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Perovskite nanocrystals (PeNCs) synthesized by colloidal solution methods are an outstanding case of study
due to their remarkable optical features, different from their bulk counterpart, such as a tuneable band gap
and narrower photoluminescence emission, altered by the size and shape. However, the stability of these
systems needs to be improved to consolidate their application in optoelectronic devices. Improved PeNC
quality is associated with a less defective structure, as it affects negatively the photoluminescence quantum
yield (PLQY), due to the essential, but at the same time labile interaction between the colloidal capping
ligands and the perovskite core. In this sense, it would be extremely effective to obtain an alternative
method to stabilize the PeNC phases and passivate the surface, in order to improve both stability and
optical properties. This objective can be reached exploiting the structural benefits of the interaction
between the perovskite and other organic or inorganic materials with a compatible structure and optical
properties and limiting the optical drawbacks. This perspective contemplates different combinations of
core/shell PeNCs and the critical steps during the synthesis, including drawbacks and challenges based
on their optical properties. Additionally, it provides insights for future light emitting diode (LED)
applications and advanced characterization. Finally, the existing challenges and opportunities for core/
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1. Introduction

Halide perovskite nanocrystals (PeNCs) have gained significant
attention in recent years due to their unique optical properties,
including high colour purity and tuneable visible emission.*™*
These properties make them ideal candidates for use in light-
emitting diodes (LEDs), which require high PLQY and effi-
cient light emission to function effectively. Lead halide perov-
skites are direct bandgap semiconductors and emit visible light
through free excitons (FEs). In contrast, most lead-free perov-
skites (LFPs) exhibit photoemission primarily through self-
trapped excitons (STEs), with a minority emitting through
FEs. Similarly Pb-free double perovskites are more likely to emit
through STEs due to their higher disorder and defect density.”
However, there are some 0D lead-free perovskites, such as
AsM,Xy (A = Cs', methylammonium; M = Bi**, Sb*") that
exhibit FE emission, which could make them useful for opto-
electronic applications.®” In recent years, researchers have been
exploring the use of PeNCs in LEDs.** One of the key chal-
lenges in this area is achieving high external quantum efficiency
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(EQE), which is a measure of how efficiently the optoelectronic
device converts electrical energy into light. One approach for
improving the EQE of halide perovskite LEDs has been the use
of PeNCs as an active layer instead of bulk thin films. This is
because the smaller size of the nanocrystals offers better carrier
confinement and crystalline quality in addition to surface
passivation, which can reduce non-radiative recombination and
improve the overall efficiency of the device. However, the
limited stability in PeNCs somehow limits the widespread of
perovskite nanocrystal based technological developments. The
major concerns regarding the stability of PeNCs are surface trap
states, environmental changes, photo-oxidative degradation,
etc.">" In some way, the same problems are also faced by metal
chalcogenide quantum dots and nanocrystals.* In such cases,
shelling with another nanocrystalline materials addressed these
problems and dramatically enhanced their optical perfor-
mances, ambient stability, and protection of the core materials.

Core/shell nanostructures for chalcogenide quantum dots
have been studied over decades for the development of lighting
device technologies.* In the case of perovskite-based core/shell
nanocrystals,'*™® the research is on the edge-on-the-seat for the
development of perovskite LED (PeLED) performances. A
detailed description of the types of core/shell structures is given
in a later section, establishing how the core/shell structure is
beneficial for favouring PeLED performance. In some of the
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recent reports, the following points are addressed, which can
deal with the challenges of PeLED implementation:*’

(i) optical enhancement: recovery of surface defects, with
protective shelling over perovskite nanocrystals, leads to
reduction of non-radiative recombination and hence increasing
radiative carrier recombination (i.e., free excitons), increasing
the photoluminescence quantum yield (PLQY)." Higher PLQY
offers more efficient conversion of electrical energy into light
energy, which results in brighter and more efficient LEDs.>***
Besides, the core-shell type-II heterostructure formation
improves PL lifetime, stability, and LED performance.'>**>* It is
noteworthy that some of the reports on 3D/0OD core/shell
perovskites observed shortening of lifetime in comparison to
primitive (core-only), where the 0D materials have a wide
bandgap and hence the core/shell materials show type-I heter-
ostructure formation, ensuring a faster exciton decay.*"**

(ii) Tuneable emission: the optical emission can be easily
tuned by A-site variable perovskite shelling over the perovskite
core due to the alloy formation with smaller/larger A-site
cations, which eventually reduces the average particle size and
in turn offers blue-shifting.”” This tuneability can be achieved by
controlling the composition of the core and shell materials.
This property allows the development of LED devices with
different colours.

(iii) Stability improvement: halide perovskites experience
temperature, light and moisture exposed degradation, which
have been prevented by a coating with inorganic/organic
materials on the core perovskite. One of the main issues in
the fabrication of efficient optoelectronic technologies based on
perovskite nanocrystals (PeNCs) such as LEDs is the relatively
low stability of the phosphor material.®® Due to their ionic
nature, the facile loss of cationic/anionic species from the
perovskite structure stimulates elemental vacancy related defect
states.?” In consequence, a high density of defect sites is formed,
decreasing the optical performance of the active layer integrated
into the device.>**" In this sense, several shelling strategies are
employed to restrain the influence of moisture, high tempera-
tures and harsh polar environments on the PeNC structural
integrity, without hindering the carrier transport into the LED
devices, discussed vividly in a later section.
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2. Types of core/shell perovskite
nanocrystals

PeNC based core/shell nanostructures are semiconductor het-
erostructures, where their physical properties relied on the
corresponding band alignment, classified as type-I and type-1I
heterojunctions.” In the case of type-I heterojunctions, the
valence band (VB) and conduction band (CB) of a smaller
bandgap material are coincident of a larger bandgap material,
and therefore the generated electrons and holes are confined
within the same region. In the case of type-II heterojunctions,
there is a “Z” type band alignment between the VB and CB of the
core and shell materials (see Scheme 1).

