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ABSTRACT: Despite the young age of the research field,
substantial progress has been made in the study of metal halide
perovskite nanocrystals (HPNCs). Just as their thin-film
counterparts are used for light absorption in solar cells, they
are on the way to revolutionizing research on novel
chromophores for light emission applications. Exciting physics
arising from their peculiar structural, electronic, and excitonic
properties are being discovered with breathtaking speed. Many
things we have learned from the study of conventional
semiconductor quantum dots (CSQDs) of II-VI (e.g,
CdSe), IV—VI (e.g, PbS), and III-V (e.g,, InP) compounds
have to be thought over, as HPNCs behave differently. This
Feature Article compares both families of nanocrystals and then
focuses on approaches for substituting toxic heavy metals without sacrificing the unique optical properties as well as on surface

coating strategies for enhancing the long-term stability.

1. INTRODUCTION

In the early 1980s the quest for novel photocatalysts, fueled
by the oil crisis in the preceding decade, led to the discovery
of semiconductor quantum dots. Pioneering works by Efros,
Brus, and Henglein showed both experimentally and
theoretically that the reduction of size of semiconductor
particles (e.g., CdS) down to the nanometer range induces a
significant change in their band gap energy.'~* The underlying
quantum confinement effect, occurring when the nanocrystal
size is (significantly) smaller than twice the exciton Bohr
radius of the semiconductor material (Table 1), leads to an
increase, scaling with 1/ 1%, of the band gap energy.4 It also
gives rise to the appearance of discrete energy levels at the
place of continuous valence and conduction energy bands. In
the same period Ekimov as well as Itoh and co-workers
observed quantum confinement in small CuCl crystallites
embedded in a glass or a NaCl matrix.”~’ However, although
being the first example of quantum-confined metal halide
nanocrystals, the large band gap energy (3.2 eV) and low
exciton Bohr radius (0.7 nm) due to strong Coulomb
interaction in CuCl have limited the research interest in this
material. In contrast, nanocrystals of II-VI semiconductors, in
particular, of cadmium chalcogenides, have seen tremendous
development. Chemical synthesis methods giving access to
precisely controlled nanocrystal size and low size distribution®
as well as efficient strategies for surface g)assivation via growth
of a shell of a larger band gap material”'® paved the way for
the in-depth investigation of the photophysical properties of
this new class of materials. The most outstanding property of
what will be termed in the following conventional semi-
conductor quantum dots (CSQDs) is their fluorescence: not
only can it be finely tuned with the nanocrystal size, but also
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the emission spectrum is narrow and the room temperature
quantum yield is high, reaching nearly unity upon proper
surface passivation.' These features make CSQDs very
interesting emitters for a multitude of applications such as
LEDs, luminescent solar concentrators, biological imaging/
detection, and so on.'”'*> One important aspect when it comes
to real-life applications is the impact of nanoparticles on
human health and environment. This issue concerns the
whole life cycle of QDs, from their synthesis over their
practical use to their disposal and eventual disintegration. The
question of toxicity of a nanocrystal is a complex one: toxicity
for living organisms can arise from the nanodimensions, e.g.,
induced by photocatalytic activity triggered by the very high
surface-to-volume ratio, as well as from the chemical elements
and molecules constituting the inorganic core and the organic
ligand shell of QDs.'* Moreover, after their translocation
through the primary target organs (skin, intestine, lung),
nanocrystals in a living organism may undergo chemical
modifications, which can lead to the release of toxic ions or
the formation of harmful degradation products. All these
effects are strongly dependent on the size, composition, and
surface state of the nanocrystals, and therefore the establish-
ment of systematic toxicity studies enabling a more general
classification of CSQDs is hampered. Health risks related to
chemical substances in general and to nanoparticles in
particular are defined as a combination of hazard and
exposure. Therefore, a key principle to effectively limit the
risk related to nanocrystals is the safer-by-design approach,
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Table 1. Materials’ Parameters of Selected Compounds Used in CSQDs and HPNCs

compound exciton Bohr radius (nm) m*, my* (electron mass) bulk band gap (eV) room-temperature crystal structure
CdSe 5.0 0.13, 0.45 1.74 hexagonal (wurtzite)
CdTe 4.6 0.10, 0.48 1.45 cubic (zinc blende)
ZnO 2.4 0.28, 0.54 3.20 hexagonal (wurtzite)
ZnSe 3.1 0.21, 0.60 2.82 cubic (zinc blende)
ZnTe 39 0.2, 0.2 2.39 cubic (zinc blende)

PbS 23.5 0.08/0.105 0.075/0.105° 03$ cubic (halite)

PbSe 66 0.04/0.07, 0.034/0.068“ 0.27 cubic (halite)

InP 9.6 0.077, 0.64 1.35 cubic (zinc blende)
InAs 36.2 0.023, 0.30 0.36 cubic (zinc blende)
InSb 64.9 0.015, 0.39 0.17 cubic (zinc blende)
CulnS, 4.1 0.16, 1.30 1.45—-1.53 tetragonal (chalcopyrite)
CulnSe, 10.6 0.09, 0.73 1.04—1.07 tetragonal (chalcopyrite)
AgInS, S.S 0.15, 1.36 1.83—1.87 orthorhombic

CsPbCl, S 0.20 2.96 cubic

CsPbBr; 7 0.15, 0.14 2.34 orthorhombic

CsPbl, 12 0.1 1.72 orthorhombic”
MAPbBr; 2.0 0.13 2.29 pseudocubic

FAPbI, 6.35 0.095 1.52 pseudocubic”

“The two values indicate the transverse and longitudinal effective masses at 4 K. “Metastable at room temperature.

which reduces the toxicity hazard by replacing QDs containing
toxic heavy metals by alternative materials. This is a very
active field of research,'”'> which will be discussed in the
main part of this article.

In contrast to CSQDs, metal halide perovskite nanocrystals
(HPNCs) are a newly emerging research field, with the very
first paper dating from 2014. Initially, organic—inorganic
hybrid perovskite NCs such as methylammonium lead
bromide (MAPbBr;) were developed by Galian and Pérez-
Prieto and later by Zhong and co-workers."®™"® The interest
in this family of semiconductors, in particular MAPbI;
(“MAPI”), arose from their very successful incorporation as
light harvesters in solar cells,"”*® which was totally unexpected
for a polycrystalline material with a high defect density. In
addition to hybrid HPNCs, fully inorganic lead halide
perovskite nanocrystals such as CsPbBr; have first been
reported by Kovalenko and co-workers.”’ In both cases, the
most intriguing feature is their very strong photoluminescence
(PL), reaching quantum yields close to unity with no necessity
for surface passivation other than by pristine ligand coverage.
Another striking contrast to CSQDs is that color tuning is
most easily achieved not by size variation but via solution-
phase anion exchange, with a reduction of the band gap
energy in the order Cl > Br > 12> On the other hand,
HPNCs share one important feature with initially developed
CSQDs: as in the case of Cd-based QDs once again a toxic
heavy metal ion (Pb) plays a central role in governing the
optical and electronic properties. In the following, we first
confront the specific properties of both families of nanocryst-
als. Next, we give a brief overview of the strategies developed
toward safer-by-design toxic-heavy-metal-free CSQDs and
HPNCs. Finally, we highlight the challenges and possible
future directions of this research field.

