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rystals stabilized in metal–organic
frameworks for light emission devices

Wanyi Nie *a and Hsinhan Tsai ab

Metal halide perovskite nanocrystals are recent emerging light emitters with high emission quantum yields

and wide color tunability from the ultraviolet to near infrared regions. Perovskite nanocrystals have been

applied in high-performance optoelectronics such as bright light-emitting diodes, high-resolution X-ray

imaging and photo/radiation sensors, and have received wide attention in this field. However, key

challenges such as the poor material stability in the ambient environment and the short operational

lifetime under external stress such as an electrical field or illumination still hinder the further

development of perovskite nanocrystal-based optoelectronics. Recent intriguing works have smartly

incorporated perovskite nanocrystals in metal–organic framework (MOF) matrices to stabilize their

emission properties. The resulting perovskite–MOF structures are bright light emitters that have enabled

a variety of promising applications. This perspective provides an overview of the recent progress in

perovskite/MOF heterostructures and their applications in photonic devices. It first introduces the

challenges of stabilizing perovskite nanocrystals, and then discusses how perovskite/MOF structures

overcome these problems. We then go over the development of photonic devices using perovskite/MOF

as light emitters and describe their potential uses in clean energy conversion and sensing applications.
1. Introduction

Efficient photonic sources are in extensive demand for appli-
cations that have brought signicant value to daily life. For
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example, among the rapidly growing energy demands across the
world, lighting accounts for 20% of the total global energy
consumption.1 Light-emitting diodes (LEDs), which use a lumi-
nescent semiconductor to convert electricity to light with very
low heat loss, dramatically reduce the required energy input for
bright light emission. LEDs also provide background lighting in
displays in consumer electronics to save energy. Beyond
lighting applications, nding a bright photonic source is
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essential to support applications such as optical communica-
tions, optical computer processors, and scintillating screens for
medical imaging.

Metal halide perovskites are recent wonder materials for
high-efficiency photovoltaics,2–7 sensitive radiation sensors,8–18

and low-cost LEDs19–25 (Fig. 1). These materials have the general
formula ABX3, where A is a cation, B refers to the metal core and
X is a halide. Low-dimensional perovskites, such as 2D
quantum wells, quantum dots, and nanocrystals, can be fabri-
cated by adding organic ligands or bulky organic halides to
conne the structures (Fig. 1a). Low dimensionality introduces
quantum and dielectric connements to the electronic band
structure, where generated electron and hole carriers are
strongly bonded at room temperature, promoting radiative
recombination for light emission. By tuning their dimensions
or composition, nano-structured perovskites show near-unity
light emission quantum efficiency at room temperature.26

Attractively, perovskites are low-cost materials in which all the
ingredients are earth-abundant elements (i.e., lead iodide and
organo-halides), and expensive rare earth metal dopants are not
always needed in perovskites to activate their light emission.

Innovations in the fabrication of perovskite nanocrystals have
been extensively reported in recent years. An open scientic
problem is the stabilization of luminescent nanocrystals in the
ambient environment or during device operation. Recently, an
emerging structure by growing perovskite nanocrystals in metal–
organic frameworks (MOFs), porous metal–organicmatrices used
to protect the perovskite nanocrystals, has been shown to achieve
bright light emission with extended lifetimes under harsh
conditions. Recently, the intriguing properties of perovskite/MOF
(PeMOF) materials, in particular their outstanding stability, have
Fig. 1 (a) Schematic illustration of the metal halide perovskite structu
photovoltaic panel. (c) The typical device structure for a perovskite light-
Photos of a 2D perovskite crystal that lights up upon UV light (middle p
permission from Springer Nature.

This journal is © The Royal Society of Chemistry 2022
been reported27–29 and photonic devices such as light-emitting
diodes20,30 and radiation scintillators using PeMOF emitters
have also been demonstrated in the past few years. It is note-
worthy that a few review articles have comprehensively discussed
the various synthetic approaches for PeMOF structures and
summarized most of the PeMOF combinations reported in the
literature.31–33 Thus, this perspective will not repeat summarizing
the reported structures and properties from all aspects, rather we
focus on discussing how PeMOF structures can address the
challenging problems in perovskite nanocrystal-based photonic
devices. Firstly, we introduce the perovskite nanocrystals for light-
emitting devices and their instability problems, which must be
overcome. Next, we summarize the established mechanisms
responsible for the degradation of nanocrystal, and based on
these mechanisms, we discuss how can PeMOF structures solve
this issue. Aer summarizing the advances of PeMOF structures,
we then review the progress in the use of PeMOFs in photonic
devices. In particular, the challenges in making lighting devices
and why PeMOFs are feasible to address these challenges will be
discussed. Finally, we present an outlook of the future applica-
tions of PeMOF-based lighting devices.

1.1 Background of luminescent perovskite nanocrystals

Various methods have been explored for the synthesis of
perovskite nanocrystals (Fig. 2). Colloidal perovskite quantum
dots are typically grown by introducing a perovskite precursor in
a non-coordinating solvent in the presence of a capping ligand
such as oleic acid and oleyl amine (Fig. 2a). Tuning the
precursor ratio and length of the ligands can control the
nanocrystal size. This method results in nanocrystals with
a narrow size distribution, usually in a few-nanometer range,
res in 3D, 2D, 1D and 0D. (b) Cartoon illustrations of a perovskite
emitting diode and photos of perovskite LEDs with tunable colors. (d)
anel) and X-ray (lower panel) irradiation. Reproduced from ref. 11 with
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Fig. 2 Perovskite nanocrystal developed in the field. Schematic illustration of (a) examples of organic-perovskite nanocrystal structures, (b)
core–shell structure to confine the perovskite nanocrystals and (c) perovskite/MOF structure by confining the perovskite nanocrystal in a MOF
matrix.
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with exceptional photoluminescence (PL) quantum efficiencies
of over 80%.34,35 All-inorganic CsPbX3 quantum dots with 90%
emission yield have been achieved by a newly developed “hot-
injection” method.36 Other methods for nanocrystal growth
have also been explored. For instance, encapsulating perov-
skites in a nanoshell also produces highly emissive nano-
materials (Fig. 2b). Perovskites in SiO2 nanoshells have been
demonstrated with high luminescent properties. Interestingly,
these crystals are bio-compatible, and thus promising for drug
delivery.37 Also, a distorted non-perovskite structure such as
Cs4PbX6 (ref. 38–40) and CsPb2Br5 (ref. 41–43) is smartly
employed to encapsulate an ABX3 perovskite core, e.g., CsPbX3

crystal-forming a core–shell structure.38,40,42,44

Perovskite nanocrystals can be also conned in an organic
matrix or metal–organic framework (Fig. 2c). The presence of
the matrix will limit the perovskite crystal growth rate, and thus
conne its shape, yielding highly emissive nanostructures. The
perovskite/MOF structure will be introduced in detail in the
next section.