Conceptually, type-I semiconductors are favourable for LED
and lasing applications, due to the exciton confinement,
whereas type-II semiconductors are extensively used for catal-
ysis and energy cascade applications, due to the charge sepa-
ration. However, in a recent report by Ye et al., efficient LED
device performance has been achieved from type-II perovskite/
semiconductor core/shell nanostructures.”® Shelling of the
nanostructured crystals can be classified as single core/shell
type and multiple core/shell type. In a single core/shell, there
is a single shelling material, which can be an inorganic semi-
conductor,”**** a multidimensional perovskite core/shell
alloy,”* or organic polymer coated PeNCs.**** In the case of
multiple core/shell nanoparticles, they are formed when many
smaller sized nanocrystals are coated with a single shelling
material. This type of shelling has been studied extensively in
the case of cubic-shaped perovskite nanocrystals, where several
arrangements of nanocubes can be easily encapsulated by
organic or inorganic protective materials.*®

Considering all the possible perovskite nanocrystal-based
core/shell materials, a classification is presented in Scheme 2,
and their particulars are elaborated in the following sections.

2.1 Semiconductor/organic passivator core/shell

The organic coating around colloidal perovskite nanocrystals
can be composed of both polymers and small molecules.
Organic shelling of nanoparticles provides the opportunity of
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Scheme 1 A schematic representation of type-I and type-Il heterojunctions in typical core/shell nanostructures.
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Scheme 2 Classification of core/shell perovskite nanocrystals.

tapping into beneficial traits such as reduced toxicity and
increased stability against common threats such as heat and
moisture.’” In terms of stability, organic shelling can some-
times be proved as a double-edged sword in the case of
perovskite nanoclusters as shown by Urban and coworkers.?®
They fabricated methylammonium lead bromide (MAPbBTr;)
nanoclusters encapsulated inside core-shell micelles of
a diblock copolymer comprising a combination of polystyrene
(PS) and poly(2-vinylpyridine)(P2VP). The core-shell micelles
were formed in toluene where the P2VP block forms the core
and PS acts as the shell. The subsequent addition of the
perovskite precursors in two steps resulted in the crystalli-
zation of halide perovskite within the micelles. Energy
transfer via Fluorescence Resonance Energy Transfer (FRET)
was measured between micelle encapsulated MAPDbBr;
nanoclusters and CsPbBr; nanoplatelets. It was observed that
the best energy transfer efficiency was encountered in the case
of the lowest shell thickness of micelles while the highest
stability of drop-casted thin films under ambient conditions
was encountered in the case of the thickest micelles. The
authors, therefore, advocated the importance of finding
a sweet spot between protection and activity for optimum
device applications with these kinds of core-shell materials.
In this regard, Fei and coworkers reported an interesting case
where the shelling polymer material poly(norepinephrine)
(PNE) is itself a photoactive material capable of light har-
vesting.** They constructed a core-shell system with methyl-
ammonium lead bromide (MAPbr;, M-PE) nanoparticles
encapsulated inside (PNE) thin layers, and the schematic is
presented in Fig. 1a. A core-shell system with a 10 nm thick
shell of PNE, see Fig. 1b, not only exhibited higher stability
against moisture exposure but also showed eight times higher
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photocatalytic efficiency towards the degradation of mala-
chite green dye compared to that of pristine M-PE. However,
a further increase in the thickness of the shell leads to
a decreased photocatalytic efficiency, which again points
towards the necessity of accomplishing an optimum thick-
ness of the organic shell (even if it is photoactive) for the best
performance. Hence, based on these reports, the optimal
organic shell thickness for the perovskite core is a trade-off
between stability and charge transport capabilities, crucial
for achieving superior optoelectronic device performance.
Lee and coworkers recently came up with a breakthrough
finding regarding the shelling of perovskite nanocrystals with
organic molecules for PeLED applications.*® They found out
that post-treatment of a 3D perovskite film of (FAy;MAq
GAy.2)0.87CS0.13PbBr; with benzylphosphonic acid (BPA) results
in BPA capped core-shell nanocrystals, which show a very
strong PLQE of 85%. This report indicates that discrete single
core/shell nanostructures are formed as BPA molecules pene-
trate the large grain of perovskite thin films. A schematic of
such a mechanism is presented in Fig. 1c. The TEM image of
BPA-shelling over perovskite nanocrystals is presented in
Fig. 1d. Based on this observation, it has been concluded that
the shelling of BPA ligands results in the binding of non-
bonded Pb atoms, thereby reducing trap density, minimizing
carrier extraction, and increasing carrier confinement, ulti-
mately leading to enhanced luminous efficiency. These benefi-
cial gains accompanying the transformation into a core-shell
nanocluster are manifested by the unprecedented LED perfor-
mance exhibited by the system. LEDs fabricated with the core-
shell nanocluster system exhibited a maximum current effi-
ciency of 151 ¢d A" and a maximum EQE of 28.9% with
a maximum brightness of 473 990 cd m ™2, which is comparable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) A schematic of MAPbBr3 (M-PE) perovskite core/poly(norepinephrine) (PNE) shell nanocrystals, and (b) the corresponding TEM images

of wide and enlarged views showing a 10 nm thick shell of PNE micelles over perovskite. Reproduced with permission from ref. 39, Copyright ©
2020, American Chemical Society. (c) Schematic of the BPA-induced core-shell formation mechanism. (d) TEM image of a (FAq;MAg 1
GA02)0.87Cs0.13PbBrs core/BPA shell nanocrystal. Reproduced with permission from ref. 40 Spring Nature.

with the highest brightness of state-of-the-art inorganic
quantum dot LEDs, and the record performance for PeLEDs.**
Proper organic capping also allows an increase of perfor-
mance for photocatalytic applications. As an example, the
stability improvement has been demonstrated in alcoholic
media through the introduction of organic coordinated
ligands.”> However, the instability in water is a significant
concern that needs to be addressed to utilize perovskite nano-
crystals in various applications. Very recently, Rao and co-
workers have reported a short-chain multidentate bolaamphi-
philic ligand (NKE-3), able to passivate the perovskite surface
with an ionic terminal bearing amino functionalities and
interact with water molecules with a terminal glutamic acid,
leading to a water suspended colloidal solution of PeNCs.** This
system allowed an efficient long-range dipole-based FRET from
perovskites to Rhodamine B isothiocyanate (RITC) in water,
with FRET efficiencies ranging from 96% to 98%. Additional
research is required to enhance the operational durability of
PeLEDs that are coated with an organic material under moist
conditions to make them suitable for practical applications.
The use of core-shell nanoparticles with organic/polymer
shelling for optoelectronic devices has to provide enough elec-
trical integration as the coating is non-conductive in most
cases. Thus, the major synthetic challenge would be to reap the
benefits of organic shelling, such as enhanced stability, without
compromising the optoelectronic properties of perovskites. One
way to achieve this goal is obviously tuning the thickness of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

organic shell to an optimum value. In addition, the character-
istics of each ligand also will influence the selection of organic
molecules for shelling. Molecules that can directly interact with
the metal could be better candidates as shell materials
compared to those which only form a non-interacting shell as
evidenced by the findings of Lee and co-workers.*