2. OPTICAL PROPERTIES OF CSQDS AND HPNCS

2.1. Excitons. As mentioned above, hybrid perovskites like
MAPI are very efficient active materials for light absorption in
solar cells. Apart from their appropriate band gap of around
1.6 eV and their high absorption coefficient, one of their key
features for photovoltaic (PV) applications is the fast

rotational dynamics of the dipolar methylammonium cation
within the cuboctahedral cages in the 3D structure formed by
corner-sharing Pbl octahedra.”® This rotation leads to
structural and potential fluctuations and a giant photoinduced
dielectric constant.”® As a result, the Coulomb interaction
between charge carriers is effectively screened, which
contributes to the reduction of the exciton binding energy
Epexe (16 meV at low temperature, a few meV at room
temperature).”® By consequence, free carriers (and not
excitons) play the major role in the photovoltaic performances
of polycrystalline perovskite thin films. Radiative recombina-
tion is a minor deexcitation process, and accordingly, PL
studies performed on polycrystalline MAPbBr; showed only
weak emission with a quantum yield (QY) on the order of
1%.”” However, when reducing the crystallite size to micro- or
nanocrystals, a strong enhancement of the QY to 80% is
observed, attributed to the predominant presence of excitons
and efficient passivation of surface trap states by the used
organic ligands. Obviously, when reducing the size to the
nanometer range the exciton binding energy increases because
of the increased spatial overlap of the electron and the hole
(quantum confinement) but also due to the increase of the
contribution of dielectric confinement. The latter is the
consequence of the difference of the dielectric constants of the
inorganic nanocrystal core and its surrounding medium
(including surface ligands). The increase of dielectric
confinement in the case of smaller crystallites is representative
of the larger opportunity for the electric force lines to
penetrate into the surrounding medium. An exciton binding
energy (B .,) value of 320 meV has been determined by X-
ray photoelectron spectroscopy for 8 nm CsPbBr; nanocryst-
als.”® Just like hybrid halide perovskites, their fully inorganic
counterparts also display low exciton binding energies in the
bulk, as determined by magneto-optical studies on single
crystals:*” 33 meV for CsPbBry and 15 meV for CsPbly; for
CsPbCl; a value of 75 meV has been calculated using the
effective mass model. As expected, in both the hybrid and
inorganic perovskites the E, .. values increase with the band
gap energy of the compound, i.e., E,(APbX;): Cl > Br > I (A
= MA, Cs). Due to the absence of phase transitions and
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structural fluctuations when replacing the dipolar methyl-
ammonium rotor by Cs ions, Ej .. is essentially temperature-
independent in all-inorganic HPNCs. Even though exper-
imentally determined values are lacking to date, it can be
predicted that, as with hybrid perovskites, Ey, . significantly
increases when going from the bulk to nanocrystals due to the
effects of quantum and dielectric confinement. For compar-
ison, in the case of small-sized CSQDs, exciton binding
energies of around 100 meV (CdSe) and 1000 meV (CdS),
being 1 order of magnitude larger than for the bulk materials,
have been determined using photoelectron spectroscopy.’’

In conclusion, reducing the size of hybrid or all-inorganic
halide perovskites to the nanoscale and introducing surface
ligands to stabilize them as colloids lead to an increase of the
exciton binding energy to values comparable to those
characteristic of CSQDs. Even in the weak confinement
regime excitons formed in HPNCs are stable at room
temperature (Ep.. > 26 meV at 300 K),”” which is highly
beneficial for light-emission applications.

2.2. Quantum Confinement and Photoluminescence
Properties. Size control is the main method for adjusting the
fluorescence wavelength of CSQDs via the quantum confine-
ment effect. The downside of exploiting the size-dependent
band gap energy is a broadening of the emission line width
and hence reduced color purity due to the size distribution in
colloidal nanocrystal samples. The narrowest line widths
obtained with CdSe QDs emitting in the visible range are on
the order of 20 nm, while with the Cd-free alternative InP
QDs it is challenging to achieve values <40 nm. At the same
time, due to the decrease of the confinement energy and
differences in the electron and hole effective masses, the
fluorescence efficiency of CSQDs is generally decaying
significantly when moving from the strong to the weak
confinement regime, i.e., by increasing the size close to twice
the exciton Bohr radius. The situation is completely different
in HPNCs, as there, even for weakly or nonconfined
nanocrystals, excellent fluorescence QYs can be obtained. In
this case, a combination of high oscillator strength of the
radiative transition and of efficient passivation of surface
traps/absence of deep traps (vide infra) is supposed to be at
the origin of this behavior.””

As outlined above, CSQDs exhibit the best PLQY in the
strong confinement regime. On the other hand, due to the
large surface-to-volume ratio and the related high density of
trap states, efficient surface passivation strategies are required,
such as shell growth of larger band gap semiconductors. In
addition to size distribution induced spectral broadening
observed in colloidal solutions of CSQDs, other drawbacks
associated with the strong confinement regime are (radiative)
reabsorption processes and (nonradiative) Forster resonance
energy transfer (FRET) from the smaller dots to the larger
ones in the ensemble.’’ In close-packed solid-state QD films
these effects become particularly visible through the bath-
ochromic shift and line narrowing of the emission peak
compared to the colloidal sample, generally accompanied by a
decrease of the PL intensity (cf. Figure 1a).*” To the contrary,
weakly confined 11 nm CsPbBr; HPNCs exhibit quasi-
identical emission properties in the colloidal and in the solid
state (cf. Figure 1b). In addition, postdeposition surface
treatment with lead halides (e.g,, PbBr,) can further improve
the PLQY of HPNC thin films up to near unity.”” By
replacing the Cs* cation by formamidinium (FA") perovskite
NCs can be achieved with high stability and PL tunability as a
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Figure 1. Top row: schemes showing the structure of a core/shell
CSQD and the basic crystal structure found in HPNCs. (a—d)
Comparison of CdSe/CdS-ZnS core/shell QDs (left column) and
CsPbBr; HPNCs (right column). (a/b) Steady-state PL spectra in
colloidal solution and on thin films, normalized with absorbance at
the excitation wavelength (400 nm). (c/d) PL decay curves at
different emission wavelengths. Adapted from ref 41. Reproduced
with permission from Wiley-VCH Verlag GmbH & Co. KGaA 2015.

