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ABSTRACT: Newly emerging perovskite nanocrystals (NCs) have shown a huge
potential to be utilized in a gamut of optoelectronic devices due to their superior
photoluminescence quantum yield (PLQY), tunable emission wavelength, and facile
synthesis protocols at low cost. Despite the enormous progress made in synthetic protocol
development, their poor stability against environmental stressors remains a major
shortcoming that significantly restricts their practical applications and future
commercialization. Of particular interest, core/shell NC engineering has fueled significant
progress not only to improve the luminescent properties, reduce exciton recombination,
suppress non-radiative recombination, and enhance the charge carrier transport but also,
perhaps more importantly, to improve the semiconductor materials’ stability under harsh
environmental conditions. Accordingly, this architecture represents a promising avenue to
alleviate the stability issue and, therefore, could push the devices’ operational stability and
performance forward. In this Focus Review, we explore the successes and challenges of
recently reported perovskite core/shell heterostructures and summarize the synthesis
methods, the photophysics after shelling, the theoretical approaches, and the applications. Finally, we conclude with a
discussion of new opportunities and suggestions to push this research area a step forward.

Lead halide perovskite nanocrystals (NCs) have recently
emerged as a prime contender to replace conventional
semiconductor NCs because of their abundant elements,

remarkable optical behaviors, and ease of solution processing at
low cost.1,2 The intriguing properties of perovskite NCs, such as
narrowband emission, high photoluminescence quantum yields
(PLQYs), excellent color purity, compositional and band-gap
tunability, and the ability to be relatively benign to structural
defects, make them striking candidates for a broad range of light
conversion applications, including photovoltaics, light-emitting
diodes (LEDs), display backlights, photodetectors, and single-
photon sources.2−17 Despite the apparent exceptional benefits,
the environmental stability of the NCs remains a major
challenge that significantly obstructs their practical applications
and scalability for commercialization.

First of all, the primary causes of the instability issues are the
soft ionic bonding nature and low crystal lattice energy of the
perovskite NCs, which lead to rapid crystallization rates and low
formation energies of lead defects or halide vacancies.2 Second,
owing to the intrinsic dissolubility equilibrium and high dynamic
binding of the native ligands, perovskite NCs undergo serious
surface ligand cleavage and, thus, increase the tendency of the
NCs to disassemble when exposed to polar or proton-donating
solvents.18 Third, the use of weak protic or polar anti-solvents as
precipitating agents during the post-synthetic purification
processes makes the surface ligands weakly bonded and easily
disintegrated from the NC surface, thereby inevitably inducing
colloidal decomposition. Fourth, the anion-exchange reactions
of different halide compositions lead to inescapable halide ion
segregation.5 Fifth, the low melting point of the perovskite NCs
facilitates the sintering effect when they are present in close
contact.2 Finally, some perovskite structures are plagued by
phase instability under some environmental variations or when
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prolongedly exposed to polar solvents, and they sometimes
nucleate in different phases within the same NC.19−21

Consequently, all of these instability issues make the NC
surface environmentally vulnerable and unsurprisingly cause not
only NC decomposition and transformations but also
luminescence quenching and poor electron mobility when the
NCs are integrated into optoelectronic devices.22

Over the past several years, tremendous research efforts have
been made in order to solve these limitations through post-
synthetic modifications (passivation or encapsulation),14,23−25

specific ligand design (monodentate, bidentate, etc.),24,26−29

and doping engineering30−33 or by suggesting more seemly
solvents and anti-solvents for the synthesis protocols.34,35

However, a practical approach to stabilize/isolate the NCs and
preserve the photoluminescence (PL) and the colloidal stability
under extreme environmental stressors still requires serious
investigations.
Of particular importance, growing a robust shell with larger or

smaller band-gap materials over the core NCs to form a core/
shell nanostructure is one of the best-known classical strategies
for tackling surface defects and improving the NCs’ stability.36,37

In this respect, the appropriate shell can effectively act as a
physical environmental barrier that suppresses the interaction
between the NCs and mitigates the presence of surface trap
states. For instance, in conventional colloidal indium phosphide
and cadmium selenide (InP, CdSe) NCs, the core/shell
heterostructures have demonstrated huge benefits, such as
reducing exciton recombination,38 increasing the PLQY,39

suppressing the non-radiative Auger recombination and
blinking,40,41 enhancing the charge transfer, and, more
importantly, improving the material stability relative to bare
core NCs.36 It has also been proved that the optical and
electronic properties of the core/shell structures could be
impressively tuned by the appropriate choice of materials for the
core and shell.36

Theoretically, three different types of band alignment can be
designed according to the photogenerated charge distribution in
the core/shell structures. In type-I band alignment, the band-gap

of the core is smaller than that of the shell, and both electron and
hole could be confined within the core, usually giving rise to
substantially increased PLQY and improved stability, which are
desirable for LED applications. In type-II band alignment, the
band-gap of the core is sometimes larger than that of the shell,
and the electron and hole are partially or entirely confined in the
shell, resulting in an efficient charge separation and a longer PL
lifetime that is beneficial for solar cell applications. For a typical
type-III band configuration, the valence band maximum (VBM)
of the shell is located within the band-gap of the core, and such
staggered band alignment leads to spatially separated holes and
electrons in the core/shell architecture upon excitation of the
NC.36,37,42 Indeed, ultrafast spectroscopy (i.e., transient
absorption spectroscopy or fluorescence upconversion) is an
indispensable tool that plays an essential role in defining the rate
and the efficiency of those kinds of communication between the
core and the shell, i.e., energy or electron transfer at the
interfaces.
On this basis, there are vast criteria to be met in order to

overgrow a perfect epitaxial-type shell and seamlessly establish
an ideally designed core/shell nanostructure, including (i)
careful selection of a suitable shell material; (ii) establishment of
an appropriate band alignment between the core and the shell;
(iii) ensuring a minimal lattice mismatch between the core and
the shell; and (iv) crystallization of both the core and the shell
following the same crystal structure to avoid any lattice
distortion and the formation of defect state at the core/shell
interface.42

In general terms, epitaxial-type shell growth is favored when a
minimal lattice mismatch between the core and the shell is
manifested, typically <15%.43 The fabrication of well-tailored
core/shell perovskite NC structures has had limited attempts
and successes, presumably because of the defect tolerance
character of the perovskite materials that preserve much higher
fluorescence efficiency than conventional semiconductor NCs.
Besides, a heterojunction would form instead because of the
difficulty in integrating the soft perovskite lattice with the shell

Scheme 1. Schematic Presentation of Different Types of Shells Discussed in This Focus Review
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structure and/or the large formation energy difference between
the perovskites and semiconductor crystals.2,44

To date, the fabrication of nearly perfect core/shell perovskite
NC geometries seems to be not as straightforward as that of their
traditional counterparts. Likewise, finding suitable shells for
perovskite NCs with a minimal lattice mismatch with the core
layer is still in an infancy stage. In view of this fact, perovskite
heterostructures of different combinations and their related
optical properties and applications have been recently
discussed.45,46 However, in this Focus Review, we limit our
discussion to the perovskite heterostructures that lead to core/
shell formation and their synthesis strategies and optoelectronic
applications.
Several, yet limited attempts have succeeded in designing

(epitaxial and non-epitaxial) core/shell perovskite structures
that led to unprecedented enhancement in the PLQY, material
stability, and lifetime prolongation and, more crucially,
improved the device performance. However, we note that
there is still a lack of clarity in the literature on how these systems
have been developed. Thus, an up-to-date survey of the existing
perovskite core/shell reports and their performances in
optoelectronic devices is of great importance. In this Focus
Review, we summarize the methods for synthesis of perovskite
core/shell NCs and the colloidal stability, defects, and
photophysics after shelling. In addition, the theoretical
approaches and the applications will be thoroughly outlined.
At the end, we provide our perspective on new opportunities and
suggestions to push this research area a step forward.

1. SYNTHESIS AND STABILITY

Numerous trials grew out of the research interest to design core/
shell perovskite heterostructures as a new paradigm to improve

the NCs’ stability, preserve their optical properties, and ensure
NCs are essentially trap-free. Traditionally, core/shell NCs are
commonly engineered by a two-step procedure: first the
synthesis and purification of the core, followed by the
overgrowing of a shell at different reaction temperatures.36

Unsurprisingly, the strategies for the synthesis of perovskite
core/shell nanostructures were quite dissimilar to conventional
methods due to the inherent soft ionic nature of the perovskite
lattice, low melting points, high ion mobility, and fast reaction
rates.2

In this regard, we have categorized the core/shell structures
reported in the literature into seven types on the basis of the type
of shell utilized: perovskite/metal oxides, perovskite/polymers,
perovskite/metal chalcogenides, perovskite/perovskite, metals
and chalcogenide/perovskite, perovskite/inorganic layers, and
finally perovskite/organic layers, as indicated in Scheme 1.
Shelling conventional semiconductor NCs with metal oxides

i.e., silica, has been established as a generalizable protocol to
improve the stability. In this case, shelling is mostly achieved
through hydrolysis reactions (to form SiO2 shells), followed by
sol−gel processing into the oxide shell matrix. However, in such
a process, an amount of water is required which could
deteriorate the colloidal and optical properties of perovskite
NCs. In a quest for a solution, Zhang et al. reported the shelling
of CsPbBr3 NCs with L-α-phosphatidylcholine (LP) surfactant
and a silica precursor, tetramethoxysilane (TMOS), to form a
core/shell structure of CsPbBr3/LP/SiO2 ink for anti-counter-
feiting applications.47 The LP surfactant and TMOS were
sequentially added to the pre-synthesized CsPbBr3 NCs solution
to allow the formation of the CsPbBr3/LP/SiO2 core/shell NC
structure. High-resolution transmission electron microscopy
(HRTEM) analysis revealed that uniformly distributed NCs