2.2 Semiconductor/semiconductor heterostructure

This class of core/shell structures can be classified into three
subcategories based on the arrangement of the perovskite
material as the core or shell component of the structure. In the
first subcategory, the core is made of perovskite while a non-
perovskite semiconductor (typically, metal chalcogenides)
forms the shell. In the second subcategory, the shell is made of
perovskite while the core is composed of another perovskite
material by altering the dimensions of the perovskite or
changing the A-site cation of the perovskite. Finally, the third
subcategory involves perovskite being utilized exclusively as the
shell material.

2.2.1 Perovskite/semiconductor core/shell. The common
effects and motivations of using the core/shell structure in
perovskite and non-perovskite semiconductor materials (such
as metal chalcogenides) are evident, as they both aim to provide
moisture protection to the material and passivation by sup-
pressing surface vacant states.*****® Nonetheless, a critical
factor also pertains to the core/shell arrangement that enables
the creation of heterostructures, thereby facilitating appropriate

Chem. Sci., 2023, 14, 8984-8999 | 8987
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band alignment to support optoelectronic and catalytic func-
tions.*>**® Regarding LED device applications, some reports
have been published on their pioneering activities such as
stability and enhanced optical activities, and a benchmark has
been established to advance their future LED applications.>**->*

The epitaxial growth of the shell material, which faces strain
related to lattice mismatch, is evidently the primary challenge
in designing any core/shell material. In this context, the lattice
constant of CsPbBr; is 5.85 A and CdS is 5.83 A,***2 which
closely match the values of lattice constants. This fact enables
the formation of a less strained interface in the CsPbBr;/CdS
nanostructure."**** The synthesis and optical properties of
a CsPbBr;/CdS core/shell heterostructure were investigated by
Kipkorir et al.** The study revealed that CdS capping effectively
suppresses defect states at the surface of core CsPbBr; nano-
crystals. This core/shell nanocrystals exhibit a nearly seven-fold
increase in time-resolved PL lifetime compared to pristine
CsPbBr; nanocrystals, see Fig. 2a, which is an additional
advantage of the core/shell structure in addition to surface
passivation. The heterostructure formation facilitates the
formation of quasi type-II band alignment, see Fig. 2b, where
the nearly isoenergetic conduction band of core CsPbBr; and
shell CdS offers delocalization of electrons across two semi-
conductors, prompting charge separation.

Another exciting performance of ZnS nanolayer coating over
CsPbBr; nanocubes has been reported by Ravi et al.,”® which
also established nearly 15 times extended PL lifetime of the
CsPbBr;/ZnS core/shell nanostructure in comparison to core-
only CsPbBr; nanocrystals, see Fig. 2c. As explained in the
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previous paragraph, heterostructure formation due to the
coating of a metal chalcogenide layer over the perovskite elec-
tronically facilitates the PL lifetime. In this example, the valence
band maximum is in a similar position to that of CsPbBr3, and
the conduction band minimum is significantly higher than that
of CsPbBr3, and then they form a quasi-type-II heterostructure,
where the hole is delocalised with the core and shell and the
electron is localised in the core material, see Fig. 2d. From this
observation, the significant PL lifetime enhancement is
explained. The high-resolution TEM image of the epitaxial
heterojunction of CsPbBr; and ZnS is presented in Fig. 2e. In
this work, the authors have also studied the water and photo-
stability of the nanostructure.

From these recently developed reports on perovskite/
chalcogenide core/shell nanostructures, PL lifetime enhance-
ment is the common effect that has been established. In this
context, a longer lifetime can result in a more stable and
consistent emission of light over time, which is important for
practical applications of LEDs, where uniform and long-lasting
lighting is needed, which could be a potential aspect of
CsPbBr;/MS (M = Zn, Cd) core/shell nanocrystals for future
implementation as a PeLED.

Lead chalcogenide is found to be an efficient chalcogenide-
based shelling semiconductor because of common metal ions
(Pb*", herein). In a report by Zhang et al., PbS shelling CsPbl;,
nanocrystals are constructed for the application of efficient and
stable PeLEDs. The PbS-shelling not only passivated the CsPbls;,
but also induced a switch in its semiconducting behaviour from
n-type to ambipolar. As a result, the PeLED's

e]

CB (e
hv B -
CsPbBr,/CdS

I
200 nm

(a) Time-resolved PL lifetime of the CsPbBr3/CdS core/shell nanostructure showing enhanced lifetime comparison to the pristine. (b)

Schematic of the presentation of carrier recombination of the carrier transfer process of pristine CsPbBrsz and CsPbBrs/CdS core/shell nano-
structures. Reproduced from ref. 24 under the terms of the CC-BY license. (c) PL lifetime of CsPbBrs/ZnS showing 15 times enhancement in
comparison to the control (CsPbBrs-oleylammonium bromide capped). (d) Schematic of the CsPbBrs/ZnS core/shell band structure showing
typical charge separation in the semiconductor heterojunction. (e) HR-TEM image of the typical heterojunction of the CsPbBrs—ZnS core/shell
heterojunction. Reproduced from ref. 23 with permission, Copyright © 2020, American Chemical Society.
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electroluminescence occurred in a p-i-n structure.*® Further-
more, the effectiveness of PbS-shelling is demonstrated by its
tolerance to polar solvents in a case study involving CsPbBr;/
PbS core/shell nanostructures.*

The perovskite/chalcogenide semiconductors have been
synthesized successfully; however, there are some limitations in
the synthesis of a wide range of metal chalcogenide shelling
following the colloidal synthesis strategy. The challenge in this
synthesis lies in the following factors: (i) separate growth of the
chalcogenide nanocrystals, (ii) degradation of perovskite
nanocrystals in the presence of the shelling precursor materials,
and (iii) reaction temperature that leads to uncontrolled growth
of shelling materials, and at the same time perovskite nano-
crystal ripening/agglomeration. To overcome these synthesis
obstacles, Ravi et al. synthesized CsPbBr;/ZnS core/shell nano-
crystals using Zn(DDTC), as a single molecular precursor to
grow a ZnS shell epitaxially over the CsPbBr; core, where the
shelling procedure do not interfere to degrade the core perov-
skite. The single molecular precursor slowly releases Zn and S at
lower temperature, and hence the chances of separate growth of
ZnS quantum dots are ruled out. CsPbBr;/ZnS nanocrystals are
synthesized by the low temperature ZnS shell growth and the
slow release of the precursor, which eventually prevents the
separate nucleation of the ZnS impurity phase.*