function of size (related to quantum confinement).”**
Looking at the PL decay dynamics of CdSe/CdS-ZnS core/
shell QDs, a faster decay at higher emission energies is
observed, due to the increasing importance of additional
deexcitation channels associated with FRET (cf. Figure 1c).
Such a dependence is nearly absent in the case of HPNCs,
suggesting a very limited contribution of FRET-related
processes (cf. Figure 1d). The PL decay times for CsPbBr;,
were fitted with two exponentials, yielding in this case
radiative decay times of 3 and 8 ns. These values are shorter
than those observed with CSQDs, generally in the range of
some tens of ns for binary to some hundreds of ns for
multinary systems. Moving from ensemble to single-particle
measurements enables probing the effects of trap states on
carrier dynamics by analyzing PL fluctuations with time. In
CSQDs, fluorescence intermittency (“blinking”) observed in
single-particle spectroscopy, i.e. periodic switching between
“on” and “off’ states following power law statistics (or
crossover from power law to exponential behavior), has been
studied for two decades.’® Several hypotheses concerning the
underlying mechanisms have been formulated, which have in
common that they imply charge carrier trapping at defects in
the nanocrystal, at the surface, or external to the nanocrystal.
Charge carrier trapping negatively affects both the PLQY and
charge transport properties. It leads to ionized nanocrystals,
and subsequently generated electron—hole pairs recombine via
fast nonradiative Auger processes. One efficient way to
strongly reduce blinking in CSQDs is the growth of so-called

“giant” shells, which implies the use of materials of low lattice
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Figure 2. (a) Typical point defects in lead halide perovskites in the order of increasing formation energy/decreasing probability of occurrence.
(b) Schematic representation of the band structure of typical defect-intolerant semiconductors (CdSe, GaAs) and of metal halide perovskites. In
the latter case, the VBM exhibits antibonding character. Reproduced with permission from ref 47. Copyright 2018 Springer Nature Publishing

AG.

mismatch, e.g, CdSe and CdS.”” Recently, suppressed
blinking combined with near unity PLQY, monoexponential
decay (20 ns), and ensemble PL line widths down to 19 nm
(53 meV) were achieved with CdSe/CdS QDs having
intermediate shell thicknesses (3—8 monolayers) by optimiz-
ing the synthesis conditions, in particular the organic ligands
used.® Blinking is also observed in HPNCs, even though the
measurement conditions need to be adapted in order to avoid
their rapid photobleaching.” These initial studies indicate that
HPNCs tend toward longer “on” durations than CSQDs, that
the blinking kinetics are excitation intensity dependent, and
that a diffusion-controlled electron transfer mechanism
(DCET) plays a more important role than Auger ionization.
More recent works reveal two distinct types of PL
fluctuations:*’ (i) Flickering (continuous distribution of PL
intensity as a function of time) is caused by excess surface trap
states and can be reduced or suppressed by postsynthetic
surface treatment (e.g, with alkylthiols). These traps are
attributed to undercoordinated lead atoms, which act as short-
lived, shallow electron traps. (ii) Blinking, resulting from trion
formation due to the presence of longer-lived traps originating
from intrinsic defects. Importantly, both types of defects
exhibit dynamic nature induced by the diffusion of surface
ligands and the mobility of the ions constituting HPNCs,
leading to dispersive emission kinetics.

3. SPECIFICITIES OF Cd- AND Pb-CONTAINING NCS
FAVORING OUTSTANDING OPTOELECTRONIC
PROPERTIES

The initial large interest in Cd-based CSQDs, in particular,
CdSe and CdTe, was motivated by the fact that their bulk
band gap allows tuning their PL throughout the visible
spectral range by changing their size (Table 1). Another key
factor was the development of very efficient synthesis methods
giving access to samples with size distributions <10% without
size fractionation.® Finally, the growth of inorganic shells (e.g,
ZnS, ZnSe, CdS) resulted in highly emissive, photostable QDs
of high interest for both fundamental and applied science."
This family of QDs was complemented by lead chalcogenide
nanocrystals, which gave access to the longer wavelengths of
absorption and emission, in particular in the 1—2 pm range.*
Interestingly, nonoxidized Pb-chalcogenide QDs can exhibit
bright luminescence without surface modification via shell
growth, which suggests a certain defect tolerance (see below).

In terms of synthesis, Cd- and Pb-chalcogenide QDs benefit
from an intermediate fractional ionic character of bonding;14
i.e.,, they are less covalent than III-V semiconductors and less
ionic than HPNCs. In the former case, harsh reaction
conditions and highly reactive precursors are required, making
it difficult to effectively separate nucleation and growth, which
is a prerequisite for obtaining narrow size distributions.'* In
the latter case, perovskite nanocrystals simply dissolve when
brought into contact with polar solvents (including water);
therefore, substantial efforts are currently made for enhancing
their chemical stability.

To understand the outstanding photophysical properties of
HPNCs their electronic structure has to be considered. In
particular, their bright emission without surface passivation
using an epitaxial inorganic shell demonstrates that no deep
trap levels (“killer defects”) are formed despite disruption of
the crystalline lattice at the nanocrystal surface. In the form of
polycrystalline thin films, lead halide perovskites exhibit
excellent properties as solar cell active material, despite the
presence of a much higher density of defects than conven-
tional photovoltaic materials like silicon. One factor
contributing strongly to this behavior is the high dielectric
constant in halide perovskites and the resulting effective
screening of electrostatic perturbations. Furthermore, in lead
halide perovskites the occurrence of defects leading to deep
trap states (e.g., interstitial atoms or antisite defects) is
impeded by their much higher formation energy (Figure
2a).” Another important feature is their peculiar band
structure as revealed by first-principles calculations:***
while the A-site cations (Cs*, MA*, etc.) do not contribute
to the band edge states, the valence band maximum (VBM)
results from the strong antibonding interaction between Pb 6s
and halide 3/4/Sp orbitals, shifting it above the latter (cf.
Figure 2b). The antibonding conduction band minimum
(VBM) has predominant Pb 6p character and exhibits strong
influence of relativistic spin—orbit coupling effects.”® As a
result, structural defects arising, for example, from A-site or X-
site vacancies in ABX; lead to defects that are located within
the CB or VB, respectively, or to shallow defects.”’