Figure 1. (a) Schematic illustration of the synthesis procedure of MAPbBr3/SiO2/PVDF NCs. PVDF refers to poly(vinylidene fluoride). (b)
Upper panel: (i, ii) TEM and HRTEM images of CsPbBr3/SiO2 core/shell NCs and (iii) vial image of CsPbBr3/SiO2 core/shell NCs dispersed
in toluene under sunlight and UV, respectively. The lower panel shows the stability of CsPbBr3 NCs and CsPbBr3/SiO2 core/shell NCs against
ultrasonication in water. (c) Schematic illustration of the synthesis protocol of CsPbBr3/TiO2 core/shell NCs; the lower panel displays TEM
images of CsPbBr3 NCs and CsPbBr3/TiO2 core/shell NCs after calcination. Panel a adapted with permission from ref 48. Panel b adapted with
permission from ref 49. Panel c reproduced with permission from ref 51. Copyright 2018 Wiley-VCH.
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were observed right after the addition of TMOS, with an average
size of 23 nm. Thanks to the robust steric hindrance that
originated from branched TMOS, multiple CsPbBr3 NCs were
incorporated into one shell, which is a key issue that needs to be
considered. Of particular importance, however, high stability of
the core unit against heat, ultraviolet light, water, and ambient
oxygen was accomplished.
In an attempt to avoid random encapsulation of the SiO2

shells and in the meantime surpass the hydrophilicity and the
mesoporosity of SiO2 shells, Huang et al. further suggested a
double-shell encapsulation strategy to establish a new core/
shell/shell architecture and post-coat MAPbBr3 perovskite NCs
with organic-functionalized SiO2 and poly(vinylidene fluoride)
(PVDF) shells that are both hydrophobic in nature.48 During
the synthesis process, the hollow siliceous NCs were initially
synthesized through acid-catalyzed hydrolysis of the silicon
precursors, tetraethoxysilane (TEOS) and dimethoxy-
dimethylsilane (DMDMS). Then the MAPbBr3 precursor
solution was impregnated into the hollow siliceous spheres via
capillary forces. Decisively, a PVDF shell solution was added to
get the double coating before it was set for complete drying
under vacuum, as indicated in Figure 1a. TheHRTEM and high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of a NC suggested the
formation of the MAPbBr3 as a core and both the SiO2 and
PVDF as shells. The dual protection of the hydrophobic shells
allowed the NCs to stay on the surface of water and resulted in
significantly enhanced stability against humidity as well as UV-
light radiation.
Furthermore, Zhong et al. succeeded in synthesizing

CsPbBr3/SiO2 core/shell NCs with a single CsPbBr3 NC.
Such a structure was achieved by adapting the “one-pot synthesis
method” by injecting a mixture of PbBr2, CsBr, OA, oleic acid,
and dimethylformamide and ammonia to the toluene with
TMOS.49 The core/shell NCs showed a notable long-term
stability when exposed to humidity, air, ultrasonication treat-
ment, and light. TEM images revealed uniform core/shell NCs
with 10.5 and 7.7 nm for the size of the core and the thickness of
the shell, respectively, as shown in Figure 1b. The HRTEM
image showed 0.42 nm lattice spacing, and energy-dispersive X-
ray spectrometry (EDS) mapping, on the other hand, confirmed
CsPbBr3 as a core and silica as a thinner shell. It was suggested
that the effective formation of SiO2 oligomers at the initial
growth stage facilitated SiO2 shell growth in the presence of
TMOS and ammonia and that the precursor species, reaction
temperature, and pH value are factors that hugely influenced the
growth formation rates of the core/shell NCs.
Most recently, Wang et al. fabricated CsPbBr3:Sn/SiO2 core/

shell NCs by a “one-step” synthesis protocol through the
hydrolysis of TMOS in toluene solution that contained the
perovskite NCs. In this synthesis protocol, the NCs were
obtained by a room-temperature crystallization technique,
followed by the fabrication of core/shell NCs/SiO2 with
point-to-point coating.50 Meanwhile, trace amounts of aqueous
ammonia were added as a catalyst to lessen the reaction time and
control the NCs/SiO2 size. It has been testified that the
ammonia traces can also influence the hydrolysis rate of TMOS,
which in turn impacted the thickness of the SiO2 shell. It was
recognized that faster hydrolysis rates enabled faster formation
of the SiO2 shell in the presence of a trace amount of water that
perovskite NCs were able to tolerate. The core/shell NCs
displayed superb water stability compared to primitive NCs.
HRTEM images confirmed that the hydrolysis of TMOS in the

presence of ammonia again led to the formation of uniform
core/shell NCs/SiO2 with only a single quantum dot (QD) in a
shell.
In another metal oxide study, Li et al. synthesized CsPbBr3/

TiO2 core/shell NCs by encapsulating CsPbBr3 NCs with a
titanium precursor, titanium butoxide (TBOT), following a wet
chemical approach. Themonodispersed CsPbBr3/TiO2 success-
fully suppressed the photodegradation and anion-exchange
reactions and eventually improved the chemical stability and
photostability of the CsPbBr3 NCs core.51 In the synthesis
method, TBOT was added to a colloidal CsPbBr3 NCs solution
to obtain a CsPbBr3/TiOx composite. Then, the reaction
mixture was stirred for 3 h to allow the hydrolysis reaction to
take place and promote Ti(OH)x(OC4H9)4−x formation that
induced the titanium matrix (TiOx) to be slowly deposited on
the CsPbBr3 NCs surface. A calcination process was
subsequently used to eliminate excess water (i.e., by
dehydration) and form nearly monodispersed CsPbBr3/TiO2
core/shell NCs with an almost 5 nm thick TiO2 shell, as
illustrated in Figure 1c. Only a slight decrease in the PL intensity
of the NCs was noticed after 12 weeks of storage in water and 24
h of UV light exposure. In addition, no signal for anion-exchange
reactions was observed after mixing the core/shell NCs with Cl
and I salts, indicating improved stability of the nanostructure.
Another particular example was reported by Loiudice et al.,

who grew a metal oxide alumina shell with tunable thickness
over CsPbX3 NCs using a colloidal atomic layer deposition
(cALD) method.52 During this process, trimethylaluminum
(TMA) and pure oxygen were sequentially injected into the
NCs solution to allow the formation of bright-emitting NCs at
room temperature. The strong contrast in the TEM images for
the CsPbBr3 NCs further confirmed the formation of highly
disordered CsPbBr3/AlOx core/shell NCs with an AlOx shell
around each single NC core. Also, the AlOx shell was found to
improve the stability and slow down the anion-exchange
reaction by an order of magnitude compared to the uncoated
counterpart.
Perovskite NCs with soft and flexible materials such as

polymers constitute another prime category that has been
extensively investigated.29,53−55 Polymers in general have been
utilized as host matrices in a range of perovskite materials. In
2017, Hou et al. successfully synthesized the first perovskite/
multidentate polymer core/shell nanostructure by a unique
solution-based “copolymer templated” synthesis approach,56

wherein CsPbBr3 perovskite NCs were coated by multidentate
copolymer polystyrene-block-poly-2-vinylpyridine (PS-b-
P2VP), forming a core/shell heterostructure. In the synthesis
protocol, the copolymer micelle template, PS-b-P2VP, was first
dissolved in toluene to allow self-assembly into inverse micelles,
while PbBr2 and CsBr precursors were dissolved in methanol to
assist their complexation with the P2VP block. Then, a solution-
phase reaction of the two precursors was initiated, followed by
immediate crystallization to form single or multiple CsPbBr3
NCs coated with a nanoshell of PS-b-P2VP. In this approach, the
hydrophobic diblock copolymer PS-b-P2VP helped to confine
the nucleation and growth of the NCs and strongly bound to the
surface with the aid of the pyridine groups. Consequently, the
shell protection slowed down the polar solvents’ diffusion into
the core and led to orders of magnitude enhanced stability in
polar solvents and thin-film forms. To overcome the fast
reaction rates of the perovskite NCs, the diffusional flow was
further increased by rapid mixing, which allowed a total volume
reduction of the precursor solution so that only single large
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perovskite crystals could be coated with the shell, as displayed by
TEM images.
Later, Hintermayr et al. applied the same diblock copolymer

approach to shell methylammonium lead trihalide perovskite
(MAPbX3) NCs with PS-b-P2VP.

57 Again, the polymer micelles
acted as nanoreactor growth templates to guide the core/shell
structure formation. The PL intensity of the NC thin films
exhibited more than 15 times enhancement in lifetime as
compared to unprotected NCs and survived in water for more
than 75 days.
Another study, reported by Huang and co-workers, discussed

the fabrication of a methylammonium lead bromide
(MAPbBr3)/β-cyclodextrin (β-CD) core/shell structure em-
ploying a host−guest interaction between the β-CD (a
hydrophobic cyclic oligosaccharide) cavity and the aliphatic
chain of the hexylamine capping ligand.58 The authors
synthesized the MAPbBr3/β-CD core/shell NCs using a simple
one-step reprecipitation method. In their approach, a mixture of
PbBr2, CH3NH3Br, and hexylamine was dissolved in DMF at
room temperature. Then, a homogeneous solution was formed
by dissolving a fewmilligrams of β-CD into the solution mixture,
followed by precipitation of the NCs in toluene. Particularly,
modifying the amount of the capping ligand (i.e., hexylamine)
helped to realize nearly monodisperse core/shell MAPbBr3/β-
CD nanodots. It was hypothesized that the nucleation of
MAPbBr3 was very fast and that the formed core was entirely
encapsulated by the excessive hexylamine, limiting the further

growth of the NCs. HRTEM analysis showed an average
diameter of 4.3 nm for the MAPbBr3 nanodots. However, 16−
36 nm size was realized after shelling with β-CD. The core/shell
NCs showed excellent thermal stability against heat, high
resistance to UV light, and a relatively high PL intensity after
being immersed in water for 10 days.
Vijila et al. further reported the synthesis of a MAPbBr3/

poly(methyl methacrylate) (PMMA) core/shell nanostructure
using the ligand-assisted reprecipitation (LARP) method.59 To
achieve the polymer shelling, the synthesized MAPbBr3 NCs
and the hydrophobic PMMA solution matrix were mixed. The
contrast in the TEM images confirmed the core/shell structure
formation, as the core is usually darker than the shell due to a
small variation in the electron density between the core and
shell. HRTEM images showed a single core/shell NC with a
core size of 1.5 nm overcoated with a shell of (OA)2PbBr4 of
thickness 4 nm. Excellent water resistance, thermal stability, and
photostability were observed, and 13% of PLQY was preserved
from the initial value of 88%.
Inspired by conventional semiconductor NCs core/shell

structures, shelling perovskite NCs with metal chalcogenides
was considered as another crucial way to enhance the optical
properties of perovskite NCs. For instance, Ravi and co-workers
accidently fabricated CsPbBr3/ZnS pseudo-type-II core/shell
NCs via treating the pre-synthesized CsPbBr3 NCs with zinc
diethyldithiocarbamate (Zn(DDTC)2).