2.2.2 Perovskite/perovskite core/shell. Perovskite/
perovskite core/shell heterostructures can be subcategorized
into three main types based on the dimensions of the constit-
uent components:

(i) 3D/3D core/shell heterostructures consist of a 3D perov-
skite core and a 3D perovskite shell, where the two perovskites
have different compositions or crystal structures. In the case of
3D/3D core/shell heterostructures, shelling of 3D perovskites
over 3D perovskite nanocubes has been reported to provide
better photophysical performances. In this way, Yang and
coworkers® have developed the colloidal synthesis of core/shell
PeNCs, through the epitaxial growth of CsPbBr; on FAPDbBr;
PeNCs, see the schematic presented in Fig. 3c. The core-only
FAPbBr; nanocrystals exhibit an average particle size of 8.2 +
1.2 nm. Upon shelling with CsPbBr; at an FA: Cs molar ratio of
1, the average particle size increases to 11.2 £ 1.1 nm, see Fig. 3d.
The resultant FAPbBr;@CsPbBr; nanocrystal composite
solutions exhibit a PLQY of up to 93% and are stable under
ambient conditions for 70 days and resistant to continuous UV
illumination for 50 h. The combination of both kinds of nano-
particles induces the emergence of alloyed FA,Cs; _,PbBr; at the
core/shell interface, favoring the surface defect passivation and
thereby the improvement of radiative carrier recombination.
This modification can be observed through the electrolumines-
cence (EL) spectra of the materials, achieving a displacement of
the EL peak position of the PeNCs by varying the thickness of the
CsPbBr; shell. In this way, green-LEDs were fabricated with
a maximum EQE of ~8.1%, luminance (L) of ~1758 c¢d m 2,
initial operation voltage (Vox) = 2.6 V and a maximum opera-
tional lifetime (T5,) of ~ 47 min, at L = 100 cd m 2.

(ii) 3D/2D core/shell heterostructures consist of a three-
dimensional (3D) perovskite core and a two-dimensional (2D)
perovskite shell. In the case of 3D/2D, 2D perovskites are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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composed of hybrid organic-inorganic materials and their het-
erojunctions are formed through van der Waals epitaxy. In the
case of van der Waals heterostructures,* the capping ligands
(act as a spacer cation) attached to the halides can have possible
interaction with a next inorganic layer(s) surrounding the 3D
perovskite nanocubes. Eventually, this type of interaction leads
to the development of a 3D perovskite structure featuring a layer
of 2D perovskite.’”*® In principle, the category of such a kind of
shelling is a single core/shell type, where the individual nano-
cubes are shelled by 2D perovskite layers. As an example,
a single layer of guanidinium lead halide over 3D perovskites
acts as the 2D perovskite shell over 3D perovskite nanocrystals,
which has been studied in a few recent reports. This configu-
ration passivates the surface trap states and improves the
carrier transportation for the solar cell performance. The
benefits of guanidium cations are attributed to their strong
hydrogen bonding ability with the surface halides, which in
turn facilitates the surface defect recovery.>*** 3D/2D core/shell
perovskites are regarded as multidimensional perovskites,
where Chen et al. revealed that the multidimensional type-I
heterostructure formation between 3D MAPbBr; and 2D
(octylammonium),PbBr, leads to multiphoton absorption,
which are useful for multiphoton imaging applications.®” In
a recent report by Ye et al,” spin-polarised luminescence
behaviour has been studied, where a chiral organic ammonium
bromide molecule is introduced to provide a 2D perovskite layer
coating, which formed a 3D/2D core/shell with a type-II heter-
ostructure. In this study, the chiral shell acts as a spin-filter to
select the spin to inject into the achiral core, which eventually
imparts the spin polarised properties to the achiral MAPbBr;
core. This effect is finally applied to the room temperature spin-
LED application to obtain spin polarised electroluminescence.
Fig. 3a provides the schematic of such an achiral MAPbBr; core/
chiral 2D organic ammonium bromide shell (upper panel), and
the TEM image (lower panel) of MAPbBr;/(S/R)-(+/—)-o-methyl-
benzenemethanammonium lead bromide (¥*PEA,PbBr,) core/
shell. A thin layer of ¥®PEA,PbBr, 2D perovskite surrounding
the achiral MAPbBr; core is clearly observed from the TEM
image (Fig. 3b), where the thin layer controls the spin-selective
injection into the core MAPDbBT;.

(iii) 3D/OD core/shell heterostructures consist of a 3D
perovskite core and zero-dimensional (0D) perovskite nano-
particles on the surface. 3D/0D core/shell perovskites refer to
the epitaxial shelling of a 0D perovskite onto a 3D perovskite.
Although FAPDbBr; (with a bandgap of 2.18 eV) has been found
to be a superior ultrapure green emitter compared to CsPbBr;
(with a bandgap of 2.25 eV), the hybrid organic-inorganic
FAPbBr; is much less stable than the all-inorganic CsPbBrs;.
However, by shelling the FAPbBr; core with 0D Cs,PbBr,
perovskite, a recent study by Zeng et al.>* has demonstrated
high stability with improved emission. The presented heter-
ojunction is of the type-I category, wherein the core material
has a bandgap of approximately 2.18 eV and the shell material
has a bandgap of around 4.0 eV. Fig. 3f depicts the atomic
model of the FAPbBr; core and the sequential growth of
Cs,PbBrg through the creation of a mixed alloy transition
layer of FA,Cs;_,PbBr;. The shelling process involves the
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Fig.3 3D/3D core/shell: (a) schematic presentation of the epitaxial growth of CsPbBrs on FAPbBrs PeNCs, and their TEM images and particle size
histogram of (b) core-only CsPbBrs and (c) core/shell CsPbBrs/FAPbBrs PeNCs. Reproduced with permission from ref. 50, under the terms and
conditions from creative commons CC-BY license. 3D/2D core/shell: (d) schematic of the 2D/3D core/shell atomic model and (e) corresponding
TEM image of a MAPbBrs/(¥'RPEA,PbBr,) core/shell nanocrystal. Reproduced from ref. 25 with permission, Copyright © 2020, American
Chemical Society. 3D/0D core/shell: (f) schematic of the atomic model of the FAPbBr3 core and the sequential growth of Cs4PbBrg through the
creation of a mixed alloy transition layer of FA,Cs; ,PbBrs, and their TEM images and particle size histogram of (g) core-only FAPbBrs and (h)
core/shell FAPbBrs/Cs4PbBre PeNCs. Reproduced from ref. 21 with permission, Copyright © 2020, American Chemical Society.