Nano-structures such as CsPbBr3 quantum dots and 2D
perovskite quantum wells have been integrated in photonic
devices such as light-emitting diodes,40,45–47 scintillators15,48,49

and lasers.50–52 Uniquely, high-quality thin lms can be
produced by low-temperature solution-based methods, where
printing techniques can be employed for large-scale
manufacturing. Because of their high emission yields, LEDs
fabricated using perovskite nanocrystals with outstanding
electroluminescence quantum efficiencies of over 20% have
been demonstrated. Perovskite nanocrystal-based LEDs deliv-
ered a high color purity in green23,53,54 and high electrolumi-
nescence (EL) of over 10 000 cd m�2, meeting the industrial
requirement of color purity and brightness, respectively.20
1.2 Current challenge in stabilizing nanocrystals and their
opto-electronic devices

Currently, one of the main obstacles associated with perovskite
nanostructures is their poor stability, where several major
19520 | J. Mater. Chem. A, 2022, 10, 19518–19533
degradation mechanisms have been identied. Firstly, nano-
crystals are thermodynamically unstable and tend to merge
back to the bulk phase, which quenches their emission effi-
ciency. It is shown that perovskite nanocrystals merge to form
larger aggregates55 upon heating or even being stored at room
temperature, which shis the peak position and reduces their
emission intensity.56 Constant illumination can also age
perovskite nanocrystals. Huang et al. found that crystal aggre-
gation occurred under a constant illumination, exhibiting 10-
times lower PL than the fresh materials.57 Secondly, similar to
bulk perovskite materials, the ambient environment is detri-
mental to perovskite nanocrystals, where moisture or oxygen
can accelerate the decomposition of their structure to the
precursor phase. Pioneering works have found that moisture or
oxygen can destroy the surface of nanocrystals by electro-
chemical reaction, which removes their ligands and quenches
their emission.58 Thirdly, external stress such as illumination
and electrical eld can drive the movement of ions in their
structures, which shis their emission peak position, and ulti-
mately damages the material. It is worth noting that the ion
migration effect is a major problem for almost all perovskite-
based electronic devices.59 It was rst recognized in perovskite
photovoltaics, where the sweeping voltage from different
polarity causes signicant differences in the current–voltage
characteristics even in a small voltage range (<2 V).60,61 Later, ion
migration was determined to be a more severe problem in
perovskite lighting devices, where higher biases (typically
greater than 3 V) must be applied for electroluminescence.62,63

Consequently, the emissions of most LEDs decay by 50% within
20 min of continuous operation even under a moderate bias,58

which occurs even faster when driving the device at its
maximum brightness. In addition, the ion migration problem
also persists in perovskite nanocrystals,64 which is believed to
occur near the surface of the crystal where defects are oen
located. Another challenge is the voltage-induced color insta-
bility of perovskite LEDs. Continuous color tunability is usually
achieved by tuning the halide composition in the perovskite
structure, such as adding iodide to bromide perovskites, which
This journal is © The Royal Society of Chemistry 2022
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red-shis their emission color by optical band gap narrowing.
However, under an electrical eld, the originally well-mixed
halides tend to aggregate into individual domains, e.g.,
bromide-rich vs. iodide-rich domains, shiing the emission
color.65 Vashishtha and Halpert66 showed that orange-colored
LEDs made with CsPb(BrXI1�X)3 nanocrystals turned green
aer about 6 min of operation because of the halide segrega-
tion. In addition to ion migration, the aforementioned nano-
crystal merging problem in thin lms and their sensitivity to
light and environmental factors further worsen the instability
issue. This poor operational stability has hindered the further
development of perovskite light-emitting devices, weakening
their superior light emission properties.
1.3 Strategies to stabilize perovskite nanocrystals

Motivated by these challenges, solving the instability problem
becomes one of the core research directions in this eld. Based
on the mechanisms discussed in Section 1.2, the goal is to nd
novel structures to (1) effectively separate nanocrystals to avoid
their merging in the thin lm form, (2) protect the material
from external degradation factors such as moisture and oxygen
and (3) passivate surface defects to suppress ion migration.
Besides the material stability, the operational stability of opto-
electronic devices under a constant electrical eld or light
irradiation also needs to be considered. The electrical eld-
induced instability is related to the ion migration problems,
which is oen assisted by defects near the surface. The interface
instability caused by the electro-chemical reaction between the
perovskites and commonly used metal electrodes is also
a severe problem. When an LED lights up, joule heating is
inevitable when running a constant current through the device.
Therefore, the thermal stability of nanocrystals should be
greatly improved for their long-term operation.

Recently, considerable efforts have been devoted to stabi-
lizing perovskite nanocrystals in various matrices to protect
them from degradation. Accordingly, several structures have
been investigated for extending the lifetime of perovskite
nanocrystals.

1.3.1 Organic-perovskite composite (Fig. 2a). Polymers
such as PMMA,67,68 polystyrene,69 and polyvinyl carbazole70 are
introduced in perovskite thin lms and reside near the surface
and the grain boundary of the lm to repel the moisture from
the air. The biggest advantage of capping perovskites with
organics is the successful protection against the harsh envi-
ronment. For instance, Liu et al. fabricated luminescent
perovskite nanocrystals in acrylate, which were highly emissive
in harsh environments such as acid and base solutions.71

However, the main disadvantage is that the electrical conduc-
tivity is compromised, and thus the composite structures are
mostly utilized as a phosphor screen for lighting applications.
In addition, the polymer frequently forms a macroscopic
mixture with the nanocrystals, which does not address the
crystal merging issue. Colloidal quantum dot structures can be
considered another type of organic-perovskite heterostructure.
Organic ligands have been optimized for growing perovskite
nanocrystals, where a less bulky ligand has been found to be
This journal is © The Royal Society of Chemistry 2022
more efficient in separating the nanocrystals, which can
maintain their emission efficiency.72 However, only a few
ligands are suitable and their protection effect is limited.