60 Commonly, shelling
CsPbBr3 NCs with another semiconductor necessitates heating

Figure 2. (a) Left, TEM image of CsPbBr3/ZnS core/shell NCs (the inset shows a HRTEM image of a NC adjacent to the core/shell interface);
right, digital photos of the CsPbBr3-OAmBr andCsPbBr3/ZnS core/shell NCs films immersed in beakers full of water and excited with a 365 nm
UV lamp. (b) HRTEM image of CsPbBr3/CdS NCs with a 3D schematic representation of the core/shell structure. (c) Schematic
representation of CsPbBr3/Cs4PbBr6 core/shell NCs obtained by a “seed growth” approach; below is an illustration of the typical band-gap
alignment of bulk CsPbBr3 and bulk Cs4PbBr6, where CB and VB indicate the conduction and valence bands. (d) TEM images of (upper) pure
h-PMMA- and (lower) h-PMMA/b-PEI-stabilized perovskite NCs fabricated via ball milling. The insets show theHRTEM images. Red and blue
circles in the lower panel indicate the typical core/shell perovskite NCs and the phase-transferred CsPb2Br5 NCs, respectively. (e) Schematic
illustration of post-synthetic phase transformation and cation exchange (Cs+ with Rb+) of CsPbBr3 to form the CsPbBr3/Rb4PbBr6 core/shell
NC structure. Shown below is a plot of the photostability of the NCs before and after phase transformation compared to a typical CdSe/CdS
core/shell system. Panel a adapted with permission from ref 60. Panel b reproduced with permission from ref 61. Copyright 2019 Wiley-VCH.
Panel c reproduced with permission from ref 65. Copyright 2018 The Royal Society of Chemistry. Panel d adapted with permission from ref 70.
Panel e adapted with permission from ref 69. Panel f reproduced with permission from ref 74. Copyright 2020 Wiley-VCH.
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the core NCs at higher temperatures. However, such prolonged
heat treatment can seriously damage the CsPbBr3 soft lattice and
produce Cs4PbBr6 impurity. Thus, the core NCs were initially
stabilized using extra oleylammonium bromide (OAmBr) and
then heated at 180 °C for 1 h. Following, the CsPbBr3 NC core
was treated with Zn(DDTC)2 and OAmBr at 120 °C to finally
formCsPbBr3/ZnS core/shell NCs. Allowing the shell growth at
lower temperatures was key to facilitate the slow release of both
Zn and S precursors and prevent the independent nucleation of
the ZnS impurity phase. TEM showed that the CsPbBr3/ZnS
core/shell clearly adopted a distorted cubic structure (with an
average length of 48.7 ± 7.9 nm), and the HRTEM images
showed a clear contrast at the border which was ascribed to the
ZnS shell. In addition, HRTEM showed the lattice fringes of
both the (020) planes of CsPbBr3 and the (200) planes of ZnS
with a zinc-blende phase, as displayed in Figure 2a. The
fabricated core/shell NCs exhibited superior aqueous stability
and remained emissive after 48 h, as presented in Figure 1a, right
side. Despite such a successful trial, it was difficult to grow a
homogeneous shell for all the NCs. However, a partial
decoration of the surface was obtained; thus, further
modifications to this method are still highly required.
In parallel, Tang et al. also fabricated CsPbBr3/CdS core/shell

NCs following the same hot-injection method. After the
synthesis of the CsPbBr3 NCs, the shelling was achieved by
dropwise injection of a mixture of Cd-oleate solution and sulfur/
OA solution at 150 °C over 20 min under N2 flow.

61 TEM and
HRTEM confirmed the core/shell structure formation with a
larger average size of 21.3 nm compared to that of CsPbBr3 NCs
(14.6 nm) and a uniform CdS thin layer with a thickness of∼2.5
nm formed on the surface of the CsPbBr3 NCs; see Figure 2b.
EDS measurements indicated that both S and Cd elements were
uniformly distributed on the CsPbBr3 core surface. Interestingly,
CsPbBr3/CdS NCs always showed far greater stability than pure
CsPbBr3 NCs at high temperature, 75% humidity, and water
exposure.
Further on the same heterostructure, Shi et al. reported the

fabrication of core/shell CsPbBr3/CdS NCs with enhanced
chemical, thermal, and light excitation stability as compared to
primitive CsPbBr3 NCs.

62 The core/shell NCs were fabricated
via an “epitaxial growth” strategy. After synthesis of the CsPbBr3
core NCs, Cd-oleate solution was prepared by mixing cadmium
oxide (CdO), octadecene (ODE), and oleylamine (OA) at 280
°C. Then, the Cd-oleate solution was mixed with ODE and
sulfur in an OA solution to fabricate the CdS shell, where the
latter was injected into the CsPbBr3 core solution within 20 min
at 150 °C under a N2 atmosphere. TEM and EDS analyses
confirmed the core/shell formation and showed an increase in
the NCs size from 7 nm for pure NCs to 12 nm after shelling
with CdS. Remarkably, the authors could observe the thin CdS
layer but were not able to clearly observe the lattice fringes of the
CdS layer. Moreover, individual CsPbBr3/CdS NCs showed
excellent thermal, chemical, and light excitation stability
compared to unencapsulated CsPbBr3 NCs.
In another attempt to improve the photostability of CsPbBr3/

CdS, Liu et al. proposed doping the CdS shells with aluminum
ions to form a CsPbBr3/nCdS/Al multi-shell structure.63 The Al
inhibited the photodegradation and preserved the optical
properties of the NCs. Particularly, the growth of the aluminum
layer maintained the morphology and the luminescence of the
NCs. It was realized that the photostability of the NCs was
drastically improved by introducing Al. To fabricate the multi-
shell structure, first, CsPbBr3 NCs were synthesized by normal

methods. Then, both Cd and S solutions were separately
injected into the CsPbBr3 solution to form the first-shell layer, n
= 1, of CsPbBr3/CdSNCs. For the second-shell formation, again
the Cd and S solutions were sequentially injected into the
CsPbBr3/CdS solution to form CsPbBr3/2CdS, where n = 2,
and so on. To synthesize Al-doped core/shell QDs, the pre-
synthesized CsPbBr3/3CdS NCs were dispersed in ODE at
150 °C under Ar. The aluminum precursor−isopropoxide
mixture was then injected and retained for 5 min. In fact, the
treatment accelerated the oxidation of Al(OH)3 to form an
effectively protective oxide layer, further stabilizing the location
and intensity of the PL peak.
Furthermore, benefiting the most from the different growth

rates, the cubic phase structures of CsPbI3 and PbSe, and the
close ionic radii of Se2− (198 pm) and I− (216 pm), Liu et al.
fabricated CsPbI3/PbSe core/shell heterostructures using the
“continuous injection” method.63 In this procedure, lead iodide
(PbI2) and ODE were first degassed under vacuum. Then, oleic
acid and OA capping agents were slowly injected into the
reaction mixture at 70 °C. This step was followed by the direct
injection of the Se anions that were introduced with
trioctylphosphine oxide (TOP) serving as the selenium
precursor (TOP:Se adduct), which allowed the progressive
nucleation of PbSe on the exposed lead sites of the perovskite
NC surface. Accordingly, a PbSe capping/passivating layer was
formed. Further, the temperature was raised to 180 °C to avoid
the formation of any separate PbSe seeds. Finally, a small
amount of Cs-oleate precursor was swiftly injected, forming a
dark red solution of CsPbI3/PbSe NCs. TEM analysis verified
that the CsPbI3/PbSe NCs retained a less regular shape with
more diffuse periphery, with a size of about 11 nm that is almost
1 nm larger than that of bare CsPbI3 NCs. In addition, HRTEM
images confirmed the presence of both the CsPbI3 and PbSe
components in the heterostructure. However, HAADF-STEM
analysis showed that the PbSe shell consisted of multiple
interconnected dot-like islands, preferentially deposited on the
edges and in the corners of the core NC. As the PbSe shell
exhibited hydrophobic character due to the ligands, an
extremely improved storage stability against moisture was
realized.
In an approach quite similar to that with PbSe, Gong et al.

successfully capped/shelled CsPbI3 NCs with PbS due to their
minimal mismatch of <5%.64 However, as the anion radius of S2−

(184 pm) is smaller than that of Se2− (198 pm), a higher lattice
mismatch at the surface of the CsPbI3 (I

