of LHP NCs than on their bulk counterparts.
For NCs with dimensions that are significantly larger than the
exciton Bohr radius, which do therefore not exhibit any
quantum confinement, the values should be identical to those
of their bulk counterpart. Indeed, the study by Protesescu et al.
reported calculated values for CsPbX; NCs of 20, 40, and 75
meV for X =1, Br, and Cl, respectively, which fit into the range
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of those commonly accepted for the corresponding bulk
materials. On the other hand, decreasing the size of LHP NCs
should lead to an increase in the exciton binding energy. The
most effective systems for determining the effects of quantum
confinement on the exciton binding energy turned out to be
2D perovskites, such as Ruddlesden—Popper compounds or
NPLs, as the thickness in these systems can be controlled with
single monolayer precision.401 Here, because of the 2D nature
of the materials, the density of states in the continuum exhibits
a steplike appearance, and quantum-confinement separates
continuum and excitonic states progressively. This facilitates
the determination of the exciton binding energy, and the Elliot
model can be easily applied. Interestingly, for both NPLs and
bulk thin films, values of up to several hundred meVs have
been determined experimentally by applying the Elliot model
to linear absorption spectra (Figure 36, panels a and b). These

densities, multiple excitations can occur inside a single NC.
Within these confined volumes, the excited carriers can interact
with each other before decaying. One form of interaction is
called the biexciton, in which two excitons bind together to
form a coupled state comprising two electrons and two holes.
As an exciton is electrically neutral, the binding energy of
biexcitons is significantly lower than that of the “simple”
exciton. Consequently, it is often not observable due to its
thermal dissociation. However, in bulk and especially in
quantum-confined LHP structures, which typically have large
exciton binding energies, biexcitons can be stable at low
temperatures or even at RT in some cases. Makarov et al. were
the first to reveal that the biexcitons CsPbl; and CsPbl, (Br, g
NCs have a biexciton energy of approximately 11—12 meV,
which is roughly half of the value of the simple exciton (Figure
37).**! In more recent studies, discrepancies in the biexciton
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Figure 36. Determining the exciton binding energy in 2D LHP NPLs.
(a) Optical density of 2 ML NPLs dispersed in toluene: the 1s exciton
absorption peak (green O) and continuum onset (black [J) are
determined by applying the Elliot’s formula. The exciton binding
energy is given by the energy difference between these two levels as a
function of NPL thickness. Adapted from ref 398. Copyright 2018
American Chemical Society. (c) Scheme depicting that a reduced
screening of the Coulombic electron—hole interaction in the thin
NPLs strongly contributes to a large value in the hundreds of meV of
the exciton binding energy. Adapted from ref 50. Copyright 2017
American Chemical Society.

values are more than ten times higher than those reported for
perovskite bulk materials.”>*"**'* In the theoretical limit, due
to geometric considerations, the binding energy should only be
4-fold enhanced: E}* = 4 x E3P. However, this does not
consider the dielectric surrounding of the 2D structures. As is
shown in Figure 36¢, the high-dielectric inorganic layers in
perovskites are surrounded by low-dielectric organic ligands.
Thus, as the thickness is reduced, the Coulomb interaction
between the electron and the hole is progressively less
screened. Conse%uently, the binding energy increases to the
observed values."*” With the excitons playing such a prominent
role in LHPs even at RT, future work needs to focus on
understanding the exciton binding energy in LHPs and how it
is affected by composition, size, and dimensionality.

8.4. Nonlinear Effects
While most of the studies on LHP NCs have focused on their

linear properties, several groups have also investigated the
nonlinear effects of such systems. For high laser power
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Figure 37. Biexctionic decay (lifetime 7,y) in CsPbl; nanocubes for
high pump intensities in time-resolved PL measurements. The late-
time tail of the decay curve corresponds to a single exciton
recombination (lifetime 7y), while M and B correspond to the
intensities of the multiexciton and single exciton signals, respectively.
Adapted from ref 421. Copyright 2016 American Chemical Society.

binding energies have arisen, with some groups confirming the
earlier values for pure CsPbBr; NCs*** and others reporting
significantly enhanced energies.””>*** Additionally, these were
shown to have energies that are dependent on the excitation
power, although the studies failed to provide an explanation for
this or an explanation for the contradictory reports on the
binding energies.