1.3.2 Core–shell structure to protect perovskite NCs
(Fig. 2b). Inorganic materials such as SiO2 and Al2O3 have been
investigated to cap NCs, which can protect them from degra-
dation. Encapsulated NCs show strong resistance to water, UV
light and heat.73,74 Oxide-coated NCs were used as phosphors for
white LEDs. Apart from the insulating oxides, semiconducting
shells have been investigated to cap perovskite NCs. For
instance, CdS75 and ZnS76 shells were grown on CsPbX3 NCs,
which showed improved moisture tolerance. The presence of
a semiconducting shell over perovskite NCs enables electronic
communication between the core and shell, which allows direct
charge injection or charge collection for photovoltaics.77

However, despite their good stability and electronic properties,
building semiconducting core–shell structures is not straight-
forward. It is not easy to grow a shell material on the so ionic
perovskite structure and the growth parameters (i.e., tempera-
ture and solubility differences) may not be compatible, which
can limit the number of structures that can be grown. Also, it is
difficult to nd a suitable shell material that has the right lattice
parameters for epitaxial growth on NCs.76

As mentioned in Section 1.1, perovskite–perovskite core–shell
structures are also promising structures to stabilize the prom-
ising emission properties of NCs. For instance, a distorted
CsPb2X5 or Cs4PbX6 shell can be grown on the CsPbX3 core to
protect the NCs. Growing similar structures from solution is
more straightforward, and the distorted shells have been proven
to provide good protection against heat and other environmental
factors.40 However, they have some shortcomings, such as the
limited choice of distorted structures, and most studies are
dedicated to CsPbX3 all-inorganic perovskite NCs.

1.3.3 Perovskite–MOF heterostructures (Fig. 2c). Recently,
a smart strategy has been developed by embedding perovskite
nanocrystals in an MOF matrix (PeMOF) to achieve high emis-
sion quantum yields together with extended lifetimes. MOFs are
permanent and intrinsically porous crystals, which have been
recently developed for carbon capture,78–81 molecular
sensing82–84 and energy storage.85–87 Their unique porous struc-
ture provides an ideal matrix for gas separation,88–91 catalysis92–97

and ion diffusion,98,99 overcoming the limitations of the previ-
ously known porous materials.100,101 More importantly, there is
a large number of MOF structures to select to house perovskite
nanocrystals, providing a large degree of freedom for building
novel structures. The MOF linkers can be functionalized, where
the guest NCs can be attached differently to the MOF matrix. In
the next section, we discuss in detail how PeMOF structures can
stabilize perovskite NCs.
2. Growing perovskite nanocrystals in
MOFs is a promising strategy to
stabilize the material

In this section, we summarize the possible mechanisms for the
extended stability in PeMOF structures.
J. Mater. Chem. A, 2022, 10, 19518–19533 | 19521
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2.1 Mechanism-1: MOF is a protective shell for perovskite
nanocrystals to prevent them from merging

Perovskite nanocrystals can be in situ-grown inside the MOF
structure, yielding a nely dispersed heterostructure. The
porous structure of MOFs is a well-dened matrix to conne the
growth of the crystals, resulting in the formation of ultra-small
crystals. The nanocrystals are isolated by the robust MOF
matrix, and thus the probability of crystal merging is greatly
reduced. Fig. 3 illustrates a few reported TEM images of
perovskite nanocrystals grown inMOFs. Perovskite nanocrystals
ranging from 20 nm (Fig. 3a) down to 5 nm or smaller (Fig. 3c)
were successfully fabricated in the MOF matrix. The emission
peak position shown in Fig. 3b is 532 nm for the 10–20 nm
crystals and that in Fig. 3d is 527 nm for the 5 nm crystals,
exhibiting a small blue-shied emission compared to the bulk,
However, they did not reach the size limit for quantum
connement for a dramatic blue shi. As shown in Fig. 3e and f,
very small MAPbI3 dots less than 5 nm in the oriented MOF
matrix were achieved by Chen et al.,104 and because of the
connement effect, the emission peak position in PL spectrum
of the MAPbI3 dots, as shown in Fig. 3g, blue-shied by 80 nm
compared to that for the bulk MAPbI3, providing a viable route
to tune its emission colors. Alternatively, color tunability can be
achieved by mixing the halides at the X site (Fig. 4a), as illus-
trated in Fig. 4b, where bright tunable emissions were demon-
strated by Cha et al.105
2.2 Mechanism 2: MOFmatrix is a physical barrier to protect
perovskite nanocrystals from oxygen and humidity

As discussed in Section 1.2, the exposure of perovskite nano-
crystals to the ambient environment is detrimental, where
Fig. 3 Perovskite nanocrystals grown in the MOF. (a and b) An example
spectra. Reprinted with permission from ref. 102. Copyright 2018 Americ
grown in the ZIF-8matrix and their UV/PL spectra. Reprinted with permis
High-resolution TEM images of small perovskite dots grown in Cu-BTC
PeMOF thin film plotted in (g). Reprinted with permission from ref. 104.

19522 | J. Mater. Chem. A, 2022, 10, 19518–19533
moisture or oxygen can accelerate their aging. Because perov-
skite nanocrystals can be in situ grown in the MOF matrix, the
heterostructure is on the nanoscale. Therefore, the MOF matrix
can wrap the individual nanocrystals, forming a nano-phase
heterostructure to prevent their direct contact with oxygen or
moisture. This type of structure is more effective than micro-
scopic composites, such as a mixture of nanocrystals in
a polymer.

In addition, a hydrophobic MOF matrix can be selected to
further repel water from perovskite nanocrystals, allowing the
materials to function in a moist environment. For instance,
PCN-221(Fex) was used to protect MAPbI3 nanocrystals,106 which
could function in an aqueous environment for the carbon
dioxide reduction reaction. Similarly, Kong et al. developed
a CsPbBr3-ZIF core–shell structure, which exhibited improved
moisture stability.107 Water-resistant PeMOFs were also devel-
oped for photonic sources. Zhang et al. in situ grew MAPbBr3
nanodots in Zn8(Ad)4(BPDC)6O$2Me2NH2, where Ad refers to
adeninate and BPDC is biphenyldicarboxylate, called bio-MOF-
1. Bio-MOF-1 had micrometer-sized pores, which could encap-
sulate the perovskite dots, sustaining the perovskite light
emission over 80 days in open air. In contrast, the emission
from the bare perovskite sample diminished within 5 min.108

Similarly, as shown in Fig. 5a, Mollick and coworkers assembled
MAPbBr3 quantum dots in ZIF-8, a well-known MOF, and
tracked their photoluminescence signal over 10 months in the
ambient environment, where merely less than 10% degradation
was detected.103 Water-stable PeMOF have also been demon-
strated by Zhang et al.102 Unprotected perovskites are water
soluble and will instantaneously lose their perovskite structure
in water. In contrast, the PeMOF developed by Zhang et al. was
immersed in water and was still emissive aer 30 days (Fig. 5b).
of 10–20 nm MAPbBr3 nanocrystals grown in MOF-5 and their UV/PL
an Chemical Society. (c and d) An example of �5 nm MAPbBr3 crystals
sion from ref. 103. Copyright 2019 American Chemical Society. (e and f)
MOF thin films and the typical photoluminescence spectrum for the
Copyright 2016 American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Tunable colors can be achieved by mixing chloride with bromide, or bromide with iodide. (b) Photo of the mixed halide PeMOF
nanocrystal suspensions showing different colors under UV irradiation. Reprinted from ref. 105 with permission. Copyright 2019 American
Chemical Society.