−, 216 pm) core can be
expected in this case. Here, CsPbI3 NCs were initially
synthesized following the most commonly used procedure,
that reported by Protesescu et al.1 Then, the PbS/CsPbI3 NCs
were fabricated by adding a trace amount of cesium oleate
solution into amixture of I−, Pb2+, and PbS clusters. Importantly,
control over the growth of PbS clusters was mainly dependent
on selecting the proper S precursor (thioacetamide that has a
relatively low reactivity) and optimizing the growth time. TEM
images revealed that the shape of the core/shell NCs was
between spheres and cubes, which varies from the typical cubic
morphology of CsPbI3 NCs. Also, the crosstalk between the
uncoordinated Pb sites on the CsPbI3 NCs and the PbS cluster
led to a better device performance by improving the charge
transport in the NC film. Fortunately, in this approach both S
and Pb elements happen to be NCs. HRTEM images of PbS/
CsPbI3 NCs revealed that PbS was placed on the top of CsPbI3
NCs because of the ease of PbS/perovskite interface formation
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at room temperature. In addition, the core/shell NCs showed a
remarkable phase stability in ambient conditions.
Covering perovskite NCs with another crystalline perovskite

shell to form perovskite/perovskite core/shell heterostructure is
another imperative category that has been employed to
overcome the stability hurdles. This category, in fact, holds
huge promise due to the minimal lattice mismatch between the
core and shell perovskite NCs. For instance, Jia et al. synthesized
CsPbX3/Cs4PbX6 core/shell perovskite NCs by adopting a
modified hot-injection technique or a seeded growth ap-
proach.65 Cs4PbBr6 was selected to coat CsPbBr3 NCs due to
the apparent near-perfect lattice matching and relevant band
offsets allowing a typical type-I band alignment to be formed; see
Figure 2c. CsPbBr3 NCs were initially synthesized by a hot
injection approach; subsequently, the Cs4PbX6 shell was
attained via injecting zinc bromide (ZnBr2) and Cs-oleate
solutions. A type-I CsPbX3/Cs4PbX6 core/shell nanostructure
was formed afterward. A shell of thicknesses of 1.6 and 3.1 nm
was formed, yet no epitaxial relations were proved. More
interestingly, the authors also claimed that Cs4PbBr6 could be
considered as an insulator because of its extremely large band-
gap of 4.0 eV in bulk. Therefore, the excited electrons or carriers
were well confined in the core, leading to enhanced PL intensity
and much improved colloidal stability in air.
In addition, Kaur et al. followed the same method to

reproduce the same heterostructure. They found, however, that
the optical behavior of core/shell heterostructures is different
from that of the core NC, and this will be discussed in detail in
the following section.66 Another attempt was reported by Qiao
et al. to synthesize the same CsPbBr3/CsPb2Br5 core/shell
structure by adapting a modified non-stoichiometric solution-
phase method that involves controlling the Cs2CO3 and PbBr2
density in the precursor solution under certain synthesis
parameters.67 In this method, after the complete dissolution of
PbBr2 precursor, the as-prepared Cs-oleate solution and PbBr2
solution were heated to 190 °C and quickly injected into the
reaction mixture. Importantly, the temperature and excess Pb2+

were proven to be the two crucial parameters controlling for the
formation of CsPbBr3/CsPb2Br5 core/shell NCs. Significantly
improved luminescence stability of the CsPbBr3 NCs in water
and ethanol was observed after shelling. TEM images are
represented in Figure 2d. It is worth mentioning that such a
structure was proven to facilitate the polaron formation which
decelerates the charge carrier cooling; we will explain this in
detail in the next section.
In addition, Wang et al. synthesized a CsPbBr3/amorphous

CsPbBrx NCs core/shell structure by employing the hot
injection method.68 The amorphous CsPbBrx shell helped to
protect the CsPbBr3 core against radiative corrosion while
enhancing the core’s absorption ability. Wang et al. also reported
a post-synthetic phase transformation and monovalent cation-
exchange approach to form the CsPbBr3/Rb4PbBr6 core/shell
structure.69 Copying the same protocol of synthesizing PbSe/
CdSe core/shell QDs, here rubidium oleate (RbOA) instead of
Cd-oleate was added to the pre-synthesized CsPbBr3 NCs to
allow a partial phase transformation from the 3DCsPbBr3 to 0D,
followed by a cation-exchange process. As revealed by TEM
images, the average size of bare CsPbBr3 NCs increased from 8.5
to 10.2 nm after Rb treatment. Furthermore, the obtained
CsPbBr3/Rb4PbBr6 core/shell NCs preserved more than 90% of
the initial PLQY after 42 h of intensive LED illumination in the
solution and thin-film forms; see Figure 2e.

Moreover, Jiang et al. prepared CsPbBr3/CsPb2Br5 core/shell
NCs utilizing poly(methyl methacrylate) (h-PMMA) and
poly(ethylenimine) (b-PEI) as double-polymer ligands to
stabilize the NCs during a mechanochemical synthesis or ball-
milling process.70 Intriguingly, applying h-PMMA and b-PEI as
dual ligands caused a partial phase transition from CsPbBr3 to
CsPb2Br5, to form CsPbBr3/CsPb2Br5 NCs with a core/shell-
like structure. More interestingly, TEM showed that the
introduction of b-PEI results in an irregular shape of the
perovskite NCs and led to a phase conversion/transition. It was
shown that the hydrophobic polymer h-PMMA gives superb
water-resistant properties to the NC polymer heterostructure, as
the PMMA remained tightly bound to the NC surface and the b-
PEI molecules were not soluble in toluene and were strongly
attached to the perovskite NC surface. As a consequence,
excellent fluorescence stability was obtained for the colloids and
thin films under ambient conditions compared to h-PMMA-
capped NCs or oleic acid/OA-capped CsPbBr3.
Similarly, by adopting a very straightforward wet-chemical

approach, Zhang et al. fabricated FAPbBr3/CsPbBr3 epitaxially
grown core/shell NCs (FA = formamidinium).71 PbBr2 and
Cs2CO3, OA, ODE, and oleic acid, and as-synthesized FAPbBr3
NCs were all simplymixed and heated to 80 °C for 20min under
a N2 atmosphere, followed by reaction quenching in an ice bath.
Different shell thicknesses were fabricated via changing the
molar ratio, X, of Cs:FA. TEM analysis showed that the growth
of the shell caused an increase in the average size of the NCs
from 8 to 11.2 nm for X = 1.0, which confirmed that the shell
thickness was around 1.5 nm. In addition, the core/shell NCs
retained their cubic shape after shelling while maintaining well-
defined edges and corners, as a direct sign of lower defect density
formation. Impressively, the core/shell NCs showed a notable
stability under long-term storage (70 days) in ambient
conditions and under UV radiation (50 h) and preserved over
80% of the initial PLQY (93%).
Several further attempts have been realized through using

perovskite NCs as a shelling material to form an inverted metal
or metal chalcogenide/perovskite core/shell structure. For
instance, Shamsi et al. reported the formation of CsBr/CsPbBr3
core/shell NCs as an intermediate structure that was observed
during the synthesis of CsBr NCs before it was converted to
CsPbBr3 due to the partial cation exchange of Cs

+ with Pb2+.72 It
was found that the transformation occurred due to the lattice
reorganization following the insertion of Pb2+ ions and the
ejection of Cs+ ions. This intermediate core/shell structure
formation was monitored by HRTEM analysis. It was also
observed that the emission of the NCs was red-shifted over time,
which was attributed to colloidal aggregation.
Fan et al. carefully fabricated the core/shell heterostructure of

1D PbSe/CsPbBr3 through a chemical vapor deposition (CVD)
method, in which the shell of CsPbBr3 was epitaxially grown on
the PbSe core wire using a self-catalyzed vapor−liquid−solid
(VLS) method.73 In the reaction process, the Pb particles
worked as a catalyst for the PbSe wires and provided a nucleation
sites for the in situ growth of CsPbBr3 crystals, which acted as the
adatom collector for the epitaxial shell growth on the PbSe wires.
Cross-sectional TEM analysis confirmed the core/shell
structure formation and revealed that cubic-shaped core NCs
with a side length of ∼1.3 μm were surrounded by the shell of a
∼3.8 μm side length. In addition, elemental mapping verified
that Se and Cs atoms were distributed at the core and shell,
respectively, which confirmed the PbSe/CsPbBr3 core/shell
structure formation.
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Gong et al. synthesized metal alloy/perovskite AuCu/
CsPbCl3 core/shell NCs by a template-mediated colloidal
approach.74 In the synthesis method, the crystalline AuCu core
NC guided the template growth of the CsPbCl3 shell. AuCu core
NCswere prepared by a co-reduction protocol in the presence of
OA as stabilizing ligand and 1,2-hexadecanediol as reducing
agent. AuCu, PbCl2, and Cs-oleate solutions were injected into
the NCs solution to initiate the self-assembly and the epitaxial
growth on the AuCu core surface. The HRTEM image revealed
that (201) of AuCu was parallel to (210) of CsPbCl3; see Figure
2f. The core/shell NCs showed a 5−7 times increase in the PL
intensity and much improved stability in ambient conditions as
compared to the pristine CsPbCl3 NCs due to the strong
localized surface plasmon resonance (LSPR) of the AuCu cores.
As an example of shelling with inorganic layers as non-

epitaxial related shells, Dirin and co-workers proposed a unique
synthesis method to passivate the halide vacancies on the
perovskite surface with a thin layer of inorganic, non-absorbing
inorganic shell.75 They fabricated NCs by a two-step approach
and embedded them into the robust Pb-free microcrystalline
matrices. As a first step, they achieved a concomitant
crystallization of the perovskite NCs and salt carriers from a
single solution in a polar solvent, allowing the NCs to
heterogeneously nucleate, grow, and anchor on the surface of
themicrocrystalline carriers. Subsequently, the obtainedNCs on
carriers (NCCs) were then shelled with NaBr via surface-
mediated reaction of amphiphilic Na and Br precursors, giving
rise to the precipitation of NaBr on salt carriers and the
perovskite NCs surfaces. The NaBr-shelled NCCs showed great
chemical stability toward polar solvents because of the complete
isolation of the perovskite NCs from the environment.
On the other hand, shelling with long-chain organic molecules

has been intensively studied; however, as we deliberated at the

beginning, we are limiting our discussion herein to the complete
core/shell structure formation. In light of this fact, Yuan et al. has
reported a flat CsPbBr3 film comprising homogeneous self-
assembled core/shell NCs (4.5 nm < Bohr radius) based on one-
step precursor coating.76 Using a thin surface-coating layer of
phenylalanine bromide (PABr) assisted in passivating the
surface trap state defects and suppressing the non-radiative
recombination rate. The synthesized CsPbBr3 core/shell NCs
structure film showed a high PLQY of 85%. Overall, the well-
defined core/shell structures could be realized mainly by
carefully controlling the reaction conditions.