While there are currently no reports on biexcitons in NPLs
or in other strongly confined perovskite NCs, there have been
two publications on bulk perovskite quantum wells."****° In
both works, biexciton energies of approximately 40—45 meV
were reported for monolayer perovskites, which are roughly an
order of magnitude below those of single excitons. Moreover,
Elkins et al. revealed that increasing the thickness of such
structures from one to two monolayers causes the correspond-
ing biexciton energy to reduce to only 15 meV, which becomes
insignificant when n = 3.**° Consequently, such findings
suggest that biexciton energies should be negligible in weakly
or nonconfined LHP NCs. The ratio of photogenerated
biexcitons to excitons seems to strongly depend on the halide
comgosition and the size of NCs, as was reported by Utzat et
al.>”* These authors revealed that quantum confinement plays
a major role here, as it can enhance the electron—hole overlap,
thus increasing the Auger recombination rate with respect to
the radiative decay rate of biexcitons. Indeed, they were able to
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determine #yieyciton/Mexciton Fatios of 2% for highly confined
CsPbBr; NCs and 54% for weakly confined CsPbI; NCs. Their
results illustrate possible applications for the individual types of
NCs: I-containing NCs are an excellent choice for lighting
applications that require high brightness LEDs, while CI/Br
and strongly confined Br variants are more attuned to single
photon applications. Biexcitons in LHPs decay significantly
faster than single excitons; the time constants are typically
below 50—60 ps, which are substantially higher than those of
conventional semiconductor QDs.**"**” Additionally, as is
depicted in Figure 38, LHP NCs appear to deviate from the
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Figure 38. Biexciton Auger lifetimes of small LHP NCs and their
dependence of the NCs size. A deviation from the universal volume
scaling law can be observed for NCs when their diameter exceeds the
exciton Bohr radius. Adapted from ref 423. Copyright 2016 American
Chemical Society.

“universal volume scaling” law, which relates the Auger
recombination lifetimes to the volume of the NC, irrespective
of the material and composition. As the deviation appears for
NCs whose diameter is larger than the excitonic Bohr radius,
the reason for this discrepancy could be due to these NCs only
being in the weakly confined regime (as a consequence of the
small excitonic Bohr radii in LHPs).*** Clearly, research needs
to be conducted in order to understand the binding energies of
biexcitons, their generation, and subsequent recombination in
LHP NCs.

In some cases, photoexcited electron—hole pairs can be
photoionized, whereby the electron, or the hole, leaves the NC
before a radiative recombination occurs, resulting in a charged
NC. A subsequent absorption process can induce the
formation of another exciton in the same NC, which can
then interact with the residual charge, resulting in the
formation of a so-called “trion”."”**” This quasiparticle
typically recombines nonradiatively through Auger recombi-
nation, although radiative decay was also observed in LHP
NCs, which had emission energies that were slightly red-
shifted by about 15—20 meV from the excitonic transition
energy.””>**” The lifetimes of trions are typically 4—3 times
longer than those of biexcitons, but their occurrence strongly
depends on both the NCs surrounding and the excitation
energy. """ Yin et al. recently reported higher-order
quasiparticles, such as charged biexcitons (XX~, which is
essentially a biexciton with an additional electron), or doubly
charged single excitons (X*7, which is an exciton with two
additional electrons) in CsPbl; NCs, although only at ultralow
temperatures due to their low binding energies (Figure 39).7°

In that study, the authors observed a doublet emission, split
by several hundred ueV, originating from the exciton. They
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Figure 39. Time-dependent PL spectra of a single CsPbl; NC excited
with an average of 1.5 excitons at 4K, revealing not only a single
exciton recombination (X) but also singly charged (X~) and doubly
charged (X*7) single excitons, biexcitons (XX), and charged
biexcitons (XX~). Adapted with permission from ref 430. Copyright
2017 American Physical Society.

further postulated that this large splitting could be caused by
lattice anisotropy in the perovskite NCs. However, in a similar
comprehensive single NC study, Becker et al. observed a fine-
structure splitting into a triplet state (Figure 40).**
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Figure 40. (a) Angular-resolved single NC PL measurements revealed
a fine structure, which can be reproduced through simulations (b). (c)
Energy scheme depicting the splitting of energetic states into cubic
NCs. The Rashba effect is introduced to explain the experimental
findings. This results in the lowest energetic state being optically
active in contrast to common semiconducting NCs. Adapted with
permission from ref 428. Copyright 2018 Macmillan Publishers
Limited.