Fig. 5 Moisture stability of PeMOF. (a) PeMOF structures developed by Mollick et al., where the emission from the perovskite remains strong over
10 months of air exposure. Reprinted with permission from ref. 103. Copyright 2019 American Chemical Society. (b) Photoluminescence spectra
of the PeMOF developed by Zhang et al., which exhibits robust emissionwhen immersed in water for 30 days. Reprintedwith permission from ref.
102. Copyright 2018 American Chemical Society.
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Note that moisture has been identied as the key driving force
that accelerates the degradations of perovskite materials and
devices. For example, the current voltage hysteresis of perov-
skite photovoltaics and the rapid decay of the perovskite emis-
sion are oen found to be worsened aer exposure to moisture.
Therefore, building water-resistant, functional PeMOF hetero-
structures will be a breakthrough in this eld, which can over-
come the fundamental challenge in all perovskite-based
devices.

A recent breakthrough must be mentioned here, where Hou
et al. demonstrated ultra-stable inorganic CsPbX3 pure andmixed
halide perovskite nanocrystals sealed in a ZIF-62 MOF, i.e., Zn
[(Im)1.95(bIm)0.05] (Im, imidazolate and bIm, benzimidazolate).109

Not only bright emissions with tunable colors were shown, the
PeMOF crystals exhibited brilliant water resistance, where 80% of
their initial PL was maintained aer 10 000 h in water.

2.3 Mechanism-3: MOF matrix retains the organo-halide salt
to retard the water-induced decomposition

Taking organo-halide perovskite as an example, when water
diffuses into the perovskite system, chemical decomposition
occurs via a reversible reaction route, as follows:

CH3NH2PbX3 %
H2OCH3NH3Xþ PbX2 (1)

CH3NH3X%CH3NH2 þHX (2)
This journal is © The Royal Society of Chemistry 2022
The decomposition of the perovskite is a reversible process,
where it decomposes into its precursors (from le to right), and
subsequently can be re-formed from its precursors (from right
to le). On the right side of the reaction, if there is a continuous
loss of CH3NH3X via reaction (2), then reaction (1) will tend to
move towards the right side of the equation towards decom-
position. In the PeMOF structure, it is believed that the MOF
matrix intimately contacting the nanocrystals can retain
CH3NH3X, thus maintaining the reversible reaction (1).110

Besides moisture stability, the long-term stability of nano-
crystals in various solvent systems and under constant UV
irradiation is important for building reliable devices for
displays or white light sources for indoor lighting. Here, the
PeMOF maintained 80% of its PL intensity in various solvent
environments (Fig. 6a), which suggests the strong solvent
resistance due to the MOF protection. In addition, PeMOF
structures have been proven to be tolerant to heat and UV
irradiation. For instance, the same PeMOF structure demon-
strated by Mollick and coworkers also exhibited good stability
under constant UV irradiation (Fig. 6b). In particular, the
PeMOF could maintain over 80% of its original PL intensity
aer 20 days of constant UV illumination, indicating that the
nanostructures were well maintained in the MOF matrix.

To compare the PeMOF structures and the achieved material
stabilities, we summarize the perovskite and MOF material
J. Mater. Chem. A, 2022, 10, 19518–19533 | 19523
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Fig. 6 The normalized PL intensity of the PeMOF fabricated by Mollick et al. tested in (a) various solvent systems and (b) over 20 days with heat
stress and under constant UV illumination. Reprinted with permission from ref. 103. Copyright 2019 American Chemical Society.
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structures, stability test conditions and achieved material life-
times in Table 1.

According to this summary, four types of stabilities have
been achieved in PeMOF structures. Firstly, moisture/water
stability. The MOF matrix protects the perovskites from mois-
ture and hydrophobic MOFs such as ag-ZIF-62, ZIF-8 andMOF-5
Table 1 Summary of the stability tests and material lifetimes of the repo

MOF Perovskite Stability test conditions
Prop
lifeti

Eu-BTC CsPbBr3 Thermal cycling from 20 �C
to 100 �C

PL p
aer

MOF-5 MAPbBr3 Thermal cycling from 30 �C
to 230 �C

PL in
with

Expose to water PL w
MIL-101 CsPbX3, X ¼

Cl, Br, I
Ambient air exposure PL em

mixtu
ZIF-8 MAPbBr3 Immersion in water and

various organic solvents
>90%
expo

Continuous heating at
140 �C with UV irradiation

>60%

HP-UiO-
66

CsPbI3 400 nm constant
photoexcitation for 2 h

A slig
inten

Thermal cycling from 25 �C
to 100 �C

The P
aer

MOF-5 CsPbX3 Thermal stability: heating
up to 120 �C

PeMO
inten

Photo-stability tested
under constant UV (400
nm) irradiation

71.4%
aer

Dark storage lifetime tested PeMO
aer

Bio-MOF-
1

MAPbBr3 Air exposure with constant
UV irradiation (365 nm)

PeMO
uor

UiO-67 CsPbBr3 Thermal cycling from 30 �C
to 200 �C

85%
9 cyc

Air exposure PL em
30 da

Pb-BTC MAPbBr3,
CsPbBr3

Constant UV (256 nm)
irradiation in air

90%

Electrical current injection
at 1.2 mA cm�2

50%
conti

Pb-BTC CsPb(BrCl)3 Electrical bias stress at 4.2
V

50%
8000

agZIF-62 CsPbI3 Immersion in milli-Q water 80%
imm

19524 | J. Mater. Chem. A, 2022, 10, 19518–19533
can repel water, enabling the NCs to function even under water.
The second type is thermal stability, where the emission prop-
erties of the perovskite NCs are well preserved aer several
heating/cooling cycles up to 230 �C in the PeMOF structure. The
third type of stability is photostability, where PeMOFs were
exposed to constant UV irradiation (250 nm–400 nm). The NCs
rted PeMOF structures

erty monitored for stability and
me Application Ref.

eak position remained unchanged
thermal cycling

Temperature
sensing

110

tensity retained a linear dependence
temperature aer 7 cycles

Metal ion
sensing

102

as still observable aer 30 days
ission intensity for Br3, Br/Cl
re remained unchanged