epitaxial growth of Cs,PbBrs over FAPbBr; nanocubes, with
Cs' ions partially penetrating the FAPbBr; lattice and
reducing the lattice mismatch. The shelling is carried out
seamlessly through the FA; ,Cs,PbBr; transition layer. The
TEM images of FAPbBr; core-only and FAPbBr;/Cs,PbBrg
core/shell nanocrystals are provided in Fig. 3g and h. Xu
et al®* reported multiple core/shell perovskite nanocrystals
embedded in another perovskite matrix useful for LED
applications. They have prepared a green-emitting LED based
on a CsPbBr;/Cs,PbBrs nanostructure using a solution growth
thin film deposition technique.

Despite the success in the synthesis of core/shell perovskite
nanocrystals, limitations can be encountered during the
synthesis, where the first and foremost is the mixed phase
formation instead of the core/shell. Despite the benefits of
shelling upon the van der Waals interaction for 2D perovskites,
their morphology is typically large sheets and it is hard to
control the length of the sheets, which might be challenging for
shelling over a 3D cubic shaped perovskite material, since it is

8990 | Chem. Sci, 2023, 14, 8984-8999

very hard to grow a crystal over the cubic-shaped nanocrystals.
The nanocubes have six planes and twelve edges, which makes
it quite challenging to shell them with a different material, due
to the limited formation potential caused by the restricted
degree of freedom. In this context, Xu et al. designed the
morphology of the MAPbBr; core material as spherical in
MAPbBr,;/*®PEA,PbBr, core/shell perovskite. It is anticipated
that the shelling of the 2D material has less formation potential.
In some reports, the challenges are overcome to have shelling
over nanocubes, and among those reports, the synthesis of
perovskite/perovskite Cs;_,FA,PbBr,I;_, core/shell nanocrystals
is carried out following a modified hot-injection method, where
FABr in isopropyl alcohol and the protective alkylammonium
iodide ligand in isopropyl alcohol was injected sequentially into
colloidally dissolved lead iodide solution in the presence of
oleic acid and oleylamine at 140 °C and 150 °C, respectively. In
the following step, Cs-oleate was injected at 200 °C, and the
reaction was quenched by rapid cooling in an ice bath. In this
example, isopropyl alcohol helps to dissolve organic cations and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acts as an antisolvent to crystallize hybrid core/shell perovskite
nanocrystals.”

In this regard, the synthesis challenges of core/shell
perovskite/perovskite nanocrystals irrespective of the dimen-
sions of the perovskites have been solved partially; however,
some fundamental concepts are still in the embryo stage to
elaborate. Table 1 depicts the synthesis challenges and their
possible outcome:

2.3 Perovskite/inorganic protective layer core/shell

Prominent inorganic non-perovskite materials are designed for
the coverage of PeNCs based on metal oxides,** sulfates,***”
phosphates,®® tungstate,* and alkali metal halides,” or the
synthesis of core-shell based PeNCs'” to promote the passiv-
ation of surface defects and improve the radiative recombina-
tion mechanism. Brovelli and coworkers’™ have revealed the
“resurfacing” concept to prepare CsPbBr; PeNCs for ultra-
bright LEDs. The authors performed the triple ligand method
in which some quaternary ammonium salts such as didode-
cyldimethylammonium bromide (DDAB) are added during the
hot-injection synthesis, and then they led to the in situ growth
of a NiO, layer covering the nanocrystals. Accordingly, PeNCs
with PLQY up to 100% are produced with enhanced electronic
properties. This is caused by the partial removal of oleic acid
and oleylamine ligands during NiO, treatment leaving DDAB
moieties. In this context, the relative band structure of the
different hole- and electron-transport layers composing the
device is aligned with the PeNCs:NiO, composites, favoring an
effective carrier injection and mobility into the active layer. The
core/shell structure serves as a barrier to prevent moisture from
reaching the active layer of the device, thus enhancing its long-
term stability. This is particularly important for organic elec-
tronic devices as they are more susceptible to moisture-
induced degradation than their inorganic counterparts.
Furthermore, the formation of a NiO, heterostructure on the
surface of the PeNCs enhances the carrier transport properties
of the device. This is due to the synergistic band-alignment

View Article Online
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between the PeNCs and NiO,, which improves the energy
level alignment and facilitates efficient charge transfer. Over-
all, this study highlights the importance of core/shell struc-
tures in enhancing the stability of organic electronic devices
and the potential of heterostructure formation for improving
their performance. In this way, highly efficient green-LEDs
were obtained with EL spectra with a peak centered at
514 nm, CIE color coordinates of (0.05, 0.66) ascribed to ~90%
saturated green light, see Fig. 4a, a maximum EQE of ~23.7%,
see Fig. 4b, a L of ~ 5000 cd m~2, Vox = 2.8 V and a maximum
Tso of ~ 3 h, at L = 150 cd m™2; T5, = 15 min, at L = 1200 cd
m~?and Tso =3 h, at L = 150 cd m 2.