Combining PL measurements with theoretical calculations
and employing Rashba splitting, the authors concluded that the
lowest energetic states in LHP NCs are, in fact, emissive
triplets. The Rashba effect is a splitting of initially degenerate
spin states in a k-space in materials that exhibit large spin—
orbit coupling and an inversion asymmetry.**" This is in stark
contrast to conventional semiconductor QDs, whose lowest
state is typically dark, rendering them only weakly emissive at
low temperatures.*’> Further work needs to determine the
exact cause of the Rashba effect and to investigate other
materials in which this might play a similarly important role.
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Instead of exciting a material with photons that have a
higher amount of energy than the bandgap (Aiw > Eg) to
generate an electron—hole pair, photons with an energy below
the bandgap can also be used. Provided that these carry at least

half of the bandgap energy (hw > %EG), a two-photon

absorption (TPA) process, via virtual states, can be observed
in a given material at very high excitation densities. This
phenomenon is especially interesting for photovoltaic
applications, as more of the solar spectrum could be used to
generate a current, boosting the efficiency of solar cells. TPA
was first observed in CsPbBr; NCs by Wang et al. in 2016, and
they had enormous absorption cross sections which were 2
orders of magnitude larger than that observed in conventional
semiconductor QDs.*** In organic MA-based NCs, the
absorption cross-section was determined to be 1 order of
magnitude larger still*** In LHP NCs, even higher orders of
absorption were observed by Chen et al., with optical cross
sections determined for up to five-photon absorption processes
in both MA- and Cs-containing bromide perovskite NCs.***
Interestingly, the authors found that core—shell structures,
comprising a MAPbBr; core and a (OA),PbBr, shell, to be the
most efficient structure for such high-order absorption
processes, and they suggested that these structures could
possibly be used in multiphoton imaging applications.

Carrier multiplication (CM), also known as “multiexciton
generation” (MEG), is a process by which one high-energy
photon is converted into multiple electron—hole pairs. This is
an additional method that can be used to boost the efficiency
of photovoltaic devices, and it has been demonstrated to have a
high efficiency in PbSe and CdSe QDs.**® Unfortunately, this
process was not observed in halide perovskites NCs even at
energies as high as 2.65 X Eg. This could be due to the fact
that the effective electron and hole masses are similar.
Consequently, due to optical selection rules, the excitation
energy is split equally between the hot electron and the hot
hole, increasing, in turn, the threshold for carrier multiplication
to &3 X Eg. For CsPbl; NCs, this corresponds to 5.5 eV or
roughly to an excitation wavelength of 230 nm.**' This energy
lies far outside the PV-relevant region of the solar spectrum,
therefore researchers are not very interested in investigating
the CM process in MHP materials. Interestingly, Manzi et al.
observed a combined effect of multiphoton absorption leading
to multiple excitons generation in thin films of all-inorganic Cs-
based LHP NCs (Br and I), as is shown in Figure 41.*” The
authors observed a strong nonlinear absorption for a wide
range of photon energies below the bandgap (0.5E; < fiw <
0.8E;). Importantly, they determined that the absorption
processes was higher at specific energies, so that p X fiw = n X
Ey wherein Ey is the exciton transition energy and p, n are
whole integer numbers. This process uses below-band gap
photons to create excitons, and the excess energy of the
absorption process is turned into multiple electron—hole pairs.
As these two processes are the biggest source of energy loss in
a PV device, the study presents a possibility to enhance the
efficiency of a PV-device past the Schokley-Queisser limit. It
will be interesting to see in the future whether this
phenomenon is restricted to LHP NCs or whether it can be
observed in other materials, being consequently a general
phenomenon in semiconducting NCs.