2. DEFECTS AND PHOTOPHYSICS

Owing to the highly dynamic binding of surface ligands and the
localization of surface defects such as vacancies and/or
uncoordinated Pb atoms or distorted [PbX6] octahedra units
in perovskite NCs, surface encapsulation or shelling with
another material can significantly influence the overall surface
quality, which should translate into improved stability, optical
behaviors, color purity, PLQY, and charge carrier lifetime, which
are essential characteristics for their successful implementation
in optoelectronic devices.77,78

Therefore, in this section we summarize the key photocarrier
dynamics observations related to the different shell materials
mentioned in the previous section, consecutively.
To commence, shelling with oxides led to huge improvements

in the PLQY due to the significant suppression of the non-
radiative recombination channels in perovskite NCs. For
instance, shelling CsPbBr3 NCs with LP and silica in the
CsPbBr3/LP/SiO2 core/shell structure showed higher PLQY
(>90%) and slowed down the radiative recombination rate. In
addition, the average PL lifetime was extended from 9 ns for
pristine CsPbBr3 NCs to 15 ns for CsPbBr3/LP/SiO2 NCs,

Figure 3. (a) Time-resolved photoluminescence spectra of MAPbBr3/SiO2/PVDF NCs fabricated within the HSNSs with different cavity sizes.
Below is an energy diagram of the PL processes associated with the exciton−hole and exciton−shallow defect interactions. (b) UV−visible
absorption and PL spectra of CsPbBr3/ZnS core/shell NCs. Below is the PL decay before and after ZnS shelling, showing an enormous increase
in PL lifetime for CsPbBr3/ZnS core/shell NCs; inset is a schematic presentation of pseudo-type-II band alignment at the CsPbBr3/ZnS core/
shell interface. (c) Time-resolved PL decays of CsPbI3 (black) and CsPbI3/PbSe (red) NCs. Below is the transient absorption (TA) spectra of
CsPbI3/PbSe QDs at different delay times. Panel a adapted with permission from ref 48. Panel b adapted with permission from ref 60. Panel c
adapted with permission from ref 44.
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which confirmed the effective suppression of the non-radiative
recombination.47 The addition of TMOSwas the key to improve
the emission performance and reduce the non-radiative surface
defects. Furthermore, the LP surfactant attached to Cs+ or Pb2+

on the surface, reduced the surface defects, and provided a
protective barrier for core NCs, which consequently led to
PLQY enhancement.
Furthermore, the AlOx shell coated on the CsPbX3 NCs

surface was found to boost the PLQY of the final CsPbBr3/AlOx
NCs, which suggested that the passivation of surface shallow
trap occurs at the first cALD cycle, as indicated by the increased
radiative charge carrier lifetime.52

Likewise, in the case of the MAPbBr3/SiO2/PVDF system, it
was found that the optical properties of the NCs are very
sensitive to the cavity size of the hollow siliceous nanospheres.
For instance, by enlarging the cavity size from 3.7 to 9.9 nm, the
PL was spectral-red-shifted by 10 nm.48 In addition, the
MAPbBr3/SiO2/PVDF NCs synthesized within the hollow
siliceous nanospheres with an average cavity size of 6.1−8.2 nm
exhibited ∼80% PLQY, much higher compared to that of the
non-hollow mesoporous SiO2. Time-resolved PL data showed
that the average lifetimes of the MAPbBr3/SiO2/PVDF NCs
were consistently enhanced as the cavity size increased, which
could be attributed to the decreased quantum confinement
(Figure 3a). Interestingly, it was found that, in this system, the
presence of shallow defects was beneficial to enhance the
PLQY.48 It was also noticed that the shallow defects were
thermally ionized to the donor/acceptor states, therefore
enriching the electron density at the shallow state. These
doped electrons would then be de-trapped from the shallow
traps states to the valence band minimum for promoting the
radiative recombination, mitigating the non-radiative losses, and
increasing the PLQYs (Figure 3a, lower panel). Moreover,
shelling with SiO2 alone again was reported to reach up to 90%,
with an average lifetime as high as 16.8 ns, confirming the
reduction of surface dangling bonds through silica coating.49

However, shelling CsPbBr3 with TiO2 instead showed a type-
II band alignment. Thus, a reduction in the PLQY was observed
as the hole was localized/confined in the CsPbBr3 core while the
electron was delocalized over the CsPbBr3 core and TiO2 shell,
thereby facilitating the charge transfer and the PL quenching. In
addition, the lifetime of CsPbBr3/TiO2 core/shell NCs was
shortened from 14.8 ns for CsPbBr3 NCs to almost 2 ns after
TiO2 shelling due to the fast interfacial electron transfer
reaction.51

Similarly, shelling with polymers has shown indisputable
enhancements to surface and optical properties. For instance,
the CsPbBr3/PS-b-P2VP core/shell structure showed that
optical properties are greatly dependent on the reaction
temperature and the precursor ratio.56 MAPbX3/PS-b-P2VP
showed a PLQY of 63%, while MAPbBr3/β-CD exhibited
89.7%. In the case of MAPbBr3/β-CD NCs, the trap state
contribution was lessened after shelling, which endorsed that β-
CD shell formation largely suppressed the non-radiative
recombination channels of MAPbBr3 NCs and led to the
PLQY enhancement.58 For MAPbBr3/PMMA, the PLQY was
reported to be around 88%. However, the PL quenching was
increased, as thicker shells produce strain-induced defects. The
energy band diagram showed that the (OA)2PbBr4 shell has a
larger band-gap than MAPbBr3 core NCs, so the charge carriers
were confined in the core and the PL was mainly correlated to
the band-gap of the core. Huge Stokes shift enhancement of the
NCs by ∼1 eV was observed with increasing concentration of

OABr, which was another reason behind the high PLQY
reported.59

Inspired by the successful attempts in II−VI binary QDs,
shelling with metal chalcogenides was considered as another
promising venue to cover the perovskite NCs’ surfaces. For
instance, Figure 3b represents the CsPbBr3/ZnS core/shell
nanostructure. The absorption and PL of CsPbBr3/ZnS core/
shell NCs were ∼5 nm red-shifted compared to those of
CsPbBr3-OAmBr NCs. This red shift was preliminary ascribed
to the delocalization of electron and/or hole wave functions to
the shell.60 Interestingly, a significant increase in PL lifetime was
recorded for the core/shell NCs (Figure 3b, lower panel). Most
notably, the lifetime after ZnS shelling was drastically enhanced
from 7.2 ns for pure CsPbBr3 NCs up to 102.6 ns after ZnS
shelling. Such investigations underscored the effectiveness of
ZnS shelling in modifying the electronic properties of the core
NCs. CsPbBr3/ZnS core/shell structures showed a pseudo-
type-II band alignment, as the conduction band minimum
(CBM) of ZnS was located above that of CsPbBr3. This kind of
type-II band alignment was the origin for the considerably
longer PL lifetime obtained in CsPbBr3/ZnS core/shell NCs.
Following the same trend, CsPbBr3/CdS core/shell NCs

showed narrow-band emission, high PLQY, and significant non-
blinking characteristics as a clear sign for the effective reduction
of non-radiative Auger recombination. Interestingly, as the
band-gap of CdS NCs, ∼2.62 eV, is wider than that of CsPbBr3
NCs,∼2.4 eV, a proficient epitaxy growth between the shells and
NC core was manifested.61 A blue-shift in both the absorption
and PL spectra was observed after CdS shelling signifying the
possibility of the cadmium ions diffusion into the core alongside
with a partial substitution of cadmium ions for lead ions, leading
to an increase of the band-gap energy. Notably, a slight decrease
in the PLQY from (90%−88%) was revealed after CdS shelling.
Much longer lifetime was observed after CdS shelling suggested
that CdS shell helped to mitigate the non-radiative and Auger
recombination and suppress PL blinking.
In the attempt by Liu et al. to coat CsPbBr3 NCs with multiple

nCdS shells (n = number of CdS layers), an increase in the
phonon coupling constant was observed after nCdS shelling.63

In addition, they attributed the observed PL lifetime changes
with increasing CdS layer thickness to the reduced overlap
between electron and hole wave functions after CsPbBr3
passivation. In this case, the overlap between electron and
hole wave functions decreased as the shell thickness increased,
which accordingly led to a prolonged lifetime.
In the case of CsPbI3/PbSe, a Stokes shift reduction was

obtained, implying that fewer phonon states were involved
during the band edge relaxation. Based on this fact, the growth of
the PbSe shell may have efficiently reduced the surface defects of
the core NCs through passivating the lead dangling bonds and
therefore enhanced the PL efficiency in solution.44 Time-
resolved photoluminescence (TRPL) decays exemplified that
CsPbI3/PbSe NCs exhibited an extended average PL lifetime of
42.6 ns relative to 33.4 ns in CsPbI3 NCs. This underpins that
the PbSe layer has extended the survival time of the excitons
through either reducing the number of non-radiative channels
via surface passivation or minimizing the overlap of the electron
and hole wave functions through the heterojunction formation
at the CsPbI3/PbSe interface; see Figure 3c.