This implies that both thin films and HPNCs preserve a
“clean” band gap, which means that the defects possess mostly
benign character and are not optically and electrically active.**
Another unique property of the halide perovskites is their
defect self-healing, in other words, the fact that defects
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Figure 3. Energy levels (valence band maximum, VBM/conduction band minimum, CBM) of selected CSQDs (left) and HPNCs (right).

appearing during preparation or device operation can
disappear spontaneously.”” Therefore, this class of materials
is termed “defect tolerant”, and this property is of crucial
importance for all optoelectronic applications.’® To the
contrary, in defect-intolerant semiconductors (e.g., CdSe,
GaAs, Si, etc.) the band gap is formed between bonding and
antibonding orbitals, which leads to the location of all defect
levels as either shallow or deep traps within the band gap.

Summarizing, lead halide perovskite nanocrystals exhibit—
in contrast to CSQDs—a pronounced defect tolerance due to
their intrinsic electronic structure and the high formation
energy of defects leading to deep trap states, which would be
detrimental for photoluminescence and electronic transport.
In CSQDs, the growth of an epitaxial inorganic shell is
generally required to passivate trap states and increase the PL
intensity. It remains to be demonstrated whether the
advantageous features of Pb-based perovskite nanocrystals
can be translated to Pb-free compositions.

4. GENERAL STRATEGIES FOR REPLACING TOXIC
HEAVY METALS IN NANOCRYSTALS

In CSQDs the bulk band gap of the used semiconductor
material is the first parameter to consider; as quantum
confinement leads to its widening, the initial band gap should
be lower than 2 eV when size-tunable emission in the visible
range is targeted. This requirement is less stringent in the case
of weakly or nonconfined HPNCs where the band gap is
mainly adjusted by the composition. As visible in Figure 3,
within the CsPbX; and MAPDbX; families, a change of the
halide more strongly affects the VBM position than the CBM
position. For CSQDs it has been shown that the absolute
VBM and CBM positions can be shifted by as much as 2 eV
through solution-phase surface ligand exchange.”' The
knowledge of these levels is, together with the crystallographic
parameters, of fundamental importance for the design of core/
shell structures.'

Below we present the main strategies for developing safer-
by-design lead-free or lead-deficient HPNC:s as well as Cd-free
CSQDs.

4.1. Isovalent Atom Replacement. For the isovalent
replacement of lead in HPNCs, the choice of alternative
divalent metal ions is first guided by geometrical models. The
latter have been established for bulk materials to predict the
formability of the 3D ABX; perovskite structure, which plays
the central role for realizing the unique optoelectronic
properties discussed above. These models are based on two
empirical parameters, the Goldschmidt tolerance factor ¢ and

the octahedral factor y.°* The former can be calculated using
the ionic radii of the three implied elements (eq 1), while the
latter simply displays the radius ratio of the B-site cation over
the halide anion (eq 2); in other words, it reflects the stability
of the basic BX, octahedral building unit.

t=(ry + rg)/N2(rg + ry) (1)

H=rp/rx ()

By analyzing 186 complex halide compounds, Li and co-
workers found that 3D ABX; perovskite formability could be
predicted with 96% accuracy when the following boundary
conditions for t and y were chosen:*> 0.813 < t < 1.107 and
0.442 < p < 0.895. Nonetheless, it should be kept in mind that
the two factors reflect necessary but not sufficient conditions
for perovskite formability.

One way to relieve the restrictions imposed by these
geometric boundaries is changing perovskite dimensionality.
This property should not be confused with the crystal habit or
morphology. The HPNCs discussed so far exhibit 3D
dimensionality due to their 3D corner-sharing PbX, octahedra
framework while being considered—Ilike quantum dots—as
0D materials. The cuboctahedral cavity enclosed by
neighboring octahedra can only accommodate small A-site
cations (e.g., Cs*, MA*, FA"). Going to larger cations typically
leads to the disruption of the 3D network and decrease of the
perovskite dimensionality by “slicing” the 3D structure into
2D slabs. A widely studied family of 2D perovskites obtained
by cutting along the (100) direction of the parent compound
has the general formula (RNH;),A, BX;,,, (n: integer) with
R being a (bulkier) primary amine or aromatic alkylammo-
nium cation inducing the spacing between the perovskite
layers and A a smaller cation (e.g., methylammonium). Their
structure is analogous to that of 2D oxide perovskites studied
by Ruddlesden and Popper,*® and their dimensionality can be
tuned in principle from 2D to 3D by changing n from 1 to
infinity.”* As the perovskite sheets are separated by the
organic moieties of the alkylammonium cations, the structure
can be considered as a multilayer quantum well. Quantum
confinement occurs along the stacking direction (100) and is
more pronounced the smaller the number of n. One important
feature of the 2D perovskites is their enhanced environmental
stability as compared to their 3D counterparts.>

Total Precursor Replacement. The simplest concept to
limit the toxicity of CSQDs related to the presence of heavy
metal elements is to replace them by isovalent atoms having
similar properties in terms of size and chemical binding. The
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Figure 4. (a—d) Photographs of CsPbCl;, CsPbBr;, CsPbl;, and Mn:CsPbCl; nanocrystals in a reaction flask illuminated with UV light. (e) VB
and CB positions of CsPbX; and Mn d-states. (f) Atomic model showing a typical Mn:CsPbCl, crystal where Mn is placed in the position of Pb.
Reprinted with permission from ref 62. Copyright 2017 American Chemical Society.

most straightforward method is to adapt synthetic pathways
developed for classical binary CdSe, PbS, and related CSQDs
to alternative metal cations. Initially, this strategy was
successfully used in the case of zinc chalcogenide nanocrystals,
in particular, ZnSe QDs”° synthesized by a variety of heat-up
and hot-injection methods. However, this approach has met
limited success, as the emission of zinc chalcogenide NCs is
restricted to the UV and blue spectral range, and the reported
PL QYs are significantly lower than with Cd-chalcogenides.

In the case of metal halide perovskites, a comparable
approach can also be applied: instead of lead halide
precursors, Sn** salts can be used to produce all-inorganic
CsSnX; NCs by classical hot-injection methods resulting in
perovskites with 3D dimensionality (i.e., corner-sharing SnX,
octahedra).””*® However, in contrast to their Pb-based
counterparts, the resulting CsSnX; HPNCs show low PL
QY (<0.14%) because of the presence of shallow intrinsic
defect sites and are very unstable due to the inherent
oxidation sensitivity of Sn>*. Improved QY and stability can be
obtained by synthesizing CsSnBr; nanocrystals in a nanocage
morphology and treating them with perfluorooctanoic acid
acting as stabilizer for Sn*.%’

Another example of isovalent replacement is copper(Il)-
based perovskite NCs, which could be synthesized using the
so-called ligand-assisted reprecipitation (LARP) technique at
room temperature.”” In this work a Cs,CuBr, structure is
claimed; however, the authors also observe the presence of
Cu’ in the material, and no information about the resulting
dimensionality of the perovskite structure is available.