Another interesting nonlinear phenomenon, capable of
overcoming the Shockley-Queisser limit, is the so-called
quantum cutting effect. In this process, first observed in the
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Figure 41. (a) Interesting resonances appear in wavelength-
dependent below bandgap excitation spectra of LHP NC films. (b)
This occurs whenever an integer multiple of the exciting photon
energy equals an integer multiple of the exciton energy. This is
explained with a multiphoton absorption, leading to multiple excitons
being generated. Adapted with permission from ref 437. Copyright
2018 Macmillan Publishers Limited.
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1970s in bulk crystals containing rare earth ions,”**** a high-
energy photon is converted into two or more lower-energy
photons, with consequent PLQY values far surpassing unity.*"’
The quantum cutting effect, which is also defined as a
particular case of a downconversion process, is typically
achieved by codoping a material with two different impurities:
the first one, called the donor or sensitizer, is able to absorb the
light from the source and to transfer its excitation energy to the
second impurity, called the acceptor, which is responsible for
the final luminescence.”*" Typical luminescent impurities are
trivalent rare-earth ions as they exhibit stability, small
reabsorption losses, high PLQY, and, in addition, their 4f
energy levels offer a large variety of energy transfer possibilities
between different rare-earth jons.** Among them, Yb3* ions
are of particular interest for photovoltaic applications, as they
are characterized by a luminescent emission at 1.24 eV (~1000
nm), an energy that can be easily absorbed by silicon.*
Quantum cutting has also been observed in NCs comprising
a single rare earth impurity and a suitable host material, which
should be characterized by a low electron—phonon coupling to
prevent nonradiative decay of the high-energy excitation.***
Halide perovskites as well constitute an interesting choice as
host matrices, due to their enormous absorption cross sections
and, in comparison to conventional inorganic semiconductors,
a relatively low electron—phonon coupling.*** This was first
demonstrated in 2017 by Song and co-workers,””'** who not
only explored the possibility of including rare earth ions into
CsPbX; NCs (with X= Br, Cl, and mixtures thereof), but also
demonstrated a PLQY in the NIR of nearly 150%. In
particular, it was shown that CsPbCl, sBr,:Yb**, Ce** NCs
could boost the efficiency of commercial silicon solar cells from
18.8 to 21.5%. In a more recent publication, Milstein et al.
investigated the quantum cutting effect in Yb-doped perovskite
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NCs having PLQY up to 170%:"*” it was found that, upon
excitation of the perovskite host, a picosecond nonradiative
energy-transfer process to shallow Yb*"-induced defects takes
place, simultaneously exciting two Yb®* ions. Given these
promising results, rare earth doped MHP NCs hold great
promise for improving existing photovoltaic applications, both
for conventional silicon based and all-perovskite solar cells.

9. OUTLOOK

This review has covered many aspects concerning the synthesis
methods, postsynthesis treatments, and optical properties of
metal halide perovskite NCs. While this field is reaching
maturity, there are several open issues that require attention,
which we will outline here. Bound to these issues are the most
promising future research directions from a materials’ chemist
perspective.

Surface Chemistry, Lattice Defects, and How to
Investigate them

Currently, we need to reach a deeper understanding of the
surface chemistry of MHP NCs, in terms of the type of ligands
that can bind to their surface and how they interact with it. For
example, it is still not clear how different types of ligands
influence the surface termination and the stability of the NCs,
nor which ligands passivate trap states and which ones possibly
introduce new traps. We also have little knowledge of how
ligands control nucleation, growth, and shape evolution, all
aspects that remain obscure to date. In this regard, it is
important to underline that there are huge differences in the
surface chemistry, and in the nature and energetics of trap
states when going from chlorides to bromides and iodides,
meaning that what we learn from a specific halide system is not
automatically valid for the other halides.