Gonzalez-Pedro et al. showed the positive passivation effect
of the shelling of CsPbX; cores with amino-functionalized
silanes on the PLQY.”” On the other hand, Leng and
coworkers” have reported the preparation of ultrathin core/
shell structured CsPbMnX; PeNCs@SiO, composites (X = Cl,
Br) through a reverse microemulsion method under room
conditions. In this synthetic route, the addition of tri-
octylphosphine as a multibranched capping agent is pivotal to
avoid the structural deterioration of the perovskite during the
hydrolysis of silane species, also hindering the direct interac-
tion between the nanocrystals and water molecules formed
from the hydrolysis process. In this context, Cs(Pb/Mn)X;
PENCSs@SiO, composites show an enhanced resistance to
heat, with a PLQY of ~50.5%. Furthermore, this material does
not exhibit any anion-exchange with other perovskite nano-
particles such as CsPbBrz, maintaining its initial PL features.
The mixture produced between the green- and stable yellow-
light emissions from above Br- and Mn-PeNCs respectively
can produce white-light emission without any signal of spectral
shift, see Fig. 4c, combined with a blue on-chip LED device,
generating white-LEDs (WLEDs) with an improved luminous
efficiency of ~68.4 ImW ™", correlated color temperature (CCT)
ranging from 3857 K to 5934 K and a high color-rendering index
(CRI) of ~90%, see Fig. 4d. This fact demonstrates the viability
to fabricate white LEDs (WLEDs) with high color purity and
suitable performance.

Table 1 Limitations and possible outcomes of perovskite/perovskite core/shell formation

Limitations

Possible outcome

oThe concept of epitaxy formation between iso- or multi-dimensional
perovskites still needs to be disclosed properly, which is necessary to
design wide varieties of perovskite core/shelling

eTwo-step preparation method sometimes leads to the further abrupt
growth of core materials alongside the growth of shelling materials

eUncontrolled growth of the shelling material

© 2023 The Author(s). Published by the Royal Society of Chemistry

o In the case of the 3D/2D system, the van der Waals epitaxy forms
between the organic spacer of 2D perovskite with metal halide
octahedra; therefore, the design of the organic molecule (spacer cation)
with a suitable functional group for better interaction

o In the case of the 3D/3D and 3D/0D systems, it is important to
understand the lattice constant of both the materials

e Improved purification of the core materials is very important, since the
unreacted precursors can react further to promote the control/abrupt
growth

o Reaction parameters such as temperature and reaction time need to be
considered for the growth of shelling materials

o Dropwise addition of the shelling material as a function of time
instead of one-time addition might help to prevent the uncontrolled
growth of shelling materials

e Shelling must be done at considerably lower temperature to prevent
a faster growth

Chem. Sci., 2023, 14, 8984-8999 | 8991
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(a) EL spectra and (b) EQE of ultrabright green-LEDs using PeNCs:NiO, composites as active layers. Reproduced under the terms of the

ciety. (c) Typical PL spectra of individual CsPbBrz (sea-green curve),
e) under UV illumination. The inset of Fig. 4c shows the white-light
(d) CRI and CCT of a WLED device fabricated from the nanocrystal

combination as a function of diverse driving currents during device operation. Reproduced with permission.” Copyright 2019, John Wiley &

Sons, Inc. (e) Fabricated LCD display with its corresponding (f) PL spect

rum and (g) estimated CIE color coordinates for white color emission

produced by the LCD prototype (black line) compared with the NTSC standard color gamut area of CIE1931 (dashed line). Reproduced under the

terms of the CC-BY license.” Copyright 2022, The Authors. John Wiley

Dirin and coworkers”™ have developed the synthesis of
colloidal CsPbX; PeNCs covered with metal oxide gel coatings
by introducing non-hydrolytic sol-gel reactions. Here, alumina-,
zirconia- and titania-based gel coatings were prepared and
studied to improve the stability of PeNCs in polar environ-
ments. By reacting the corresponding metal halide MX; (M = Al,
Zr, Ti; X = Cl, Br, and I) and metal alkoxide M(OR); (R = #-Bu),
the subsequent addition of the PeNC solution and the precipi-
tation step with acetone, coated nanoparticles with a charged
surface were obtained, being dispersible in water and some
alcohols. At this stage, metal oxide gel coatings have replaced
organic capping ligands from the material surface. While the
crude gel-coated NCs contain excess gel, which can be washed
away by precipitating them in a nonpolar to less-polar solvent
(e.g., diethyl ether or hexane), after several rounds of washing
(up to 5), thin metal oxide gel coatings ~1 nm are achieved.
However, some differences in the stability of the coatings
influence the final PL properties of the PeNCs. The presence of
an Al coating on PeNCs generates nanoparticles for any halide,
with a full width and half maximum (FWHM) of ~20 nm and
PLQY values up to 90%. In contrast, the Zr- and Ti-coatings are
not efficient compared to their Al analogues, hindering the
removal of part of Zr-coverage during the purification step
(causing a decrease in PLQY to obtain values between 40 and
50%), or the complete quenching of the PL features in the
presence of Ti-coverage. In this scenario, a titania layer can act

8992 | Chem. Sci, 2023, 14, 8984-8999

& Sons, Inc.

as an electron scavenger, which in contrast could be beneficial
for photocatalytic systems. Accordingly, some limitations
emerge which hinder the synthesis of high-quality PeNC based
composites such as the partial removal of the inorganic shell
during the purification step, the reactivity of the shell itself or
the use of precursors reactive towards the nanoparticle core,
and those inorganic species that incorporate carrier traps into
the perovskite, decreasing the optical performance in the final
composite. Hence, the choice of a convenient metal oxide layer
would be pivotal to establish which PeNC dispersions are suit-
able to enhance the optical performance of LED devices.
Interestingly, Manna and coworkers’ have performed the
synthesis of CsPbBr; PeNCs covered with a mesoporous SiO,
layer (m-SiO,), in the presence of stoichiometric contents of
molten salts based on NaNO;, KNO; and KBr salts, under room
conditions, at 320-350 °C. Under these conditions, PeNCs@mn-
SiO, composites are obtained. These materials show a PLQY of
~89 + 10%, stable PL performance up to 3 h at 180 °C, in saline
water at 90 °C up to 24 h, even resisting into an aqua regia
(strong acidic environment) system for at least 30 days. The
main ions such as K" and Br~ from the molten salts favor the
compensation of surface defects in the nanocrystal. Accord-
ingly, these materials were used as green-color converters into
a prototype display, where the composite embedded into
a polymer film was mounted into a customized 7-in. LCD
system with a magenta LED backlight (composed of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a commercial blue-LED and a red-emitting K,SiFs:Mn*"), see
Fig. 4e. The final device produces a white-light emission, see
Fig. 4f with CIE color coordinates of (0.3067, 0.3271), and
a correlated color temperature of 6861 K, covering 92% of the
NTSC standard color gamut area of CIE1931, see Fig. 4g. This
color gamut is higher compared to that offered by a commercial
phosphor LCD display, for instance, that contained in a Dell
XPS 15 7590 laptop. This contribution highlights that high-
quality PeNC composites can be used in real systems,
focusing on future device commercialization.