Partial Precursor Replacement. Another strategy to render
CSQDs more environmentally friendly is to reduce the
fraction of toxic heavy metals. The use of Cd together with
nontoxic metal precursors during the synthesis allows us to
incorporate them in the final CSQDs to obtain alloyed
Zn,Cd,_,S, Zn,Cd,_,Se, or similar compounds.60 In addition
to the partial Cd replacement, nanoscale alloying can result in
a combination of advantages like enhanced stability and highly
tunable PL from blue to the near-infrared with improved
efficiency, which is rarely achievable with the parent binary
systems and can open new perspectives for applications.

By using an analogous approach with perovskite nanocryst-
als and applying the hot-injection synthesis, it is possible to
prepare alloyed HPNCs, typically having the formula
CsPb,;_,M,X;. The most studied examples are manganese-
substituted NCs of type CsPbMnX; (where X is usually

chloride, cf. Figure 4) for several reasons: (i) Mn®** has been
widely used as a dopant in CSQDs for forming dilute
magnetic semiconductors;®’ (i) it opens the way toward
exciting optical properties related to energy transfer to the d-
state of Mn*" favorably located within the HPNC gap; (iii)
bond energies of Pb—X and Mn—X are comparable, which is a
prerequisite for an efficient exchange. The ease of the
replacement coupled to the impressive optical benefits gained
by partial Mn substitution or doping made this field one of
the most dynamically developing among HPNCs with several
dozens of papers already published.®” Usually the doping ratio
does not exceed 3%, but in some cases it was possible to reach
a much higher Pb replacement with Mn, up to 54% with
inorganic CsPb,Mn,_,Cl;°® and 90% with
MAPb,_ Mn,Br;_(5,,1)Cl,,,; NCs (a rare example of B-site
exchanged organic—inorganic HPNCs),** while keeping the
HPNCs highly emissive.

Other examples of successful B-site partial substitution in
CsPbX; NCs include Ni?*** and Sr**.%° These approaches not
only allow reducing the lead contents in HPNCs but can also
result in high PL QYs**®” and improved stability,"*** enabling
first applications of doped HPNCs in light-emitting
devices.*""

Remarkable results were achieved by incorporating Sn**
precursors in the hot-injection synthesis of alloyed CsPbSnX;
HPNCs. For example, by alloying tin and lead in iodide
perovskite, CsPb;_,SnI; with high Sn contents can be
obtained with a phase stability for months in solution,
which is superior to both CsPbl; and CsSnl; and enabled the
design of solar cells using lead-deficient HPNCs.” By using
CsPb,_,Sn,Br; NCs, efficient and stable light-emitting devices
were fabricated.”'

Postsynthetic lon Exchange. An interesting way to
synthesize less toxic CSQDs is ion exchange on presynthe-
sized NCs.”””® This approach is especially well suited for
metal chalcogenides due to relatively high ionicity of their
structures (especially compared to III—-V compounds). Metal
cations have a higher mobility in the crystalline lattice than
(larger) anions and easily undergo exchange, enabling for
example sequential conversions like CdSe — Cu,Se — ZnSe
under conservation of the size and shape of the NCs.”* Even
more sophisticated exchanges are possible by this method,
such as partial copper replacement by indium to obtain
ternary NCs (Cu,S — CulnS,) followed by partial Cu and In
replacement by Zn (CulnS, — (CulnZn)S,).”* Moreover, this
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powerful technique can even be applied in a similar fashion
for heterostructures, such as for example efficient trans-
formation from toxic CdSe/CdS to cadmium-free CulnSe,/
CulnS, heteronanorods.”®

In the case of HPNCs the bonds are more ionic compared
to CSQDs, thus in principle rendering similar ion exchange
even easier. Owing to their single charge and their high
vacancy concentration, anion exchange has become one of the
signature features of HPNCs.””*® Even though this efficient
process is versatile and allows tuning optical and electronic
properties of HPNCs in a wide range, it does not decrease
their potential toxicity. Meanwhile, it is also possible to realize
cation exchange of the perovskite B-site, namely, replace lead
with alternative elements. In addition to decreasing the overall
materials toxicity by reducing the lead concentration, this
strategy can improve the structural and thermal stability of
HPNCs. As an example, partial Pb replacement can stabilize
crystalline phases by limiting the octahedral rotation tilt.”®
However, in contrast to CSQDs, the postsynthetic cation
exchange process for HPNCs is still in its infancy with a
limited success as it is much more challenging to exchange
divalent lead once it is already strongly coordinated within the
center of the halogen octahedral cage, considerably limiting its
mobility. In addition, there are very few divalent cation
vacancies and very limited space for interstitials in the
perovskite materials, all this leading to high activation energies
calculated for cationic migration (2.31 eV for Pb** compared
to 0.58 eV for I” in CH;NH;PbL;).”’ Finally, the size of the B-
cations should be compatible with the above-mentioned
Goldschmidt tolerance and octahedral factors. As a result, very
few examples of such B-site cation exchange were reported to
date. To give an example, Donega et al. studied lead
replacement in CsPbBr; NCs with various metal cations.”®
By using high-resolution spectroscopy and fluorescence
methods they demonstrated incorporation of Cd, Zn, and
Sn cations into the perovskite lattice, albeit replacing lead only
partially with the final M/Pb ratios of 0.16, 0.05, and 0.1
(Figure S). It was also possible to incorporate Mn*" by

"+ Sn?, Cd**

li n+ ©

- Pb*

® SnP/Cd/In © Br ® o ,c;-

Figure S. Schematic overview of partial cation exchange in CsPbBr;
nanocrystals. Pb** cations are partially replaced by other divalent
cations (Sn**, Cd*, and Zn®*) by postsynthetic cation exchange
reactions. Reprinted with permission from ref 78. Copyright 2017
American Chemical Society.

postsynthetic cation exchange into the CsPbCl; matrix using
MnCL,.” Finally, another interesting way of Pb substitution in
presynthesized HPNCs is combined cation—anion exchange,
which allows replacing up to 2% of Pb simultaneously with Br
in CsPbBr; to convert it to CsPbMnCl,.*

These examples demonstrate the feasibility of B-site cation
exchange, inspired by procedures developed for CSQDs, but
at the same time also expose the difficulties and limitations of
its application in the case of HPNCs.