In terms of surface chemistry, the standard CsPbBr; NCs
(synthesized by OLA and OA) have been studied the most,
and consensus has been reached on the presence of
oleylammonium as the A-cation on surface of the NCs.”*"*%
Unfortunately, the nature of the bonding between the NC
surface and such capping ligands***? is very dynamic. In this
respect, alkylammonium species are much more mobile and
susceptible than carboxylates to washing with polar solvents.'*’
Such dynamics leads to a major drawback: these materials are
still colloidally and structurally instable, and this problem has
not been entirely addressed to date. For instance, LHPs NCs
can exhibit near-unity PLQY, but such optimal optical
properties deteriorate drastically upon washing with polar
solvents, during long-term storage or even after deposition on a
substrate to form a dry film. Promising approaches here are, for
example, the use of less aggressive washing procedures, such as
those employing methyl acetate, or the use of zwitterionic
ligands."”” We believe that a more systematic exploration of
alternative halide precursors, solvents, such as tri-n-octyl
phospine oxide™ or benzyl ether, and ligands, such as
secondary or tertiary amines,”*® phosphonic acids, thiols or
sulfonic acids, could be another exciting direction for achieving
a more “static” surface passivation and/or to gain a more
complete understanding of the surface stabilization of MHP
NCs.**® Among the aforementioned ligands, phosphonic acids
are promising ones since they have a strong capability of
forming organo-phosphonates with metal cations.**’~**

In terms of energetics, we still have to elucidate how the
surface energy of NCs changes depending on the type of
surface termination and on what ligand molecules are
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passivating it. In addition, it would be interesting to
understand what is the overall contribution of ligands to the
electronic band structure of MHP NCs. At the moment, most
published works dealing with these topics focus primarily on
lead-based halide perovskites, and not much is known about
the other MHP systems. From a computational point of view, a
more extensive version of the recent work by ten Brinck and
Infante on LHPs would be a good start.””” Hand-in-hand with
computation, a combination of traditional surface analysis
techniques, vibrational spectroscopy, and nuclear magnetic
resonance spectroscopy is steadily unfolding the surface
chemistry of these NCs. An important technique that has
not yet been applied to study the surface of halide perovskite
NCs is that of small-angle neutron scattering. Such technique,
supported by extensive modeling, has been employed to
quantitatively determine the assembly of organic ligands on the
surface of metal nanoparticles.”>' Such studies will additionally
help in shedding light on the factors governing nucleation and
growth in these types of NCs, for example the influence of the
alkyl chain length and the role of acid—base equilibria.
Addressing the surface chemistry of MHP NCs will remain a
hot topic in the coming years.

The types of defects in MHPs in general, and then in NCs,
need to be well-understood. For example, do vacancies or
other types of defects promote anion exchange? Are they
involved in the green light emission of the otherwise
nonemitting CsPb,Br; and Cs,PbBrg materials? Lately,
Ruddlesden—Popper phases were discovered in all-inorganic
halide perovskites (CsPbBr;), but the mechanism triggering
their formation has not been clarified.*** Such phases, which
can be considered as “extended planar defects” in the lattice of
CsPbBr;, might originate upon the fusion of different NCs, as
indicated by a recent work.”>® These extended “defects” do not
seem as rare as initially thought, and their role in the overall
reactivity and electronic properties of MHPs will have to be
investigated. Other open questions are whether impurities,
dopants, or other species segregate at these planar defects.
Also, can we effectively tune density of halide vacancies in NCs
by working under halide rich-poor conditions? These questions
will remain partially unanswered until we have identified
structural analysis techniques that will be less destructive
toward these NCs, which for example are very sensitive to
electron beam irradiation.