2.4 Chalcogenide quantum dot/perovskite core/shell

From the other point of view, ligand exchange of PbS quantum
dots (QDs) using perovskite precursors is a method used to
epitaxially grow the perovskite matrix over the inorganic QDs by
replacing the original organic ligands on the surface of the QDs
with the perovskite precursors. PbS QD crystals have a rock salt
structure that is compatible with perovskite, and this allows the
perovskite to crystalize around the PbS QDs.”” These systems
offer the advantage of versatility, as different combinations of
perovskite precursors and PbS size can be coordinated, thus
tuning the final optical properties. For instance, a triple cation
shell results in a favorable energetic alignment with the core of
the dot, thus leading to improved solar cell performances.”®
This strategy is also adopted in the case of PbS QD embedded
perovskite matrices. Through a ligand exchange process, native
oleates anchored to PbS QDs are replaced by a perovskite ligand
(for instance, FAPDI; ligand), see Fig. 5a, and the polarity of the
ligand itself makes them compatible with the polar solvent in
which the perovskite is soluble. The perovskite matrix in the
presence of the QDs will show different structural and optical
properties.””® It has been demonstrated that after annealing,
a monolayer of the perovskite can be formed around the PbS
QDs, and this guarantees passivation of the PbS structural
defects, shielding them from degradation upon exposure to
ambient air for a prolonged time, see Fig. 5b and b/, and
enhancing their optical and electronic properties. Pb-halide
passivation leads to PbS QDs/perovskite with optical proper-
ties that are well-described by a theoretical model, based on
a type I finite-barrier heterostructure between the PbS QD and
the perovskite matrix. Ning et al. have successfully synthesized
polyheterocrystalline solid multiple core/shell PbS/MAPbI; NCs,
characterized by an epitaxial junction. Due to the type I junction
commented above, the quantum confined infrared emission
coming from the PbS QD core fulfils the criteria for advanced
LED device performances.®* Finally, these PbS/perovskite
systems are good candidates for short-wave infrared (SWIR)
photodetectors. Yin et al.®* fabricated photodiodes with an EQE
enhancement of 2.5 times compared with control devices,
reaching an internal quantum efficiency of over 90%. On the
other hand, a large area application has been reported, in which
the judicious choice of the solvent (specifically 2,6-difluor-
opyridine, DFP) led to the preparation of stable PbS QD
colloidal solutions in the presence of the MAPbI; (MAPI) ligand
(Fig. 5¢). To provide a wide analysis of the photophysical
properties of PbS QDs, nanoparticles were grown with a particle

© 2023 The Author(s). Published by the Royal Society of Chemistry
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size, from 2.7 to 3.7 nm diameter, corresponding to excitonic
absorption peaks from 855 to 1070 nm.** After the ligand
exchange process, these absorption edges/PL peak positions
were redshifted from 892 to 1127 nm, see Fig. 5d, associated
with the reduction of the quantum confinement effect by the
action of the perovskite ligand. This feature is pivotal to prepare
IR absorption layers through blade-coating deposition and
improve the performance of PbS QD-based solar cells achieving
photoconversion efficiencies of ~8.7% (Fig. 5e).** Considering
that an improved carrier mobility is favored into the IR-active
layer, this feature could be pivotal to promote the carrier
injection into the MAPI-capped PbS QDs and fabricate prom-
ising IR-LEDs with high optical performance.

An important aspect regarding the preparation of LEDs is
that by tuning the distance between adjacent PbS quantum
dots, it is possible to improve the LED efficiencies® to achieve
the optimum balance between charge injection and radiative
exciton recombination.®** Moreover, by varying the size of the
quantum dots, the emission wavelengths between 800 and
1850 nm can be tuned.

To summarize the positive effects of using core/shell PeNCs
for fabricating efficient and stable LEDs, we can mention that
the introduction of organic/inorganic shelling and the forma-
tion of different types of heterostructures promote the surface
passivation of the perovskites. Mainly, the density of halide
vacancies and non-coordinated Pb (and thereby the content of
carrier traps) is suppressed, favoring the emergence of high-
quality PeNC emitting layers with improved radiative recombi-
nation and high PLQY. In this context, the higher the PLQY,
more efficient electrons-to-light conversion will be reached by
the PeNC-based LEDs, enhancing their performance. Moreover,
core/shell PeNCs can exhibit a longer PL lifetime compared to
pristine PeNCs, and the composition of the core and shell
materials can be modulated, so that their incorporation as
emitting layers can produce multicolor LED devices with
a brighter, more stable and consistent light emission during
their operation. Simultaneously, the coverage of PeNCs with
organic/inorganic shells avoids the direct interaction or
permeation of oxygen or polar molecules such as water or
alcohols, allows PeNC processing under harsh conditions such
as acids, saline water, and high temperatures, and hinders the
anion-exchange between different kinds of halide perovskites.
These facts extend the long-term stability of luminescent
materials. Therefore, the fabrication of efficient LEDs with EQE
values close to 30%, with high luminance/current parameters,
and the introduction of stable PeNCs as color converters into
the real prototypes of LCD systems are possible, mediating the
generation of white light emission with enhanced color quality
and CRI. In this scenario and considering the above benefits of
the core/shell PeNCs, the PeNC-based LEDs are considered as
promising energy-efficient and rapidly developing lighting
technologies for future commercialization.