44 In turn, such a
decrease in the non-radiative channels can ideally extend the
charge separation time, which is extremely essential for solar cell
applications.44 In addition, transient absorption measurements
unveiled that the bleach band of CsPbI3/PbSe NCs was slightly
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blue-shifted and exhibited a narrower fwhm than that of CsPbI3
NCs and retained 42.5% of its value at 5 ps, compared to only
35.6% for bare CsPbI3 NCs over the same time scale. This
observation nominally asserted the presence of shallow level
defects to the low-energy side of the band-gap (Figure 3c, lower
panel).
Of particular relevance, capping CsPbI3 NCs with PbS to form

CsPbI3/PbS caused a perfect surface defect passivation, which
dramatically improved the PL efficiency, narrowed the PL
spectrum, reduced the Stokes shift, and enhanced the stability.79

The crosstalk between PbS and CsPbI3 NCs led to significant
charge transport enhancement within the NC film. Interestingly,
due to the similarity of the Fermi level and the CBM of pure
CsPbI3 NCs, shelling with PbS triggered a Fermi level shift,
while both the CBM and VBM were maintained intact. Such
behavior demonstrated that shelling with PbS allowed a clear
switch from the n-type character in pure CsPbI3 NCs to nearly
ambipolar-type.
Furthermore, as shelling with other perovskites could ensure a

perfect lattice matching, therefore more decent core/shell
interfaces can be obtained. Thus, in the case of shelling CsPbX3
NCs with a large-band-gap material such as Cs2PbX6 of 4.0 eV, a
strict confinement of the electrons in the CsPbX3 core was
revealed.65 Interestingly, coating with thick shells led to 12%
PLQY improvements from 84% to 96.2%. TRPL dynamics
revealed a decrease in the average lifetime from 16 to 9 ns after
Cs2PbX6 shelling. In general, the decrease in the lifetime can be
attributed to either the core size reduction due to the ion
diffusion occurring after addition of the shell precursors or the
enhanced exciton binding energy after shelling or the confine-
ment of the excitons in the core in type-I configuration.
However, in this case, the authors ruled out the size shrinkage
factor due to the nearly perfect absorption peak positions
observed before and after shelling.
For the 3D/0D CsPbBr3/Cs4PbBr6 case, it was reported that

growing of 0D Cs4PbBr6 NCs of a larger band-gap and a perfect
lattice matching over the 3D CsPbBr3 of a lower band-gap to
form a type-I band alignment not only improved the stability of
the NCs but also slowed down the carriers’ cooling rate through
large-polaron formation characteristics.66 Ultrafast transient
absorption spectroscopy measurements showed a clear differ-
ence in the hot carrier thermalization pathways in both CsPbBr3
and CsPbBr3/Cs4PbBr6 core/shell NCs under the same laser
fluence, which in turn confirmed the polaron formation in
CsPbBr3/Cs4PbBr6 NCs. It was also found that shelling
Cs4PbBr6 over the CsPbBr3 core led to an 8% increase in the
PLQY (from 74% to 82%) as a result of the effective surface
defect passivation. In addition, the average PL lifetime of the
CsPbBr3/Cs4PbBr6 core/shell NCs was decreased from 12 to 8
ns. Again, such a decrease in the PL lifetime could be presumably
because of the core size shrinkage or enhanced exciton binding
energy after shelling. The authors here excluded the size
reduction possibility because the PL bandwidth and the PL peak
position remained unchanged after shelling. So, the only
plausible reason remaining is the increase in the exciton binding
energy for the Cs4PbBr6 shell phase (∼160 meV), compared to
the CsPbBr3 phase. Besides, the photogenerated charge carriers’
faster recombination could also occur due to the large band
offset in the CsPbBr3/Cs4PbBr6 following a type-I core/shell
system.
In the CsPbBr3/CsPb2Br5 system, PL dynamics decay showed

almost the same lifetime before and after shelling, with aminimal
reduction of non-radiative routes as a result of defect

passivation.67 On the other hand, covering CsPbBr3 with an
amorphous CsPbBrx shell led to enhancement in the PLQY up
to 84%, compared to 54% for pure CsPbBr3 NCs, indicating a
perfect lattice match.68 Interestingly, after shelling, an enhanced
absorption capability was observed due to the consumption of
the short-wavelength light that was assumed to fill the defect
states and thus produced bright PL. In addition, the Stokes shift
in CsPbBr3/A-CsPbBrx NCs (0.1 eV) was smaller than that in
CsPbBr3 (0.16 eV), suggesting the former case has less heat
dissipation. In addition, the PL spectra of CsPbBr3 NCswere not
symmetrical, owing to the presence of crystal defects. Similarly,
the PL spectra of CsPbBr3/A-CsPbBrx NCs showed no sub-
band-gap emission related to defects, suggesting that the
emission came from the CsPbBr3 core instead of the shell.
Typical time-resolved PL decays revealed that the two NCs had
similar decay rates, while the core/shell NCs had a higher ratio
of emitted photons under the same absorbance; thus, a higher
PLQY was achieved than that of bare CsPbBr3 NCs. This
information emphasized the positive impact of the amorphous
CsPbBrx shell on protecting the CsPbBr3 core against radiative
corrosion and increasing the PLQY of CsPbBr3/A-CsPbBrx
NCs.
Meanwhile, a different mechanism was observed in the

CsPbBr3/Rb4PbBr6 system. For instance, it was found that the
absolute PLQY of the core/shell NCs was progressively
increased by increasing the Rb amount.69 Particularly, 2 times
PLQY enhancement was attained when Rb/Cs = 1.2. In
addition, after Rb treatment, the average lifetime increased from
8.0 to 11.5 ns for the Rb/Cs = 1.2 sample, which reflects the
passivation effect of Rb on CsPbBr3 NCs that induced a
suppression of the non-radiative recombination. In addition, TA
measurements showed that, owing to the state-filling effect in
CsPbBr3 NCs, both samples were dominated by a bleach feature
at around 500 nm. Furthermore, neither sample displayed a
noticeable bleach feature below 360 nm, confirming that, for
Rb/Cs = 1.2, CsPbBr3 and Rb4PbBr6 should have a type-I band
alignment. Therefore, the TA kinetics probed at the bleach band
showed that the Rb-based samples had a much longer TA
lifetime than CsPbBr3, which confirmed the type-I band
alignment which passivated the CsPbBr3 core and helped to
maintain a long-lived excited state.
Likewise, an intrinsic narrow PL emission was observed in

both pristine CsPbCl3 and core/shell AuCu/CsPbCl3 NCs,
confirming the high consistency and uniformity of these NCs.
However, relative to CsPbCl3 NCs, the 5−7 times improvement
in PL intensity for the AuCu/CsPbCl3 core/shell NCs
confirmed the strong shelling effect in comparison to the
pristine CsPbCl3 NCs.

74

3. THEORETICAL CALCULATIONS BY DENSITY
FUNCTIONAL THEORY

Density functional theory (DFT) calculations have become a
powerful theoretical tool for studying the electronic and optical
properties of perovskite NCs systems, including the electronic
band structures and optical absorption,80 the defect properties
like formation energies and charge transition levels,81 the
assignments for the emission states,80,82 the dimensionality
effect on the optical response,83 the interactions between ligands
and NC surfaces,26 the doping effect on the PL enhancement/
decay,32 and other unique features like molecular behavior.84

In core/shell perovskite NCs for different optoelectronic
applications, it is critical to determine the energy alignments of
the core/shell heterostructures (e.g., type-I, reversed type-I, or
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type-II). As shown in Figure 4a, the relative positions of the
CBM and VBM can be located based on the calculated projected
density of states of the core and shell. Another commonly used
method to determine the CBM involves calculating the
ionization energy and work function based on the optimized
heterojunction structures (VBM is then placed based on CBM
and band-gap). Chen et al. investigated the halide MAPbBr3
NCs with an efficient five-photon excited upconversion
fluorescence.85 They found that the core/shell NCs of
MAPbBr3/(OA)2PbBr4 had the type-I energy alignment
between the MAPbBr3 core and (OA)2PbBr4 shell, as shown
in Figure 4b, which was proved through combining various
photoelectron spectroscopy measurements. The experimental
valence band offset (0.38 eV) was well reproduced by their DFT
calculations (ΔVBM = 0.36 eV), also showing the type-I energy
alignment between the MAPbBr3 core and (OA)2PbBr4 shell.
On the other hand, DFT calculations can also predict the

interfacial geometries and electronic properties of core/shell
structures and help to understand the nature of interaction/
binding between the organic ligands/inorganic shell and the
perovskite core. Taking the polymer ligands/perovskite core/
shell system as an example, Hou et al. showed that a diblock
copolymer shell grown on top of CsPbBr3 NCs can strongly bind
to the core of NCs with functional groups by multidentate
coordinating.56 They found that the binding energy (Ebinding)
increased monotonically as the number of 2-vinylpyridine
(2VP) groups increased (see Figure 4c), and the calculated
Ebinding of the oligomer with four 2VP units was about 1.0 eV
without generating any trap states. In their oligomer model with
an equal number of 2VP segments and styrene that mimics a
block polymer, two Pb−N bonds were well retained but with a
small change of bond angles (see the inset of Figure 4c). Their

calculations suggested that it was less likely for the multidentate
polymer ligands to detach from the perovskite NCs’ surface as
compared to the small-molecule ligands. To investigate the
electronic structures of CsPbBr3/CdS core/shell QDs, Tang et
al. built four interfacial models using CsPbBr3 (100) slabs with
PbBr2 and CsBr terminations.61 They found that a structural
change accompanied by a strong chemical bonding occurred at
the interfaces. In these four models, the calculated bond lengths
and bond energies were as follow: between the S plane of CdS
and CsBr plane of CsPbBr3, 2.28 Å and 60 eV·Å−2; Cd with
CsBr, 2.19 Å and 14 eV·Å−2; Cd with PbBr2, 1.78 Å and 17 eV·
Å−2; and S with PbBr2, 3.16 Å and 59 eV·Å−2. These results
suggest stronger binding between S atoms of CdS and the CsBr-
rich surface. The calculated projected density of states of four
CsPbBr3/CdS interfaces showed a large electronic overlap for
both valence bands and conduction bands due to the strong
orbital hybridization at the interface between two compounds.
The electrostatic potential dropped or increased resulted in-
built electric field, facilitating electron and hole pairs’ separation
at the CsPbBr3/CdS interfaces.
The pristine lead-free Cs4SnBr6 NCs were recently prepared

using a classical hot-injection method, showing the green
emission centered at ∼530 nm with an enhanced air stability in
both forms of colloidal suspensions and thin films.86 However,
the Sn-based 0D NCs still suffer from instability that is
associated with the oxidation of Sn2+ ions. To address this, we
theoretically designed A4SnX6/A4PbX6 (A = K, Rb, or Cs and X
= Cl, Br, or I) core/shell structures generated using an A4PbX6
shell and A4SnX6 core in order to inhibit the transformation
from [SnX6]