4.2. Heterovalent Atom Replacement. One of the most
successful examples of less toxic CSQD alternatives to classic
CdSe is indium phosphide, InP. The major interest of this
III-V material originates from its tunable emission in the
visible and NIR range similarly to that of CdSe NCs. Initial
syntheses were hampered by long reaction times of several
days related to the use of coordinating solvents (trioctylphos-
phine oxide).*’ The introduction of meanwhile ubiquitously
applied 1-octadecene as noncoordinating solvent enabled
faster reactions and yielded narrower size distributions,®* even
though up until now no efficient way for decreasing the
emission line width to similar values as with Cd-chalcogenide
nanocrystals has been found, the best values being 36—39 nm
(fwhm) for an emission in the range of $33—625 nm (Figure
6).* Similarly, as in the case of Cd-chalcogenides the growth
of inorganic shells on InP or In(Zn)P core QDs led to a
significant improvement of the PL QY, in the best cases
exceeding 80%."

In the example of CdSe substitution by InP, both the metal
cation and the chalcogenide anion are replaced by heteroele-
ments. Keeping the chalcogenide anion while substituting Cd
with heterovalent metal ions in CSQDs imposes the design of
multinary compounds due to the requirement of charge
balance. One illustrative example is the replacement of the
divalent Cd*" ion by a combination of a monovalent Cu* and
a trivalent In** jon in CulnS, or CulnSe, (vide infra). To the
contrary, perovskite materials offer the unique possibility to
form so-called “vacancy ordered” structures accommodating
heterovalent elements directly in the perovskite lattice. To
compensate the different charge of the incorporated elements,
void BX; octahedra are intercalated in an organized manner
with those filled by these new elements, thus doubling or
tripling the unit cell (Figure 7). This structure allows
accommodating a series of tri- and even tetravalent elements
while maintaining the perovskite lattice (albeit usually with
decreased perovskite dimensionality). Moreover, such an
arrangement allows for producing nanomaterials with very
interesting optical properties and high stability.

The most studied examples of such lead-free vacancy
ordered perovskites are bismuth(III)-based ones for several
reasons: bismuth is a nontoxic element; moreover, it is
isoelectronic (6s*6p°) to lead, which may lead to similarly
high defect tolerance. Due to the ordered defect structure, Bi-
based perovskite NCs have lower perovskite dimensionality:
generally 2D for bromides (Cs;Bi,Br, and MA;Bi,Br,), 1D for
chlorides (MA;Bi,Cl,), down to 0D for iodides (Cs;Bi,l, and
MA;Bi,1,).*” Bi-based HPNCs have typically large band gaps,
making them particularly interesting emitters in the UV and
blue regions, which are almost not covered by smaller band
gap lead halide perovskite NCs. For example, recently, blue-
emitting MA;Bi,Bry, NCs with high PL QY of 54% were
obtained by passivating the surface.”® Also, it was shown that
the Cs;Bi,Bry NCs can be stable in the ambient conditions for
over 30 days.”

Replacing three Pb*" ions in the perovskite structure by the
two Sb** results in nanocrystals with a band gap in the visible
range. The radius of antimony fits the geometrical Gold-
schmidt tolerance factor, allowing us to grield stable 2D
structures with blue emission for Cs;Sb,Br, ° and yellow to
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Figure 6. UV—vis absorption (a) and PL (b) spectra of a size series of InP/ZnSe/ZnS core/shell QDs synthesized using a seed-mediated
approach with core sizes in the range of 1.9—4.5 nm (size distributions: 4—9%, emission line widths: 36—39 nm fwhm). Reprinted with

permission from ref 83. Copyright 2018 American Chemical Society.
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Figure 7. Illustration of a vacancy ordered perovskite structure.
Reprinted with permission from ref 86. Copyright 2018 Royal
Society of Chemistry.

red emission for Cs(Rb);Sb,l, HPNCs. However, lead
replacement comes at the cost of increased tendency of
such materials for the formation of defects situated within the
band gap. Finally, a logical candidate for the heterovalent lead
replacement is Sn*": despite its chemical similarity to the Pb*',
it is much more stable compared to its divalent analogue.
Cs,Snlg HPNCs of different shapes could be prepared by
classical hot-injection synthesis using tin(IV) precursors with
a possibility of forming films with high hole mobility.”" Taking
advantage of the good solubility of Snl, in octadecene solvent,
ligand-free and stable Cs,Snl; HPNCs could be synthesized.””

Heterovalent ion impurity incorporation in CSQDs can be a
powerful tool to modulate the conductivity and induce n- or
p-electronic  doping, openin§ the ways for their use in
heterojunction solar cells.”** At the same time, successful
examples of such doping are extremely rare because obtaining
heterovalently doped NCs while maintaining the luminescence
properties is not a trivial task owing to the quenchinsg on the
trap states induced by the uncompensated charges.”> Due to
the great compositional flexibility of the HPNCs, heterovalent
ion introduction into the lead-based crystalline lattice was
recently achieved yielding compounds not only stable but also
with improved PL efficiency. For example, lanthanide cations
were successfully incorporated during the hot-injection
synthesis into CsPbX; NCs with a ratio up to 9% leading to
a significantly improved QY and tunable emission.*””*"
Similar Eu®" and Tb*" incorporation was achieved using one-
pot ultrasonic synthesis.”® Doping by minute amounts of
trivalent Al and Bi can also result in emissive alloyed CsPbBr;
NCs with very intriguing optical properties.””'"’ Tetravalent
tin incorporation in alloyed CsPb,_,Sn Br; NCs was recently

demonstrated: by replacing 33% of lead with a stable Sn**
cation, it was possible to reach PL QYs up to 83% and to
fabricate efficient light-emitting devices with high stability.'®"

As in the case of CSQDs, the great potential of electronic
doping of HPNCs for tuning the optical, magnetic, and
electronic properties remains still relatively underexplored.

4.3. Heteroelement Replacement. In the field of
CSQDs a powerful strategy to enlarge the variety of materials
of interest and to access toxic heavy metal-free semi-
conductors with bulk band gap energies <2 eV consists of
switching from binary to ternary or more generally multinary
NCs. A classic example is the well-studied case of metal
chalcogenides when going from II-VI to I-III-VI, semi-
conductors with the benchmark examples of CdS (CdSe) and
CulnS, (CulnSe,) NCs. Divalent Cd cations are replaced in
the synthetic procedure by a mixture of monovalent copper
and trivalent indium, occupying the metal sites in the
crystalline lattice. I-III-VI, semiconductors typically crystal-
lize in the tetragonal chalcopyrite or the cubic zinc blende
structure. As an important characteristic, such ternary CSQDs
can tolerate large off stoichiometries, widening the range of
achievable optoelectronic properties compared to binary
nanostructures.'®> At the same time this feature is, however,
at the origin of a complex, size, and composition-dependent
electronic structure characterized by a large variety of defect
states.'”?