Photonic source 105

PL emission retained aer 90 day
sure to water

Heterogenous
photocatalysis

103

PL emission retained aer 20 days

ht decrease (15%) in the initial PL
sity was observed

White LED 111

L intensity was maintained at 91%
thermal cycling
F preserved 72.8% of its original PL
sity@80 �C

White LED 112

of PL intensity was maintained
80 hour illumination

F preserved 79.2% of its original PL
60 days of storage
F powder maintained good

escence aer 90 days of exposure
White LED 108

of the PL intensity was retained aer
les

White LED 113

ission intensity maintained aer
ys
PL retained aer 300 h irradiation Green LEDs 20

of the original EL retained aer 40 h
nuous LED operation
of the original EL retained aer
s operation

Blue LED 30

PL retained aer 105 h of water
ersion

Colored and
white LEDs

109

This journal is © The Royal Society of Chemistry 2022
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could sustain their emission yield and emission peak positions
in MOFs, indicating the nanocrystal sizes were well preserved.
This is particularly important when PeMOFs are used as
a phosphor layer to produce white LEDs. The nal stability tests
were conducted under electrical eld stress, when the PeMOF
was integrated in LEDs. Green and blue LEDs were fabricated,
where direct electroluminescence occurred from the PeMOF
layer by charge injection. The perovskites in the Pb-BTC MOFs
could withstand constant electrical eld stress without a change
in their peak position. Their emission intensity was also
maintained for an extended period. Direct and indirect
conversion LEDs will be discussed in detail in Section 4.

3. Perovskite-metal–organic
framework structure fabrication
mechanisms

To make a PeMOF structure, the MOF structure should be
synthesized rst. MOFs are porous organic–inorganic crystals,
which consist of metal nodes connected by organic linkers,
forming a framework. They have been used in diverse applications,
including gas and liquid separation, energy storage, drug delivery,
sensing and direct CO2 capture. These applications are highly
dependent on the surface area and morphology of the crystal,
where precise control of the material structure during the crys-
tallization process is essential. Methods such as solvothermal,114,115

sonochemical,116,117 coordinate modulation96,118 are employed to
grow MOF crystals from nanoscale to mm-scale single crystals.

To growth high-quality PeMOF with a controllable size, optical
and electrical properties, several approaches have been developed,
which are nicely discussed in a few of review articles.31–33,119Herein,
we use the four categories described in these articles to briey
summarize the fabrication methods for PeMOF heterostructures
Table 2 Summary of the methods and types of MOFs used for the prep

Method MOF Perovskite MOF size (nm) Protec

Ship-in-bottle UIO-66 MAPbBr3 0.692 Preser
UIO-67 CsPbX3 (Br, I) 2 Conn
Cu-BTC
(HKUST-1)

MAPbX3 (Cl, Br, I) N/A Conn
matrix

Eu-BTC MAPbBr3 0.91 Preser
ZIF-8 MAPbBr3 N/A Conn
MIL-101 CsPbX3 (Cl, Br, I) 2.9–3.4 Conn

inter-m
MOF-5 CsPbX3 (Cl, Br, I) 25 MOF e
AMOF-1 CsPbX3 (Cl, Br, I) N/A Preser
ZJU-28 CsPbX3 (Cl, Br, I) N/A Separa
ZIF-8 CsPbX3 (Cl, Br, I) 4 Large
PCN-221(Fex) MAPbI3 1.8 Hydro

Bottle around
ship

Eu-BTC CsPbBr3 N/A
ZIF-8 CsPbBr3 N/A MOF i
ZIF-67 CsPbBr3 N/A MOF i

One pot
synthesis

ZIF-62 CsPbX3 (Cl, Br, I) N/A Hydro
MOG EAPbBr3 2.5–10 MOF e

In situ
conversion

Pb-BTC CsPbX3 (Cl, Br) N/A Conn
Pb-BTC MAPbX3

(Cl, Br, I)
N/A Conn

This journal is © The Royal Society of Chemistry 2022
(Table 2), as follows: (a) ship-in-bottle: this strategy utilizes the
pore size of a pre-formed MOF as the host and provides control-
lable sites and size for perovskite nanocrystal nucleation; (b) bottle
around ship: in this technique, the perovskite nanocrystals are
synthesized rst, and then the MOF precursors assembled in the
solution; (c) in situ one-pot synthesis: in this method, the perov-
skite and MOF precursors are pre-mixed in solution, and simul-
taneously form a nanocrystal-MOF composite; and (d) in situ
conversion: this is a simple approach where an MOF matrix with
Pb as the metal node is synthesized rst, and then organo-halide
salts are introduced in the Pb-MOF for perovskite nanocrystal
conversion and growth.20,30,120 The conversion of the perovskite
material is normally completed by reacting PbX2 with halide salts
at elevated temperature to complete the crystal formation. Here,
the Pb-MOF provides the lead source for perovskite conversion,
and because of the porous sites in the MOF matrix around the Pb
sources, the crystal growth can be limited to the nanoscale.
4. Light-emitting devices using
PeMOF crystals and thin films

PeMOF structures have been demonstrated in various device
applications. Notably, MOFs have been utilized for protecting
the perovskite photo-absorbing layer to achieve stable solar cells
and employed for capturing lead leakage from photovoltaic
devices.27 Most impressively, water-stable PeMOFs have been
developed as a photocatalyst for CO2 reduction and hydrogen
generation to provide alternative renewable energy sources.
More advanced applications such as security ink developed by
PeMOF powder have been demonstrated.120 These various
applications have been covered in the previously published
review articles.31,33 In this section, we focus on perovskite
lighting device applications.
aration of perovskite nanocrystals

tion mechanism Stability Ref.

ve PbBr2 in MOF Reversible emission 121
e the NC in MOF matrix Prevent the NCs from merging 113
e the NC in the MOF Moist air 104

ve PbBr2 in MOF Reversible emission 122
ed nanostructure Chemical, photo, thermal 103
e in MOF to avoid halide
ixing

Preserved color in ambient air 105

ncapsulates NC Thermal photo 112
ve the NC size Photo 123
te/passivate NC Photo 124
pore allows in situ growth Photo 125
phobic linker Water immersion 106

Thermal 110
s an encapsulation shell Moisture 107
s an encapsulation shell Moisture 107
phobic MOF matrix Water immersion 109
ncapsulation Moisture, photo 126
e the NC in matrix Photo, electrical 30
e the NC in matrix Photo, electrical 20 and 120
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Fig. 7 Cartoon illustrations of (a) a down-conversion LED and (b)
a direct-conversion LED.
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Because of the strong and robust light emission properties
of PeMOF materials, the next step is to develop light-emitting
devices to achieve electroluminescence. Two types of LEDs
have been investigated using PeMOFs and their simplied
structures are illustrated in Fig. 7. Fig. 7a shows a typical
indirect conversion type in which a PeMOF layer is coated on
a high energy (blue or UV) LED to down-convert photons to
visible light. Fig. 7b shows a typical direct conversion-type
LED, where the PeMOF layer is directly used as the active
emission layer to accept electron/hole injection from the
electrodes for EL. However, different challenges exist in these
two types of devices, which have to be overcome for their
reliable operation, and thus will be introduced in the following
sub-sections.
4.1 PeMOF down-conversion layer for white LEDs