4− to [SnX6]
2−.87 For example, the core/shell

models were built by aligning Cs4SnI6 and Cs4PbI6 octahedra
along the same direction (Figure 4d). Based on the DFT

Figure 4. (a) Schematic illustration of energy level alignments (type-I, reversed type-I, and type-II) for core/shell NCs and their projected
density of states. (b) Schematic illustration of the core/shell NCs with MAPbBr3 as a core and (OA)2PbBr4 as a shell, showing a type-I energy
alignment. (c) Binding energies for different numbers of 2VP segments on the CsPbBr3 NC surface. DFT calculations were performed on the
block oligomer containing four 2VP units and four styrene units. (d) Core/shell A4SnI6/A4PbI6 structure (A = K, Rb, and Cs) and
corresponding energy level alignments and charge density differences. Panel b adapted with permission from ref 85. Panel c adapted with
permission from ref 56. Panel d was redrawn with permission from ref 87.
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optimizations, we showed that the interfacial [SnI6]
4− and

[PbI6]
4− octahedra kept their bulk orientations without

introducing any distortion or rotation; we further confirmed a
type-I alignment character of Cs4SnI6/Cs4PbI6 core/shell
structures, indicating that the interfacial [PbI6]

4− and [SnI6]
4−

species could help efficient energy transfer from a Cs4PbI6 shell
to a CsSnI6 core. The charge redistributions at the Cs4PbI6/
Cs4SnI6 interfaces showed the alternative electron accumulation
and depletion layers. This kind of charge rearrangement can lead
to an increased potential barrier, preventing charge transfer and
allowing hole trapping in the [PbBr6]

4− or [SnBr6]
4− octahedra

at the interfacial region. Moreover, such structural deformations
could lead to the formation of self-trapped excitons (STEs) for
broadband emissions.

4. APPLICATIONS AND DEVICE PERFORMANCE

Whereas shelling of the NCs has proven to be efficacious for
stabilizing the surface and improving the optical properties, a
very important question that comes to mind is the charge
extraction and how these well-fabricated heterostructures will
perform in device application. In fact, an effective shell coating
shall allow charge extraction and transfer at the interface.
In the case of shelling with metal oxides, CsPbBr3/LP/SiO2

core/shell NCs were explored as an ink for anti-counterfeiting
applications.47 The printed pattern still emitted a vibrant color
with no emission attenuation after being immersed in water or
exposed to heating/cooling cycles and 1500 UV on/off

switching cycles, which confirmed the remarkable photostability
for security and safety applications.
Meanwhile, MAPbBr3/SiO2/PVDF core/shell NCs have

been used as green emitters for LED applications. A WLED
device was fabricated based on a blue GaN chip, green
MAPbBr3/SiO2/PVDF NCs, and red KSF as three primary
colors, displaying a very high luminous efficiency of 147.5 lm
W−1 and a color gamut in the CIE 1931 color space comprising
120% of the National Television System Committee (NTSC)
standard.
Also, after quantitatively comparing the energy level align-

ment of both CsPbBr3 and TiO2, it was found that a type-II band
alignment with a conduction band offset of ∼−0.5 V and
valence band of ∼1.2 V is possible in the CsPbBr3/TiO2
heterostructure.51 Thus, it was predicted that a possible charge
transfer could occur as a result of the PLQY dropping from 14.8
to 2.1 ns after TiO2 shelling. So, the charge carrier transport
behavior of the CsPbBr3/TiO2 NCs was assessed by photo-
electrochemical measurements. In addition, the transient
photocurrent responses of CsPbBr3/TiO2 NCs demonstrated
almost 2 times improved cathodic photocurrent compared to
those of CsPbBr3 NCs. In addition, electrochemical impedance
spectroscopy (EIS) measurements revealed a substantially
reduced recombination rate at high frequencies for CsPbBr3/
TiO2 core/shell NCs along with a decrease in the resistance of
the charge transport of CsPbBr3 NCs compared to CsPbBr3/
TiO2 core/shell NCs, demonstrating the suitability of perovskite
NCs as a visible light photocatalyst for solar energy conversion

Figure 5. (a) Electroluminescence spectra of CsPbBr3/PABr at different voltages. The inset is a photograph of the device operated under 4 V,
and on the right is a histogram of peak EQEs for 32 devices. (b) Photographs of flexible PeLEDs with emission area of 2 × 2 cm2; i−iii are the
corresponding I−V−L curves, CE and EQE as a function of luminance, and normalized EQE as a function of bending times. IV and V show
photographs of luminescence solar concentrators made of a CsPbBr3 core/shell NCs film with a PMMA coating layer deposited on a glass
substrate (7 × 7 cm2), under excitation of a UV lamp (wavelength: 365 nm) and AM 1.5 solar simulator (100 mW/cm2), respectively. (c)
Scheme of the architecture of the OLED backlight-based green-emitting quantum-dot LED fabricated with h-PMMA/b-PEI-stabilized
CsPbBr3/CsPb2Br5 core/shell NCs and a photograph of the final device under operation. Below are the corresponding emission spectra and the
contributions of the perovskite nanocrystal (PNC) pixel’s emission along with original blue OLED for comparison. (d) Schematic of the device
architecture of the CsPbI3/PbSe NCs-based solar cells and the corresponding J−V curves characteristics of the CsPbI3 and CsPbI3/PbSe-based
solar cells, obtained under reverse scan conditions. Panels a, b reprinted with permission from ref 76. Panel c redrawn with permission from ref
70. Panel d redrawn with permission from ref 44.
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applications. Similarly, shelling with polymers has also shown
great potential to be implemented in optoelectronic device
applications.
As such, instead of direct charge transfer, the MAPbX3/PS-b-

P2VP system proved to have FRETmechanism between NCs of
different band-gaps.57 After implementingMAPbI3 (MAPI) and
MAPbBr3 NCs inside the micelles of a PS266-P2VP41 polymer,
it was found that MAPbBr3 NCs can efficiently transfer their
energy via FRET to the MAPI NCs. This hypothesis was proved
by the observation of a faster decay in the combined sample
compared to the pure film. As a result, a remarkable transfer
efficiency of 30.5% was accomplished, even with such an
extremely thin layer of MAPI NCs.
In addition, a green light LEDdevice was fabricated by coating

a commercial GaN LED chip (0.8 W) with a MAPbBr3/β-CD/
PMMA composite to study the capability of MAPbBr3/β-
cyclodextrin core/shell NCs as a luminescent LED phosphor.58

The fully converted blue emission of the LED chip to green
emission after coating the GaN LED chip with the MAPbBr3/β-
CD/PMMA gel confirmed the excellent color purity. The CIE
chromaticity coordinate of this green LED and the color-
correlated temperature (CCT) of 6708 K showed a major
advantage for applications in lighting and displays.
Furthermore, the corresponding green perovskite LEDs based

on CsPbBr3 shelled with long-chain organic molecules led to a
recorded peak external quantum efficiency (EQE) of 15.17% at
typical operational conditions. Also after a 50-fold bending test
with a radius of 1 cm, the flexible devices demonstrated 90%
performance, which indicates that such luminescence solar
concentrators are promising candidates for flexible and smart
device applications, as shown in Figure 5a,b. CsPbBr3/CsPb2Br5
core/shell NCs were also tested as efficient light-emitting
materials for LED applications.70 The fabricated green-emitting
hybrid LED based on a blue OLED backlight and CsPbBr3/
CsPb2Br5 core/shell material served as a conversion layer,
exhibiting high blue electroluminescence conversion of 26% for
the core/shell of CsPbBr3/CsPb2Br5 NCs, which confirms the
applicability of the core/shell NC/polymer film as a green color
converter in conjunction with a blue-emitting OLED; see Figure
5c.
Being on the same regime, FAPbBr3/CsPbBr3 green-emitting

core/shell NCs have been applied for LED applications.71 A
significant improvement of the core/shell NCs performance was
achieved compared to that of bare FAPbBr3 LEDs. The
maximum current efficiency was reported to be as high as
19.75 cd A−1, with EQE ≈ 8.1%.
The optoelectronic device performance of core/shell PbSe/

CsPbBr3 wire heterostructures was also investigated. As we
indicated above, in this system, the photogenerated electrons
could be injected and are localized in the PbSe core, while the
holes remain in the p-type CsPbBr3 shell in order to take part in
the conducting process. Thus, due to the efficient charge
separation in the CsPbBr3 shell, photodetectors with this
heterostructure showed an increased responsivity (4.7 × 104 A
W−1) at a power of 2.5 μW cm−2, compared to 4.4 × 103 AW−1

for the photodetectors based on the pure CsPbBr3 structures.
73

Furthermore, excellent EQEwas attained for the fabricated LED
with a large emission area of 4 cm2.
Likewise, since plasmon−exciton coupling of the AuCu cores

could have a strong impact on the optoelectronic device
performance of CsPbCl3 NCs, the fabricated photodetectors
based on the AuCu/CsPbCl3 core/shell NCs/graphene
heterojunction showed a greatly improved photoresponsivity

(almost 30 times) in AuCu/CsPbCl3 core/shell NCs compared
to the bare CsPbBl3 NCs, which demonstrates the perfect
matching of coupling plasmons and excitons in perovskite NCs
for high-performance photonic and optoelectronic applica-
tions.74

In addition, a NCs-based LED was also prepared to show the
performance of a CsPbBr3/A-CsPbBrx core/shell structure
dispersed in silicone resins with commercial InGaN chips.
Interestingly, a wide gamut of pure blue color was verified by
comparing the Commission International de l’Eclairage (CIE)
chromaticity diagram of the blue emission NCs-based LED
(0.16, 0.05) and the blue-emitting LED of the National
Television Systems Committee (NTSC) TV color standard
(0.14, 0.08). Further, shelling with metal chalcogenides has
shown great potential to be utilized in solar cell applications. For
instance, CsPbI3/PbSe heterostructure was implemented in a
solar cell device architecture.44 Very interestingly, the J−V
characteristics showed that the CsPbI3/PbSe NC heterostruc-
tures exhibited higher power conversion efficiency (PCE) of
13.9% as compared to the bare CsPbI3 NCs-based device (PCE
≈ 10.2%); Figure 5d. The effective passivation of the defects
through PbSe shelling not only prolonged the exciton lifetimes
and increased sunlight absorption but also provided better
charge carrier separation and collection at the interface.