By developing a very simple synthetic scheme where 1-
dodecanethiol (DDT) acts as the sulfur source, surface ligand,
and (co)solvent, CulnS, (CIS) NCs of narrow size
distribution and high PL QY of 60% after ZnS shell growth
could be obtained.'**'%" Initial studies of the photophysical
properties of these materials highlighted the importance of
localized intra-band gap-states in the optical transitions.'*®
The current understanding of the emission properties of CIS
nanocrystals, based on single-particle studies, suggests a free-
to-bound mechanism in which the photogenerated electron is
delocalized in the conduction band, while the hole is localized
on Cu-related intra-band-gap defect states."’” This model is in
accordance with experimental results showing large Stokes
shifts and emission line widths (>150 meV) in combination
with comparably long PL decay times of several hundreds of
nanoseconds.'’'*” A recent combined study by NMR
spectroscopy and synchrotron X-ray diffraction allowed
identifying the growth mechanism via a 2D lamellar phase
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Figure 8. (a) Cartoon of the extended unit cell of a Cs,AgBiX lead-free double perovskite (gray and blue depict the Ag(I) and Bi(III) octahedra,
respectively; Cs atoms are shown in green). (b) High-resolution TEM image of Cs,AgBiBrs NCs showing atomic lattice fringes, and the faceted
cubic shape of the crystals (scale bar: 8 nm). (c) Low-resolution TEM image of the same sample (scale bar: 100 nm). Reprinted with permission

from ref 121. Copyright 2018 American Chemical Society.

and unraveling an intriguing surface composition of CIS NCs
prepared with the DDT method.'"* In particular, the
formation of a dense ligand double layer consisting of
dodecanethiolate and in situ formed didodecylsulfide has
been identified. Due to the high chemical stability and
interesting electronic and optical properties of these nanoma-
terials, they have been successfully used in a variety of
applications: for biolabeling,'*"'” hybrid'"" and sensi-
tized''>~""* solar cells, photodetectors,"'> and more recently
photocatalytic hydrogen production.'® At present, a multi-
tude of potential applications of CulnS, NCs exist,"'” and first
examples of their commercialization''® appear, making this
type of nanocrystal one of the frontrunners among safer-by-
design CSQDs.

The present approach can be pushed further by going from
ternary to quaternary CSQDs: in order to replace (scarce) In
in I-III-VI, structures, I,—II-IV—VI, analogues can be
prepared, as represented by Cu,ZnSnS, and related
compounds usually crystallizing in the tetragonal kesterite
phase. Because of the increased elemental variety and the
flexibility of the structure, an even larger spectrum of off-
stoichiometric compounds is possible to achieve using this
structure. On one hand, this allows fine-tuning of the
optoelectronic properties of the obtained NCs. However,
the same chemical diversity can present a hurdle as various
secondary binary and ternary phases can be thermodynami-
cally stable, introducing a heterogeneity into the material,
which is often detrimental for the sought applications.''” The
synthesis of kesterites in the form of colloidal nanocrystals can
give a better control over the structural and chemical
homogeneity of the material.'*’

In the case of HPNCs a similar strategy can be considered:
divalent lead can be replaced by two heterovalent elements,
such as for example monovalent Ag and trivalent Bi, giving
rise to elpasolite (or “double perovskite”) structures. It is
relatively challenging to fabricate thin crystalline films of the
elpasolites because of the poor solubility of the precursors and
the relative instability of the final materials. Similar to the
previously mentioned kesterites, the approach relying on
colloidal NCs could be an interesting alternative here.
Recently, a series of such HPNCs were synthesized
(Cs,AgBiCl,, Cs,AgBiBrs Cs,AgBils, as well as the mixed
halides), demonstrating indirect band gaps in the range of 2—
2.9 eV and consequently generally rather low photo-
luminescence (PLQY < 7%) strongly dependent on the
surface passivation and the presence of defects (Figure
g).121-123

The nature of the photoluminescence of the Cs,AgBiX
elpasolites is still under debate, with some reports claiming

that it originates from quantum confinement,'*”"** while

others identify it as a localized Bi 6s—6p transition of a
nonconfined exciton.””' The PL QY can be significantly
improved (up to 16%) by using the previously described
approach of Mn doping, taking advantage of the Mn**
emission sensitization by the elpasolite core.'>* Careful ligand
engineering can result in NCs with a stability overpassing that
of Pb-based nanocrystals.'** Figure 9 summarizes the different
approaches outlined of heterovalent and heteroelement
replacement of lead in HPNC:s.

[ & €

A;J,B?X'.:

Figure 9. Stoichiometries observed in the case of heterovalent
substitution of lead in HPNCs using tri- or tetravalent metal ions on
the B-site and of heteroelement replacement using a combination of
mono- and trivalent metal ions, leading to double perovskites.
Reproduced with permission from ref 126. Copyright 2016 American
Chemical Society.

5. CONCLUSIONS AND PERSPECTIVES

As demonstrated in this article, the emerging field of HPNCs
is developing extremely fast. In a very short time a huge
amount of unique photophysical properties has been
discovered along with a broad structural diversity. The
broad knowledge accumulated over more than three decades
in the field of CSQDs as well as more recent innovations in
the field of metal halide perovskite based photovoltaics
enabled this rapid evolution. In the case of CSQDs viable
alternatives to Cd- and Pb-based NCs are becoming
established, with the most promising to date in terms of PL
properties being InP-based and ternary QDs, such as CulnS,,
AgInS, NCs, and the like. The replacement of lead in HPNCs,
on the other hand, is a difficult task due to their distinct
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electronic structure related to the Pb** ion, resulting in a high
defect tolerance and absence of deep midgap trap states. For
the rational design of novel lead-free perovskites, computa-
tional methods are of great help. First-principles calculations
can significantly narrow down the choice of potentially
interesting materials by predicting the stability and optoelec-
tronic properties. Therefore, computational tools can tremen-
dously accelerate the discovery of new materials by rapid
screening and save a lot of synthetic research efforts.'”” Very
recently, a powerful screening approach has been proposed
based not only on structural and electronic simulations but
also on Internet data mining and inferential statistics.'*®
Meanwhile, computational methods generally have the
notorious drawback of failing to discover metastable phases
and can thus ignore potentially interesting compositions. With
this in mind, for the design and prediction of new HPNC
compositions a rational experimental material screening
should not be underestimated. Recently, two promising
approaches allowing the rapid synthesis and test of a large
variety of novel perovskite NCs have been reported: a high-
throughput robot-assisted method'*’ and continuous synthesis
using a droplet-based microfluidic platform."*’

Shell Growth and Surface Treatment Strategies. A
rich history of inorganic shell passivation of CSQDs allows
now understanding of the underlying mechanisms of the shell
growth, as well as its effects on the properties of the
nanocrystals.'” A semiconductor shell can greatly enhance the
stability and optical properties of CSQDs by protecting their
surface and confining photogenerated excitons in the core,
respectively. A variety of synthetic strategies has been
developed (e.g, SILAR - successive ionic layer adsorption
and reaction and cation exchange approaches) to grow shells
of precisely controlled thickness and composition on many
types of CSQDs, making the shell passivation almost a routine
step for the fabrication of robust QDs.