A typical down-conversion LED is generally composed of a high-
brightness blue LED coated with one or several luminescent
materials, where part of the blue light can be re-absorbed and
visible photons are re-emitted. This is widely used technology
for white indoor lighting and display panels for commercial
electronics. White lighting devices are hard to achieve using
direct-conversion LEDs because a multi-color emission layer is
rarely available and balancing the colors to achieve the required
white color appearance (i.e., warm white or cold white) is
complicated in this structure. Therefore, down-conversion LEDs
are a better choice for white LEDs, in which multiple emission
dyes can be layered or mixed to tune the ratio of red-blue-green.
Modern QD TVs are made with down-conversion LEDs, where
QDs are coated on the backlighting panels to enhance the color
19526 | J. Mater. Chem. A, 2022, 10, 19518–19533
output.127 Popular down-conversion materials include rare-
earth phosphors, organic dyes and QDs.

Here, the key challenge is to achieve stable brightness and
tunable emission colors from a phosphor material under
constant blue or UV LED irradiation. As mentioned in Section
1.2, perovskite nanocrystals without further protection are
detrimental to constant illumination and humidity can accel-
erate their degradation. UV irradiation can initiate the merging
of the nanocrystals, which destroys their emission intensity.
Color tuning is normally achieved via halide mixing; however,
based on the discussion in Section 1.2, halide segregation can
occur under UV light irradiation, which will shi off the emis-
sion color. Both problems are unfavorable for building down-
conversion devices.

This problem can be addressed using PeMOF materials.
Recently, Guan et al. reported a highly luminescent CsPbX3/
MOF (X ¼ Br or I) nanostructure with 10%–45% photo-
luminescence quantum yield.111 In particular, they synthesized
a hierarchically porous nanocrystalline MOF and guided the
growth of CsPbX3 nanocrystals in the matrix. This PeMOF
structure was coated on a commercial GaInN blue LED to
assemble a white LED. Impressively, the CsPbX3/MOF delivered
a bright emission with a stable spectrum over 72 h of contin-
uous operation, which cannot be achieved with unprotected
perovskite nanocrystals. Similarly, Zhang et al. assembled
CsPbBr3 QDs in a UiO-67 MOF, which exhibited great thermal
stability.113 They mixed the PeMOF with K2SiF6:Mn4+, forming
a composite and achieving a white LED, as shown in Fig. 8a. Ren
et al. developed a meso-porous MOF to encapsulate all-
inorganic perovskite quantum dots, where the MOF formed
a shell over the quantum dots, solving the thermal and photo
instability issues.112 They fabricated PeMOF powders with
bromides (green emission) and mixed halide perovskite crystals
(Fig. 8b) and mixed both powders in a polymer binder. By
coating this mixture on a blue LED, they built a warm white
LED, as shown in Fig. 8c. The previously mentioned MAPbBr3/
Bio-MOF-1 structure developed by Zhang et al., which could
maintain its emission over 80 days in air, was also integrated
with down-conversion LEDs with tunable colors. As illustrated
in Fig. 8d, they achieved both a single-colored LED and warm
white LED by mixing blue, green and red powders.108
4.2 PeMOF as the active emission layer for direct
electroluminescence

The second type is the use of a PeMOF as the emission layer in
an LED, where the EL comes directly from the electron hole
recombination in the PeMOF layer by injecting charges from
selective electrodes. A typical thin lm LED is formed with
a thin emission layer sandwiched between an electron injection
electrode and a hole injection electrode. To make a high-
performance thin lm LED, several challenges exist. The rst
requirement is to nd emissive materials with suitable elec-
tronic properties. In an ideal LED, electrons and holes are
injected and travel at the same rate and recombine in the
middle of the emission layer to deliver a high electrolumines-
cence efficiency. Unbalanced charge injection will cause one
This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) PL spectra of the as-fabricated WLEDs with the CsPbBr3@Uio-67 composite and commercial K2SiF6:Mn4+ red phosphor deposited on
the blue chip (InGaN, 455 nm). Inset: Photograph of the WLEDs. (b) Photographs of CsPbI3-xBrx/MOF-5 powders (x ¼ 0 and 0.6) taken under
daylight (left) and 365 nm UV illumination (right). Reprinted with permission from ref. 113. Copyright 2019 American Chemical Society. (c) The
corresponding EL spectrumwith a photo of the white LED in the inset. Reprinted from ref. 112. Copyright 2019, with permission from Elsevier. (d)
Photograph of blue, green, red, and white LEDs, respectively, using Bio-MOF-1 developed by Zhang et al. Reprinted from ref. 108. Copyright
2019, with permission from Elsevier.

Fig. 9 (a) Illustration of the PeMOF thin film fabrication process via
a two-step spin coating method. (b) Time evolution of the normalized
photoluminescence intensities of the 3D MAPbBr3 thin film, CsPbBr3
QD thin film and PeMOF thin film. The PL spectrum for a PeMOF thin
film before and after UV irradiation is plotted in the inset, and a photo
of the PeMOF versus QD thin films after aging is shown in the same
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type of carrier to travel faster than the other, and the faster
carrier gets quenched near the interface, reducing the emission
yield. Besides the electronic properties, achieving ultra-high
uniformity of the emission layer is also critical. The emission
layer is normally made to have a lower thickness (20–100 nm),
where the surface roughness should be minimized to apply
a uniform electrical eld across the device. The presence of
pinholes or non-uniformity will result in a large shunt current
without producing electroluminescence, which diminishes the
external quantum efficiency. The third challenge is specic to
perovskite materials, where the migration of mobile ions has to
be minimized during device operation to avoid a decay in
brightness and color instabilities. PeMOF structures have the
potential to overcome the third problem according to extensive
material stability investigations, while their feasibility for the
rst and second requirements are unknown.