Emission in the Blue, Green, and Red That Meets the
Standards

There is no doubt that the major field of application of halide
perovskite NCs will be in light emission. In accordance with
the International Telecommunication Union (ITU) and the
International Commission on Illumination (CIE) recommen-
dations, the three primary emission peaks for displays and for
the wide-gamut colorimetry are centered at 630 nm (red), 532
nm (green), and 467 nm (blue).** In this regard, color-
tunable perovskite NCs are particularly promising for LEDs,
given their high PLQY and narrow emission line width.
However, closer scrutiny of LHP systems revealed that each of
the three emission colors is facing unsolved issues. We start
with the blue. As a general trend, the PLQY of LHP NCs
generally decreases for larger bandgaps, meaning that blue-
emitting NC based devices will have lower performances than
the corresponding green or red ones. Also, in order to achieve
blue emission from LHP NCs, mixed halide systems have to be
employed (i.e., Cl/Br mixed halide systems), which,
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unfortunately, suffer from phase segregation.''” This explains
why LHP NC based devices with a blue emission suffer from
poor efficiency and stability. Another appealing option would
be the use of APbBr; (A = Cs, MA, and FA) NPLs, whose
emission can be shifted toward the blue by means of quantum
confinement; that is by reducing their thickness down to a few
monolayers. Unfortunately, NPLs are highly susceptible to
surface defects due to their large surface-to-volume ratio, and
as a result, they feature lower PLQY values compared to the
standard perovskite nanocubes. Even though recent studies
have addressed their low PLQY,*”*** the tendency of the
NPLs to coalesce, with the consequent emergence of an
undesired green emission, represents a roadblock to their
application as blue emitters. Thus, in order to implement these
nanostructures into devices, future research directions must
address their instability, while retaining a high PLQY. Turning
to green emission, the PL of CsPbBr; NCs is shifted toward
the blue (505—520 nm) if compared to the desired target (532
nm). On the other hand, FAPbBr; NCs whose PL is peaked
around 530 nm suffer from poor stability. One straightforward
solution would consist in doping/alloying CsPbBr; NCs with
other “A” or “B” cations in order to slightly red-shift their
emission without compromising their PLQY and stability.
Lastly, red-emitting NCs, for example CsPbl;, are facing
serious issues of structural stability, with a strong tendency to
undergo phase transition into the nonemitting “yellow phase”.
To this regard, different strategies, mainly based on alloying/
doping CsPbl; NCs with various A and B cations, have been
demonstrated to efficiently improve the stability of these
NCs.****7 Unfortunately, none of these alloyed/doped
systems (e.g., CsPb,Mn,_,1,"** or SrCl,—CsPbI,**% is
characterized by a proper red emission (630 nm), and, to
date, stable iodide-based perovskite NC emitters have not been
fabricated. Future research on red-emitting devices will be
therefore aimed at finding other strategies in order to shift the
PL of CsPbl; NCs and, at the same time, at increasing their
stability.

Long-Term Stability, Encapsulation, Heterostructures

Long-term stability issues under harsh conditions (for example
high temperatures and humidity) need to be carefully
addressed, especially for applications in lighting applications,
such as down-converting LEDs. The encapsulation of NCs in
various inorganic matrixes has been actively pursued (for
example, amorphous CsPbBr,,”** Ti0O,>* $i0,>*° alumi-
na, 348351 4d PbSO4-oleate,278 as discussed in this review),
but what is not known is if such a “shelling” entirely prevents
oxygen and moisture from accessing the NCs over extended
periods of time. This leads us to another challenge: that of
creating stable heterostructures between halide perovskite NCs
and inorganic compounds. Encouraging results have been
reported on stable epitaxial interfaces between lead halide
perovskites and Pb chalcogenides,z*?""459 ZnS,*** and, recently,
Cs,PbBrs.*° The final target would be, undoubtedly, the
production of core/shell nanostructures in which MHP NCs
will be completely covered by a shell of a robust inorganic
material, such as metal chalcogenides, oxides, or fluorides.