■ OUTLOOK AND SUMMARY
To this end, the poor stability of perovskite nanocrystals under
external stresses remains the key obstacle hampering their
practical applications. In a quest for solutions, several strategies
have been thoroughly developed toward stable perovskite NCs,
including compositional engineering, surface engineering, and
matrix encapsulation. Of particular interest, core/shell engineer-
ing is another powerful approach that holds huge promise to
improve the low stability of these materials and increase their
applications. However, to date, the direct growth of shells on top
of perovskite NCs remains quite challenging, essentially because
of the inherent soft ionic nature of the perovskite structures and
the lack of ideally tailored shells with near-perfect lattice
mismatch. Primarily, a perfect shell material should act as a
physical barrier from harsh environmental conditions while
being designed with precisely controlled thickness to allow
charge transfer at the interface. Therefore, the choice of an
appropriate shell material is a determining aspect to boost this
research area further. In this Focus Review, we aimed to
summarize the shell materials recently employed in designing
core/shell perovskite NC heterostructures and discuss their
synthetic methods and colloidal stability, their photophysics,
theoretical investigations, and finally their device applications,
highlighting the current challenges and opportunities. Below are
summarized the key points and the current open questions to be
answered:

Synthesis and Colloidal Stability. To date, the research
community still does not fully understand the mechanism of
perovskite core/shell NCs’ nucleation and growth processes.
Thus, for a rational design of smart core/shell structures, a better
evaluation of the reactionmechanisms and side reactions, as well
as a careful surface engineering of the NCs, is required.
In conventional semiconductor NCs, to synthesize core/shell

NCs with competent optical properties, a uniform epitaxial-type
shell growth of well-isolated NCs is essentially targeted.
However, in the case of the perovskite NC core/shell interfaces,
the concept of thin epitaxial-type shell formation seems to be the
case. For instance, shelling with oxides revealed unprecedented
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colloidal stability of the perovskite NCs. A major concern
primarily observed is that multiple perovskite NCs were
homogeneously incorporated into one shell; besides, it was
quite challenging to control the inherent fast reaction rates of the
perovskite NCs. Some attempts suggested that the addition of
ammonia while employing a one-pot synthesis strategy could
solve this issue and also slow down the reaction time and control
the shell thickness and the size of the core/shell NCs. Likewise,
it was found that the reaction temperature, precursor species,
and pH value are essential factors that can hugely influence the
growth formation rates of the core/shell NCs. The related issue
to be considered is how to grow thick shells of organic or
inorganic materials without impairing the strong PL efficiency of
core perovskite NCs. Also, as the charge carriers can at least be
partially delocalized in the shell, the emission wavelength can be
tuned by changing the thickness of the shell. In other words, it
would be interesting tomanipulate the shell thickness in order to
tune the emission color toward wide spectral ranges.
Since perovskite NCs generally form very quickly, the

epitaxial growth of a secondary product on their surfaces or
vice versa is still hard to control. Shelling with polymers showed
huge promise to slow down the anion-exchange reactions, which
could be a very efficient protocol to further stabilize the
perovskite NCs. To overcome the super-fast growth rate of
perovskite NCs, one should control the ligand concentration
during the synthesis of the core/shell structures.
In the case of shelling with metal chalcogenides, one serious

problem observed is the decomposition of the NCs when
heating at high temperatures. Shell growth at lower temperatures
was proven to be mandatory to avoid the generation of
impurities and cease the phase transformation. It was shown that
properly selecting the shell precursors with relatively low
reactivity and optimizing the growth time were key steps to
facilitate the slow release of the shell precursors and prevent the
separate nucleation of the shell. However, it is still challenging to
attain homogeneous shells for all the NCs.
In the case of shelling perovskite NCs with another crystalline

perovskite shell, despite having a close lattice mismatch, also
very limited epitaxial relations have been proved. It worth
nothing also that the appearance of a clear contrast in the TEM
images is essential to confirm the formation of a core/shell
structure; the core is usually darker than the shell since the
electron densities of the core and shell materials are slightly
different. Another indispensable piece of evidence is the increase
in the size of the NCs after the shell formation and the
appearance of the core and the shell lattice fringes, which
provide very important proof for successful shell growth.
However, it was observed that, in most of the cases, it was
difficult to detect the lattice fringes clearly; in fact, maintaining
the cubic shape of the core perovskite NCs with well-defined
edges was also difficult. In addition, in order to implement these
heterostructures into devices, the shell thickness is another
factor that cannot be neglected. So, for implementation into
devices, a perfectly selected shell thickness is required to avoid

the production of strain-induced defects at the interface.
However, the reports showed less focus on discovering and
exploring the effects of the thickness on the optical properties
and the device performance.

Defects and Photophysics. Not only the minimal lattice
mismatch but also a relevant band-gap alignment is another
criterion to be taken into consideration when choosing suitable
shell materials. Essentially, the core/shell type alignment is
indispensable to determine the fate of the photogenerated
charge carriers. So far, most of the shelling materials grown on
the surface of the perovskite NCs helped to passivate the
unfavorable surface defects and accordingly minimized the non-
radiative decay rates and led to unprecedented PLQYs. In
addition, it was proven that shelling with metal chalcogenides
such as CdS could lead to longer lifetimes as a result of
mitigating the non-radiative and Auger recombination and
blinking characteristic. Thus, the proper selection of a core/shell
heterostructure may bypass the Auger recombination problem,
which can certainly improve the performance of perovskite NCs
in optoelectronic applications, such as lasing and solid-state
lighting, as observed in traditional NCs. Forming a type-I band
alignment and confining the electron in the core model, as
represented by fast decay rates, not only improved the stability of
the NCs but also thoroughly slowed down the carriers’ cooling
rate through large-polaron formation characteristics. However,
when a type II-band alignment was proven, a reduction in the
PLQY and a shortening of the lifetime were observed due to the
confined excitons. Such an observation is indeed crucial for
efficient charge transfer in solar cell applications. In addition to
that, ultrafast transient absorption spectroscopy measurements
were ascertained to be vital for determining the band-gap type
alignment as well.

Theoretical Calculations.To understand how the organic/
inorganic shell interacts with the perovskite core, all the possible
surface terminations of core and anchoring positions should be
considered in building reliable core/shell heterojunction
structures. The commonly used slab models are limited to
studying the interactions between organic shell and inorganic
core or between inorganic core and shell with perfectly lattice
matching. For the more complex core/shell/ligand perovskite

nanocrystals, cluster models are needed to capture the intrinsic
electronic and optical properties of the whole system. However,
those clusters contain hundreds of atoms (including tens of
heavy atoms), and a compromise between accuracy and
computational cost should be carefully considered. The
standard DFT methods (e.g., GGA/PBE) may fail to locate
the relative positions of energy levels between core and shell,
especially the conduction band minimum, due to the under-
estimated band-gaps. To overcome this, a hybrid functional
(e.g., HSE and PBE0) is needed to actually predict the band-
gaps of core and shell, as well as the energy alignments between
core and shell.

Applications and Device Performance. So far, core/shell
NCs have demonstrated huge potential to be used in a range of

Thus, for a rational design of smart
core/shell structures, a better evalua-
tion of the reaction mechanisms and
side reactions, as well as a careful
surface engineering of the nanocryst-
als, is required.

For the more complex core/shell/ligand
perovskite nanocrystals, cluster models
are needed to capture the intrinsic
electronic and optical properties of the
whole system.
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optoelectronic device applications, including solar cells, LEDs,
and anti-counterfeiting applications. For example, type-I core/
shell heterojunctions might be useful for LED applications, as
the exciton/carrier confinement in the perovskite NCs can
effectively contribute to efficient light emission. But, such a
structure may inhibit the separation and extraction of excited
charge carriers and, thus, be unsuitable for solar cells. It worth
noting that considerably high EQE values were reported for
these new core/shell combinations, which clearly suggests that
more efforts should be devoted to explore more materials.
In summary, shelling perovskite NCs is indeed in its infancy.

Core/shell formation has a very strong potential to decrease the
sensitivity of the optical properties of the NCs to changes in the
local environment and lead to enhanced stability against
photodegradation. To this end, we conclude that more research
efforts should be devoted to further exploring and deciphering
this growing field in an attempt to pave the way for perovskite
core/shell NCs’ commercialization. Given the fact that an
enormous amount of research has been carried out for
traditional core/shell semiconductor NCs, we firmly believe
that there is still muchmore to be realized in this research area in
the coming few years. Thus, re-evaluating the engineering of the
perovskite core/shell NCs is mandatory.
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