Recently, we reported the preparation of a PeMOF thin lm
LED for direct-conversion electroluminescence for the rst
time.20,30 The PeMOF conversion is based on method (d)
described in Section 2. Briey, Pb-MOF was rst synthesized,128

where the Pb metal coordinate center in the MOF provides the
lead source for the conversion of the perovskite nanocrystal.120

We noticed that the poor solubility of MOF presents a major
challenge in coating a high-quality thin lm from solution. In
our work, we employed a modied two-step method to fabricate
a PeMOF thin lm, as illustrated in Fig. 9, where in step (1) Pb-
MOF is rst dispersed in DMSO/HBr, and them the precursor is
spin-coated on a substrate to form a thin layer. Here, we noticed
that adding a trace amount of hydrobromic acid helped to
dissolve the MOF in the organic solvent. In step (2), an MABr (or
CsBr, FABr)-containing solution is spin-coated on the Pb-MOF
This journal is © The Royal Society of Chemistry 2022
thin lm to convert the lm into PeMOF. Finally, an anneal-
ing step is applied to complete the growth of the nanocrystal,
where 8–13 nm crystals are formed in the MOF matrix.

The resulting PeMOF thin lm showed durable emission
properties under constant UV irradiation. Fig. 9b shows
a comparison of the PL intensities of the 3D CsPbBr3 perovskite,
plot. Reproduced from ref. 20 with permission.
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Fig. 10 (a) A sketch of the device structure of the PeMOF LED used in this paper. (b) Device EQE histogram for over 50 devices. The inset is
a photo of PeMOF LEDs. (c) Device luminance under various injection current densities. Reproduced from ref. 20 with permission. (d) Photos of
LEDsmade with all-inorganic CsPbX3 perovskite-based PeMOF emitters with tunable colors. (e) The external quantum efficiency as a function of
driving voltage for sky-blue and deep-blue PeMOF LEDs. Reproduced from ref. 30 with permission. (f) EL lifetime of a CsPbBr3 PeMOF device
under constant injection current. Reproduced from ref. 20 with permission.
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commercial CsPbBr3 QD and CsPbBr3 nanocrystal PeMOF thin
lms under UV lamp irradiation in air. The bulk perovskite lm
rapidly decayed almost instantaneously, whereas the QD lm
lost 80% of its PL within 50 h. In contrast, the PeMOF thin lm
maintained its emission over 300 h and its PL spectrum
remained unchanged.

Finally, a direct conversion LED was demonstrated. The
device structure is shown in Fig. 10a, where PeMOF is sand-
wiched between electron and hole injection electrodes for
electroluminescence. The average external quantum efficiency,
the emitted photons divided by injected electrons, of the
PeMOF LED was about 14% (Fig. 10b). Importantly, the device
showed much a better operational lifetime. While most of the
reported perovskite LEDs decay within 20 min of continuous
operation, the PeMOF device was stable over 20 h operation
under a low injection current, as shown in Fig. 10c. All-
inorganic nanocrystals have also been integrated in the
PeMOF structure for LEDs. Recently, our group demonstrated
the mixing of Br and Cl halides in CsPbX3 nanoparticles in
MOFs to achieve blue colors. Fig. 10d shows the resulting blue
PeMOF LEDs, which emitted brightly with sky-blue and deep-
blue colors. The external quantum efficiencies for the blue
LEDs were as high as 5.6%, as shown in Fig. 10e. Interestingly,
by integrating all-inorganic perovskite nanocrystals in MOFs,
e.g., CsPbBr3, the resulting lifetime of the LEDs was even longer
under a higher injection current. The time evolution of the
PeMOF LED EL using Cs-PeMOF as the emission layer is plotted
in Fig. 10f, where the half-lifetime (T50) is the time when the
device emission decays to 50% of its peak value, was over 50 h.
19528 | J. Mater. Chem. A, 2022, 10, 19518–19533
We attributed the better lifetime to the thermal stability of the
inorganic perovskite nanocrystals, which is more tolerant to the
joule heating induced by constant current injection.

5. Concluding remarks and future
perspectives

In summary, we reviewed the recent progress of novel perov-
skite/metal–organic framework heterostructures and their
advanced application in photonic devices. Firstly, we over-
viewed the main challenges of stabilizing nanocrystals and
identied three key mechanisms, as follows: (a) the nano-
crystals are thermodynamically unstable and tend to merge.
This process can be accelerated by external stress such as heat
and UV irradiation. (b) Exposure of the perovskite nanocrystals
to the external environment such as humidity or oxygen is
detrimental, which can destroy the crystal from its surface. (c)
Themobile ions in the nanocrystals can be driven by an external
electrical eld or light illumination and the ion migration is
assisted by surface defects. These instability mechanisms must
be mitigated for the use the perovskite nanocrystals in photonic
devices. Secondly, we discussed how perovskite/MOF hetero-
structure can address these instability issues. MOFs provide
a robust matrix to isolate the nanocrystals, preventing them
from merging. Also, MOFs form a protective shell over the
nanocrystals to avoid their contact with the ambient environ-
ment. Finally, we overviewed the main progress of integrating
perovskite/MOF in photonic devices, in particular, light-
emitting diodes. Two types of LEDs were introduced, where in
This journal is © The Royal Society of Chemistry 2022
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both cases, PeMOF structures can address the major challenges
to produce reliable light.

Overall, PeMOF is an emerging heterostructure, combining
the photoactive properties of perovskite nanocrystals and the
unique porous nature of MOFs, to enable novel applications.
Impressively, a water-stable PeMOF has been demonstrated,
exhibiting great value in all perovskite-based device applica-
tions. Thus, we envision that PeMOF will be an important
branch of nanostructures for high performance device inte-
gration with better operational lifetimes. Besides lighting
devices, which are proven to be more stable using PeMOF
emission layers, perovskite photovoltaics, photon sensors, and
X-ray scintillators for medical imaging also need stable mate-
rials for reliable performances. We list the following promising
directions that PeMOF can contribute to:

(1) Stabilizing lead-free perovskites for opto-electronics.
Lead-free perovskites have been vigorously investigated in this
eld, where on one hand, this is to address the toxicity issue,
and on the other hand, lead-free perovskites bring new possi-
bilities in photonic devices. For instance, Ge can replace Pb in
the structure, making LEDs with high quantum efficiency.19 Sn-
based perovskites are promising low band gapmaterials for NIR
light emitters,129,130 and they also have an ideal band gap (1.1 eV)
similar to silicon to achieve high efficiency solar cells.131

However, this class of materials suffers from oxidation-induced
instability in ambient air.132 In addition, copper-based perov-
skites are recent low-dimensional nanostructures for bright
blue emitters.133 Although the recent efforts have mostly
focused on the fabrication of lead-based PeMOF, we envision
that PeMOF can be extended to a wide variety of perovskites
with non-lead metal cores.