Beyond Lead, Seriously and Systematically

Turning to a more explorative materials science, one exciting
direction is represented by the so-called “elpasolite” materials.
This area of research is primarily motivated by the need to start
using compounds that are more environmentally friendly than
Pb-based ones. Even if at least 350 compounds of such a family
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of materials have been synthesized so far, most of them remain
unexplored.79 Indeed, as was highlighted by Giustino and
Snaith, the possible combinations of A, B*, B**, and X~ ions
correspond to a total of more than 9000 hypothetical
quaternary halide compounds.*”’ Among them, even in the
least optimistic case, at least 900 would satisfy the Gold-
schmidt tolerance factor.*** We can therefore assume that, to
date, more than 600 compounds have not yet been
investigated. In 2017, after a first screening performed via
first-principle calculations, Zhao et al. proposed 11 nontoxic
candidates as promising absorbers to replace APbX; in PV
solar cells.”” Among those, Cs,InSbCly and Cs,InBiCly, have
shown theoretical maximum solar cell efficiencies that are
comparable to that of CH;NH;PbI;. Until recently, the main
challenge was to develop effective and versatile synthesis
methods for the preparation of such complex compounds.**’
However, as is shown in this review, new eflicient synthetic
approaches for the colloidal synthesis of perovskite NCs have
finally been developed over the past few years. These new
strategies have already delivered Cs,AgBiX,, "> Cs,AgInClg,**
and Mn-doped Cs,AgInCl™”’ DP NCs. These materials
represent only the tip of the iceberg, and the real potential
of double perovskites is yet to be fully revealed.**>*** Also, it is
likely that several elpasolite materials, which are predicted to
be unstable in the bulk, could still be synthesized in the form of
NCs, due to the significant contribution of the surface energy
to the total energy balance in nanoscale materials. When this is
coupled with the possibility to dope NCs with various ions, the
potential for developing new materials for tailored optoelec-
tronic applications is still enormous and remains vastly
untapped to date.

Fundamental Properties

With the aim of improving and optimizing MHP NCs for
optoelectronics, an in-depth understanding of their fundamen-
tal properties is essential. One of the trickiest parameters that
still has to be determined is the exciton binding energy due to
a both frequency- and temperature-dependent dielectric
function. One strategy that could be now pursued, thanks to
the new synthesis tools that have been developed recently,
would be to finely tune the size of colloidal NCs from the
smallest one accessible up to the bulk. Moreover, the observed
fine structure and matching theory for cubic NCs will need to
be verified, as do the existence and the magnitude of the
Rashba effect, for other compositions and crystal morpholo-
gies, such as NPLs or nanowires. Parameters such as Auger
recombination rates, exciton versus biexciton formation rates,
and gain profiles will need to be determined if these NCs are to
be used in high-power LEDs and lasers. Multiple carrier
generation is also of great interest for photovoltaic applications,
as it could help to shatter the Shockley-Queisser limit. Also, we
have only begun to understand the realm of possibilities that
can be offered by quantum-cutting effects in nanoscale halide
perovskites.
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ABBREVIATIONS

0D zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

AE anion exchange

APTES (3-aminopropyl) triethoxysilane
CBM  conduction band minimum

CE cation exchange

CM carrier multiplication

DDAB di-dodecyl dimethyl ammonium bromide
DFT  density-functional theory

DMF  dimethylformamide

DMSO dimethylsulfoxide

DOS  density of states

DP double perovskite

EA ethyl ammonium

EtOH  ethanol

FA formamidinium

FAX formamidinium halide (X = Cl, Br, I)
fec face-centered cubic

FWHM full width at half maximum

HI hot injection

LARP ligand assisted re-precipitation
LED light-emitting diode

LHP  lead-based halide perovskite
MA methylammonium

MAX  methylammonium halide (X = Cl, Br, I)
MEG  multiexciton generation

MHP  metal halide perovskite

MOF  metal-organic framework

MtA  methacrylic acid

NC nanocrystal

NMF  N-methylformamide

NMR  nuclear magnetic resonance
NPL  nanoplatelet

NR nanorod

NS nanosheet

Nw nanowire

OA oleic acid

ODE  octadecene

OLA  oleylamine

PCI solvent controlled ionization
PL photoluminescence

PLQY photoluminescence quantum yield
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PMMA poly(methyl methacrylate)

POSS  polyhedral oligomeric silsesquioxane
PS polystyrene

PSCI  polar solvent controlled ionization
PSZ polysilazane

PVP poly-vinyl pyrrolidone

QD quantum dot

RE rare earth

RT room temperature

SEM scanning electron microcopy
TEM  transmission electron microscopy
TEOS tetraethoxysilane

THF  tetrahydrofuran

TOA  tetraoctylammonium

TPA  two-photon absorption

TOP  tri-n-octylphosphine

uv ultraviolet

VBM  valence band maximum

XRD  X-ray diffraction
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