3. Characterization

Shell-growth monitoring includes the morphology evolution
and the real-time steady-state PL analysis. In situ measurement

Chem. Sci., 2023, 14, 8984-8999 | 8993
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(a) Photographs of the ligand exchange process between oleate-capped PbS QDs dispersed in octane and FAPbIs (FAPI) precursors: (i)

before the interaction with Pbl, + FAI in DMF and (ii) after the ligand exchange to produce FAPI-capped PbS QDs dispersed in DMF. (b) Typical
XRD patterns of the FAPI films in the presence of different concentrations of PbS QDs at (b) 0 day and (b) after 30 days of aging under ambient air.
Reproduced from ref. 80 with permission, Copyright © 2020, American Chemical Society. (c) Schematic illustration of the stabilization of
MAPbIz-capped PbS QDs in the presence of DFP. (d) Optical properties of PbS QDs before (dashed lines) and after (solid lines) ligand exchange in
the presence of DFP. (e) J-V characteristics of the record PbS QD based solar cell by using MAPI-capped PbS QD active layers. The inset of (e)
exhibits the respective structure of the solar cell. Reproduced under the terms of the CC-BY-NC-ND license from ref. 83, Copyright © 2021, The

Authors, American Chemical Society.

would allow time-resolved spectra to be recorded during the
complete synthetic process, i.e., during precursor mixing,
warming-up, injection steps and so on. Therefore, PL and UV-vis
would give complementary information: PL would be used to
obtain spectrally resolved information about the nucleation
kinetics, while UV-vis gives more information on the presence
of intermediate phases during the material formation.*® As an
example, the fast nucleation and growth of CsPbX; nanocrystals
following the hot-injection synthesis method have been inves-
tigated using the in situ steady state PL technique, where
a broad and weak PL peak was detected at higher energy arising
from the surfactant capping ligands and just after the third
element injection (Cs-precursor or halide precursor), where
a red-shifted narrow spectrum is observed.»® In this context,
the shelling mechanism can be investigated by detecting optical
illusions occurring during the shelling process of the core-
perovskite nanocrystals. A quantitative PL setup to measure
PLQY and determine carrier lifetime would quantify radiative
recombination over total recombination*” to study the effects of
shelling. In particular, organic shelling leads to minimizing the
surface defects, as can be explained from this study. In addition,
the PL lifetime of the core material after shelling is extended in
comparison to the pristine core, as shown and explained in
a previous section (Fig. 2a and c).>*** Simultaneously, UV-vis is

8994 | Chem. Sci, 2023, 14, 8984-8999

one of the simplest and primary tools to study the absorbance
evolution of shelling materials and can be carried out simulta-
neously with the in situ characterization of PL. In situ micros-
copy would prove invaluable in identifying the key features of
heterojunctions in real time and would play a key role in the
future design and implementation of such systems. Real-time
TEM analysis enables the study of the evolution of the as-
grown shelling material by studying the changes of shell
thickness over time at different stages of reaction.*” The TEM
images of core/shell nanocrystals show a different contrast
shelling over the core material (Fig. 1b and d), while the high-
resolution TEM image shows epitaxial formation at the heter-
ojunction of a core/shell (Fig. 2e). In terms of crystallite size
changes, TEM analysis is the key tool to study successive
particle size changes at different stages of shelling. This would
enable the most relevant processes to be accurately monitored
and understood and the optimal composition to be determined
with high precision and reproducibility. Using the described
high-resolution techniques, along with microscopy techniques,
the morphology and electronic properties will be accessible. An
understanding of the epitaxial matching between the core and
the shell materials requires local or atomistic information.*”
In perspective, the development of new characterization
techniques based on Transmission Electron Microscopy (TEM)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also opened wide perspectives toward the understanding of the
core-shell structure. Four-dimensional scanning TEM (4D-
STEM) is an emerging technology to extract not only the
intensity signal but also the phase information of the spec-
imen.®® Moreover, cation inversion at the interface in core-shell
nanoparticles has been investigated recently by performing
electron energy-loss spectroscopy (EELS) measurements with
atomic resolution to map the ions in the shell and in the core
structure.® In addition, by X-ray absorption spectroscopy (XAS)
for determining the local geometric and/or electronic structure,
the chemical composition and distribution of atoms in the
crystal structure would be accurately determined.

In addition, the engineering of the LED device is straight-
forward and adheres to a traditional device architecture, which
employs an inverted structure. In such a traditional configura-
tion, a hole transport layer (PEDOT:PSS) is deposited, followed
by a blocking layer (Poly-TPD), on top of an ITO-coated glass
substrate. Next, the active layer consisting of core/shell perov-
skite NCs is deposited. On top of the active layer, an electron
transport layer (PO-T2T or TPBi) is applied, followed by a buffer
layer of LiF, and finally, aluminum is deposited.

4. Conclusion and prospects

Perovskite nanocrystals have recently been exploited for several
optoelectronic applications. Common challenges in these
systems such as thermodynamic stability and colour emission
purity have been addressed. However, there is an unexplored area
regarding tuning PeNC synthesis to reduce non-radiative
recombination and core/shell structures can help enormously
in this task. The knowledge of the free exciton and self-trap
exciton phenomena along with control over the composition,
growth and morphology of core/shell perovskite would broaden
the prospects of real-world applications. The detailed under-
standing of the core/shell chemistry and mitigation of challenges
aided by progress in synthesis and characterization will enable
rapid advancement in this field. Inorganic and organic shelling
orientation mechanisms and their impact on the stabilization of
the perovskite core remain inadequately unexplored. In this
regard, the optical properties of core/shell nanostructures,
particularly colour emission stability, offer promising avenues for
further improvement. Even though, for light management, highly
emissive perovskite NCs already surpassed the conventional
semiconductor quantum dots, e.g. chalcogenides, due to better
colour tunability and narrow emission linewidth, the shelling
strategies will improve the long-term stability,” focusing on their
ultimate application in advanced technologies such as ultrahigh-
definition commercial displays. Shelling of CsPbBr; NCs at the
surface of inorganic microcrystalline carriers (NaBr) provides
excellent stability against a vast variety of solvents, slightly nar-
rowing the PL emission (~20 nm).”* In this context, the future
goal with such examples could be interesting for single crystal
LED applications. Other interesting fields in which the core-shell
strategy pays include the fabrication of large-area and flexible
PeLEDs for display applications."” Moreover, the charge separa-
tion and carrier extraction at the heterojunction of type-II core/
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shell nanostructures can stimulate photocatalytic and photode-
tector applications.***®

Furthermore, the core/shell system offers the possibility to
change the fundamental properties of matter by changing the
NC size and the shell thickness, thus making it strongly coupled
to light.*> Potentially, systems consisting of emitters separately
surrounded by an inorganic shell look rather promising for
polariton LEDs,” and in turn for developing high speed LEDs
for communication systems. The potential of strong coupling to
control light-matter interactions is far ranging with application
in quantum information, polaritonic chemistry, lasing and even
the development of novel coherent light sources.®**® Recent
advances in heterostructures based on core/shell systems give
ground to believe that the shell capping layer could indeed be
used in many practical devices by exploiting the strong coupling
effect.”
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