(2) Building water-stable blue light emitters. Bright blue
emitters are one of the most important photonic sources,
enabling white light illumination, background lighting for
displays, photo-lithography and other applications. Finding
a stable blue emitter that is robust to the ambient environment
(e.g., moisture, oxygen, and illumination) is particularly chal-
lenging. Given its excellent moisture stability, PeMOF is a great
candidate to overcome this barrier. Currently, most of the
efforts in developing PeMOF LEDs are dedicated in visible and
white emissions. In a very recent paper,30 researchers started to
build a blue light-emitter in an MOF matrix, which suppressed
ion segregation for bright sky-blue LEDs. Taking this one step
further, it will be highly valuable to develop moisture- or water-
stable blue photonic sources for lighting and other
applications.

(3) Achieving bright scintillators with fast temporal response
and high spatial resolutions. Lead-based perovskites have also
been demonstrated as bright scintillators for X-ray imaging. The
heavy elements (i.e., Cs, Pb, and halides) in perovskite struc-
tures can interact with X-rays to ionize a large density of
electron/hole pairs for strong light emissions.15,134 Importantly,
nanocrystals can be manufactured on a large scale at low cost,
which are suitable for building large panels for medical imaging
and security screening. A high-performance scintillating screen
needs materials with high PL quantum yields for ne spatial
resolution and fast temporal response for time-resolved X-ray
This journal is © The Royal Society of Chemistry 2022
spectroscopy technology, which can be achieved by PeMOF
nanostructures. It has been shown that nanocrystals can be
conned in an MOF matrix, where small perovskite dots are
formed in the matrix. The dots with quantum connement
effect ensure strong emission and fast recombination.

PeMOF structures are still in their infancy for the develop-
ment of photonic devices and there are numerous possibilities
still to be explored by assembling perovskites in new MOF
structures. Thus, more research is required to integrate these
promising structures in photonic devices to utilize their
intriguing properties.
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V. Bulović, S. S. Shin, M. G. Bawendi and J. Seo, Nature,
2021, 590, 587–593.

4 H.Min, D. Y. Lee, J. Kim, G. Kim, K. S. Lee, J. Kim, M. J. Paik,
Y. K. Kim, K. S. Kim, M. G. Kim, T. J. Shin and S. Il Seok,
Nature, 2021, 598, 444–450.

5 J. Jeong, M. Kim, J. Seo, H. Lu, P. Ahlawat, A. Mishra,
Y. Yang, M. A. Hope, F. T. Eickemeyer, M. Kim, Y. J. Yoon,
I. W. Choi, B. P. Darwich, S. J. Choi, Y. Jo, J. H. Lee,
B. Walker, S. M. Zakeeruddin, L. Emsley, U. Rothlisberger,
A. Hagfeldt, D. S. Kim, M. Grätzel and J. Y. Kim, Nature,
2021, 592, 381–385.

6 Y.-H. Lin, N. Sakai, P. Da, J. Wu, C. Sansom Harry,
J. Ramadan Alexandra, S. Mahesh, J. Liu, D. J. Oliver
J. Mater. Chem. A, 2022, 10, 19518–19533 | 19529

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta02154d


Journal of Materials Chemistry A Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ni
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

5.
01

.2
6 

13
:2

2:
13

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Robert, J. Lim, L. Aspitarte, K. Sharma, P. K. Madhu,
B. Morales-Vilches Anna, K. Nayak Pabitra, S. Bai, F. Gao,
R. M. Grovenor Chris, B. Johnston Michael, G. Labram
John, R. Durrant James, M. Ball James, B. Wenger,
B. Stannowski and J. Snaith Henry, Science, 2020, 369, 96–
102.

7 S. Bai, P. Da, C. Li, Z. Wang, Z. Yuan, F. Fu, M. Kawecki,
X. Liu, N. Sakai, J. T.-W. Wang, S. Huettner, S. Buecheler,
M. Fahlman, F. Gao and H. J. Snaith, Nature, 2019, 571,
245–250.

8 Y. Zhou, L. Zhao, Z. Ni, S. Xu, J. Zhao, X. Xiao and J. Huang,
Sci. Adv., 2021, 7, eabg6716.

9 Z. Wang, K. Anagnost, C. W. Barnes, D. M. Dattelbaum,
E. R. Fossum, E. Lee, J. Liu, J. J. Ma, W. Z. Meijer, W. Nie,
C. M. Sweeney, A. C. Therrien, H. Tsai and X. Yue, Rev.
Sci. Instrum., 2021, 92, 043708.

10 Y. He, M. Petryk, Z. Liu, D. G. Chica, I. Hadar, C. Leak,
W. Ke, I. Spanopoulos, W. Lin, D. Y. Chung,
B. W. Wessels, Z. He and M. G. Kanatzidis, Nat. Photonics,
2021, 15, 36–42.

11 A. Xie, C. Hettiarachchi, F. Maddalena, M. E. Witkowski,
M. Makowski, W. Drozdowski, A. Arramel, A. T. S. Wee,
S. V. Springham, P. Q. Vuong, H. J. Kim, C. Dujardin,
P. Coquet, M. D. Birowosuto and C. Dang, Commun.
Mater., 2020, 1, 37.

12 H. Tsai, F. Liu, S. Shrestha, K. Fernando, S. Tretiak, B. Scott,
T. Vo Duc, J. Strzalka and W. Nie, Sci. Adv., 2020, 6,
eaay0815.

13 F. Liu, M. Yoho, H. Tsai, K. Fernando, J. Tisdale,
S. Shrestha, J. K. Baldwin, A. D. Mohite, S. Tretiak,
D. T. Vo and W. Nie, Mater. Today, 2020, 37, 27–34.

14 M. Gandini, I. Villa, M. Beretta, C. Gotti, M. Imran,
F. Carulli, E. Fantuzzi, M. Sassi, M. Zaffalon, C. Brofferio,
L. Manna, L. Beverina, A. Vedda, M. Fasoli, L. Gironi and
S. Brovelli, Nat. Nanotechnol., 2020, 15, 462–468.

15 Q. Chen, J. Wu, X. Ou, B. Huang, J. Almutlaq,
A. A. Zhumekenov, X. Guan, S. Han, L. Liang, Z. Yi, J. Li,
X. Xie, Y. Wang, Y. Li, D. Fan, D. B. L. Teh, A. H. All,
O. F. Mohammed, O. M. Bakr, T. Wu, M. Bettinelli,
H. Yang, W. Huang and X. Liu, Nature, 2018, 561, 88–93.

16 S. Shrestha, R. Fischer, G. J. Matt, P. Feldner, T. Michel,
A. Osvet, I. Levchuk, B. Merle, S. Golkar, H. Chen,
S. F. Tedde, O. Schmidt, R. Hock, M. Rührig, M. Göken,
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