In the case of HPNC:s the situation is different: even though
stability issues are also limiting the applications of these
materials, the shell growth is far from being well understood
and widely used in this field. The same applies to surface
ligand chemistry: generally the same types of ligands (e.g,
oleic acid, oleylamine) are used as in the case of established
CSQDs, and only a few examples of novel types of ligands
yielding enhanced stability exist. One of the reasons is that
surface passivation with a shell is less critical for the optical
properties of lead-based HPNCs compared to CSQDs, as the
former already exhibit very high PLQYs in their pristine state.
However, in the case of safer-by-design (Pb-free) HPNCs the
optical properties are often much more strongly dependent on
defects and impurities. In some cases, their stability is
intrinsically lower than that of lead-containing ones (for
example for Sn**-based HPNCs); however, switching to 2D
perovskites can enable the design of Pb-free materials of
enhanced stability suitable for use in applications."*"

In the literature, examples of successful shell growth on
HPNCs are still very scarce.”” The shells typically used for
CSQDs, such as wide band gap ZnS or similar materials, are
often not applicable for the HPNCs because of precursors’
incompatibility and/or too high crystallographic lattice
mismatch. To date, the best working alternative strategies to
improve the stability comprise embedding HPNCs into oxide
(SiO,, TiO,, ALO;) or polymeric matrices, which however
often strongly limit or impede their further dispersibility in
solvents and thus their practical use. Another original strategy

takes advantage of the similar chemical and crystalline
properties of different perovskites with discontinuous
structural dimensionality and band gaps to construct core/
shell systems. The use of a 2D layered perovskite shell on the
surface of 3D MAPDbBr; cores is an appealing example
developed by Mathews and co-workers, which allowed greatly
improving the stability and PL QY.'"” Another original
example of successful shell formation was achieved by
combining a crystalline perovskite core with an amorphous
perovskite shell of the same composition.'>

Probably the most straightforward way to grow a wider
band gap shell compatible with the optically active core would
be to combine perovskites with different halides; however, this
approach is ineffective: due to the high halide ionic mobility
in HPNCs, rather alloyed mixed halide NCs would form
instead of heteronanostructures. Conversely, this strategy can
become fruitful for safer-by-design HPNCs: for a series of
NCs halide exchange is much less energetically favorable,
opening the way for shell engineering with the same family of
perovskites. This approach has been successfully explored for
Cs;Bi,Br,/Cs;Bi,Cl, perovskite core/shell structures;*® how-
ever, it should be applicable for a much broader range of Pb-
free HPNCs. Improved environmental stability is obviously
most crucial for Sn** HPNCs, which are extremely sensitive to
oxidation.

For a range of applications comprising photocatalysis some
safer-by-design HPNCs can turn out very useful because of
the high absorption coefficient coupled with energy levels
favorably situated for water splitting or CO, reduction, either
as photosensitizers or directly as photocatalysts (or
cocatalysts). However, water-splitting environments imply
the use of NCs stable in aqueous solution, which is typically
unachievable using conventional Pb-based HPNCs because of
their common incompatibility with water resulting from their
high ionicity. Recently, several surface treatment strategies
have been proposed to circumvent this problem and render
lead-based HPNCs water-compatible while maintaining their
luminescence. For example, Xu et al. developed a direct
aqueous synthesis of HPNCs based on a complexed form of
lead halide and acidic pH, leading to water-stable MAPDbBr;
colloidal solutions."** Another strategy capable of drastically
improving the stability of perovskite nanoparticles in water
consists of introducing a siloxane coating on their surface,
leading to highly luminescent CsPbX; nanopowders."*> Even
though no examples of water-compatible lead-free nanocryst-
als have been reported so far, the strategies described above
can be sufficiently versatile to be adapted for this type of
materials to make them more attractive for applications
involving aqueous media (such as, for example, photo-
catalysis) or requiring high humidity resistance.

Doping. Doping is an established powerful tool for
improving or modifying the PL properties of CSQDs."** In
the case of HPNCs in general and lead-free ones in particular,
the arsenal of synthetic tools for PL enhancement is more
limited due to the difficulties exposed in the previous
paragraph. Moreover, the PL of some nanocrystals, which
are very compositionally promising and structurally intriguing,
such as for example recently synthesized elpasolite HPNCs, is
weak and critically needs improving. In this case using doping
of an appropriate nature and concentration can open the way
toward completely lead-free perovskite NCs with attractive
optical properties. The first examples of such impurity
engineering using Mn>* for double perovskites start to appear,
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allowing us to improve the PL QY 10-fold"** and could be
extended on other compositions. Another example of
extremely efficient doping into lead-free HPNCs is hetero-
valent Bi** dopant incorporation into tin-based perovskite
Cs,SnCly rendering initially nonluminous NCs highly emissive
with QY close to 80%'*” and proving that the choice of the
dopant ions is not limited to the isovalent elements and thus
could be applied to a variety of lead-free HPNC:s. Finally, an
original way of getting the white-light emission from the
HPNCs was developed by introducing two dopant ions with
distinct levels (Bi** and Mn?*) together into CsPbCl,."** Such
codoping approaches can be easily extended to lead-free
perovskite NCs for the use as white light emitters.

Near-Infrared Materials. Finally, another field of high
interest, which requires substantial development in terms of
both toxic heavy metal free CSQDs and HPNC:s is the field of
near-infrared absorbers/emitters. In the case of CSQDs, this
domain is dominated by lead and mercury chalcogenide
nanocrystals,42 while narrow band gap safer-by-design
materials (e.g, copper-, silver-, or iron-based binary or
multinary nanocrystals) exhibit so far much lower quality of
the optical properties. The band gaps currently available with
HPNCs do not allow achieving materials having an absorption
onset and emission peak beyond 1 pm, and the lowest band
gap materials theoretically predicted remain to be synthesized
experimentally."*” This spectral region is of particular interest
for many applications including photodetectors, absorbers for
multiple junction solar cells, in vivo imaging, gas sensing, and
so on.

Concluding, the cross-fertilizing fields of CSQDs and
HPNCs provide a very prolific playground for research, in
particular in the development of novel materials with tailor-
made optical and electronic properties for numerous
applications ranging from energy conversion (e.g., photo-
voltaics and photocatalysis) over photodetection and light
emission (white light generation, displays, lasing, etc.) to
biological imaging, detection, and theranostics. Because the
huge research interest in these fields is currently draining, it
can be expected that many of the above-listed challenges can
be leveraged in the near future.
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